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RESEARCH THEME: The scientific papers presented in this bound volume reflect 20 years' worth of research that
I have performed since obtaining my M.Sc., from the University of Edinburgh. The primary focus of this research has
been in the field of reproductive neuroendocrinology, where I have tried to integrate findings from different
experimental animal models to help elucidate the neuroendocrine mechanisms that control reproductive function.
Inevitably, this has also led me to examine related topics such as glutamatergic and GABA-ergic neurotransmitter
systems, circadian neuroendocrine rhythms, and environmental-neuroendocrine interactions. It is hoped that these
basic studies will provide new insights into the development of effective therapies for human reproductive disorders.

RESEARCH HIGHLIGHTS: (1) Having established a novel remote blood sampling set-up, I was able to clearly
demonstrate that sex-steroid-independent diurnal changes in the pulsatile pattern of luteinizing hormone (LH)
secretion play a central role in triggering the onset of puberty in female rats; (2) I was subsequently able to show that
glutamate receptors represent a fundamental component of the reproductive neuroendocrine axis, and that their
manipulation can profoundly influence reproductive function; (3) By developing mouse monoclonal antibodies that are
highly specific to gonadotrophin-releasing hormone (GnRH), I made it possible for GnRH-producing neurones to be
chemically characterized using multiple-label immunohistochemistry; so far, I have freely distributed these antibodies
to >70 investigators around the world; (4) Through a series of photoperiodic and histochemical studies I was able to
establish that an area of the brain known as the bed nucleus of the stria terminalis represents a key relay station for
environmental signals that impinge on the GnRH neuronal circuits of seasonal breeding species; this finding has also
helped to establish the hamster as an experimental model for seasonal affective disorder, (5) Traditionally, the
neurotransmitter GABA was thought to exert its influence on the reproductive axis exclusively by its actions at the level
of the hypothalamus; but this idea has now been brought into question because of my novel finding that GABA is also
highly expressed within the pituitary gland itself; (6) Traditionally, control of gonadotrophin secretion in mammals was
thought to be controlled by a single neuropeptide, known as mammalian GnRH or GnRH-l; my recent cloning of a
second form of the GnRH (GnRH-ll), and demonstration of its unique expression pattern in the rhesus monkey
hypothalamus, has opened up a new way of thinking about how the hypothalamus controls reproductive function.

SCIENTIFIC PUBLICATIONS: Altogether, this research has resulted in the publication of 110 abstracts, which were
presented either at national or international scientific meetings. A complete list of these abstracts is included in this
volume, the most notable being: (1) the keynote address "Seasonal Reproduction" at the Canada West Society for
Reproductive Biology, (Edmonton, Canada, 1992) (2) presentation of the Walpole Memorial Lecture "N-methyl-D-
aspartate receptor gene expression in the hamster hypothalamus and in immortalized luteinizing hormone-releasing
hormone neurones" at the annual meeting of the Society for the Study of Fertility (Cambridge, England, 1993); and
(3) the invited symposium presentation "Development and Aging of the Neuroendocrine Reproductive Axis of the
Rhesus Macaque" at the International Primate Symposium (Inuyama City, Japan, 2000). The research has also
resulted in the publication of 70 peer-reviewed papers and book chapters, including "Puberty in the Rat" (In;
Physiology of Reproduction. Raven Press) which is considered to be one of the most definitive reviews of sexual
maturation in rodents, and "Influence of Light and the Pineal Gland on Biological Rhythms" (In: Neuroendocrinolqy
in Physiology and Medicine. Humana Press) which is considered to be one of the most comprehensive texts on the
subject written specifically for medical and graduate students. The bound volume contains a collated set of these
published papers, together with copies of eleven journal covers which feature original artwork/figures from my
research (Journal covers include: Brain Research, Developmental Brain Research, Endocrinology, Journal of
Endocrinology, and Molecular Brain Research).

GRANT SUPPORT: None of my research would have been possible without financial support, predominantly in the
form of competitive grants from the National Institutes of Health. I am extremely grateful for this continued support,
which currently exceeds $500,000 per year in direct costs. As a form of scientific reciprocation, I have reviewed
numerous grants for various funding agencies during the past two decades, including the National Institutes of Health
(NIH). National Science Foundation. Canadian Institutes of Health Research. Natural Sciences and Engineering
Research Council of Canada, and Agricultural and Food Research Council of the United Kingdom. I have also been
an acf doc reviewer of manuscripts for 20 different scientific journals, and I currently serve on the editorial board of the
journal Endocrinology.
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The hypothalamus, though only a small area of the brain, is critical to themaintenance of many rhythmic biological functions, including reproduc¬
tion. Little is known about how hypothalamic neurons develop or how these
brain cells become integrated to form one of the most important control
centers in the central nervous system.

Henryk Urbanski is investigating the
gonadotropin-releasing hormone
(GnRH) system and the central role it
plays in the control of reproductive
function and sex-steroid hormone

production.
Development and normal function

of the gonads (testes and ovaries) is
controlled by the secretion of gonado¬
tropin hormones from the anterior
pituitary gland, which in turn are

controlled by the secretion of GnRH
from the hypothalamus. Subtle changes
in the activity of the GnRH-producing
neurons play a key role in controlling
normal reproductive events, such as the
onset of puberty and ovulation, and
also contribute to the cause of various

reproductive disorders. Urbanski's
research team has adopted a wide
range of in vivo and in vitro methodolo¬
gies to investigate how various neu¬

rotransmitters and environmental

influences modulate the activity of the

GnRH-producing neurons, with the
ultimate aim of developing effective
therapies for these disorders.

Understanding the process by
which GnRH neurons become function¬

ally integrated with other components
of the central nervous system also
increases our knowledge of brain
development and degeneration as a
whole. Evidence suggests that excita¬
tory amino acids, such as glutamate,
not only control reproductive function,
but also play a role in the maintenance
of circadian biological rhythms and may

contribute to various age-related
neurodegenerative disorders such as
Alzheimer's disease. Urbanski hopes to
elucidate this involvement by investigat¬
ing how the expression of excitatory
amino acid receptor genes is controlled
within the developing and aging brain,
especially in areas such as the hypo¬
thalamus, hippocampus and cerebral
cortex.

After his undergraduate studies at the
University of Wales, Henryk Urbanski
received an M.S. from the University of
Edinburgh and a Ph.D. from the
Department of Zoology at the Univer¬
sity of Bristol (1983). He received
postdoctoral training in the Department
of Physiology at the University of Texas
Southwestern Medical Center and in

1985 was promoted to research
instructor. In 1987 Urbanski joined the
Division of Neuroscience and in 1993

was promoted to associate scientist. He
is an associate professor of physiology
and pharmacology in the OHSU School
of Medicine.
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Stimson. (2001) Immunoneutralisation
of GnRH-l, without cross-reactivity to
GnRH-ll, in the development of a highly
specific anti-fertility vaccine for clinical
and veterinary use. Journal of Repro¬
ductive Immunology, 51:109-129.
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SUMMARY

Male Japanese quail were castrated when sexually immature and immediately exposed to
one of the following stimulatory lighting regimes for 52 days: 11 h light: 13 h darkness/day
(11L: 13D), 12L: 12D, 13L: 11D, 14L: 10D, 15L:9D, 16L:8D, 20L: 4D or 23L: 1D. One
group was retained on short days (8L: 16D). Clearcut differences in the plasma levels of LH
and FSH emerged between the various groups. Levels remained very low in castrated quail
on 8L: 16D but were much greater in those on 14L: 10D, 15L: 9D, 16L: 8D, 20L: 4D and
23L: ID, eventually becoming 15 to 20 times higher. Less pronounced castration responses
developed on 13L: 11D, 12L: 12D or 11L: 13D. Alterations in photoperiod after day 52
caused an appropriate rise or fall in LH secretion. Photoperiodically induced suppressions
were rapid, being highly significant within 4 days, but increases usually had a slower time
course. When sexually mature quail (on 16L: 8D) were castrated and transferred to 8L: 16D
they also exhibited a rapid suppression in LH secretion. Thus in quail, unlike some
mammals, the photoperiodic control over gonadotropin secretion is independent of the
reproductive status of the animal at the time of castration. The results confirm the view that
changes in sensitivity of the hypothalamo-pituitary axis to gonadal steroids are not a
primary factor in the neural mechanisms underlying photoperiodism in quail.

INTRODUCTION

Seasonally breeding birds and mammals possess the classical negative feedback relationship
between the gonads and the hypothalamo-pituitary axis so that, after gonadectomy, plasma
levels of gonadotrophin increase. In addition, however, secretion of luteinizing hormone
(LH) and follicle-stimulating hormone (FSH) is also modulated by environmental factors,
amongst the most significant of which is the photoperiod. A brief consideration of this
situation shows an apparent anomaly in the sense that when the photoperiod stimulates LH
and FSH secretion, and thereby sex steroid output, feedback should increase progressively
so leading to a lowering in gonadotrophin secretion. In practice, however, gonadotrophin
levels increase in the face of rising steroid output (e.g. Follett, 1976) and, consequently, it has
been suggested that sex steroid feedback sensitivity may change seasonally (e.g. Kordon &
Gogan, 1970; Gibson, Follett&Gledhill, 1975; Legan, Karsch & Foster, 1977;Turek, 1977;
Ellis&Turek, 1979; Goodman & Karsch. 1980, 1981a). There are clear analogies here with
the situation claimed to exist at puberty (e.g. Ojeda, Andrews, Advis & Smith White, 1980).
In the case of seasonal breeders the photoperiod might be envisaged as actually modulating
the degree of sensitivity of the hypothalamo-pituitary axis to feedback action. Thus, an
increase in sensitivity at the end of the breeding season would lead to suppression of
gonadotrophin secretion and the onset of reproductive quiescence, whilst the converse
would apply at the start of the breeding season. Because such changes in sensitivity
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necessarily involve the secretion of steroids by the gonads, they should not be operative in
gonadectomized animals.

The best evidence for this is found in the Suffolk ewe (Legan el al. 1977; Goodman &
Karsch, 1980) where ovariectomy, at any time of the year, leads to increased gonadotrophin
secretion, which remains high despite subsequent manipulations of photoperiod. Replacing
the endocrine secretions from the absent ovaries with a capsule designed to release oestradiol
at a physiological rate causes the serum LH concentrations to cycle seasonally, with high
levels during short photoperiods and low levels when daylengths are long. Whilst these
results provide strong support for the hypothesis it is already clear that it cannot apply, at
least in its simplest form, to all seasonal breeders. In Japanese quail, for instance, plasma
concentrations of LH continue to be regulated by the photoperiod perfectly well in the
absence of the ovary (Gibson et al. 1975). Levels are low under short days and high on long
photoperiods. Although slight changes in the responsiveness to feedback may occur in intact
quail on long days (Davies, Goulden, Follett & Brown, 1976) these appear to be secondary to
a mechanism whereby photoperiod alters gonadotrophin secretion without reference to
steroid feedback. Between these apparently 'extreme' species, in which changes in either
direct photoperiodic drive or sex steroid responsivity are dominant in regulating seasonality,
lie many others where gonadectomy under non-stimulatory conditions does lead to a
considerable rise in gonadotrophin output but this is still greatly increased when an animal is
photostimulated (e.g. tree sparrow, Wilson & Follett, 1974,1977; canary, Nicholls & Storey,
1976; ptarmigan, Stokkan & Sharp, 1980; golden hamster, Turek & Ellis, 1981). The
variation is further underlined by the fact that the Soay ram does not behave exactly like the
Suffolk ewe and photoperiod has a limited ability to alter LH secretion in castrated animals
(Lincoln & Short, 1980). Given the various evolutionary pressures under which species
develop seasonality this variability is not unexpected but the underlying point is not trivial
since it influences many of the ways in which it might be envisaged that the photoperiod
alters pituitary function. On one hand is a situation where daylength could alter
gonadotrophin ouput relatively directly without involving the steroid feedback loop, whilst
on the other the effect of daylength might be to act primarily on the feedback centre to
change its responsivity.

An advantage of working with quail is that by using fixed photoperiods just above the
critical daylength it is possible to set the rates of testicular growth at levels which are sub-
maximal (Follett & Maung, 1978). If the particular rate in any given daylength stems entirely
from the level ofdirect photoperiodic drive being exerted on the hypothalamo-pituitary axis,
then in castrated quail this should be reflected in different levels ofgonadotrophin secretion.
The present experiments, therefore, were designed to test quantitatively the precise extent to
which photoperiod and steroid feedback are involved in the seasonal responses of the quail.

MATERIALS AND METHODS

Animals

Japanese quail (Coturnix coturnix japonica) were reared from hatch under a short
photoperiod of 8 h light: 16 h darkness (8L: 16D) and used when nearly full grown, but still
sexually immature, at approximately 30 days of age. All birds were caged singly.

Surgery and blood sampling
Quail were anaesthetized by the method of S. M. Simpson (personal communication) by first
giving two 0-2 ml i.m. injections at 5-min intervals of the following solution: 35% (v/v)
propylene glycol, 9-5% (w/v) ethanol, 4-2% (w/v) chloral hydrate, 1 % (w/v) pentobarbitone
sodium and 0-2% (w/v) magnesium sulphate. This was followed by a 0-2 ml i.m. injection of
Hypnodil (R.7315-metomidate, 1% (w/v); Janssen Pharmaceutica, Crown Chemical Co.
Ltd, Lamberhurst, Kent). The gonads were then removed through a lateral incision between
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the last two ribs. After the completion ofeach experiment the quail were examined for traces
of gonadal tissue and the few in which fragments were found were discarded. Blood
(100-200 pi) was collected serially from a brachial vein, centrifuged and the plasma stored
frozen until assay.

Radioimmunoassays
Luteinizing hormone was measured using a micromodification of the radioimmunoassay
described by Follett, Scanes & Cunningham (1972). Results are expressed in terms of a
chicken LH fraction IRC2 (ng/ml). To ensure comparability between assays plasma samples
were overlapped in such a way as to correct for interassay variation. Follicle-stimulating
hormone was measured using a rat-ovine immunoassay system (Croix, Hendrick,
Balthazart & Franchimont, 1974; Follett, 1976) with NIAMDD rat FSH-RP-1 as standard.
All samples were measured together in one asssay.

Statistics

Results were analysed (Winer, 1962) by either an analysis of variance (for 'between-group'
differences) or an analysis of variance with repeated measures (for 'within-group'
differences). The latter technique deals with the problems arising when serial samples are
taken from a group of animals. In both cases the data were subjected to Newman-Keuls
sequential range tests to assess the degree of statistical significance.

Design ofexperiments
Experiment I
A total of 75 quail were castrated when sexually immature and living under 8L: 16D. Of
these, seven were subsequently rejected because of testicular regrowth. Groups of six to
eleven were then exposed to one of the following lighting regimes: 8L: 16D (n = 8),
11L: 13D(7), 12L: 12D(8), 13L: 11D(7), 14L: 10D(7), 15L:9D(7), 16L:8D(11),20L:4D
(6) or 23L: ID (7). Blood samples were taken from each bird on the day of transfer (day 0)
and after 4, 8, 12, 17, 22, 27, 32, 44 and 52 days. All samples were assayed for their LH
content; FSH was measured only in the samples taken on days 0, 8, 22, 38 and 52.

Experiment II
At the end of the first experiment the quail were transferred between photoperiods as
follows.
Groups on 16L:8D (n = 6), 14L: 10D (7) and 11L: 13D (7) were transferred to 8L: 16D.
The groups on 15L:9D (n = 7) and 13L: 11D (7) were exchanged.
Six quail on 23L: ID were changed to 13L: 1 ID.
A group on 16L: 8D (n = 5) was changed to 12L: 12D for 31 days and then back to 16L: 8D.
Those on 12L: 12D (4) had the converse treatment, being moved to 16L:8Dfor31 days and
then being returned to 12L: 12D.

The photoperiods chosen were intended to range from non-stimulatory through weakly
stimulatory regimes to ones that are maximally inductive (Follett & Maung, 1978).

Experiment III
Male quail (n = 14) were exposed to 16L: 8D for 20 days to induce gonadal maturation.
They were then castrated and maintained on 16L:8D for a further period of 60 days to
permit the full expression of the postcastration rise in plasma levels of gonadotrophin. Half
of the birds were then transferred to 8L: 16D while the remainder acted as controls. Blood
samples were taken 22,16and 10daysbeforethedayoftransfer,and 0,4.8,10,12,15,24,30,
37 and 64 days after transfer.
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RESULTS

Experiment I: effects ofdifferent photoperiods on the castration response ofsexually immature
quail

Changes in levels of LH and FSH are shown in Fig. 1. Within 4 days of transfer the secretion
of LH was increased significantly in the birds on the longer daylengths (/><0 05 for
14L: 10D and 15L:9D; PcOOl for 16L: 8D, 20L:4D and 23 L: ID), but those exposed to
shorter photoperiods showed slower rates of hormone increase which reached significance
(jP<005) after 8 days for the groups on 11L: 13D, 12L: 12Dand 13L: HD,and 17daysfor
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Fig. I. Concentrations (mean +S.E.M.) of (a and b) plasma LH and (c) FSH in groups of six to eleven
Japanese quail which were castrated on day 0 and immediately transferred from 8 h light: 16 h darkness
(SL : 16D) to one of the photoperiods shown.
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those on 8L: 16D. The times taken for the levels of LH to reach a plateau also differed. Thus,
the LH levels in the 8L: 16D group ceased to increase from 4 days after castration onwards
but the birds on 1IL:13D, 12L:12D and 13L: 11D reached maximum levels of secretion
somewhat later, after 8, 12 and 17 days respectively. Levels of LH ceased to increase 22 days
after castration in quail on 14L: 10D and 23L: 1 D, and after 27 days in groups on 15L: 9D,
16L:8D and 20L:4D.

Because of these differences in both rate and duration of increases in plasma LH striking
variations soon became apparent in the mean levels of LH between many of the experimental
groups (Fig. la and b), and by the time the experiment was terminated after 52 days of
treatment four different patterns of LH secretion were distinguishable.

In castrated quail exposed to 8L: 16D only a doubling had occurred in the plasma levels of
LH (2-3 ±0-6 (s.e.m.) ng/ml, n = 8), but in castrated birds on 14L: 10D, 15L: 9D, 16L: 8D,
20L:4D and 23L:1D levels of LH showed rapid increases, reaching a plateau at
34-4+ 1-6 ng/ml (n = 38). Exposure to intermediate photoperiods resulted in medium-sized
rates of increase, with plasma LH concentrations reaching 7-0± 1-7 (n = 7) on 11L: 13D,
7-5+ 1-4 (8) on 12L: 12D and 18-5 + 2-6ng/ml (7) on 13L: 11D.

Similar results were obtained for FSH secretion (Fig. lc). Exposure to 12L:12D,
13L: 1 ID, 16L:8D or 23L: ID resulted in a considerable increase which was significant by
day 8 (P<005) and even more so by day 22 (P<0-01). The group on 12L: 12D showed no
further increase after day 22 but FSH continued to increase in the quail on 13L: 1 ID and
23L: ID until day 38, and in the birds on I6L:8D within-group differences were still
significant at day 52. Between-group differences (« = 6 in all cases) were analysed only on the
data at the end of the experiment. No differences were found between the levels of FSH in
birds under 8L: 16D (246± 130 ng/ml) and 12L: 12D (668+ 163 ng/ml), or between birds on
16L:8D (5658±208) and 23L:1D (4179+775). The FSH levels in birds on 13L: 11D
(1721 ±236) differed significantly (P<001), however, from those of all the other experi¬
mental groups.

Experiment II: transfer of castrated quail to other photoperiodic regimes
To examine this differential photoperiodic induction of gonadotrophin secretion in more
detail the quail were exposed to various lighting treatments at the end of experiment I.

The groups on 16L:8D, 14L: 10D and 11L: 13D were exposed to the very short
photoperiod of 8L: 16D for 35 days to see whether photoperiod could modulate the stable
hormone levels in these castrated birds (Fig. 2). In all three groups plasma levels of LH fell
rapidly and remained low at about 2 ng/ml. The first significant fall was observed after 4 days
(P<001 for those coming from 16L: 8D and 14L: 10D, P<005 for the group moved from
11L: 13D).

When the groups on 23L: ID and 15L: 9D were exposed to a photoperiod of 13L: 11D the
levels of plasma LH fell significantly (P<005) within 4 days (Fig. 3). After 11 days LH
concentrations were stable in both groups but differed significantly, with the quail moved
from 23L: ID having lower levels {P<0-05) than those coming from 15L:9D to 13L: 1 ID
(Fig. 3). Subsequently, the levels began to increase slowly until they reached a value ofabout
20 ng/ml. The stability of the final level of LH on 13L: 11D was notable; in the case of the
group moved from 23L: ID it did not change (within-group difference, P<0 05) from days
62 to 118 after transfer to 13L: 1 ID.

In contrast with the rapid decrease in levels of LH observed when castrated birds were
transferred from 15L: 9D to 13L: 1 ID hormone secretion increased much more slowly in the
converse situation when the group on 13L: 11D in experiment I was moved to 15L:9D(Fig.
4). The gradual change in plasma LH from about 18 to 26 ng/ml became significant
(P<0-05) only after 35 days.

This difference in the speed of response to a lengthening or a shortening of photoperiod is
further emphasized in Fig. 5. Castrated quail were transferred after 52 days of 16L: 8D to
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Days of exposure to lighting regime

Fig. 2. Concentrations (mean +S.E.M.) ofplasma LH in castrated quail which on day 0 (dotted line) were
transferred from 16L:8D (□—□), 14L: 10D (•—•) or 11L: 13D(0 O) to adaylength of 8L: 16D.
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Days of exposure to lighting regime
Fig. 3. Concentrations (mean + s.E.M.) of plasma LH in castrated quail which on day 0 (dotted line) were
moved from either 23L: 1D (•) or 15L:9D (O) to 13L: 1 ID.

12L: 12D for a period of 31 days, and then back again to 16L: 8D (Fig. 5). Plasma LH fell
rapidly and then remained at a concentration of 5-6 + 0-8 (« = 5)ng/ml. Although transfer
back to 16L: 8D also elicited a significant change within 4 days (P<0 05), the subsequent
increases in hormone level were relatively slow and only after 30 days had they returned to
the original level ofabout 33 ng/ml. As a comparison, the quail on 12L: 12D in experiment I
were moved to 16L: 8D for a period of 31 days, and then back again to 12L: 12D (Fig. 5).
The increase in plasma LH was again slow (P< 0 01 after 24 days) but the decrease when the
birds were returned to 12L: 12D was more rapid and significant within 7 days (P< 0 01).
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Days of exposure to lighting regime
Fig. 4. Changes in plasma LH concentrations (mean + S.E.M.) in seven castrated quail which had been held
on 13L: 1 ID for 52 days and were then moved to 15L:9D on day 0 (dotted line).

Fig. 5. Concentrations (mean+S-E.M.) of plasma LH in castrated quail exposed to alternating lighting
regimes of 16L:8D and 12L: 12D. Four quail (•) previously held on 16L:8D(see Fig. la) were moved to
12L: 12D on day 20 and back again to 16L:8D on day 51. In the converse experiment five quail (O) from
12L: 12D (Fig. la) were exposed to 16L:8D and then returned to 12L: 12D. Days of transfer are
indicated by the vertical dotted lines.

There were no differences in the ultimate levels of plasma LH in birds on 12L: 12D before or
after exposure to the 16L:8Dphotoperiod, the mean concentrations being 11-2 + 3-0 (« =4)
at day 20 and 8-4+ l-0ng/ml at day 102. Indeed, as Figs 1 a and 5 illustrate, the levels of LH
secretion in birds on 12L: 12D were quite similar, regardless of the photoperiodic history of
the quail.

Experiment III: photoperiodic responses in quail castrated when sexually mature

Quail were castrated when they had reached sexual maturity on 16L: 8D and then held on
this photoperiod for a further 60 days. Plasma LH levels rose dramatically after castration
from a mean of 3-8 ± 0-4 (n — 14) to 35-8 + 3-5 ng/ml and, as in experiment I, concentrations
had reached a plateau about 40 days after castration (Fig. 6). On day 60 transfer of seven
quail to 8L: 16D elicited a dramatic fall in plasma LH levels (P < 0-01 within 4 days) but the
control group retained on 16L:8D showed no significant change.
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Days of exposure to lighting regime
Fig. 6. Fourteen quail were castrated when sexually mature and maintained on a photoperiod of 16L:8D
for 60 days. Half were then transferred to 8L: 16D on day 0 (dotted line; O) and half were retained on
16L:8D (•). The effect on plasma levels (mean+s.E.M.) of LH is shown.

DISCUSSION

Exposing quail to various photoperiodic schedules results in differential rates of testicular
growth. Birds held on 8L: 16D show little sign of growth, photoperiods of 11L: 13D and
12L: 12D are slightly inductive but daylengths above this duration give maximal testicular
growth rates. These differences arise from differential gonadotrophin secretion, most
notably that of FSH, but also of LH (Follett & Maung, 1978). In the present experiments, a
similar graded pattern in the plasma levels of the gonadotrophins has been observed in the
castrated quail. Not only was the rate of hormone secretion increased in proportion to
photoperiod but so was duration of the increase. Two differences exist from the situation in
intact quail: first, the levels were vastly greater in the photostimulated castrated birds (FSH,
2000-6000 v. 100 ng/ml in intact birds; LH, 20-40 v. 4 ng/ml) and, secondly, there was a far
more graded effect on LH than in the intact birds. The central conclusion, however, is that in
long-term castrated quail gonadotrophin secretion can be determined by photoperiod alone,
sex steroids only modifying the response and not controlling it. This interpretation is further
emphasized by experiments II and III where transferring quail between photoperiods led to a
secretory LH level characteristic of the particular daylength. Less complete but comparable
experiments with ovariectomized quail (Gibson etal. 1975) also indicate that the photoperiod
alone can regulate LH secretion.

The degree of photoperiodic control of LH and FSH secretion must be considerable, as
well as rather precise. Under short days, such as 8L: 16D, the levels of LH were kept low
although a small castration response of about 1 ng/ml was occasionally observed (see Fig. 1
and also Gibson etal. 1975; Davies e/a/. 1976). With a daylength of 12L: 12D, just above the
critical photoperiod, gonadotrophin secretion was quite marked but LH levels settled at
about 6 ng/ml. An extra hour of illumination (13L: 1 ID) tripled the secretory rates of both
LH and FSH but this was still sub-maximal. Days containing 14 h or more of light led to the
highest levels with LH and FSH being raised approximately 15 and 20 times, respectively,
above the concentrations on 8L: 16D. Despite the similarity in gonadotrophin output in
these birds caution is needed before concluding that the photoperiodic drive is necessarily
maximal. It could be that the drive is progressively greater on days longer than 14L: lODbut
the drive on 14L: 10D is sufficient to saturate gonadotrophin secretion. The results are
inconsistent with the hypothesis that photoperiod modulates gonadotrophin secretion
primarily by altering the sensitivity of the hypothalamo-pituitary axis to gonadal steroid
feedback. Fundamental to this hypothesis is the prediction that removal of steroid feedback
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will render the animal incapable of suppressing the activity of the gonadotrophin releasing
centres. Although it is tempting, therefore, to dismiss the existence of such a mechanism in
the quail there remains the slight possibility that steroids ofextragonadal origin (adrenal or
possibly dietary) play an important role when the animal is castrated. Possibly the
hypothalamo-pituitary axis is so sensitive to steroid feedback when the animal is kept on
short days that, even in the absence of the gonads, there is sufficient plasma steroid from other
sources to suppress gonadotrophin secretion. If such a view were to hold for the quail, the
gross attenuation of the postcastration gonadotrophin increase observed on photoperiods
containing 11, 12 or 13 h of light must be attributable to the feedback action of such
extragonadal steroids. However, because intact quail maintained on these photoperiods
grow their testes and show enhanced testosterone secretion compared with the levels
observed on 8L: 16D (Follett & Maung, 1978), the hypothesis can only remain tenable if the
gonadal steroids are less effective than extragonadal steroids at inhibiting gonadotrophin
secretion. This seems highly unlikely and it is far more plausible to envisage a photoperiodi-
cally operated neural mechanism which modulates hypothalamo-pituitary activity in¬
dependently of sex steroid sensitivity changes. In this case the gonadotrophin-releasing
centres would respond directly to the strength of the signal coming from the daylength-
measuring system of the animal. Thus, on long days the incoming photoperiodic signal is
strong and so gonadotrophin secretion is increased while on short days the signal is weak and
little hormone is secreted. While such a hypothesis does not deny that changes in steroid
sensitivity may also be occurring when animals are photostimulated (e.g. Davies & Bicknell,
1976; Davies et al. 1976), it proposes that they play no fundamental role in the photoperiodic
control of seasonal reproduction.

It should be emphasized, however, that these two possible control mechanisms need not be
mutually exclusive and even in the ewe, where the presence of ovarian steroids appears to be
essential for the photoperiodic suppression of tonic serum gonadotrophin levels, the
pulsatile pattern of LH secretion may vary independently (Goodman & Karsch, 19816).
Additionally, the relative importance of the two mechanisms might change throughout the
season. It has been shown in the golden hamster that the reproductive state at the time of
castration is a critical factor in determining the size of the postcastration increase in serum
gonadotrophin levels (c.f. quail, present experiments). Thus, when hamsters are castrated in
a non-breedingcondition and held on short days, gonadotrophin levels increase only slightly
but they can be increased further simply by exposing the animal to long days (Turek, Elliott,
Alvis & Menaker, 1975; Tamarkin, Hutchison & Goldman, 1976; Ellis & Turek, 1980). In
contrast, when hamsters are castrated in the breeding condition and held on long days, they
show a large unattenuated increase in gonadotrophin secretion which is not suppressed to
any great extent by exposing them to short days (Tamarkin et al. 1976; Turek, 1977;
Ellis & Turek, 1979). This has led Turek & Ellis (1981) to talk of 'steroid-dependent' and
'steroid-independent' changes being involved in the photoperiodic response of hamsters.

At the moment we are not entirely convinced that a steroid-dependent mechanism does
exist, suspecting that there is great difficulty in distinguishing experimentally between cause
and effect. For example, ifphotoperiodic drive is diminished on a system then, by definition,
that system may show 'enchanced feedback sensitivity' simply because less steroid is now
needed to suppress LH secretion than when the drive was stronger. This difficulty is certainly
recognized by those working on seasonality (e.g. Goodman & Karsch, 1981 a, b; Turek &
Ellis, 1981) but so far no-one has devised an experiment which unequivocally resolves the
dilemma. In the quail, however, changing steroid sensitivity may not be important at all and
both the onset and termination of the breeding season may be controlled by a photoperiodic
mechanism independent from the negative feedback loop. As a final observation we wonder
if similar arguments could be applied to the long-standing question of changes which occur
at puberty in mammals. Much of the data is interpreted in terms of an alteration in sex
steroid feedback responsivity (for reviews see Foster & Ryan, 1979; Ojeda et al. 1980; Kaplan
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& Grumbach, 1980) but to what extent are the conclusions still warranted if there is an
increase in central drive at puberty?

Thanks are due to Mrs J. M. Prosser, and to Dr J.-C. Hendrick and the NIAMDD for
providing some of the immunoassay materials.
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SUMMARY

Plasma levels of LH are generally higher in male than in female quail. This dimorphism was
found to persist in quail which had been through a breeding cycle and then gonadecto-
mized. Under long daylengths (12 h light: 12 h darkness (12L: 12D) or 16L:8D) ovariecto-
mized quail had plasma levels of LH that were 55-70% of those seen in castrated birds. The
difference was reduced after transfer to short days (8L: 16D) when LH concentrations fell
to basal levels, but again became more pronounced when the quail were restimulated with
long photoperiods. Thus, the photoperiodic response system is sexually differentiated.

INTRODUCTION

Japanese quail are typical of seasonally breeding species, becoming sexually functional
when photoperiods are long and reverting to a non-breeding condition under short
daylengths. These changes are caused by the photoperiod directly altering the rate of
gonadotropin secretion (Urbanski & Follett, 1982). Although in both sexes the patterns of
luteinizing hormone (LH) output are similar, sexually mature males invariably have higher
concentrations of LH in plasma than do females (e.g. Nicholls, Scanes & Follett, 1973).
This difference also exists in other birds (e.g. chicken: Sharp, 1975) and has been thought to
arise because of differences between the sexes in negative feedback action (e.g. Davies,
1976). If this is true then it might be expected to disappear after gonadectomy. However, it
persisted and this suggests true sexual differentiation somewhere in the photoperiodic
mechanism.

MATERIALS AND METHODS

Animals

Japanese quail (Coturnix coturnix japonica), all from one hatch, were reared under a short
photoperiod of 8 h light: 16 h darkness (8L: 16D). At 30 days of age they were transferred
to a stimulatory daylength of 16L: 8D for 40 days in order to initiate sexual maturation and
were then used in the experiment. All birds were caged singly.

Surgery and blood sampling
Quail were anaesthetized using a mixture of chloral hydrate, pentobarbitone sodium and
metomidate (Hypnodil; Crown Chemical Company Ltd, Lamberhurst, Kent) (details in
Urbanski & Follett, 1982) and an incision was made between the last two ribs on the left
side. Both testes or the single left ovary were removed through this aperture. After the



280 H. F. URBANSKI AND B. K. FOLLETT

experiments the quail were killed and examined for traces of gonadal tissue. No regrowth
had occurred and in the females there had been no hypertrophy of the rudimentary right
ovary. Blood (100-200 pi) was collected from a brachial vein, centrifuged and the plasma
stored frozen.

Radioimmunoassay
Plasma LH was measured using a micromodification of the radioimmunoassay described
by Follett, Scanes & Cunningham (1972). Results are expressed in terms of chicken LH
fraction IRC2 (ng/ml).

Statistics

Results were analysed (Winer, 1962) by either a one-factor analysis of variance or a two-
factor analysis of variance with repeated measures. The data were subjected to
Newman-Keuls sequential range tests to assess the degree of statistical significance.

Design ofexperiment
Blood samples were taken from 30 female quail in lay and 29 sexually mature males. They
were then transferred from 16L: 8D to 8L: 16D and gonadectomized 30 days later. Groups
of eight male and seven or eight female birds were transferred to one of the following
lighting regimes: 16L: 8D, 12L: 12D or 8L: 16D. Blood samples were taken from each bird
on the day of transfer and after 4, 8, 13,17,22,27,32,38,45 and 53 days. All the birds were
then exposed to 8L: 16D and samples taken 3, 6, 8, 10, 13 and 17 days later. Finally, they
were shifted to 12L: 12D and blood samples taken 0, 2, 6, 10, 15, 21, 27 and 36 days after
transfer.

RESULTS

The level of plasma LH (mean ± S.E.M.) in sexually mature males (2-83+0-15 ng/ml; n — 29)
was significantly (P<0-01) greater than in the laying females (1-94+ 0-16 ng/ml; n=30).
Exposure of the quail to non-stimulatory photoperiods induced a fall in LH, the levels then
remaining low in both males (0-96+0-03) and females (0-87 ±0-03), although they were still
different (PC0-05). Other reproductive parameters paralleled the changes in gonadotro-
phin secretion: females ceased laying 12 days after transfer to 8L: 16D and the cloacal
gland in the males was completely regressed after 3 weeks.

The quail remained under the short photoperiod for 30 days before gonadectomy and
by then had reverted completely to a sexually immature condition. After gonadectomy,
groups were transferred to a maximally inductive photoschedule (16L: 8D) or to a weakly
stimulatory one (12L: 12D) or were held on 8L: 16D. Within 4 days LH secretion was
increased significantly (P<0-01) in the photostimulated groups and the levels continued to
increase, reaching a plateau after 20-30 days. It may be seen from Fig. 1 that the pattern of
LH secretion in gonadectomized quail depended not only upon the photoperiod but also on
sex. Male birds had significantly higher levels of plasma LH than females in all three
photoperiods of 16L.8D (P<0-0I), 12L: 12D (P<0-05) and8L: 16D (P<005). By day 53
of the treatment the mean levels of LH (ng/ml) in the males (n = 8) were 22-8 + 4-3
(16L:8D), 10-9 + 1-9 (12L: 12D) and 2-6 + 0-6 (8L: 16D) whilst in the females (« = 7 or 8)
they were 14-7 + 3-4 (16L:8D), 7-8+0-9 (12L: 12D) and 1-6+0-3 (8L: 16D).

After the move to 8L: 16D on day 53 (Fig. 1) plasma LH decreased rapidly (P<0 01
after 3 short days) but the difference between the sexes was still significant (P<0-01) on day
66. After 40 short days (day 93), all the quail were exposed to 12L: 12D and once again the
difference between the sexes became more pronounced (Fig. 1). Within 6 days there were
significant (P<0-01) increases and the final levels were similar to those seen previously on
12L:12D. After 36 days of treatment the mean plasma level of LH in the males
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Period of exposure to lighting regime (days)

Fig. 1. Concentrations of plasma LH in male (•; n — 8) and female (O; n = 7 or 8) quail which were
gonadectomized on day 0 and transferred from a lighting schedule of 8 h light: 16 h darkness (8L: 16D)
to (a) 16L:8D, (b) 12L: 12D or (c) retained on 8L: 16D. On day 53 (solid arrows) all the quail were
transferred to 8L: 16D and on day 94 (open arrows) to 12L: 12D. Values are means+S.E.M. but where
vertical bars are absent the s.E.M. falls within the width of the symbol.

(16-8 Hh l-4ng/ml; n = 24) was higher (Pc 0-001) than that in the females (9-6 + 0-9 ng/ml;
n = 23).
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discussion

The sexual differences in LH levels seen in intact quail and in other birds (e.g. Sharp, 1975;
Goldsmith, Edwards, Koprucu & Silver, 1981) could well arise from the dimorphism of the
male and female gonads, a feature particularly accentuated during the breeding season
when the production of gonadal steroids is increased. Consequently, negative feedback
onto the hypothalamo-pituitary axis could differ qualitatively and quantitatively (Davies,
1976). Alternatively or additionally, there may exist a more fundamental dimorphism
within the gonadotropin releasing system and this is supported by finding that the
differences in LH secretion persist in gonadectomized quail and are apparent even after two
different photoperiodic treatments. Although the results in the present experiment are
clear-cut some earlier work with gonadectomized quail, though differing in details, did not
show a sexual difference (Gibson, Follett & Gledhill, 1975). Perhaps it is significant that
Gibson et al. (1975) gonadectomized their birds before they had ever been exposed to long
days whilst in this study both males and females had undergone sexual maturation before
removal of the gonads. This might suggest that exposure of the hypothalamo-pituitary axis
to increased levels of steroids could be necessary for sexual differentiation to develop.

Sexual dimorphism of the brain in- birds appears somewhat different from that in
mammals. The male is the neutral sex and in the absence of gonadal hormones early in
development masculine characters predominate. Steroid treatment of the egg results in
female characters or 'demasculinization' of males (Adkins, 1975; Whitsett, Irvin, Edens &
Thaxton, 1977; Hutchison, 1978). Both oestrogens and androgens are capable of de-
masculinizing male quail. At what level differentiation of the photoperiodic response
develops is open to speculation but it might involve the rate of secretion of gonadotrophin
releasing hormone (GnRH), the sensitivity of the pituitary gland to GnRH or even the
molecular species of LH secreted.
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Summary. Male golden hamsters were transferred from long to short days and
castrated on the day of transfer (Group SPO) or 1, 2 or 3 weeks afterwards (Groups
SP1, SP2 & SP3). Animals in Group LP were castrated and maintained on long
days. After 7 weeks of short days, plasma levels of LH and FSH were low in Groups
SP1, SP2, and SP3. In Group SPO LH output was also low and FSH secretion,
although greater than in Groups SP1, SP2 and SP3, was lower than in the long-day
controls (Group LP). This photoperiodic control of gonadotrophin secretion in
castrated hamsters raises doubts about the significance of hypothetical alterations in
hypothalamo-pituitary sensitivity to sex steroids.

Introduction

It is well established that changes in photoperiod induce marked alterations in the
neuroendocrine activity of many seasonally breeding animals. Just how photoperiodic
information is transduced into a particular pattern of gonadotrophin secretion is unclear but
when Suffolk ewes and red deer stags are gonadectomized alterations in the photoperiod no
longer affect the mean serum LH values (Legan, Karsch & Foster, 1977; Lincoln & Kay, 1979).
These observations appear to be consistent with the view that photoperiodic control of
gonadotrophin secretion is mediated via the gonadal negative feedback system, the photoperiod
modulating the sensitivity of the hypothalamo-pituitary axis to the feedback effects of sex
steroids. On the other hand, in many other animals, e.g. snowshoe hares, rams, mares, Japanese
quail and Djungarian hamsters, gonadotrophin output does respond to photoperiodic
manipulations after gonadectomy (Davis & Meyer, 1973; Pelletier & Ortavant, 1975; Garcia &
Ginther, 1976; Urbanski & Follett, 1982; Simpson, Follett & Ellis, 1982). In the castrated
golden hamster the photoperiodic responses suggest that perhaps both direct and feedback-
mediated photoperiodic mechanisms are operative. Castration of hamsters with regressed testes
leads to only a slight elevation of serum gonadotrophin levels if the animals are maintained in a
short-day photoperiod, but there is a dramatic increase when they are subsequently transferred
to long days. A large increase is also observed when sexually mature hamsters are castrated and
maintained in long days. These findings, therefore, demonstrate a direct photoperiodic
modulation of gonadotrophin secretion (Turek, Elliott, Alvis & Menaker, 1975; Tamarkin,
Hutchison & Goldman, 1976; Ellis & Turek, 1980). Consequently, one might expect that the
transfer of castrated hamsters from long to short days should induce a decrease in
gonadotrophin output; but the results have been variable (Turek et al., 1975; Turek, 1977;
Tate-Ostroff & Stetson, 1978; Ellis & Turek, 1979, 1980). This has led to the idea that while
direct photoperiodic effects are involved in regulating the onset of breeding season in the
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hamster, its termination might be to some extent dependent upon indirect, steroid-dependent
effects (review: Turek & Ellis, 1981). The present study was undertaken to examine further this
apparent change in the relative importance of the mechanisms modulating gonadotrophin
secretion.

Materials and Methods

Male golden hamsters (Mesocricetus auratus) were purchased when 10 weeks old (G. Gore,
Laindon, U.K.) and maintained in a long photoperiod of 14 h light per day (14L:10D, lights on
04:00 h). Hamster breeding diet (Oxoid) and water were available ad libitum. At about 20 weeks
of age, 4 groups of animals were transferred to a short photoperiod (9L: 15D, lights on 08:00 h)
and castrated under pentobarbitone sodium anaesthesia either on the day of transfer (Group
SP0) or 1, 2 or 3 weeks afterwards (Groups SP1, SP2, and SP3). Animals in a fifth group (LP)
were castrated at the same time as those in Group SP0 and were maintained in 14L:10D
throughout the experiment. At weekly intervals, 0-5 ml blood samples were collected by cardiac
puncture under halothane anaesthesia, and the plasma was stored frozen. Initially, there were 7
hamsters within each experimental group (3 or 4 animals per cage), but because of mortalities
following routine serial cardiac puncture numbers were progressively reduced and only those
animals surviving until at least week 7 of treatment are included in the results.

Plasma follicle-stimulating hormone (FSH) was measured by radioimmunoassay using a rat
FSH kit supplied by the National Institute of Arthritis, Metabolism and Digestive Diseases
(NIAMDD) with standard FSH-RP-1. Plasma luteinizing hormone (LH) was measured by the
ovine-ovine system of Niswender, Midgley, Monroe & Reichert (1968) with rat standard
LH-RP-1. Both radioimmunoassays have been validated for use in the hamster (Berndtson &
Desjardins, 1974; Blake, Norman & Sawyer, 1973). A single assay was performed for each
hormone and the intra-assay coefficients of variation, determined by including 10 samples from
a plasma pool, were 9% for FSH and 6% for LH. The minimum detectable plasma
concentrations of FSH and LH were 20 and 2 ng/ml, respectively.

Results were analysed by using paired Student's t test and analysis of variance.

Results

By 1 week after castration, all animals had shown the expected increase in plasma FSH levels,
although a significant rise in plasma LH was seen only in Groups LP and SP0 (Text-fig. 1). At
this stage, levels of neither FSH nor LH differed significantly amongst the 5 groups (P > 0-05).
Subsequently, hormone concentrations increased further in Group LP but fell dramatically in
Groups SP1, SP2 and SP3. In Group SP0 there was a fall in plasma LH values but not in FSH.
At 7 weeks after transfer, plasma LH levels were significantly lower in Groups SP0, SP1, SP2
and SP3 (N = 6, 4, 7 and 5 respectively) than in Group LP (N = 7) (P < 0-01). Plasma FSH
levels in Groups SP1, SP2 and SP3 were also significantly lower than those in Group LP (P <
0-01); values in Group SP0 were lower than those in Group LP (P < 0-05), but higher than
those in the other 3 groups (P < 0-05). At the end of the experiment, 9 weeks after transfer to
short days, the mean (± s.e.m.) plasma concentrations of FSH and LH in surviving hamsters
from Groups SP1, SP2 and SP3 were 315 ± 55 ng FSH/ml and 25 ± 5 ng LH/ml (N = 11).
These values were different from those of hamsters in Group LP (4368 ± 188 ng FSH/ml and
982 ± 187 ng LH/ml, N = 6). Animals in Group SP0 (N = 5) had an intermediate position with
relatively high FSH (2055 ± 1004 ng/ml) and low LH (189 ± 67 ng/ml) levels.
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Text-fig. 1. Concentrations of plasma FSH and LH in male hamsters maintained in 14L:10D
(Group LP) or transferred at time 0 from 14L:10D to 9L:15D (Groups SPO, SP1, SP2 and
SP3); the arrows indicate the times of castration. Between Weeks 0 and 8 the number of animals
in each group was 7 (LP), 6 (SPO), 4 (SP1), 7 (SP2), and 5 (SP3), and during Weeks 8 and 9,
was 7, 5, 3, 4 and 4, respectively. Points represent means, and s.e.m. are shown by vertical bars
unless they fall within the symbol width.

Discussion

The results showed that when hamsters were castrated and maintained in a long-day
photoperiod plasma LH and FSH concentrations increased dramatically and then remained
elevated for the duration of the experiment. Animals which were transferred to short days at the
time of castration showed a similar increase over the first few weeks but this became attenuated
so that after 7 weeks plasma gonadotrophin levels were lower than in the long-day group. This
finding that short photoperiods can, to some extent, suppress gonadotrophin output in castrated
hamsters is consistent with some previously reported data (Turek et al., 1975; Tate-Ostroff &
Stetson, 1978; Ellis & Turek, 1980). The more interesting finding in the present experiment,
however, was that when castration was delayed until the animals had experienced at least 1 week
of short days, the suppressive effects of short photoperiods were even more pronounced: at the
end of the experiment plasma levels of FSH were much lower in Groups SP1, SP2 and SP3 than
in Group SPO. It seems then that castration performed during a long-day photoperiod in some
way interfered with or masked the photoperiodic suppression of gonadotrophin secretion
induced by transfer to short days, and perhaps could account for other instances in which
complete suppression was not observed (Turek, 1977; Ellis & Turek, 1979, 1980). Just how the
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photoperiodic response of hamsters is affected by castration is unclear but one possible
explanation is that the photoperiodic 'switch' that changes the neuroendocrine activity from a
long day to a short day mode includes a pathway which involves gonadal steroids, so that
castration performed before transfer to short days precludes a complete reduction in secretion.
Once the photoperiodic switch has operated, however, gonadal steroids are not required to bring
about the subsequent reduction in gonadotrophin output, indicated by the response of the
hamsters castrated after transfer from long to short days. Alternatively, the hyperactivity of the
hypothalamo-pituitary axis that follows the removal of negative feedback under conditions of
long-day photoperiodic drive lead to a pathological condition in which the high rate of secretion
cannot be fully suppressed by short photoperiods, while the effect of castration during short
days, when the photoperiodic drive is reduced, will not induce such a response. The pathological
condition might arise for a number of reasons; hyperactivity of the LH-RH neurones and the
hypertrophy of the pituitary gland are just two possibilities. It has been previously suggested that
the gonadotrophin content of the pituitary gland in castrated 'long-day' hamsters might be so
high that hormones 'leak out' even when the animals are transferred to short photoperiods
(Turek et al., 1975). Full explanation of the effects of castration on the hamster's photoperiodic
response requires further experimentation. Castration of hamsters within 1 day of transfer to
short days can lead to a variety of responses: the short-day suppression of gonadotrophin output
may be complete or only partial, or absent altogether (see Turek et al., 1975; Turek, 1977; Ellis
& Turek, 1980). This suggests that it is unlikely to be the time of castration relative to the
operation of a steroid-dependent photoperiodic switch which determines the subsequent response
to short days. Nevertheless, for these published data to remain consistent with the alternative
concept of a castration-induced pathological condition, other possible influencing factors besides
photoperiod must be considered, such as the age of the animals, the ambient temperature,
housing density, bleeding frequency and the way in which the photoperiodic clock was entrained
by the chosen lighting regimens.

While the causes underlying the inconsistency of response to short days remain unknown,
the present data confirm that gonadotrophin output in the castrated hamster can be fully
suppressed in a short-day photoperiod. As the negative feedback effects of adrenal and dietary
steroids are unimportant to gonadotrophin secretion in the castrated hamster (Bitman &
Goldman, 1979; Ellis & Turek, 1980) this emphasizes that at the end of the breeding season as
well as at its onset there is modulation of gonadotrophin secretion which is independent of the
continuous presence of sex steroids. It is a matter of speculation whether there are also
photoperiodically induced changes in sensitivity to steroids at these times that act as additional
modulatory factors. That a given dose of testosterone is more effective in suppressing LH and
FSH output in castrated hamsters in short days than in long days can be regarded as an
indication of differences in sensitivity (Turek, 1977; Ellis & Turek, 1979). However, there may
not be changes in actual sensitivity at, say the receptor level, only an apparent difference, as the
direct effects of daylength on gonadotrophin secretion will inevitably mean that hypothalamo-
pituitary activity will require more negative feedback to oppose it during long days than during
short days (Goodman & Karsch, 1981; Turek & Ellis, 1981; Urbanski & Follett, 1981). There
could be actual changes in sensitivity in hamsters but these have yet to be convincingly
demonstrated and, moreover, because photoperiod does alter gonadotrophin secretion directly,
their significance is questionable.

We thank Mrs D. Bond for her expert technical assistance; Dr G. D. Niswender for the
LH-RIA antisera; and the NIAMDD Rat Pituitary Hormone Distribution Program for the FSH
RIA kit and the LH standard.
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exposed to short days
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Summary. Castrated hamsters which were transferred from long (14L:10D) to short
(9L: 15D) days and received testosterone-filled capsules for 1 week after transfer failed
to show a significant suppression in the plasma levels of FSH and LH after capsule
removal. In contrast, gonadotrophin concentrations were suppressed in hamsters in
which the long-day castration response had been blocked with exogenous testosterone.
After castration on long days and exposure to 10 weeks of short days pituitary gland
weight and gonadotrophin content, as well as plasma FSH titres, were higher in control
animals than in those that had received testosterone implants for 7 weeks of short days.
The results suggest that failure of castrated hamsters to respond to the suppressive
effects of short days reflects castration-induced changes in hypothaiamo-pituitary
physiology rather than a neuroendocrine mechanism by which photoperiod modulates
gonadotrophin secretion.

Introduction

Seasonal reproduction in the golden hamster is regulated by changes in daylength. The underlying
neuroendocrine responses are particularly clearcut in males, exposure to long photoperiods
(> 12-5 h of light per day) leading to increased secretion of gonadotrophins and concomitant
testicular maturation, while gonadotrophin secretion is decreased and reproductive activity
terminated by a return to short days (recent reviews: Reiter, 1980; Stetson & Tate-Ostroff, 1981).
How such changes are brought about is not fully understood but one proposal suggests that
sensitivity of the hypothaiamo-pituitary axis to the negative feedback effect of sex stejroids is under
photoperiodic control (review by Goodman & Karsch, 1981). Under this scheme the relative
insensitivity in long daylengths would allow a greater output of gonadotrophins than the higher
degree of sensitivity in short days. There is, however, unequivocal evidence for gonodotrophin
secretion being more directly controlled by photoperiod, independently of steroid feedback. For
instance, when hamsters with regressed testes in short days are castrated, plasma titres of FSH and
LH rise, but even higher levels are found in castrated animals in long days (see Turek, Elliott, A1 vis
& Menaker, 1975a; Tamarkin, Hutchison & Goldman, 1976; Ellis & Turek, 1980a). Nevertheless,
that gonadotrophin secretion is not always fully suppressed when castrated hamsters are
transferred from long to short days is apparently consistent with a 'steroid-dependent' mechanism
(Turek et al., 1975a; Turek, 1977; Turek, Alvis & Menaker, 1977; Tate-Ostroff & Stetson, 1978;
Ellis & Tarek, 1979, 1980a, b; Sisk & Turek, 1982). To reconcile these observations it has been
argued that the short-day-induced termination of breeding activity relies more on the steroid-
dependent process than does the long-day-induced onset (review: Turek & Ellis, 1981). However,
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Urbanski & Simpson (1982) have reported a marked suppression in plasma gonadotropins in
hamsters castrated soon after transfer from long to short days. This shows that, contrary to the
hypothesis of 'steroid-dependence', a continual presence of sex steroids is not obligatory for short
days to suppress FSH and LH secretion. Two suggestions were offered to explain the results and are
investigated in the present studies. First, sex steroids might play an important role only in initiating
the change in neuroendocrine activity from a long-day to a short-day mode. This concept is
different from that of 'steroid-dependence' in which sex steroids act primarily as a continually
acting negative feedback agent, and was tested by the brief treatment of long-day castrated
hamsters with testosterone at the time of transfer to short days. Secondly, the failure of castrated
hamsters to respond completely to short photoperiods might be an experimental artefact induced
by castration in stimulatory photoperiods but avoided by castration in short days. One possible
cause of this, pituitary hypertrophy, was investigated.

Materials and Methods

Male golden hamsters (Mesocricetus auratus) were purchased when 10 weeks old (G. Gore,
Laindon, U.K.) and then maintained in a long photoperiod of 14 h light per day (14L: 10D, lights
on 08:00h) for at least a further 8 weeks. Castrations were performed under anaesthesia with
pentobarbitone sodium. Testosterone-filled capsules were made from 20-mm lengths of Silastic
medical-grade tubing (Dow Corning Corp., Midland, Michigan, U.S.A.; 1-98 mm i.d., 3-18 mm
o.d.) and implanted subcutaneously under halothane anaesthesia. Blood samples (300-500 pi) were
collected by cardiac puncture under halothane anaesthesia and the plasmas stored frozen.

Plasma and pituitary follicle-stimulating hormone (FSH) were measured by radioimmunoassay
(RIA) using a rat FSH kit supplied by the National Institute of Arthritis, Metabolism and
Digestive Diseases (NIAMDD) with FSH-RP-1 as standard. Plasma and pituitary luteinizing
hormone (LH) were measured by the ovine-ovine RIA procedure of Niswender, Midgley, Monroe
& Reichert (1968) with rat LH-RP-1 as standard. Both immunoassays have been validated for use
in the hamster (Blake, Norman & Sawyer, 1973; Berndtson & Desjardins, 1974). In our laboratory,

Table 1. Scheme showing the design of experiments with hamsters changed from long to short days
(Week 0) (except for Group 1 which remained in long days) and castrated and treated with testosterone

at various times

14L; 10D 9L:15D

No. of
animals

Weeks

Exp. Group -24 -9 -8 -1 0 1 2 3 4 6 7 8 10 12 13 16

1 1
2
3

8
5
5

5
9
9

b,T
b,T
b.E

b,T
b.T
b.E

b
b
b

b
b
b

b
b
b

b
b
b

b
b
b

b
b
b

2 4
5

6
5

9 b,T
b,S,T

b.T
b.T

b
b

b
b

b
b

b
b

b
b

3 6
7

4
6

9 b,T
b.d.T

b
b

b
b

b.T
b.T

b
b

b
b

b
b

b
b

4 8
9

6
5

9
d

E
T

E
t

K
K

9 = castration; T = capsule containing testosterone; E = empty capsule; 7 -6 = capsule removed; b = blood
sample; K = killed.
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serial dilutions of pituitary homogenates and plasma from intact and castrated hamsters gave
curves parallel to the FSH and LH standards, and the minimum detectable concentrations were 20
and 2 ng/ml, respectively. Single assays were performed for FSH and LH for each experiment; 10
replicate assays of a plasma pool from castrated hamsters gave an intra-assay variation of 9% for
FSH and 6% for LH.

Results were assessed by analysis of variance or, in Exp. 4, by Student's t test. The design of the
4 experiments is indicated in Table 1.

The animals in Exp. 4 were anaesthetized with halothane and decapitated 3 weeks after capsule
removal; the pituitary glands were weighed (wet tissue), homogenized in 500 pi 0 05 M-phosphate-
buffered saline (pH 7 0) and frozen until assay. Plasma was obtained from trunk blood.

Results

Experiment 1

At 9 weeks after castration and maintenance in 14L: 10D the plasma concentrations of FSH
and LH were high in all hamsters (Text-fig. 1). The values were greatly reduced in both groups of
animals receiving testosterone capsules (Groups 1 & 2) (P < 0-01). Plasma FSH and LH levels
were also suppressed in those receiving empty capsules (Group 3) (P < 0-05) but not to the same

4000

Group 1. N = 8

Q Group 2. N = 5

Group 3. N = 5

Weeks

Text-fig. 1. Plasma concentrations (mean + s.e.m.) of FSH and LH in the hamsters in Exp. 1
(see Table 1). The period during which capsules were in place is indicated by the horizontal bar.
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degree as in the testosterone-treated animals (P < 0-01 for FSH, P < 0 05 for LH). At Week 2
plasma FSH values had returned to the levels seen before testosterone treatment in long and short
days (Groups 1 & 2). For the rest of the experiment FSH concentrations in the three groups did not
differ significantly from each other (P > 0-05), although at Week 12 the values in Groups 1 and 3
were lower (P < 0-01) than at the start of the experiment. Changes in the LH output were more
variable. After capsule removal, plasma concentrations in Group 1 returned to pre-implantation
levels and remained unchanged (P > 0 05). At Week 2 plasma LH values in the animals on short
days (Groups 2 & 3) were lower than in those in Group 1 (P < 0-05), but this difference
disappeared.

Experiment 2

As shown in Text-fig. 2, at the time of capsule implantation (Week — 1), plasma FSH and LH
levels were, as expected, considerably higher in the animals in Group 4 than in Group 5. During the
period of testosterone treatment, the output of FSH and LH in both groups was as low as that of

Weeks

Text-fig. 2. Plasma concentrations (mean ± s.e.m) of FSH and LH in male hamsters in Exp. 2
(see Table 1). The period during which capsules were in place is represented by the horizontal
bar.
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Table 2. The effect of testosterone treatment on pituitary gland
weight, pituitary gonadotropin content and plasma gonado¬

tropin tilres in castrated hamsters on short days (Exp. 4)

Testosterone
Control ireatment

(Group 8) (Group 9)

No. of animals 6 5

Pituitary gland weight (mg) 5-43 + 0-20 3-94 + 0-26*

Pituitary' FSH content (ig/gland) 374 + 40 139 + 36*

Pituitary LH content (ng/gland) 2608 + 281 843 + 269*
Plasma FSH conc. (ng/ml) 4504 + 568 752 + 257*
Plasma LH conc. (ng/ml) 230 + 86 184 + 105

Values are means ± s.e.m.

'Significantly different from control values, P < 001.

Discussion

Various experiments (see 'Introduction' for references) have shown that short days can suppress the
elevated levels of FSH and LH which develop in castrated hamsters under long days, but the extent
of the suppression is variable and in some instances it does not occur and the long-day levels are
sustained even after 2 or 3 months of short days. This last observation has lent support to the
suggestion that short photoperiods act by a sex steroid-dependent mechanism to depress
gonadotrophin secretion. An alternative explanation became necessary when it was found that a
more reliable and pronounced suppression in gonadotrophin secretion occurred when hamsters
were castrated 1 or more weeks after transfer from long to short days (Urbanski & Simpson, 1982).
Animals castrated on the day of transfer showed much less suppression of gonadotrophin values
and were rather like those found in earlier works. This suggested that when hamsters are moved
from long to short days the decrease in hypothalamo-pituitary activity might be initiated by a
neuroendocrine process which is facilitated by sex steroids. This 'switch' would fail to operate in
hamsters castrated before the move to short days and gonadotrophin secretion would remain
elevated, but short days would duly suppress FSH and LH secretion if castration occurred under
short days after the process had taken place. This hypothesis was tested in Exp. 1 by treating
hamsters castrated while in long days with testosterone for the first week after transfer from long to
short days. Plasma FSH and LH concentrations were suppressed during the period of steroid
treatment, but after implant removal returned to levels as high as those in the group maintained in
long days. This failure of brief steroid replacement to initiate short-day suppression of secretion
argues against the hypothesis of a steroid-facilitated neuroendocrine 'switch'.

Experiment 2 therefore tested the alternative hypothesis that the inability of hamsters castrated
under long days to show a complete suppression of FSH secretion under short days is due to some
alteration in the functioning of the hypothalamo-pituitary axis resulting from the long-day
treatment. As in Exp. 1 some of the hamsters were castrated several weeks before transfer to short
days, testosterone being given for 1 week before and after the transfer. Once again, short days did
not suppress gonadotrophin secretion and levels were still very high after 13 weeks in 9L : 15D. In
contrast, those hamsters that were castrated only 1 week before transfer to short days and also
received testosterone implants on the same day showed an attentuated increase in plasma
gonadotrophin levels after capsule removal and, more importantly, showed progressively lower
levels of FSH and LH while exposed to short days. The subsequent increase in FSH after 16 weeks
presumably reflects the onset of refractoriness typically seen after prolonged exposure to short days
(see Turek et al., 1975b: Matt & Stetson, 1979). This result is comparable with that observed in
hamsters castrated after 1 or more weeks of exposure to short days (Urbanski & Simpson, 1982),
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intact animals (Group 5, Week — 1). Capsule removal afler 1 week of exposure to short days led to
significant increases in plasma FSH and LH concentrations in both groups (P < 0 01) but the
rebound in Group 4 animals was to a much higher level (P < 0-01) than in those in Group 5. The
difference in FSH secretion persisted for the next 10 weeks, i.e. the animals that had high
gonadotrophin values before testosterone implantation maintained high FSH and LH levels in
spite of having been moved to short days (P > 0-05 compared with Week — 1 value), while the
animals that remained intact until testosterone implantation (Group 5) showed a decline in FSH
and LH secretion after the initial response to capsule removal, reaching levels much lower than
those in Group 4 by Week 13 (P < 0-05). By Week 16 FSH secretion had increased again.

Experiment 3

As in Exp. 2, at the time of testosterone implantation, plasma FSH and LH concentrations were

considerably higher in the animals that had been castrated for the longer time (Group 6) (Text-fig.
3), but during the period of testosterone treatment the output of FSH and LH in both groups was
similar to that observed in intact animals (Group 7, Week — 1). Following capsule removal at
Week 7, FSH and LH output increased in both groups, but remained substantially lower than that
observed in Group 6 hamsters before capsule implantation at Week — 1 (P < 0-05 at Week 13) or
in hamsters treated with testosterone for only 1 or 2 weeks (Text-figs 1 & 2). Plasma gonadotrophin
levels increased at Week 16.

Weeks

Text-fig. 3. Plasma concentrations (mean ± s.e.m.)of FSH and LH in male hamsters in Exp. 3
(see Table 1). The period during which capsules were in place is indicated by the horizontal bar.

Experiment 4

Although plasma LH was similar in both groups (P > 0-05) all other values (Table 2) were
significantly lower in the testosterone-treated animals than in those with empty capsules
(P < 0 01); i.e. testosterone treatment reduced pituitary weight and gonadotrophin content, as well
as plasma FSH concentrations.

3000
f/^ Group 6. N = 4

Group 7. N = 6

800 r
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and complements the results of Exp, 1, suggesting that it is the level of activity of the hypothalamo-
pituitary axis preceding the move to short days, rather than the presence or absence of testosterone
during the transition, that determines the degree of responsiveness to photoperiodic change.

The suggestion that removal of sex-steroid negative feedback under long days alters the activity
of the hypothalamo-pituitary axis in some way other than by simple dis-inhibition was investigated
in Exp. 3. The castrated hamsters treated with testosterone for 7 weeks after transfer to short days
showed only a small response to capsule removal whether or not they had previously experienced a

long-day castration response: This is in constrast to the results of Exps I and 2 in which plasma FSH
and LH increased markedly after the removal of the testosterone implants which had been in place
for only 1 week of short days, suggesting that whatever alterations occur within the hypofhalamo-
pituitary axis after castration on long days, they can be reversed by a 7-week period of short days
and testosterone negative feedback. This offered a possible way of investigating changes taking
place after castration in long days which might mask the normal inhibitory effect of short days. As
predicted from Exp. 3, the long-term castrated hamsters in Exp. 4 which had been treated with
testosterone for 7 weeks of short days had relatively low levels of plasma FSH and LH when killed 3
weeks after capsule removal. In contrast, plasma FSH levels (though not those of LH) were higher
in the hamsters that had received only empty capsules during the short-day exposure. This was to be
expected, both from Exps 1 and 2 and from published results (see 'Introduction'). However, the
hamsters with empty capsules had pituitary glands that were heavier and contained more FSH and
LH than did those of the hamsters that had received testosterone and shown the greater response to
short days. While castration-induced increase in pituitary gonadotropin content has been shown
previously in hamsters (Turek et a!., 1975a), the present result postively correlates this with lack of
response to short days. Therefore, the failure of short days to suppress plasma gonadotrophins fully
in many experiments may well have resulted from using hamsters that were castrated while in long
days, the enormous castration response leading to the masking of the inhibitory effects of short
days. If this is true, then the case is greatly weakened for arguing that short days suppress
gonadotrophin secretion by altering sensitivity to steroid feedback. Rather, the case is strengthened
for the view that the primary effect of photoperiod is a 'direct' change in the drive on the
hypothalamo-pituitary axis (see also Urbanski & Follett, 1982; Urbanski & Simpson, 1982;
Simpson, Follett & Ellis, 1982). Nevertheless, these results do not prove that steroid sensitivity
remains unchanged as photoperiod is altered; they only suggest that the case for invoking
photoperiodically driven changes in sensitivity as a primary cause of seasonality is not as strong as
has sometimes been asserted.

We thank Mrs D. Bond for her technical assistance, Dr G. D. Niswender for providing the
antisera for the LH RIA and the NIAMDD Rat Pituitary Hormone Distribution Program for
supplying the FSH RIA kit and the LH standard.
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SUMMARY

The effects of pinealectomy on a range of photoperiodic responses were investigated in male
Japanese quail by measuring plasma LH concentrations in intact, sham-operated and
pinealectomized birds in the following four experiments: (1) transfer of sexually quiescent
birds from a short photoperiod of 8 h light: 16 h darkness (8L: 16D) to a photostimulatory
daylength of 16L:8D; (2) transfer of sexually mature birds from 16L:8D to 8L: 16D; (3)
castration in 16L: 8D and exposure to 13L: 1 ID; (4) castration in 8L: 16D and exposure to
13L: 11D. There was no evidence of effects of the pineal gland on the photoperiodically
induced changes in LH secretion, the quantitative relationship between LH secretion and
photoperiod in intact and castrated birds, or the induction of relative photorefractoriness
by prolonged exposure to 16L:8D. This suggests that there is no pineal influence on the
photoperiodic clock or its effectors in this bird.

INTRODUCTION

Photoperiodic time measurement in rodents, ferrets and sheep can be disrupted by
removing the pineal gland or modifying its daily rhythm of melatonin secretion with
exogenous melatonin (for reviews see Herbert, 1981; Hoffmann, 1981). Most temperate-
zone species of birds are highly photoperiodic and appear to measure daylength using a
circadian clock. In addition, as pinealectomy disrupts free-running rhythmicity in some
avian species at least, the pineal gland appears to be incorporated into circadian
organization (Gaston & Menaker, 1968; Gwinner, 1978). Consequently, attempts have
been made to find a unified role for the vertebrate pineal organ by searching for a pineal
influence on avian photoperiodism, either as an effector of the photoperiodic clock, as may
be the case in mammals, or as a contributor to its circadian component. While an
'antigonadaf influence of the pineal gland has been demonstrated in the Indian weaver
finch (Balasubramanian & Saxena, 1973; Saxena, Malhotra, Kant & Baweja, 1979), other
attempts to show this role in a number of other birds have met with little success, and where
there have been effects these are most often transitory, marginal and possibly attributable
to surgical trauma (for reviews see Gwinner, Wozniak & Dittami, ,1981: Ralph. 1981). In
quail, while there are claims that pinealectomy may delay the onset of lay in young females
maturing in long days (Sayler & Wolfson, 1967, 1968), neither pinealectomy nor pineal
denervation disrupts the basic photoperiodic response (Homma, McFarland & Wilson,
1967; Homma, Wilson & Siopes, 1972; Siopes & Wilson. 1974). Nevertheless, in spite of
these largely negative results we felt that there were strong grounds for pursuing the issue.

* Present address: Department of Physiology. University of Texas Health Science Center at Dallas, 5323 Harry
Hines Boulevard, Dallas. Texas 75235. U.S.A.

v Present address: Center for Human Growth and Development. Reproductive Endocrine Program. University
of Michigan, Ann Arbor. Michigan 48109, U.S.A.
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Pinealectomy has clear elTects on free-running overt circadian rhythms in sparrows and
starlings, but il does not prevent entrainment by light cycles. This suggests that rhythms are
generated by oscillators held in a functional, mutual phase relationship by the pineal gland
and light cycle, and only removal of both these causes obvious effects on rhythmicity
(Gaston & Menaker. 1968; Gwinner, 1978). If the pineal gland serves a similar function in
the avian photoperiodic clock, pinealectomy may have only subtle effects on the
measurement of the entraining daylength, and these or other slight effects may not have
been revealed by using very long and short photoperiods and only slowly changing end-
points of gonadal size, cloacal gland area and onset of lay. We have therefore designed
experiments which take advantage of the observation that luteinizing hormone (LH)
secretion in quail is highly responsive to photoperiodic change, and, furthermore, is
proportional to daylengths between 8 and 16 h. This is particularly clear and rapidly
changing in castrated birds released from sex-steroid negative feedback (Urbanski &
Follett, 1982). A comparison of plasma LH levels in intact and pinealectomized birds in
short, intermediate and long photoperiods might, therefore, reveal differences for which
one possible explanation would be an influence of the pineal gland on the exact
interpretation of these daylengths by the photoperiodic clock.

A further aspect of photoperiodism in quail is 'relative refractoriness', an apparent
gradual lengthening of the critical daylength during prolonged exposure to long days. This
leads to gonadal regression when the photoperiod is reduced to intermediate daylengths
which were previously stimulatory (Robinson & Follett, 1982). Pinealectomy of starlings
tends to prevent the recurrence of circannual rhythms of gonadal size, suggesting
involvement of the pineal gland in photorefractoriness, possibly within the photoperiodic
clock (Gwinner et al. 1981). Whether this is true of the form of refractoriness exhibited by
quail has also been investigated.

MATERIALS AND METHODS

Animals

Japanese quail (Coturnix coturnix japonica) were raised from hatch under a short
photoperiod of 8h light: 16h darkness (8L: I6D); lights on at 09.00h. When somatically
mature at 28 days of age males were caged singly. Changes in photoperiod were imposed by
moving the birds to other rooms.

Surgery and blood sampling
All surgery was performed under deep anaesthesia induced by chloral hydrate, pento¬
barbitone sodium and Hypnodil (Janssen Pharmaceutica, Crown Chemical Co. Ltd,
Lamberhurst, Kent) (for details see Simpson & Follett, 1981). The pineal gland and
sometimes the attached choroid plexus were removed with mouse-tooth forceps through a
small hole cut in the roof of the skull. Sham-operations were identical except for removal of
the pineal gland. Castration was performed by removing the testes through a lateral
incision between the last two ribs. At the end of the experiments the quail were killed and
examined for traces of testicular tissue; relevant data from the one bird in which fragments
were found were discarded. The heads of the birds were fixed in Bouin's fluid and treated
for several hours with a rapid decalcifying solution (RDC; Lamb Ltd, London). The tissue,
which included the cranium over the site of the pineal gland, was prepared for histology
(15-20 pm sagittal sections, stained with Ehrlich's haematoxylin and eosin). The presence of
any pineal tissue was carefully assessed microscopically: all pinealectomies were considered
complete. Blood samples (100-200 pi) were taken from a brachial vein, centrifuged and the
plasma was stored frozen until assay.
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Radioimmunoassays
Luteinizing hormone was measured in three assays using a micromodification of the
radioimmunoassay described by Follett, Scanes & Cunningham (1972) and results were

expressed in terms of a chicken LH fraction 1RC2 (pg/1). Comparisons were made only
between samples assayed together; the average intra-assay variation, determined by
including in each assay six samples from a plasma pool, was 8%.

Statistics

Data were analysed by analysis of variance or by analysis of variance for repeated measures
(Winer, 1962), each followed by Newman-Keuls sequential range test.

Design of experiments

Experiment I
Twenty quail (group A) remained in short days of 8L: 16D from hatch. At 50 days of age
six were pinealectomized, seven sham-operated and seven left intact. Blood samples were
taken on the day of operation (day —21) and at 7-day intervals until after 3 weeks (day 0)
the birds were moved to long daylengths (16L: 8D, lights on 09.00 h). Blood samples were
taken after 0, 4, 8, 12, 18, 25 and 39 long days.

Experiment II
Twenty quail (group B) were moved to 16L: 8D at 28 days of age. At 49 days of age seven
were pinealectomized, six sham-operated and seven left intact. Blood samples were taken
on the day of operation (day —21) and at 7-day intervals until 21 days after operation when
they were moved to 8L: 16D (day 0). Further samples were taken after 0,3, 8, 12, 18,25 and
39 short days.

Experiment III
Thirty-six days after the end of experiment I, all the birds in group A were castrated. Three
weeks later they were moved to 13L: 1 ID (day 0). Blood samples were taken on day —21
and at 7-day intervals until day 21, and finally on day 70.

Experiment IV
Thirty-six days after the end of experiment II, all the birds in group B were castrated and 21
days later moved to 13L: 1 ID (day 0). Blood samples were taken on day —21 and at 7-day
intervals until day 21 and finally on day 70.

RESULTS

Experiment I: pinealectomy on short days followed by long days
At the beginning of the experiment, after continuous short photoperiods since hatch, LH
levels were about 1 pg/1, typical of those found in a non-photostimulated quail (Fig. la).
Neither pinealectomy nor sham-operation had any discernible effect on these levels and
there was no significant difference between the groups during exposure to short days.
Transfer to long daylengths on day 0 induced a marked increase (P<001) in LH titres in
all three groups within 3 days, peak values being reached after 8-12 long days. At no time
were the levels in pinealectomized birds significantly different from those in the control
group.

Experiment II: pinealectomy on long days followed by short days
Neither pinealectomy nor sham-operations after 21 long days had any effect on plasma LH
levels (Fig. 1 b), which did not differ from those in intact birds at any time. Plasma LH levels
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Fig. 1. Concentrations (mean + s.E.M.) of plasma LH in quail which were either pinealectomized (O),
sham-operated (■) or left intact (Monday —21 and either held in (a) 8L: 16Dor(A) 16L: 8D. On day Othe
photoperiods were interchanged. Some points have been offset for clarity, e.g. points for pinealectomized
birds on day 0 have been moved to the left in (A).

remained high in all groups for 4 days after movement to 8L: 16D but then declined to
reach stable low levels after 12 days. At no stage was there a difference between
pinealectomized birds and the controls.

Experiment III: castration on long days followed by exposure to I3L: I ID
Castration of birds on 16L:8D (on day —21) led to an expected rapid increase in plasma
LH which increased to over 10pg/l within 7 days and remained very high for the next 21
long days, there being no differences between the three groups of birds (Fig. 2a). Upon
transfer to 13L: 1 ID on day 0 all groups showed a significant (P<0-01) decrease in LH
litres, the sham-operated group reaching slightly lower levels than the other two groups
(/><005). After 70 days of 13L: 11D LH levels in all three groups had increased
significantly (P<001) although the sham-operated group still remained lower than the
intact and pinealectomized groups (P<005), neither of which were significantly different
from each other at any stage.

Experiment IV: castration on short days followed by exposure to I3L: I ID
Castration of birds held on 8L: 16D led to an increase in LH titres within 7 days (P< 001)
(Fig. 2b) although they did not attain the high levels seen under long days (experiment III).
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Fig. 2. Concentrations (mean +S.E.M.) of plasma LH in quail which had been either pinealectomized (O),
sham-operated (■) or left intact (•), and were then castrated on day —21. Birds were either held in
(a) 16L: 8D or (b) 8L: 16D until day 0 and then transferred to 13L: 1 ID.Note that the scale differs from
Fig. 1. Some points have been offset for clarity.

There were no significant differences between the groups for the 21 days they remained on
short days. After transfer to 13L: 1 ID all groups showed an increase in LH levels within
7 days (PcO-Ol). The pinealectomized birds had significantly lower titres than intact birds
14 days after transfer and higher levels after 21 days (/><0 05) but were not different
7 days after transfer or at the end of the experiment after 70 days of exposure to
13L: 1 ID.

DISCUSSION

Pinealectomy of quail held in short days clearly did not release LH secretion from the
inhibitory effect of the photoperiod, and plasma titres remained less than 1 pg/1 even 21
days after surgery. This is in marked contrast with the effects of pinealectomy in golden
hamsters kept in short days in which changes in gonadotrophin secretion lead to gonadal
growth at the same rate as that induced by long days (Matt & Stetson, 1980). Moving the
quail to 16L: 8D led to a typical pattern of change in LH, levels increasing rapidly in all
groups to reach peak values after 8 days and then declining to 3^4 pg/1 (e.g. Follett, 1981).
The next experiment was converse in design: plasma LH levels in birds pinealectomized in
16L: 8D remained identical to those in the control groups for the 21 days during which the
long photoperiod was maintained, and then declined to typical low levels within 14 days of
transfer to 8L: 16D (cf. Gledhill & Follett, 1976). Again this was markedly different from
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the situation in golden and Djungarian hamsters in which pinealectomy blocks or retards
short day-induced testicular regression, and in Turkish hamsters in which pinealectomy
causes testicular regression in long days (Hoffman & Reiter, 1965; Hoffmann, 1974; Carter,
Hall. Tamarkin & Goldman, 1982). These results of experiments I and II are consistent
with previous findings that pinealectomy does not prevent the basic photoperiodic response
of the quail (see Introduction for references), with the additional observation that even the
details of photoperiodically induced changes in LH secretion were unaffected. That the
pineal gland does not have even a subtle influence was further emphasized by the removal
of sex-steroid negative feedback by castration. This allowed LH titres to increase markedly
in birds held in long days (experiment III) and to a lesser degree in those in short days
(experiment IV) but with no indication of a difference between the pinealectomized birds
and controls, suggesting that the lack of difference between LH levels in groups with intact
gonads in experiments I and II was not due to a masking effect of sex-steroid feedback.

In experiment III castrated birds were moved from 16L: 8D to 13L: 11D after 95 long
days. 21 days after castration. Levels of LH fell in all groups, most markedly in the sham-
operated birds, and remained relatively low for at least 21 days. However, when measured
after 70 days of I3L;11D, titres had increased significantly. This suppression and
subsequent return to high values is consistent with the induction of relative refractoriness
during the prolonged exposure to 16L: 8D so that the normally stimulatory photoperiod of
13L: 11D was read as a short day until after some time when photosensitivity was gradually
restored (Robinson & Follett, 1982). Although neither the rate of change of critical
daylength nor the exact change achieved was assessed, the pattern of LH secretion was the
same in intact and pinealectomized birds, suggesting that the pineal gland does not
influence this form of refractoriness.

In experiment IV there was no overall difference between LH levels in control groups and
pinealectomized quail after their transfer from 8L: I6D to 13L: 11D, and after 70 days
titres had reached the same values of 15—20 jJ.g/1 as in the groups in experiment III. These
are typical values for castrated quail held in 13L;11D, somewhat lower than those
eventually reached on 16L:8D after some 50 days (Urbanski & Follett, 1982); these were
not attained in experiment III because of the imposition of 13L:11D. Thus in two
experiments there was no indication that pinealectomy led to a change in response to
13L; 1 ID even though this photoperiod of intermediate stimulus provided opportunity for
LH levels to be increased or decreased. This too suggests that the photoperiodic clock
remained unaffected by loss of the pineal gland which therefore probably does not
contribute to its normal function.

Overall, these results provide no evidence for the pineal gland influencing the photo¬
periodic clock of the quail, the patterns of gonadotrophin secretion driven by this clock or
the mechanism underlying the development of relative photorefractoriness. As in the
majority of other birds investigated, therefore, the pineal gland of the quail does not seem
to be an important component in seasonal breeding (for reviews see Gwinner et al. 1981;
Ralph, 1981). Furthermore, while the pineal gland secretes melatonin in a rhythmic fashion
as in other birds and mammals, with a pattern governed by the daily photoperiod
(J. Cockrem & B. K. Follett, unpublished observations), it does not seem to play a role
in the organization of the circadian locomotor rhythm of the quail (Simpson & Follett,
1981; cf. house sparrow and starling, Gaston & Menaker, 1968; Gwinner, 1978); its func¬
tion in this bird remains unknown.

The contrasts between these data in quail and those in hamsters are marked and seem to
point to radical differences between birds and mammals.
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SUMMARY

Golden hamsters were castrated and either maintained under short days of 9 h light and
15h darkness (9L: 15D) or transferred to 12L: 12D, 13L: 11D or 16L:8D. Plasma con¬
centrations of FSH and LH remained low under 9L: 15D and 12L: 12D for 6-8 weeks
but rose markedly within 4 weeks under 13L: 11D and 16L: 8D, suggesting a more abrupt
transition between non-stimulatory and maximally stimulatory photoperiods than found in
Japanese quail.

Intact and castrated hamsters were exposed to natural photoperiods at a latitude of 51°
27' N (Bristol) for 12 months. In the intact animals plasma FSH and LH levels and the size
of the testes decreased as the daylength shortened from 12-5 to 10-5 h during autumn. This
was followed by a rise in FSH output in mid-winter with an upward trend in LH secretion.
The ensuing testicular recrudescence was complete before the spring equinox. The results
emphasize that under natural conditions the primary factor regulating gonadal growth is
the development of refractoriness to short days. In castrated hamsters there was no
significant seasonal trend in LH output. Levels of FSH remained unchanged until a peak
occurred in January, the same time that a peak was seen in intact animals before testicular
recrudescence. A similar peak occurred in castrated hamsters maintained in 9L: 15D in the
laboratory^ This suggests that even in the absence of gonadal steroid negative feedback,
hypothalamo-pituitary activity changes during the photorefractory period.

INTRODUCTION

The golden hamster is a seasonally breeding rodent that has been used extensively to study
how daylength modulates neuroendocrine activity. Under natural photoperiodic con¬
ditions the animals remain reproductively active during spring and summer until the
decreasing autumnal photoperiods induce testicular regression. Testicular recrudescence
occurs spontaneously some time later, after many weeks of exposure to the short winter
photoperiods, so that in early spring the animals are once again reproductively competent
(Vendrely, Guerillot, Basseville & Da Lage, 1971; Reiter, 1973, 1975). Under laboratory
conditions, exposure of sexually mature hamsters to photoperiods of less than 12-5 h light
daily results in testicular regression (Gaston & Menaker, 1967) while conversely the
transfer of sexually immature hamsters to long photoperiods before the onset of
spontaneous recrudescence induces testicular growth (Elliott, 1976). Although there is a
similarly well-defined photoperiodic threshold in the Djungarian hamster (Hoffmann,

* Present address: Department of Physiology. University of Texas Health Science Center at Dallas, 5323 Harry
Hines Boulevard, Dallas, Texas 75235, U.S.A.

t Present address: Institute of Zoology, Zoological Society of London, Regent's Park, London NW1 4RY.
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1982), only in birds has the rate of testicular growth under different photoperiods been
examined. This has been shown to be proportional to daylength once the threshold is
exceeded, presumably reflecting the intensity of the photoperiodic drive (e.g. Farner, 1964;
Follett & Maung, 1978). In gonadectomized quail these differences in photoperiodic drive
lead to clear differences in the stable level of gonadotrophin secretion (Urbanski & Follett,
1982a, b). The first aim of the present study was to determine whether this was true of the
castrated golden hamster. In the second part of the study intact and castrated hamsters
were held for a year under natural daylengths to determine whether gonadotrophin
secretion would reflect the gradual changes in photoperiod, a lighting regimen not usually
found in laboratory experiments.

MATERIALS AND METHODS

Male golden hamsters (Mesocricetus auralus) were purchased when 10 weeks old (G. Gore,
Laindon, Essex) and were then maintained in a long photop>eriod of 14 h light and 10 h
darkness per day (14L: 10D) for at least 8 weeks before being used in experiments. Ham¬
ster breeding diet (Oxoid Ltd, Basingstoke, Hampshire) and water were available ad
libitum. Blood samples (0-3—0-5 ml) were obtained by cardiac puncture under halothane
anaesthesia; the plasma was separated and stored frozen until assayed.

Experiment I
Animals were transferred to a short photoperiod (9L: 15D) and 8 weeks later blood v-as
taken from ten animals at random. All the hamsters were then castrated under pento¬
barbitone sodium anaesthesia and groups of five or six immediately exposed to one of
the following lighting schedules: 9L: I5D, 12L:12D, 13L:11D or 16L:8D. Blood was
taken from each of the animals after 1, 2, 4, 6, 8 and II weeks of treatment.

Experiment II
Intact and castrated hamsters (« = 8 in each group) were exposed to natural photoperiodic
conditions for 12 months at 57° 27' N latitude. Blood was taken at the middle of each
month from each animal and the diameter of the right testis measured in the intact hamsters
while under halothane anaesthesia. Three of the castrated animals died during the course of
the study and their records have been omitted from the results.

Experiment III
Five hamsters were transferred to 9L: 15D and castrated 8 weeks later, at which time the
testes had fully regressed. Blood was taken from each animal after 10, 12, 14, 16, 19, 23, 27,
29 and 32 weeks of exposure to 9L: 15D.

Radioimmunoassays
Follicle-stimulating hormone (FSH) was measured using a rat FSH kit supplied by the
NIADDK, Bethesda, Maryland, U.S.A., using FSH-I-1 labelled with l25I and rat FSH-RP-
1 as the standard. Luteinizing hormone (LH) was measured using the system of Niswender,
Midgley, Monroe & Reichert (1968) using an antiserum to ovine LH (GDN-I5), purified
ovine LH (LER-1056-C2) iodinated with ,25I and the rat LH standard LH-RP-1.
Iodination of FSH and LH was by the chloramine-T method. Both radioimmunoassays
have been validated for use in the hamster (Blake, Norman & Sawyer, 1973; Berndtson &
Desjardins, 1974). In each experiment a single assay was performed for FSH and LH and
the minimum detectable concentrations were 20 and 2 pg/1 respectively. Ten samples from a
pool of plasma were included in each assay and the intra-assay coefficients of variation
were found to be 9% for FSH and 6% for LH.
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Statistics

Results were analysed (Winer, 1962) by either an analysis of variance (for 'between-group'
differences) or an analysis of variance with repeated measures (for 'within-group'
differences). In both cases Newman-Keuls sequential range tests were used to assess the
significance of differences between individual means.

RESULTS

Experiment I: effects ofphotoperiod on the castration response ofsexually immature hamsters
Changes in the concentration of plasma FSH and LH are shown in Fig. I. Within the first
week after castration FSH levels rose approximately tenfold in all the experimental groups
(P<001) but LH concentrations did not increase significantly. During the next few weeks,
hamsters either retained on 9L: 15D or moved to 12L: 12D did not show further changes in
gonadotrophin output whereas there were significant increases in the animals exposed to
13L: 1 ID and 16L: 8D, leading to clear-cut differences between the levels in these animals

(f)

Time after castration (weeks)

Fig. 1. Plasma concentrations (means+ S.E.M.) of (a) FSH and (b) LH in male hamsters that were
castrated 8 weeks after transfer from 14 h light: 10h darkness (ML: 10D) to 9L: 15D and immediately
exposed to one of the following photoperiods: 9L: 15D (solid bars; n = 6), 12L: 12D (open bars; n — 5),
13L: 11D (hatched bars; n = 5) or 16L: 8D (stippled bars; n = 6). The mean gonadotrophin levels from a
random sample of ten animals taken immediately before castration is indicated by the asterisk.
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and those on shorter photoperiods. The most pronounced differences between FSH levels
occurred at week 4 (JP<0 05) and between LH levels at week 6 (/><0 01).

Six to eight weeks after castration FSH and LH began to increase in the animals on
9L: 15D and 12L: 12D so that by the end of the experiment (week 11), 19 weeks after the
initial transfer from 14L: 10D to short days, there were no significant differences between
the FSH levels of the four groups, although LH secretion in hamsters on 9L: 15D remained
lower than that of the other groups (/,<0 0J).

Experiment II: effects of natural changes in daylength on the secretion of FSH and LH in
intact and castrated hamsters

The annual change in photoperiod and testicular size of the intact hamsters is illustrated in
Fig. la. All the animals were sexually mature at the beginning of the experiment in May and
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Fig. 2. (a) Mean testicular size of eight hamsters maintained under natural lighting in Bristol (51° 27' N
latitude). The large solid circles represent testes greater than 10 mm, the small solid circle testes between
8-5 and 10 mm and the open circles non-palpable testes. The annual cycle in daylength is indicated by the
dotted line. (b) Annual cycle of plasma FSH (solid symbols) and LH (open symbols) in intact (circles;
n=8) and castrated (squares; n = 5) hamsters. Each point represents the mean, and the S.E.M. are shown
by vertical lines unless they fall within the symbol width.
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this large testicular size (>10mm diameter) was maintained throughout the summer
months. Regression occurred between September and October as the daylength decreased
from 12-5 to 10-5 h. By February, testicular recrudescence had begun even though the
photoperiod was still less than 10-5 h, and it was completed by March.

Testicular regression was paralleled by a decrease in the output of gonadotropins, the
high levels of FSH and LH observed during the summer falling significantly (.PcO-Ol)
between September and October as the testes reached their minimum size (Fig. 2b).
Gonadotrophin secretion later increased before testicular recrudescence, plasma FSH
concentrations first increasing significantly (Re0-01) in November and reaching a
maximum in January. At this time there was also an upward trend in plasma LH secretion.
The secretion of FSH fell (P<0-05) between January and March to the level seen in the
previous summer before the collapse of the testes. No significant change occurred in LH
levels between March and May although they were significantly lower than during the
previous June (P<001).

Plasma gonadotrophin concentrations in castrated hamsters were always higher than
those of intact animals, and annual changes were less pronounced although they did occur
(Fig. 2b). Plasma FSH concentrations remained unchanged throughtout summer and
autumn before showing a marked increase in January (P<0-01). This was followed by a
decrease in February (jPcO-01) after which levels remained the same as those seen in the
previous summer. Plasma LH levels fluctuated but with no clear seasonal trends.

Experiment III: effects ofprolonged exposure to short photoperiods on the secretion ofFSH
and LH in castrated hamsters

Hamsters were castrated 8 weeks after transfer from 14L: 10D to 9L:15D and sub¬
sequently maintained in the short photoperiod for a further 24 weeks. Plasma gonadotro¬
phin levels remained relatively constant until a significant (P<0 05) increase in FSH
secretion was seen after 16 weeks of short days (Fig. 3). The concentration of FSH

Fig. 3. Plasma concentrations of FSH (•) and LH (O) in five castrated hamsters during a prolonged
period of exposure to short photoperiods. Animals were castrated 8 weeks after transfer from 14 h
light: 10 h darkness (14L: 10D) to 9L: 15D (week 8). Each point represents the mean, and the s.e.m. are
shown by vertical lines.
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continued to increase and reached a peak value at week 23, before falling at week 32 to a
level which was still considerably higher than that observed at the start of the experiment.
Plasma LH concentrations followed a generally similar pattern, although the first
significant increase occurred only after 23 weeks of short days and the maximum was
reached at week 27.

DISCUSSION

In golden hamsters the critical daylength for the induction of testicular growth or the
maintenance of large testicular size is 12-12-5 h (Gaston & Menaker, 1967; Elliott, 1976)
and consistent with this is the present finding that gonadotropin secretion increased
rapidly in castrated hamsters moved from 9L: 15D to 13L:11D or 16L:8D while
remaining low in hamsters maintained in 9L: 15D or those moved to 12L: 12D. That there
was no difference between the increasing gonadotropin levels under 13L:11D and
16L: 8D contrasts with quail, in which there are different rates of gonadotropin secretion
under a similar range of photoperiods (Follett & Maung, 1978; Urbanski & Follett, 1982 a,
b). While the critical daylength is virtually identical in these two species, the minimum
length of night-interruption which can induce the maximum rate of testicular growth is
only 6 s in the hamster while it is I h in the quail (Follett & Milette, 1982; Ellis & Follett,
1983). If the critical daylength is exceeded by only a few minutes then maximal response is
perhaps to be expected in hamsters but not in quail. It remains unclear, however, whether
12L:12D was marginally photostimulatory as it is in quail. Prolonged exposure of
hamsters to short' days leads to an eventual increase in gonadotropin secretion as
photorefractoriness develops (e.g. Turek, Elliott, Alvis & Menaker, 1975a; Matt & Stetson,
1979) and under 12L: 12D the secretion of FSH and LH remained unchanged until it began
to increase 6-8 weeks after transfer from 9L: 15D. This was later than the increases seen in
longer daylengths but slightly earlier than that in 9L: 15D, and so may reflect either weak
photostimulation or individual variation in the onset of refractoriness.

The annual changes in testicular size in experiment II correspond to those previously
reported for testicular weight in hamsters held under natural lighting conditions at a
latitude of49°N (Vendrely et al. 1971). The animals remained in their breeding condition
throughout the spring and summer but in the autumn shortening daylengths were
associated with a rapid decrease in the size of the testes, complete regression being evident
by the time the photoperiod had fallen to approximately 10 h light per day. Although it is
clear from many laboratory-based studies that testicular growth can be induced by
exposure to long photoperiods, the present data emphasize that under natural photo¬
periodic conditions the primary factor regulating gonadal growth in the new year is the
development of refractoriness. In the autumn, the fall in gonadotrophin secretion was
closely associated with the collapse of the testes but testicular recrudescence in the spring
did not occur until after plasma FSH had reached a maximal level. It is possible that the
subsequent decline in FSH output between January and May was due to increasing
negative feedback from the gonads (Simpson, Follett & Ellis, 1982; Ellis & Follett, 1983)
but the finding that a similar fall in FSH also occurred at this time in the castrated animals
argues that non-gonadal factors might also be active (see below).

The photoperiodic responses of castrated hamsters have been valuable in understanding
the mechanism by which photoperiod modulates gonadotrophin secretion. The transfer of
castrated hamsters from short to long photoperiods results in a substantial increase in FSH
and LH secretion (Turek, Elliott, Alvis & Menaker, 19756; Tamarkin, Hutchison &
Goldman, 1976; Ellis & Turek, 1980a). This finding, therefore, suggests that the photo¬
periodic 'drive' is mediated by a relatively direct route. One might predict that in the
converse situation, when castrated hamsters are transferred from long to short days,
gonadotrophin secretion should decline markedly. This, however, is not always the case
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(Turek el al. 19756; Turek. 1977; Turek, Alvis & Menaker, 1977; Tate-Ostroff & Stetson,
1978; Ellis & Turek, 1980a, 6; Sisk & Turek, 1982). One possible interpretation of the
apparent failure of short days to suppress gonadotrophin secretion significantly is that sex-
steroid feedback is an important mediator of the short-day photoperiodic response, the
sensitivity of the hypothalamo-pituitary axis to negative feedback increasing under short
days (see Turek & Ellis, 1981 for review). Such photoperiodically induced sensitivity
changes have not, however, been convincingly demonstrated and recently we have
suggested that the continued high rate of gonadotrophin secretion in castrated hamsters
moved to short days is possibly due instead to changes in the physiology, of the
hypothalamo-pituitary axis induced by castration under stimulatory photoperiods
(Urbanski & Simpson, 1982, 1983). Experiment II tested a further hypothesis that the
simple daylength changes used in the laboratory might, in some circumstances, be
suboptimal stimuli. Castrated hamsters were exposed to naturally decreasing photoperiods
to determine whether or not these would result in an enhanced response. However, FSH
and LH output did not show a decrease in autumn comparable to that observed in the
intact animals and it must be concluded that naturally changing daylengths are no more
effective than sudden photoperiodic changes.

An unexpected feature to emerge in the profile of FSH in castrated hamsters was the
marked peak in January at the same time as the intact hamsters were becoming refractory
to the suppressive effects of short days. A less obvious upward trend was also seen in LH
output, but with maximal levels occurring somewhat later in May. Unlike the situation of
the intact animals, the subsequent decline in FSH output in the castrated hamster cannot be
attributed to the development ofgonadal negative feedback and one explanation is that the
activity of the hypothalamo-pituitary axis is greater during photorefractoriness than under
long days. A decline in gonadotrophin output would therefore follow as the animals broke
photorefractoriness under long days (Stetson, Watson-Whitmyre & Matt. 1977) but this
cannot fully explain the present results since FSH secretion began to fall in February when
the daylength was still below the critical level of 12-5 h. Furthermore, in experiment III, in
castrated hamsters prevented from breaking refractoriness by prolonged exposure to
artificial short days, the spontaneous rise in FSH secretion typically seen in hamsters
becoming photorefractory was also followed by a decline in FSH litres as LH output began
to increase. It remains unclear how the peak in FSH secretion and the change in emphasis
by the pituitary gland from FSH to LH secretion are related to the unknown mechanisms
which are the basis of refractoriness.
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ABSTRACT

Blood samples were taken every 15min (for 4-75 h)
from six castrated quail on three separate occasions.
The birds were first bled while under short days (com¬
prising 8 h light : 16 h darkness per 24 h; 8L: 16D) and,
subsequently, after 1 and 20 days under long days of
16L:8D. The photoperiodic alteration produced a
marked increase in the mean plasma LH concentration
of each bird and in four instances the rise was evident
after only 1 long day. Pulsatile release patterns were not
detected in the plasma LH profiles obtained during
exposure to short days or after 1 long day but were
pronounced in all of the birds after 20 long days. The

peaks (n = 19) occurred on average every 83 + 14
(s.e.m.) min and had an amplitude of 12-3 +1-2 pg/1.
After 35 days under 16L:8D three of the quail were
bled more frequently (every 8 min for 2-5 h), allowing
the LH pulses to be measured more precisely. Each
pulse was composed of a sudden increase in secretion
followed by a slower decrease which lasted for
approximately 30 min. The development and
functional significance of episodic LH release in the
quail is discussed.
J. Endocr. (1984) 100, 209-212

INTRODUCTION

The photoperiodic responses ofJapanese quail are well
documented and suggest that the seasonal changes in
gonadotrophin output in this species are regulated by a
direct photoneuroendocrine pathway, alterations in
the sensitivity of the hypothalamo-pituitary axis to
steroid feedback playing only a relatively minor role.
This view is strongly supported by the finding that
transfer of gonadectomized quail from short to long
days induces a marked rise in mean plasma gonado¬
trophin levels, whilst transfer back to short days sup¬
presses gonadotrophin secretion (Gibson, Follett &
Gledhill, 1975; Urbanski & Follett, 1982a,b). It is not
yet clear, however, how the changes in the photo¬
periodic stimulus, produced by such experimental
protocols, are actually translated into the appropriate
changes in gonadotrophin secretion. There is some
evidence to suggest that the release of luteinizing
hormone (LH) in the quail is episodic (Gledhill &
Follett, 1976), as it is in the fowl (Wilson & Sharp,
1975), and so it is plausible that photoperiodic modu¬

lation could be achieved by a change in pulse ampli¬
tude and/or frequency, perhaps reflecting alterations
in the activity of the underlying hypothalamic pulse
generator. The aim of the present study was to test
this hypothesis by examining the plasma LH patterns
of quail maintained under short days and subsequently
after transfer to long days. In order to eliminate
additional pulse modulation by gonadal steroids at
the pituitary level the birds were castrated before use.

MATERIALS AND METHODS

Treatment of animals

Japanese quail (Coturnix coturnix japonica) were
reared from hatch under a short photoperiod com¬
prising 8h of light and 16 h of darkness per day
(8L: 16D; lights on from 09.00 until 17.00h). All the
birds were caged individually and given free access to
food and water.

At approximately 8 weeks of age, six male quail were
anaesthetized using a mixture of chloral hydrate,

J. Endocr. (1984) 100, 209-212 (c) 1984 Journal of Endocrinology Ltd Printed in Great Britain
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pentobarbitone sodium and metomidate and then
castrated, both testes being removed through a single
aperture made in the left flank. They were maintained
on 8L:16D for 6 weeks and then transferred to

16L: 8D. In all cases the absence of gonadal tissue led
eventually to gradual darkening of the plumage, par¬
ticularly on the head and nape. Furthermore, the
cloacal gland which normally responds to the presence
of androgens by increasing in size and producing a
foamy secretion (e.g. Nagra, Meyer & Bilstad, 1959;
Massa, Davies & Bottoni, 1980) showed no signs of
development at any time during the study. Blood
(40 pi) was obtained from unanaesthetized quail using
a procedure which involved handling the birds for only
10-20 s; a superficial brachial vein was punctured and
blood drawn directly into a heparinized micro-
haematocrit tube. It was then centrifuged for 3 min and
the plasma stored frozen until assayed.

Design of experiments

Approximately 4 weeks after castration blood samples
were taken every 15 min for 4-75 h (09.30-14.15 h)
from each of the six quail. Ten days later the birds were
exposed to long photoperiods (16L: 8D; lights on from
09.00 until 01.00 h) and blood samples again taken
(following the above schedule) 1 and then 20 days later.
Finally, after 35 days under 16L: 8D three of the quail
were bled at more frequent intervals, every 8 min for
2-5 h (09.30-12.02 h).

Radioimmunoassay
Plasma LH was measured in 4 pi dilutions using a
micromodification of the radioimmunoassay des¬
cribed by Follett, Scanes & Cunningham (1972). The
results are expressed in terms of the chicken LH
standard (IRC2) and represent the mean of triplicate
or quadruplicate determinations. The plasma samples
collected from the birds under 8L: 16Dand 1 day after
transfer to 16L: 8D were assayed together in one assay,
the sensitivity of which was enhanced by delaying the
addition of the radioactively labelled LH until 72 h
after addition of the antiserum (the lowest detectable
amount of LH was 4 pg). The intra-assay coefficient of
variation, determined by including ten samples from a
plasma pool (4-2 pg LH/1) was 15%. Samples collected
20 and 35 days after transfer to long days were assayed
separately in two assays. The mean intra-assay co¬
efficient of variation in these assays, determined by
including ten samples from a second plasma pool
(19-5 pg LH/1) was 9%.

Statistics

Differences between mean plasma LH levels were
evaluated by an analysis of variance with repeated

measures (Winer, 1962). The data were subjected to
Newman-Keuls sequential range tests to assess the
degree of statistical significance. Plasma LH levels in
serially collected samples were evaluated in terms of
pulse frequency and amplitude. A pulse was defined as
a level of plasma LH greater than 2-5 times the co¬
efficient of variation of the appropriate assay, utilizing
the preceding LH nadir as the reference point. Pulse
amplitude was calculated by subtracting the level of
plasma LH at the nadir from that at the ensuing peak.

RESULTS

The patterns of plasma LH in three of the six quail
(I-VI) are shown in Fig. 1. Under 8L: 16D the plasma
LH levels were remarkably stable in all six birds and
were generally very low, the overall mean (±s.e.m.)
LH concentrations being 2-88±0-17pg/l (n = 120).
After 1 day of exposure to 16L:8D the mean LH level
had risen to 5-38+0-24pg/1 but the increase was sig¬
nificant (P<0-05) only in individuals I, II, III and V.
At this time no peaks were observed in any of the
plasma LH profiles. However, after 20 days of ex¬
posure to 16L: 8D, clear pulsatile release patterns were
seen in all of the birds. The mean interpulse interval for
birds I-VI was 42 ±8-8, 90 ±30, 165, 112-5 + 37-5, 120
and 90 ±45 min; the mean pulse amplitude was
15-5±2-4, 10-0±2-9, 12-5±4-5, 14-7±3-2, 8-5±0-5
and 9-0±l-0pg/l. In total, nineteen pulses of LH
secretion were detected, occurring on average every
83 ±14 min and with an amplitude of 12-3 ± 1-2 pg/1.
After 35 days ofexposure to 16L: 8D three of the birds
(I, II and III) were bled every 8 min for nearly 2-5 h, so
allowing the LH pulses to be described more precisely
(Fig. 16). In each case a sudden increase in plasma LH
levels was followed by a slower decrease which lasted
for approximately 30 min.

DISCUSSION

The results support previous observations that the
transfer of castrated quail from short to long days
produces a marked increase in mean plasma LH con¬
centrations (Gibson el al. 1975; Urbanski & Follett,
1982a,b). This photoperiodic response is particularly
pronounced after 20 long days but a significant LH
increase also occurs in most of the birds after only 1
long day (see also Nicholls, Follett & Robinson, 1983).

In an earlier detailed examination of plasma LH
profiles in photostimulated intact quail there was some
evidence for episodic LH secretion (Gledhill & Follett,
1976), although the individual pulses were far from
ideal and did not show the abrupt rise followed by a
slower fall that is seen in many mammals. In the

J. Endocr. (1984) 100, 209-212
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figure 1. Changes in the concentration of plasma LH (pg/1) in three castrated
quail held under short days of 8 h light: 16h darkness (8L:16D; ■) and (a) l(O)
and 20 (•) days after transfer to long days (16L: 8D) and (b) after transfer to long
days for 35 days (•). Blood samples (40 pi) were collected at (a) 15-min intervals
(09.30-14.15 h) and (b) 8-min intervals (09.30-12.02 h). Pulses of LH are indicated
by arrows.

present experiments castrated quail did show clear-cut
pulses of large amplitude and on average once every
83min. Furthermore, the characteristic decline in
plasma LH concentration following a secretory pulse
generally corresponded to the known half-life of cir¬
culating LH in quail; this has been shown to have a fast
component of about 6 min followed by a slower com¬
ponent of 20^10 min (Davies, Bayle, Bicknell &
Ashton, 1976). In contrast, however, no pulses were
observed in the castrated birds under short days or
after 1 long day, despite the mean plasma LH levels
being comparable with those of the intact birds used in
the earlier study.

The combined results from intact and castrated

quail lead to the speculation that "pulsatile LH
secretion develops only after photostimulation, a view
which is reinforced by the prominent pulses seen after
20 and 35 long days. Pulsatile LH secretion is generally
believed to reflect episodic neuronal activity at the
hypothalamic level, each pulse correlating with a pulse
of gonadotropin releasing hormone (GnRH) (e.g.
Clarke & Cummins, 1982; Levine, Pau, Ramirez &
Jackson, 1982). This might suggest that transfer of
quail from short to long days alters the activity of the
hypothalamic pulse generator causing GnRH output
to increase in either frequency or amplitude. Such an
increase in the signal strength from the hypothalamus
could be translated into a pulsatile pattern of LH

/. Endocr. (1984) 100, 209-212
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release in many ways, one possibility being a greater
synchronization in activity between the gonadotrophs.
Conversely, pulsatile LH secretion in the quail might
be an experimental artifact having little if any
functional significance. This view is supported by the
present findings that mean plasma LH concentrations
were raised in most of the birds after exposure to 1 long
day, this apparently being achieved not by a change in
pulse pattern but by a photoperiodic modulation of the
tonic LH level. The fact that well-defined LH pulses
were observed only during periods of maximum,
photostimulation and in the absence of negative
gonadal feedback further reinforces the premise.
Although the normal mode of GnRH secretion is pro¬
bably episodic, perhaps only under these experimental
conditions is there sufficient responsiveness to the
GnRH pulses to promote episodic LH output.
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Abstract. A procedure is described for prolonged sampling of blood from unrestrained immature rats which overcomes
some of the problems associated with contemporary techniques. I or 2 days before sampling, the animal is fitted with two
indwelling catheters, one inserted into the right jugular vein and the other into a femoral vein. On the day of the experiment
blood is continuously withdrawn from the jugular vein (30 pl/min) using a peristaltic pump and is dispensed into sample
tubes every 5 min by means of an automatic fraction collector. A second channel of the same pump continuously infuses a
blood replacement mixture (at 37 °C) into the femoral vein thereby keeping the animal's blood volume constant. In the
present study this technique was used to sample blood from both ovariectomized and immature, intact female rats for as long
as 5-7 h. The procedure did not appear to disturb the normal locomotion, feeding, drinking and sleeping behavior of the
animals. Plasma luteinizing hormone (LH) profiles obtained from the ovariectomized rats showed a normal pulsatile pattern
of LH secretion. The frequency and amplitude of the pulses was not affected, even when the animals were bled on 2
consecutive days. Moreover, the procedure permitted accurate detection and characterization of pulsatile LH release in
intact, immature rats although the episodes of LH secretion were more variable and much less pronounced. It is believed that
this novel sampling technique could prove to be a valuable tool in the study of pulsatile hormone secretion in small
laboratory rodents.

It is well known that luteinizing hormone (LH) like other
pituitary hormones is released into the circulation in a pulsa¬
tile manner [for review see 6,14]. The LH secretory pulses
originate centrally [2, 11] and both their frequency and
amplitude can be modulated by gonadal influences [8], Al¬
though the functional significance of these pulses is unclear
some clues have already been obtained from studies in
which episodes of LH release were found to precede in¬
creases in testosterone secretion [5] and, more recently, by
the demonstration that changing LH pulse frequency [13] or
amplitude [12] leads to altered output of ovarian steroids.

By definition, an accurate study of pulsatile hormone
release necessitates frequent blood sampling over extended
periods. In primates and ungulates this does not present a
serious problem, but in the case of the laboratory rat the
animal's relatively small size does impose a restriction on the
size and number of blood samples that may be obtained; this
is an issue that is particularly relevant when dealing with
intact immature animals in which LH levels are low and
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episodes of LH secretion are of small amplitude. The present
study sought to develop a new procedure which would
permit frequent sampling of blood from unrestrained rats
for periods of at least 5 h without producing adverse side
effects.

Materials and Methods

Animals

Immature female Sprague-Dawley rats of the Holtzman strain
(Madison, Wise.) were purchased when 21 days old and were caged
in groups of 5-6. They were maintained under a photoperiod of 14 h
of light per day (lights on from 05.00 to 19.00 h) and at a temperature
of 23-25 °C with ad libitum access to food (Purina rat chow) and
water. At 24 days of age the animals were caged individually and
were either ovariectomized, under ether anesthesia, or left intact.

Preparation and Insertion ofCatheters
The sampling catheter was constructed from Silastic medical

grade tubing (0.50 mm i.d., 0.90 mm o.d; Dow Corning Corp.,
Midland, Mich.) and inserted into the right external jugular vein
according to the procedure of Harms and Ojeda [9]. An important
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vein. B Polyethylene femoral vein catheter in situ (shown in black).
The PE 10 portion of the catheter is inserted into the lumen of the
vein while the PE 50 end is passed subcutaneously towards the nape
where it is allowed to protrude. Ligatures secure the catheter to the
vein (i and ii) and also to muscle (iii). aw = Abdominal wall; fa =

femoral artery; fv = femoral vein [see ref. 9 for details of construc¬
tion and insertion of the jugular catheter].

feature of this technique is that the catheter is tied only to adjacent
muscle tissue so that the passage of blood from the head to the heart
is not completely obstructed.

The catheter used for infusing a blood replacement mixture into
the femoral vein was constructed from two pieces of intramedic
polyethylene tubing (PE 10, 0.28 mm i.d., 0.61 mm o.d. and PE 50,
0.58 mm i.d., 0.97 mm o.d; Clay Adams, Parsippany, N.J.), joined
together by forcing one end of the PE 10 into the lumen of the PE 50
(fig. IB); the connection was made more secure using Superglue
adhesive (Loctite Corp., Cleveland, Ohio). The other end of the PE
10 tubing was cut at an angle of 45° to facilitate insertion into the
vein. The sites of incision for exposing the jugular and femoral veins
are shown in figure 1A and the femoral vein catheter lying in situ is
illustrated in figure 1B. After exposing the femoral vein and separat¬
ing it from the femoral artery it was ligated. A small nick was made in
the vein, anterior to the ligature, and the opening widened by
inserting and parting the prongs of a pair of extra fine forceps. The
bevelled tip of the catheter was inserted between the prongs and
down the lumen of the vein until it reached the posterior vena cava.
Suture thread was used to secure the catheter to the vein and also to

adjacent muscle tissue (fig. IB). The femoral and jugular vein
catheters were filled with physiologic saline (0.9%) and the ends
plugged with a piece of 23-gauge steel wire. In both cases the
catheter tips were passed subcutaneously to the nape and 2-cm
lengths allowed to protrude through a small incision; to facilitate
this operation for the relatively longer femoral catheter, first a glass
pipette (Corning disposable, 0.1 ml) was used to make a subcutane¬
ous channel and then the catheter tip was passed down the pipette
lumen.

All the surgical procedures were performed under methohexital
sodium anesthesia (Brevital sodium, 60 mg/kg i.p; Lilly & Co.,

Fig. 2. Setup of the automated blood sampling system. Blood is
continuously withdrawn (30 pl/min) from the right jugular vein by
means of a peristaltic pump (pp) and is dispensed into micro sample
tubes every 5 min by an automatic fraction collector (fc). A replace¬
ment rat erythrocyte-human plasma mixture is maintained at 37 °C
in a heated waterbath (wb) and is continuously infused into the right
femoral vein, using a second channel of the peristaltic pump. Direc¬
tion of blood flow is shown by arrows.

Indianapolis, Ind.) and the animals used in the experiments 1 or 2
days later.

Blood Replacement Mixture
The blood replacement mixture used in this study was similar to

the one previously reported by Ellis and Desjardins [5]. Blood was
collected from donor rats by cardiac puncture under ether anesthe¬
sia, using a heparinized syringe to prevent clot formation. After
centrifugation (4°C, at 300 g for 10 min) the plasma was discarded
and the erythrocytes resuspended in 0.9% saline. The mixture was
then similarly centrifuged and the supernatant discarded; this wash¬
ing procedure was repeated two more times. The erythrocytes were

finally resuspended in a human plasma protein fraction (Plasma-
nate, Cutter Laboratories, Berkeley, Calif.) previously extracted
with powdered charcoal (2.5 mg/ml at room temperature for 40
min) to remove steroids and to which were added sodium heparin
(10 USP units/ml), dextrose (0.5 mg/ml), penicillin (200 U/ml) and
streptomycin (200 pg/ml). The reconstituted blood was adjusted to
a 40% hematocrit and stored at 4 °C for up to 24 h before use.

Blood Sampling Procedure
The apparatus used to sample and replace blood from unre¬

strained rats is illustrated in figure 2. At least 15 min before the
beginning of the blood sampling period the jugular and femoral
catheters were unplugged, flushed with 0.5 ml of heparinized saline
(250 USP units/ml) and then joined by 23-gauge steel connectors to
the sampling and replacement tubing (PE 50), respectively. Blood
was continuously withdrawn from the jugular vein by a peristaltic
pump (Gilson Minipuls 2) at a rate of30 pl/min and dispensed every
5 min into polypropylene micro sample tubes (600 pi; Kew Scientif¬
ic Inc., Columbus, Ohio) using an automatic fraction collector
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Fig. 3. Two examples of plasma LH patterns from a female rat
which had been ovariectomized at 24 days of age. The animal was
bled when 38 days old (A) and subsequently 1 day later (B).

(Gilson Micro-fractionator model FC-80). Every 30 min the blood
samples were centrifuged, and the plasmas were stored frozen until
assayed for LH. The blood replacement mixture was maintained at
37 °C inside a heated water bath and infused continuously into the
femoral vein via a second channel of the peristaltic pump.

The lengths of the pieces of polyethylene tubing (PE 50) were

adjusted so that the time taken for blood to pass from the animal to
the collection tube or for the blood replacement mixture to pass
from the water bath to the animal was approximately 10 min in both
cases.

Radioimmunoassay and Pulse Analysis
Plasma LH was measured using an LH radioimmunoassay kit

provided by the NIADDK with anti-rat LH-S4 diluted 1: 40,000.
When assaying samples from intact animals the addition of labelled
hormone was delayed 72 h to enhance sensitivity.

The plasma volumes used in the assay were 2 and 30 pi for the
ovariectomized and intact rats, respectively. Results are expressed
in terms of the rat LH standard, LH-RP-1, and represent the mean of
duplicate or triplicate determinations. The intraassay coefficient of
variation, determined by including ten samples from a plasma pool
into each assay, was 15% and the lowest detectable concentration of
plasma LH was 5 ng/ml (0.25 ng/tube).

The data were analyzed by a cycle detection program [3] in which
cycle frequency and amplitude were calculated by an iterative
process that compared sequential increases and decreases against a
predetermined threshold level.

Results

The LH secretory patterns depicted in figures 3 and 4 are

representative of profiles obtained in developmental studies
currently in progress in our laboratory. The pattern of LH
secretion (1 1.00-16.55 h) in a typical 38-day-old ovariectom¬
ized rat is shown in figure 3A. The same animal was subse¬
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Fig. 4. Two examples of plasma LH patterns from intact, imma¬
ture female rats. 1 animal was bled at 30 days of age (A) and the other
at 27 days (B).

quently bled again 1 day later (11.00-17.35 h) and the plasma
LH profile is shown in figure 3B. In both instances LH was
released in regular episodes, each sharp rise in the plasma
LH concentrations being followed by a slow decline. The
mean pulse amplitude during the first and second blood
sampling periods was 1,043 and 827 ng/ml, respectively, and
the interpulse interval was 27 and 25 min. The plasma LH
profile from a 30-day-old intact female rat also showed
pulses of secretion though these were considerably smaller
than those observed in the ovariectomized animals and did
not occur as regularly (fig. 4A). During the blood sampling
period (1 1.00-15.50 h) five pulses of LH secretion were
detected, the most prominent occurring at 13.40 h. In con¬
trast, LH output during a similar sampling period in a
younger (27-day-old) intact female rat was relatively stable
and no pulses were detected (fig. 4B).

Discussion

By far the most popular procedure for the repetitive
collecting ofblood from unrestrained rats involves the inser¬
tion of a catheter into the jugular vein and then withdrawing
the blood either continuously using a peristaltic pump [7] or
in discrete samples by means of a hypodermic syringe [1,4,
10]. In instances where the duration of the sampling period is
prolonged a red blood cell-plasma mixture may be periodi¬
cally infused back into the jugular vein [5]. There are, how¬
ever, major drawbacks with such procedures. For example,
the animal's blood volume will inevitably fluctuate through¬
out the period of sampling and, especially in the case of the
smaller immature animals, this might have significant effects
upon the normal pattern of hormone secretion.
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The present communication describes a novel approach
to the problem of sampling blood from unrestrained rats
which overcomes many of the drawbacks of current tech¬
niques. The principal feature of this new technique is that a

peristaltic pump is used to continuously remove blood from
the animal and simultaneously to replace it with a rat eryth-
rocyte-human plasma mixture. Consequently, the animal's
blood volume remains unchanged throughout the sampling
period and moreover, fluctuations in vascular pressure, as

produced when blood is repeatedly collected with a syringe
or reinjected at frequent intervals, are completely avoided.
The practicality of the procedure is highlighted by the obser¬
vation that even prepubertal animals could be bled continu¬
ously for more than 5 h without any overt disruption of
locomotion, feeding, drinking or sleeping during the sam¬

pling period. The finding that the older ovariectomized rats
could be bled for 7 h on 2 consecutive days demonstrates the
feasibility of repetitive sampling periods. Also, at the endo¬
crine level the blood sampling procedure did not appear to
disrupt the normal pattern of hormone secretion. In the case
of the ovariectomized rats well-defined pulses of LH secre¬
tion occurred with frequency and amplitude similar to that
previously reported [6,14]. When the profiles of intact imma¬
ture rats were examined distinct episodes of enhanced LH
secretion could be detected in some animals but not in
others. While this finding is in harmony with earlier reports
[1,10] use of the present technique gives a better resolution to
the secretory profiles. Whether or not the development of
pulsatile LH release is a prerequisite for ovarian maturation
and the onset of puberty is currently under investigation.

Many of the technique's features make it particularly
suitable for use in other neuroendocrine studies. For in¬

stance, the femoral vein offers a convenient and direct route
for the administration of exogenous hormones or pharmaco¬
logical agents without disturbing the animal, while permit¬
ting the simultaneous sampling of blood from the jugular
vein. Perhaps the most appealing features of the technique,
however, are its automation and that reinfusion of blood
mixture allows for reuse of the animal and, therefore, a

stronger experimental design.
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Chapter 6

The onset offemale puberty:
underlying neuroendocrine mechanisms

S.R. Ojeda, S.S. Smith (White), H.F. Urbanski and L.I. Aguado

INTRODUCTION

'. . . the ovaries of immature white rats when successfully transplanted into adult
rats at once began to function (ovulation). This behavior would indicate the absence
ofsome factor* necessary for the development of puberty or the presence in the im¬
mature of some restraining factor' (from Frank et al., 1925).

'. . . the increased LH and FSH secretion in the fetus and during infancy is
followed by a long period, approximately one decade, in which the reproductive en¬
docrine system is suppressed. The factors involved in this restraint of the onset of
puberty are not well understood' (from Reiter and Grumbach, 1982).

'. . . sexual maturity is caused by the establishment of new hypothalamic
mechanisms rather than by the "derepression" of pre-existing ones' (from Ruf and
Sharpe, 1979).

Almost 60 years have passed since this seemingly simple reasoning was presented
by Frank and colleagues. Indeed, much progress has been made, and many new

technological advances have been incorporated into our research arsenal during this
time. Nevertheless, it is also clear that no definitive conclusions have been reached
and the controversy continues as to whether relief from a restraining influence or
the development of stimulatory mechanisms is responsible for the onset of puberty.
The nature of either mechanism is also unknown.

Several reviews of neuroendocrine reproductive development have been published
(Ramirez, 1973; Davidson 1974; Grumbach and Kaplan, 1974; Reiter and Root,
1975; Odell and Swerdloff, 1976; Docke, 1977; Job, 1977; Winter et al., 1978a,b;
Mahesh and Nazian, 1979; Styne and Kaplan, 1979; Ryan and Foster, 1980; Ojeda

* The italicization is ours.
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et al., 1980a, 1981a, 1983b; Reiter and Grumbach, 1982). We now review available
information concerning the neuroendocrine mechanisms involved in the onset of
female puberty. These mechanisms have been primarily examined in four species:
human, Rhesus monkey, sheep, and laboratory rat. We will emphasize the human
and the rat while data derived from other species will be discussed when deemed per¬
tinent to help clarify the matter under consideration. Since our laboratory has utiliz¬
ed the rat as an experimental model, we will present in more detail findings made
in this species. We realize that each species has peculiarities, but certain basic
mechanisms likely operate in all of them. This is particularly true for the
biochemical events underlying the physiological changes of development.

There now appears to be general agreement that puberty is not the result of a

unique 'trigger', but is rather the culmination of a series of developmental processes
initiated very early in life that progresses in a synchronized manner throughout
maturation. These changes affect all components of the reproductive neuroen¬
docrine system and occur at different but concerted paces.

Early events that occur during fetal life in primates and perinatally in the rat may
be of particular importance for subsequent neuroendocrine maturation. As discuss¬
ed later, the importance of certain events may be more easily demonstrated in the
rat in which puberty is attained shortly (~5 weeks) after the initiation of
gonadotropin release.

THE INITIATION OF GONADOTROPIN RELEASE

Human fetal hypothalami contain detectable amounts of immunoreactive lu¬
teinizing hormone releasing hormone (LHRH) by the 10th week of gestational life
(Kaplan et al., 1976). The concentration of the neuropeptide increases several fold
between the 10th and 22nd week of gestation. That synthesis of LHRH may occur

even earlier is suggested by the presence of LHRH in the cerebrospinal fluid of a
4-5-week-old fetus (Winters et al., 1974). An anlage of the portal system can be
first discerned around day 60 of gestation (Falin, 1961) but the primary plexus is
not formed until around day 100 ('Espinasse, 1933). It would, therefore, appear that
LHRH reaching the pituitary before this age may do so, at least partially, by diffu¬
sion. By week 20 both plexuses of the portal system are completed and thus LHRH
may be transported to the pituitary by the same route as in the adult.

Human pituitary cells respond to LHRH very early (week 10-20) during fetal life
(Groom and Boyns, 1973). Immunoreactive LH and follicle stimulating hormone
(FSH) have been detected in the pituitary of the 68-day-old fetus, the earliest studied
(Grumbach and Kaplan, 1974; Kaplan et al., 1976). Thereafter, a striking sex dif¬
ference in FSH content develops so that by 20 to 24 weeks the FSH concentration
is 10-fold greater in females than in males. Circulating levels of both radioim-
munoassayable LH and FSH have been first detected around day 84 (the earliest age

studied). As in the pituitary, serum FSH levels are greater in females than in males
indicating that both the synthesis and release of FSH are enhanced in the female
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fetus. FSH values peak around day 120. Similar differences in serum LH are less
obvious.

As gestation progresses, circulating gonadotropin levels decline, reaching low
levels by the last trimester. This pattern of gonadotropin release, i.e., elevation by
midgestation followed by decline toward term (Fig. 6.1), has been interpreted as

reflecting the maturation of the gonadotropin control system (Kaplan et al., 1976).
The initial elevation would be due to an 'unrestrained' production of
gonadotropins; the subsequent decline would reflect the maturation of steroid
negative feedback mechanisms. This view is in keeping with the concept elaborated
earlier to explain the postnatal, infantile changes in serum FSH levels of the female
rat (Ojeda and Ramirez, 1972).

The rat is born at an age equivalent to 100 gestational days in the human (Tanner,
1974), and thus developmental changes occurring during fetal life in the human oc¬
cur peri- and postnatally in the rat. Radioimmunoassayable LH is first detected in
the serum of 18-day-old fetuses (gestation = 22 days), but the pituitary gland can

respond to LHRH as early as day 17 (Salisbury et al., 1982). This is consistent with
the finding that LHRH can be first detected in the hypothalamus of 17-day-old
fetuses (Chiappa and Fink, 1977). Interestingly enough, a sex difference in the
response to LHRH has been discerned as early as day 19 of gestation (Salisbury et
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Fig. 6.1. The pattern of serum FSH levels at the onset of gonadotropin secretion in the human female
and infantile female rat (Ojeda et al., 1980).
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al., 1982), the females responding with a larger increase in LH than the males. After
birth, serum FSH levels in the female increase, with peak values in the castrate range
attained around day 12 (Fig. 6.1). The titers then decline as the animal enters the
3rd week of life (Ojeda and Ramirez, 1972; Kragt and Dahlgren, 1972; Meijs-
Roelofs et al., 1973; Dohler and Wuttke, 1974).

The elevated FSH levels during the First 2 weeks of life appear to result from a
relative ineffectiveness of estradiol negative feedback. The effectiveness of estradiol
is hampered by the presence in blood (Raynaud et al., 1971; Nunez et al., 1971) and
tissues (Benno and Williams, 1978) of a-fetoprotein (AFP), which is produced by
the liver and binds estrogens avidly. Administration of estradiol to animals ovariec-
tomized at the time serum FSH levels are maximally elevated has little effect on FSH
release (Ojeda and Ramirez, 1974; Andrews and Ojeda, 1977; Meijs-Roelofs and
Kramer, 1979). Toward the end of the 3rd week of postnatal life AFP levels have
declined and estrogen becomes strikingly effective in suppressing gonadotropin
release.

In human fetuses an AFP exists but it does not bind estrogens as in the rat (Nunez
et al., 1974). Nevertheless, the human ovary produces little estrogen at the time of
elevated serum FSH levels (Reyes et al., 1973), and plasma estradiol increases
significantly only toward the second half of gestation, when FSH levels are declining
(Shutt et al., 1974). Thus, from a mechanistic standpoint the outcome is the same,

i.e., in both species an increased steroid negative feedback signal can account, to
a significant extent, for the decline in FSH levels which follows the initial exag¬

gerated FSH secretion.
It remains to be elucidated whether in the human a greater sensitivity of the

hypothalamic-pituitary unit to estrogen negative feedback is also involved in the
decline of FSH levels. In the rat, it is clear that if enough estrogen is provided to
surpass the binding capacity of AFP, gonadotropin release is depressed (Andrews
and Ojeda, 1977; Meijs-Roelofs and Kramer, 1979), thus demonstrating integrity of
the central component of estradiol negative feedback at this early age.

Recently the patterns of circulating gonadotropin levels in the fetal Rhesus
monkey were described (Ellinwood and Resko, 1980). Gonadotropin levels peaked
between day 100-120 of gestation, the values declining thereafter as gestation pro¬

gressed. As in the human and rat FSH levels were much higher in females than in
males. In agreement with earlier suggestions (Ojeda and Ramirez, 1972; Grumbach
and Kaplan, 1974), these authors hypothesized that such a sex difference is due to
the age at which steroid negative feedback becomes operative in both sexes. While
the ovaries of Rhesus fetuses produce little estrogen before day 150 (Resko et al.,
1975) the testes secrete significant amounts of testosterone (Resko et al., 1973),
which probably exert negative feedback effects.

Initiation of gonadotropin release in the sheep follows the same pattern. Serum
gonadotropin levels rise to high values at midgestation and decline to low values
toward term (Foster et al., 1972; Sklar et al., 1981). The LH and FSH responses of
the fetal pituitary to LHRH are maximal between day 118-126, decline in late gesta-
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tion and are apparent as early as day 88 (the earliest fetus studied) (Mueller et al.,
1981). As in humans, monkeys and rats basal FSH levels reach higher values in
females than in males (Sklar et al., 1981), clearly suggesting the existence of com¬
mon facilitatory mechanisms at the onset of FSH release. The response to LHRH
is also greater in the female than in the male ovine fetus (Mueller et al., 1981), in¬
dicating that pituitary responsiveness to LHRH is implicated in the sex difference.
A further similarity among species is the decline in serum gonadotropin levels which
occurs toward term in the ovine fetus. Development of steroid negative feedback has
also been postulated to be the responsible factor (Sklar et al., 1981; Mueller et al.,
1981). An increased production of fetal estradiol toward the end of gestation
(Findlay and Seamark, 1973) and an increased sensitivity of the hypothalamic-
pituitary unit to steroid negative feedback (Gluckman et al., 1979, 1983) appear to
be the predominant factors in causing the decline.

These observations strongly suggest that mechanisms may be similar in different
species during the initial phases of neuroendocrine reproductive development. The
importance that the initially elevated gonadotropin levels may have for the subse¬
quent development of the fetal human ovary is not clear. In the rat, however, the
elevated infantile levels of serum gonadotropins may be important for recruiting
small follicles into the proliferating pool (Schwartz, 1974). Moreover, more follicles
start to grow at this time than when gonadotropin levels are low, later in life (Hage
et al., 1978). Experiments with mice using antigonadotropin sera have further in¬
dicated that the high FSH levels are essential for follicular cell proliferation and
organization (Eshkol et al., 1970). In recent experiments in which FSH release was
suppressed in the neonatal rat by administration of dihydrotestosterone (DHT), im¬
pairment of prepubertal ovarian development was severe (Smith White and Ojeda,
1983c). Both FSH and LH receptor content were drastically reduced in
hypogonadotropic rats, and ovarian weight was decreased more than 80°7o when
measured at the expected time of puberty. Of particular interest was the observation
that FSH receptor content declined only if the suppression of FSH release was in¬
itiated shortly before or at the time of birth. When the treatment was started on

postnatal day 5, FSH receptor number measured on day 12 was normal. It would
appear, therefore, that exposure of the ovary to elevated FSH levels during the first
5 days after birth ensures the initial induction of FSH receptors. Other authors also
found that DHT suppression of infantile FSH levels leads to delayed follicular
development (Uilenbrook and De Wolff-Exalto, 1979). Evidence that the infantile
ovary can respond to endogenous gonadotropic stimulation is provided by the find¬
ing that administration of LHRH to 12-day-old rats enhances LH and FSH release
and increases secretion of progesterone and androgens from the ovary (Andrews et
al., 1981a).

The enhanced secretion of FSH in the infantile rat, which we have emphasized
is analogous to the midgestation FSH increase in human, monkey and sheep, is the
consequence of several factors. The most important appears to be the relative lack
of estrogen negative feedback. In addition, the sensitivity of the pituitary to LHRH
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is greatly enhanced (Debeljuk et al., 1972; Ojeda et al., 1977) and the capacity of
the hypothalamus to release LHRH, as evaluated by in vitro studies, is also increas¬
ed (Hompes et al., 1982). The augmented pituitary response to LHRH can at least
partially be ascribed to a facilitory effect exerted by nonaromatizable androgens,
since administration of DHT to ovariectomized infantile females increases the FSH

response to LHRH (Ojeda et al., 1977).
Although estradiol negative feedback is poorly operative at this age,

gonadotropin secretion appears to be subjected to a steroid negative feedback con¬
trol, provided by aromatizable androgens (Andrews and Ojeda, 1981b). Ovariec¬
tomy of 10-day-old rats results in elevated LH and FSH levels 2 days later, and
quantitative replacement of circulating testosterone levels prevents the increase (Fig.
6.2), suggesting that the loss of aromatizable androgens that follows ovariectomy

80 90 100 110 120 130 200 1.000 2.000 3.000
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Fig. 6.2. Decrease in serum FSH levels in 12-day-old ovariectomized rats induced by different levels of
serum testosterone (T). The animals were ovariectomized on day 10 and immediately implanted s.c. with
Silastic capsules containing different concentrations of T dissolved in oil. The numbers in the boxes
represent the different concentrations of T (mg/ml) used. INT = intact, sham-operated controls. The
vertical lines represent the SEM of serum FSH. The horizontal lines represent the SEM of serum T. The
hatched rectangle indicates the SEM of serum FSH and T levels of intact, sham-operated animals. The
numbers above the means are number of animals per group (Andrews and Ojeda, 1981b).
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is, at least in part, responsible for the postcastration increase in serum LH and FSH.
The androgenic control is, however, not very efficient because FSH levels in infan¬
tile rats are more than 5 times greater than in juvenile rats, despite the presence of
similar circulating androgen levels.

Thus, initiation of gonadotropin secretion results from the concerted interaction
of the central nervous system (CNS), pituitary gland and ovaries. While the CNS,
through the secretion of LHRH, drives the pituitary to produce gonadotropins, the
pituitary itself undergoes profound morphological and functional changes that
allow it to respond to the LHRH challenge. In turn, the relative preponderance and
operativity of steroid negative feedback modulate the response of the pituitary to
CNS stimulation, and perhaps also the capacity of the hypothalamus to produce
LHRH.

THE INITIATION OF OVARIAN STEROID SECRETION

Although oogonia can be found very early during human embryonic life
( — 600,000 by the 3rd month), primordial follicles are first found only around the
5th month of gestation (Van Wagenen and Simpson, 1965). Primary follicles
develop thereafter and by the 7th month some show several layers of granulosa cells
surrounded by well developed thecal cells (Baker and Scrimgeour, 1980). The fetal
ovary produces little estrogen before midgestation (Reyes et al., 1973; Payne and
Jaffe, 1974) but it appears capable of producing aromatizable androgens, a condi¬
tion similar to that demonstrated in infantile rats challenged in vivo with LHRH or

exogenous gonadotropins (Andrews et al., 1981a).
After the 7th month of gestation, some Graafian follicles can be found in con¬

junction with primary follicles that possess an active theca interna. Although fetal
circulating estrogen levels are to a large extent provided by the placenta and ex-

tragonadal aromatization of adrenal androgens (for review see Forest, 1979), the
profound morphological changes of the ovary that occur after midgestation suggest
activation of steroidogenic capacity at this time. In fact, Resko et al. (1975) have
shown that serum estradiol levels are greater in female than in male Rhesus monkeys
after 150 days of gestation. More recently, evidence has been presented that ovaries
from Rhesus monkey fetuses collected between day 124 and 153 produce substantial
amounts of aromatizable androgens and estradiol in vitro (Ellinwood et al., 1983).
This is the first time antral follicles are observed. Suggestively, the steroidogenic ac¬
tivation develops shortly after the peak in serum gonadotropin levels.

These data permit the suggestion that the fetal human ovary begins to be influenc¬
ed by circulating gonadotropins after the 5th month of gestation, when resting small
follicles enter the proliferative pool (Peters, 1979). It is likely that the initiation of
steroidogenic activity is a process genetically determined and gonadotropin-
independent (Funkenstein and Nimrod, 1982; George et al., 1979). However, the
subsequent fetal maintenance and development of steroidogenic capacity is under
gonadotropin control. The importance of gonadotropins in ovarian development
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during the last trimester of gestation is evidenced by the finding that anencephalic
fetuses demonstrate arrested ovarian follicular development after, but not before,
the 7th month of gestation (Baker and Scrimgeour, 1980).

The rat ovary begins to respond to gonadotropin stimulation with steroid produc¬
tion after the 1st week of postnatal life (Lamprecht et ah, 1976; Hunzicker-Dunn
and Birnbaumer, 1976; Funkenstein and Nimrod, 1982). The initiation of this
response does not depend on the presence of gonadotropins which suggests that it
is dictated by a genetic program. From the morphological standpoint,
gonadotropins administered during neonatal days do not increase ovarian weight or
size and number of follicles (Ben-Or, 1963; Goldenberg et ah, 1973). On the other
hand, gonadotropin receptors can be found by day 4 (Smith White and Ojeda,
1981a) and dibutyryl cyclic AMP can induce progesterone release by day 3
(Funkenstein and Nimrod, 1982). This suggests that coupling between the
gonadotropin receptor and the steroid synthesizing machinery is not functional at
the onset of ovarian secretion. Such a lack of functional coupling has also been
described for the fetal rabbit testis (George et ah, 1979).

THE NEONATAL-INFANTILE PERIOD

In the human, infancy encompasses the period between birth and approximately
2 years of age. In the rat, infancy extends from postnatal day 7 to 21 (Ojeda et ah,
1980a). The 1st week of life can be considered neonatal. A precise separation of
these two phases is, however, difficult.

1. The infantile hypothalamic-pituitary unit

Many reports describe circulating gonadotropin levels in both the female human
and rat (Faiman and Winter, 1971; Ojeda and Ramirez, 1972; Kragt and Dahlgren,
1972; Dohler and Wuttke, 1974; Penny et ah, 1974; Winter et ah, 1975). The
similarity between the two species is striking as in both cases levels of
gonadotropins, particularly FSH, are elevated.

In girls, FSH levels begin to increase after the 1st week of life and peak at approx¬

imately 3 months of age. The levels remain more elevated than those in male infants
until at least the 2nd year of life. Serum LH levels are also quite elevated shortly
after birth, but decline very rapidly to basal values by 4 months of age (Faiman et
ah, 1976).

This infantile elevation in serum gonadotropins has been attributed to the abrupt
removal of human chorionic gonadotrophin (hCG), estrogens and progesterone that
follows the loss of the placenta at birth (Faiman et ah, 1976). Disappearance of
dihydroepiandrosterone may also have a role (Reynolds, 1980). Such a loss of
negative feedback inhibition, however, explains neither the persistently elevated
FSH levels seen in girls as compared with boys nor the transient LH increase seen
in both sexes as compared with the prolonged elevation in FSH levels.
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At any rate, it is clear that at this time the hypothalamic-pituitary system can
function at a high level of activity since the gonadotropin values attained are well
within the adult castrate range. The release of FSH appears to occur in bursts as
the levels observed are highly variable. A rhythmic release of FSH has in fact been
observed in the infant chimpanzee (Faiman et al., 1973) and examination of this
phenomenon in the female rat has also led to the suggestion that FSH release in the
infantile animal is pulsatile (Frawley and Henricks, 1979).

There is no information regarding the mode of LH release during infancy in
humans, but in the rat it is clear that LH is released episodically. This phenomenon
was originally described by Dohler and Wuttke (1974) and was attributed to an ac¬
tive estrogen positive feedback mechanism (Kronibus and Wuttke, 1977). Subse¬
quent experiments demonstrated that the release was rather pulsatile and estrogen-
independent (Frawley and Henricks, 1979).

The question arises as to the central mechanisms that underlie the augmented
secretion of gonadotropins during infancy. It appears reasonable to infer that the
primary component is the LHRH-secreting system. Support for this notion comes
from two observations. Administration of an antiserum to LHRH reduced both
serum LH and FSH in 12-day-old female rats (Lumpkin et al., 1980), and
hypothalamic release of LHRH in vitro was significantly increased at this age as

compared with later ages (Hompes et al., 1982), suggesting an enhanced secretion
of the neurohormone under in vivo conditions. The involvement of a specific
neurotransmitter system in generating the hypothetical bursts of LHRH release is
suggested by the observation that the turnover of norepinephrine in the preoptic
area of the rat hypothalamus is elevated at the time of high serum LH levels (Wuttke
et al., 1980).

The marked sex difference in FSH release and between FSH and LH in females
in infant rats appears to be related, at least in part, to a direct facilitory effect of
nonaromatizable androgens on the pituitary (Ojeda et al., 1977; Campbell and
Ramaley, 1978). Although circulating levels of 5a-reduced androgens are low in in¬
fantile rats (Andrews et al., 1981a), pituitary 5a-reductase is strikingly elevated
(Denef et al., 1974) thus providing the biochemical basis for this androgenic effect.
A similar situation may exist in the human female. Since both the infantile female
chimpanzee (Faiman et al., 1973; Winter et al., 1975) and Rhesus monkey (Winter
et al., 1978a) demonstrate a pattern of gonadotropin release similar to that of the
human female, studies on these interactions could be undertaken in either primate.
Of particular interest is the fact that gonadotropin levels in the neonatal-infantile
sheep are not elevated (Foster et al., 1975). The reason for this difference is
unknown.

These considerations make obvious that experimentation should be performed to
define more clearly the mechanisms involved in the augmented release of LHRH
during early infancy. The combined use of in vitro and in vivo methodologies will
be essential in this undertaking.
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2. The infantile ovary

During infantile days the differences in ovarian development in the female rat and
human become clearly manifested. At this time the rat ovary has developed to a

degree similar to that of the fetal human ovary at midgestation, while the latter
shows clear signs of steroidogenic activation, presumably in response to the elevated
gonadotropin levels. All stages of follicular development can be found in the infan¬
tile human ovary. The presence of Graafian follicles which may develop into cysts
is not uncommon (Polhemus, 1952), particularly during the first 4 months of life
(Forest, 1979). Evidence of luteinization of the theca interna is also found, but
ovulation never occurs (Forest, 1979). The morphological features of the infantile
human ovary indicate the presence of an active estrogen synthesizing machinery. In¬
deed, estradiol levels are commonly elevated in the blood stream of girls during the
first 16 weeks of postnatal life (Winter et al., 1978a,b).

In regard to the rat ovary, we have mentioned that responsiveness to
gonadotropins is attained after the 1st postnatal week and that the early unrespon¬
siveness is not due to the lack of gonadotropin receptors (Kolena, 1976; Smith White
and Ojeda, 1981a). During the 2nd week only primary and small follicles are seen
but movement of quiescent follicles into a proliferative pool is also evident
(Schwartz, 1974; Hage et ah, 1978). It appears that steroids are produced mainly
by the interstitial tissue which, until the beginning of the 3rd week of life, is the only
compartment of the ovary that shows morphological signs of steroidogenic activity
(Rennels, 1951; Presl et ah, 1965). Production of estradiol from exogenous precur¬
sors in vitro increases markedly between days 5 and 12 (Quatroppani and Weisz,
1973; Smeaton et ah, 1975), but the ovary responds to endogenous or exogenous

gonadotropins in vivo by secreting predominantly progesterone and aromatizable
androgens (Andrews et ah, 1981a).

Although regulation of infantile ovarian function is exerted primarily by the
elevated gonadotropin levels, evidence exists that other systems may also contribute
to its control. One of them appears to be the thymus gland. Removal of the thymus
at birth leads to ovarian dysgenesis, which becomes evident during adulthood
(Nishizuka and Sakakura, 1969). The effect of thymectomy can be discerned as ear¬

ly as the 10th day of life (Lintern-Moore, 1977) and is manifested as a disruption
of the size and distribution of ovarian follicles. Similar disruption is observed in
rodents suffering from congenital absence of the gland (Lintern-Moore and
Pantelouris, 1975). More intriguingly, data show that follicular development is
delayed in girls with congenital absence of the thymus (Miller and Chatten, 1967).

While the thymus may exert a positive influence on the infantile ovary, our recent
experiments suggest that infantile ovarian function may be modulated by LHRH-
like molecules of maternal origin (Smith White and Ojeda, 1983a). Significant oc¬

cupancy of ovarian LHRH receptors was demonstrated by dissociation of bound
ligand(s) with MgCl2. Separation of the pups from the mother resulted in a distinct
increase in available LHRH receptors. Allowing the pups to suckle after the separa-
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tion returned available receptor number to basal values. This decrease appeared to
be caused by the transfer of LHRH-like material in the maternal milk to the pups.
Baram et al. (1977) first described the presence of LHRH in milk, a report which
was confirmed and extended by Sarda and Nair (1981) who demonstrated LHRH
in human milk. We observed that the decrease in ovarian LHRH receptors that
followed suckling was prevented by i.v. injection of an antiserum to LHRH and not
by a neural reflex triggered by suckling. This latter conclusion derived from the
observation that pups given maternal milk via an intragastric cannula, rather than
by suckling, also exhibited the decline in LHRH receptors. Milk 'LHRH' appeared
to be heterogeneous when analyzed by radioimmunoassay after chromatography in
a Sephadex G-25 column and was highly potent in both inhibiting FSH-induced
estradiol (E2) and progesterone release from granulosa cells in culture and in
stimulating LH and FSH release from pituitaries incubated in vitro.

Thus, the mother may modulate ovarian development of the pup by means of an
LHRH-like substance in the milk. Sustained exposure to LHRH or its agonists is
known to inhibit ovarian function (Hsueh and Jones, 1981). This condition exists
in the suckling rat which, because of its nursing habits, is exposed almost constantly
to elevated LHRH levels. These observations raise the intriguing possibility that
completion of reproductive fetal development of the rat, which is born very im¬
mature, occurs outside the uterus under direct hormonal control of the mother via
regulatory substances contained in the milk.

3. Infantile hypothalamic-pituitary-ovarian interactions

We have discussed the function of feedback mechanisms during infantile develop¬
ment of the rat. It should be noted that in this species events corresponding to both
the fetal initiation of gonadoptropin secretion and the infantile augmentation of
gonadotropin release of the human female occur simultaneously during the first 2
weeks of postnatal life. Thus, experimental evidence from the rat may well help in
designing and interpreting pertinent experiments in the human.

Little is known about the mechanism of steroid negative feedback in the infantile
human female. That gonadotropin release is indeed under gonadal inhibitory con¬
trol can be inferred since gonadotropin levels decline in infants following the period
of elevated estradiol titers (Faiman et al., 1976; Winter et al., 1978a,b). More direct,
albeit inferential, evidence is provided by the well known observation that in
agonadal children serum gonadotropins are much greater than in children with
gonads (Winter and Faiman, 1972; Conteet al., 1972). No information exists regard¬
ing the sensitivity of the feedback system as compared with older ages or its
development during infancy. It is assumed that the postinfantile decline in serum

gonadotropin is due to increased steroid negative feedback effectiveness, but ex¬
perimental evidence for this view has not been presented. Recent experiments in
male Rhesus monkeys have shown that neonatal orchidectomy results initially in
elevated LH levels, but that the titers decrease as the animals enter childhood, prob-



236

ably as a consequence of a steroid-independent mechanism (Plant, 1980). The
neonatal sheep is particularly interesting in this regard because ovariectomy fails to
increase LH levels until the animals become juvenile (Foster et al., 1975). It is.evi¬
dent, therefore, that mechanisms other than ovarian must operate at these early
ages. The similarities among primates and their marked differences with other
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by the horizontal dashed line. OVX = ovariectomized oil-treated controls (Andrews and Ojeda, 1977).
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species such as the sheep offer a unique possibility for comparative examination of
the mechanisms governing gonadotropin secretion during infancy.

Although in the female rat estradiol negative feedback is relatively ineffective dur¬
ing neonatal-infantile days, this ineffectiveness, as indicated before, does not result
from central insensitivity. Administration of RU 2858, a synthetic estrogen which
does not bind to AFP, results in a striking reduction in both FSH and LH levels
(Fig. 6.3) (Andrews and Ojeda, 1977; Meijs-Roelofs et al., 1979). Serum estradiol
is very high in infantile rats (Weisz and Gunsalus, 1973; Meijs-Roelofs et al., 1973;
Ojeda et al., 1975) but AFP prevents the bulk of this estrogen from reaching target
cells. The possibility, however, cannot be ruled out that AFP provides a sustained,
controlled delivery of small amounts of estradiol to the tissues. Such a reduced
delivery of estradiol may be essential for the development of central reproductive
functions (Dohler, 1978). The importance of AFP in preventing excessive estrogen
from reaching the brain is underscored by the finding that neonatal intracerebral ad¬
ministration of antibodies to AFP results in androgenization (Mizejewski et al.,
1980).

As the rat reaches the end of the 2nd week of postnatal life, E2 negative feedback
becomes stronger (Ojeda and Ramirez, 1973, 1974), because AFP levels are declin¬
ing and E2 can reach the tissues in larger quantities (Germain et al., 1978). The E2
influence is superimposed on the inhibitory feedback of aromatizable androgens
that predominates during early infancy (Andrews and Ojeda, 1981b), and
gonadotropins levels begin a decline which is completed by late juvenile develop¬
ment (Ojeda and Ramirez, 1972; Kragt and Dahlgren, 1972).

THE JUVENILE PERIOD (CHILDHOOD)

In the human female, childhood extends from approximately 2 — 3 to 8 — 9 years
of age (Grumbach et al., 1974). In the female rat, the juvenile period is the phase
of development that begins at day 21 and extends until uterine fluid first appears

(Ojeda et al., 1980a,b). This latter event reflects the initiation of enhanced estrogen
secretion from the ovary (Advis et al., 1979) and generally occurs during the 5th
week of postnatal life.

1. The juvenile hypothalamus and its control of pituitary function

In the human female, circulating gonadotropin levels decline in early childhood
from the elevated values during infancy and remain low for several years before in¬
creasing again at the end of the juvenile period (Grumbach et al., 1974; Faiman et
al., 1976; Winter et ah, 1978a,b; Styne and Kaplan, 1979). In agonadal children a
similar pattern is observed, but the titers are significantly more elevated than in in¬
tact children particularly at the beginning and end of the juvenile period (Winter and
Faiman, 1972; Conte et al. 1972) (Fig. 6.4). This observation suggests that part of
the postinfantile decline in gonadotropin secretion is due to an inhibitory action ex-
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erted by the ovary, possibly of steroidal nature. However, the fact that
gonadotropin levels also decline in the absence of ovarian influences supports the
existence of nonovarian factors regulating the secretion of LH and FSH in juvenile
subjects (Winter and Faiman, 1972). Further evidence for this view is afforded by
the fact that ovariectomy of juvenile Rhesus monkeys fails to enhance LH secretion
until the animal reaches peripubertal age (Dierschke et al., 1974; Terasawa et al.,
1983; Foster et al., 1983).

The mechanisms underlying this absence of response are poorly understood. One
possibility would be that adrenal androgens are the main factor controlling
gonadotropin release at this time. This is, however, unlikely because adrenarche is
often delayed in agonadal children and thus sex steroids of adrenal origin are low
at the time of reduced LH secretion (Styne and Kaplan, 1979). Moreover, the
juvenile decline in LH levels also occurs in the Rhesus monkey, an animal that does
not have adrenarche.

AGE (YEARS)

Fig. 6.4. Serum FSH levels in agonadal human subjects. The normal male range ® and female range
IS are shown by the hatched areas. The dotted line represents the level of the adult female menstrual
cycle FSH peak. The bar to the right (marked PM) shows the female postmenopausal range. Castrated
males are shown as (•), castrated females as (□), patients with gonadal dysgenesis as (O), and patients
with testicular feminization (postcastration) as (■). Joined symbols represent separate determinations
on the same subject (Winter and Faiman, 1972).



239

Pituitary responsiveness to LHRH is lower in juvenile than in peripubertal
females (Grumbach et al., 1974) suggesting that a reduced pituitary response to en¬

dogenous LHRH may be a contributing factor. This low response may simply be
a consequence of reduced secretion of LHRH from the hypothalamus. LHRH can
not only upregulate its own pituitary receptors (Pieper et al., 1982), but can also
prime the gland to subsequent exposure to the hormone (Aiyer et al., 1974). Thus,
a relative deficiency in LHRH secretion emerges as the primary factor responsible
for the juvenile decline of gonadotropin secretion (Wildt et al., 1980). The factors
causing this deficiency are not known. They may be of central origin or of metabolic
type (Steiner et al., 1983) or be a combination of central and metabolic influences.
This subject will be discussed further later.

In the rat, gonadotropin levels also decrease during juvenile days, but an ovarian
inhibitory control appears to be the predominant factor involved in the decline
(Ojeda and Ramirez, 1974; Meijs-Roelof et al., 1979). Experiments in which LH
release was examined after intraventricular injection of PGE2 at different ages in¬
dicated that the capacity of the hypothalamus to release LHRH increased only dur¬
ing late juvenile development, i.e., shortly before the animal became peripubertal
(Andrews and Ojeda, 1978). Direct evidence supporting this observation has not yet
been provided, although it is known that the content of LHRH in the hypothalamus
increases markedly during juvenile days (Araki et al., 1975). The existence of
nonovarian mechanisms affecting gonadotropin secretion in the rat is suggested by
the finding that blockade of opioid receptors with naloxone in intact animals results
in an increase in LH levels (Blank et al., 1979). Nevertheless, ovariectomy at any
time during juvenile development results in a prompt increase in plasma LH and
FSH (Ojeda and Ramirez, 1974; Eldridge et al., 1974). Moreover, ovariectomy of
infantile rats is followed by a distinct elevation of mean serum gonadotropin levels
which, in contrast to primates, is maintained throughout the juvenile and peripuber¬
tal periods (Ojeda et al., 1983). These observations may indicate that substantial dif¬
ferences exist in the hypothalamic regulation of gonadotropin secretion between
primates and the rat. Perhaps the primary difference resides in the relative
predominance of the various regulatory mechanisms in each species. In the rat,
steroid negative feedback appears to be predominant so that a nonovarian compo¬
nent is more difficult to demonstrate. The opioid system may provide an ex-
traovarian inhibitory influence, but its independence from steroid negative feedback
is questionable. In fact, a hypothesis has been presented that steroids inhibit
gonadotropin release by activating the opioid system (Cicero et al., 1979), a view
supported by the recent report that gonadectomy eliminates the opiatergic control
of LH secretion (Bhanot and Wilkinson, 1983). It is evident, therefore, that in order
to elucidate a steroid-independent regulation of prepubertal LH secretion it may be
necessary to investigate the mode of LH release in ovariectomized animals rather
than examine the mean LH levels of intact rats.

In the intact juvenile rat, LH secretion appears to be episodic (Kimura et al.,
1981; Andrews and Ojeda, 1981c). These studies, however, have not provided an
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accurate description of the LH release pattern because the sampling interval used
(15 min) does not allow a precise definition of presumptive 'pulses'. Very recently,
we have developed a technique that permits measurement of plasma LH in
prepubertal rats at 5-min intervals for up to at least 7 h without affecting the
hematocrit or the general condition of the animal (Urbanski et al., 1984). In brief,
the animal is provided with a jugular and a femoral vein cannula. Blood is removed
continuously by a peristaltic pump at the rate of 30 gl/min and dispensed by a frac¬
tion collector every 5 min. Utilizing a second channel of the same pump a suspension
of red cells in artificial plasma (similar to that used by Ellis and Desjardins, 1982)
is infused into the femoral vein at the same rate; consequently, a constant blood
volume is maintained throughout the experiment. No signs of stress or sickness are
observed as the animal sleeps, eats, moves or drinks during the course of the experi¬
ment. An LH secretory profile from a 30-day-old rat obtained using this automated
system is shown in Figure 6.5. Conspicuous episodes of LH release can be observed.
These data and those reported earlier by other authors (Frawley and Henricks, 1979;
Andrews and Ojeda, 1981c; Kimura et al., 1981) demonstrate that, in the rat, LH
is secreted in a pulsatile manner long before puberty. The inference is that the
release of LHRH also occurs in bursts during juvenile days.

Contrary to an earlier belief, pulsatile LH release also occurs during human
childhood (Penney et al., 1977). More intriguingly, the secretory profile shows a

Time of day (hours)
Fig. 6.5. Pattern of plasma LH in a juvenile, 30-day-old female rat. Blood was collected continuously
from the jugular vein using a peristaltic pump set to withdraw 150 /d every 5 min. A replacement blood
mixture consisting of red cells suspended in an artificial plasma was maintained at a temperature of 37
C and infused into the femora! vein at the same rate (see text for details). Notice the episodic LH release
(Urbanski et al., 1984).
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diurnal pattern, with the magnitude of the pulses being more pronounced during
sleep (Fig. 6.6) (Jakacki et al., 1982). As discussed later, one of the earliest en¬

docrinological manifestations of puberty in the human is an accentuation of the
diurnal pattern of LH release, with the amplitude of the nocturnal LH pulses
becoming more pronounced. In the female rat, the amplitude of the afternoon LH
pulses becomes greater than in the morning, during the transition between the
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juvenile to the peripubertal period. Mean levels of the hormone are, however, not
altered (Andrews and Ojeda, 1981c).

Thus it may be concluded that both in primates and the rat the juvenile period
is characterized by decreased secretion of gonadotropin. The low gonadotropin
levels are, however, secreted in a pulsatile manner suggesting that the release of
LHRH also occurs episodically. While in primates the reduced secretion of
gonadotropin appears to be the consequence of extraovarian influences, in the rat
a strong steroid negative feedback appears as the preponderant factor.

2. The juvenile ovary. Hormonal and neurogenic control

During childhood the human ovary continuously undergoes cycles of follicular
growth and atresia (Peters, 1979) which appear to occur every 28 — 40 days (Winter
et al., 1978b). Although the secretion of estrogen is low, the juvenile ovary is not
inactive. Ovariectomy of juvenile monkeys results in decreased serum estradiol
levels (Winter et al., 1977) and sporadic estrogenization of vaginal cytology can be
observed in girls (Preeyasombat and Kenny, 1966).

Very little is known about the regulation of human ovarian function during
childhood. Of particular interest is the finding that more follicles start growing dur¬
ing early childhood than later and that more follicles reach advanced antral sizes as
childhood progresses (Peters, 1979). The inability of the juvenile ovary to ovulate
appears to be predominantly determined by the lack of adequate gonadotropic
stimulation. Nevertheless, the ovary still appears to be a limiting factor because
pregnant mare serum (PMS) administered to juvenile Rhesus monkeys failed to in¬
duce ovulation (Terasawa et al., 1983). Larger amounts of exogenous

gonadotropins and for a more prolonged period can evoke estradiol release and in¬
duce corpus luteum formation in premenarcheal females (Weisz et al., 1976).
However, the physiological significance of this latter finding is uncertain because
during the period preceding the first ovulation the ovary is never exposed to such
high levels of gonadotropins.

The development of the rat ovary has been studied extensively (see Schwartz, 1974
and Hage et al., 1978). An excellent review of the hormonal factors regulating
ovarian follicular development was offered by Richards (1980). During the juvenile
period the rat ovary, like the human ovary, is not at rest and undergoes well defined
cycles of follicular growth followed by atresia (Hage et al., 1978). These periodic
changes in follicular activity appear to provide the basis for the 'silent cycles'
observed in juvenile rats (Ramaley, 1980), which invariably fail to culminate in
ovulation. The responsiveness of the ovary to LH increases gradually during
juvenile days (Advis and Ojeda, 1978), a phenomenon which appears to be related,
at least in part, to a gradual increase in hCG (LH) receptor content (Smith White
and Ojeda, 1981a). There is no doubt that the juvenile ovary can ovulate if challeng¬
ed with adequate (large) amounts of exogenous gonadotropins (McCormack and
Meyer, 1964; Zarrow and Quinn, 1963; see Critchlow and Bar-Sela, 1967). Never-
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theless, the elevated levels of gonadotropins achieved in these experimental situa¬
tions simply do not exist under normal physiological conditions and thus ovarian
development during the juvenile period proceeds at a pace dictated by the low
gonadotropin levels available to the gland.

Other factors, both extrinsic and intrinsic to the ovary, contribute significantly
to the regulation of juvenile ovarian maturation. The somatomammotropins prolac¬
tin and growth hormone (GH) appear to play a facilitatory role. The secretion of
both hormones increases gradually during juvenile days (Voogt et al., 1970; Dohler
and Wuttke, 1974; Ojeda and Jameson, 1977), a time during which their particular
patterns of release begin to become established, i.e., a diurnal pattern of prolactin
release with levels increasing in the afternoon and night (Ojeda et al., 1976a; Kimura
and Kawakami, 1980) and an ultradian release for GH with bursts of secretion every
2 —3 h throughout the day (Eden, 1979). Experimental induction of hyperprolac-
tinemia during the juvenile period greatly increases the steroidogenic (E2 and pro¬
gesterone) response of the ovary to gonadotropins and advances the onset of puber¬
ty (Advis and Ojeda, 1978; Advis et al., 1981a). Prolactin appears to facilitate
follicular development by maintaining and/or promoting the formation of LH
receptors (Advis et al., 1981a), suggesting that the stimulatory effect of prolactin
is, to a significant extent, indirect through facilitation of LH actions (see also
Chapter 7, this volume).

While hyperprolactinemia has been shown to advance the onset of puberty, sup¬

pression of prolactin secretion depresses ovarian development and delays the onset
of puberty (Advis et al., 1981b). In neither case could an alteration of circulating
gonadotropin levels be discerned, suggesting a direct effect of prolactin on the
ovary. Nevertheless, this effect of prolactin requires the presence of the adrenal
gland. Removal of the adrenals blunts the progesterone and E2 response of the
ovary to gonadotropins (Advis et al., 1981a; Advis et al., 1983), an inhibitory effect
that can be counteracted by administration of corticosterone in the case of pro¬

gesterone but not in the case of E2. Hyperprolactinemia, on the other hand, does
not affect the secretion of adrenal progesterone or aromatizable androgens.

Based on these and other observations, it has been concluded that both prolactin
and the adrenal gland support ovarian development during juvenile days, but that
prolactin does not act through the adrenal to facilitate follicular development (Advis
et al., 1983). Rather, prolactin and adrenal products may act at different steps in
the sequence of events leading to formation of preovulatory follicles.

Growth hormone also appears to be a positive influence for puberty in the female
rat. Suppression of GH release by implantation of GH into the medial basal
hypothalamus (Advis et al., 1981c) or by inoculation of the somatomedin-producing
worm Spirometra mansonoides (Ramaley and Phares, 1980) was shown to delay
vaginal opening and the first ovulation. That at least part of the GH effect is exerted
at the ovarian level is suggested by the effectiveness of GH treatment to increase the
in vitro ovarian progesterone response to gonadotropins (Advis et al., 1981c).

Another hormone that may contribute to regulate juvenile ovarian development
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is LHRH. It is not known whether LHRH is transported to the ovary via the nerves
or is produced by ovarian cells, but it is clear that the ovary possesses specific bind¬
ing sites for LHRH and that continuous exposure of ovarian cells to the neurohor¬
mone inhibits a variety of ovarian functions (see Hsueh and Jones, 1981). In the
female rat, the number of LHRH binding sites reaches a maximum during the early
to midjuvenile period ( — day 25) (Dalkin et al., 1981). Thereafter they gradually
decline (Smith White and Ojeda, 1981b) with the greatest rate of decline occurring
at the initiation of the peripubertal period (Smith White and Ojeda, 1983b). While
several stimulatory effects of LHRH on the ovary have been demonstrated (Hsueh
and Jones, 1981), the decrease of available LHRH receptors at the time during
which ovarian responsiveness to gonadotropins is increasing suggests removal of an

inhibitory LHRH tone.
The juvenile ovary also appears to be subjected to adrenergic influences of a

facilitory nature. Both granulosa cells and the residual tissue of juvenile ovaries
exhibit specific /32 adrenergic receptors, and stimulation of these receptors with a
jS2-agonist results in progesterone and androstenedione release (Aguado et al.,
1982).

The source of the adrenergic inputs reaching the ovary appears to be dual: cir¬
culating epinephrine secreted by the adrenal medulla and the adrenergic nerves of
the ovary. In very recent experiments (Aguado and Ojeda, 1983) we found that
selective removal of the adrenal medulla delays the onset of puberty and depresses
the increase in ovarian weight induced by PMS in juvenile rats. Culture of granulosa
cells from late juvenile rats demonstrated that epinephrine can increase the pro¬

gesterone response to hCG and FSH at nanomolar concentrations and that it can
evoke progesterone release on its own. These observations suggest that circulating
epinephrine may act on the ovary amplifying the response of the gland to
gonadotropins and thus supporting the stimulatory effect of low circulating
gonadotropin levels on ovarian steroidogenesis.

In regard to the adrenergic innervation of the ovary, transection of the superior
ovarian nerve did not alter the time of puberty but resulted in a 70% decrease of
norepinephrine content and a 2-fold increase in /3-adrenergic receptor number. The
most obvious explanation of these results is that removal of the adrenergic input
provided by the superior ovarian nerve (Lawrence and Burden, 1980) results in
denervation hypersensitivity. Under these conditions ovarian function would remain
unaffected because catecholamines can act on a hypersensitive system, compen¬

sating for the loss of neural input. Support for this possibility was provided by the
results when granulosa cells were cultured in the absence or presence of
catecholamines. In their absence ^-adrenergic receptors markedly increased. The in¬
crease was inhibited in a dose-related manner by addition of norepinephrine or

epinephrine to the medium. When the cells were preincubated with a dose of
catecholamine that almost completely downregulated the receptors, the increase in
progesterone induced by subsequent exposure to a /?2 adrenergic agonist was
prevented. In this model the cells that are not preincubated with catecholamines
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would correspond to those of a denervated ovary. Since they respond to f32
adrenergic stimulation with a dose-related increase in progesterone, it may be con¬
cluded that when the ovary is denervated it becomes hypersensitive to the decreased
intraovarian catecholamine levels so that a normal facilitory adrenergic influence
is restored.

The rat ovary also receives innervation from the vagus (Burden, 1978). Although
some of the fibers reaching the ovary are cholinergic, the nature of the bulk of vagal
innervation is unknown. That vagal influences may be involved in the control of
juvenile ovarian development is suggested by the recent finding that abdominal
vagotomy depresses ovarian steroidogenic capacity and delays the onset of puberty
(Ojeda et al., 1983a). Various peptides including somatostatin, substance P, vasoac¬
tive intestinal peptide and met-enkephalin have been described to be present in the
abdominal vagus (for references see Ojeda et al., 1983a). In view of these findings
we have hypothesized that the vagus may control ovarian function through release
of one or more of these peptides. Recently we detected the presence of substance
P and /3-endorphin in juvenile ovaries, an observation which supports the view that
these peptides may have a role in ovarian development. That functional significance
of ovarian peptides is unknown increases to an even greater extent the need for fur¬
ther investigation to examine the relevance of this presumptive control system.

These observations demonstrate the complexity of ovarian regulation during
prepubertal development and emphasize that the juvenile rat ovary is not at rest,
but is actively undergoing maturational changes that lead to ovulatory competence.
More intriguingly, the results give credence to the view that the ovary is directly con¬
trolled by the hypothalamus by specific neural pathways (Gerendai and Halasz,
1981; Kawakami et al., 1981). The exciting possibility arises that during the transi¬
tion from the juvenile to the prepubertal period, the CNS finely coordinates the ac¬

tivity of the developing ovary through these direct neural pathways, which may be
complementary to the hormonal regulation.

In conclusion, it may be suggested that the juvenile ovary is controlled by at least
three different systems: (1) circulating gonadotropin levels, the effects of which are
facilitated by prolactin and perhaps GH: (2) catecholamines, derived from the
adrenal medulla (epinephrine) and from the extrinsic innervation of the ovary
(norepinephrine): and (3) peptides, carried to the ovary by specific neural pathways,
one of which may be the vagus nerve.

3. Juvenile ovarian regulation of gonadotropin release

As discussed early, ovariectomy of juvenile monkeys fails to induce LH release,
whereas agonadal children demonstrate gonadotropin values higher than those of
intact children, but still much lower than in early infancy. Thus, ovarian inhibitory
control of gonadotropin appears greatly attenuated during childhood in these
species.

In contrast, LH secretion in the juvenile rat is under tight estrogen negative feed-
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back control (Ramirez and McCann, 1963; Ojeda and Ramirez, 1974; Eldridge et
al., 1974; Steele and Weisz, 1974). Quantitative replacement of serum estradiol
levels in ovariectomized rats brings LH levels to basal, precastration values (An¬
drews and Ojeda, 1981 b,d), but fails to completely suppress FSH levels. This is prob¬
ably due to the lack of replacement of nonsteroidal inhibitory factors (e.g., in-
hibin) known to control FSH secretion in the female rat.

The predominance of estrogen negative feedback during juvenile development is
in contrast to its relative ineffectiveness during infantile days (vide supra). Since at
this time, the bulk of steroid negative feedback is exerted by aromatizable androgens
it appears that one important event that occurs when the animal becomes a juvenile
is a transition from primarily androgenic to estrogenic inhibitory control (Andrews
and Ojeda, 1981b).

THE ONSET OF PUBERTY

1. Gonadostat 'resetting,' loss of a central 'restraint,' or activation of facilitory
mechanisms?

For many years the prevailing hypothesis to explain the onset of puberty has been
that of gonadostat resetting (Ramirez and McCann, 1963; for reviews see Ramirez,
1974; Grumbach et al., 1974; Andrews et al., 1981 d). According to this hypothesis
a decreasing central sensitivity to steroid negative feedback would result in a gradual
increase in gonadotropin levels which would, in turn, stimulate further release of
steroids until enough was produced to induce the First preovulatory gonadotropin
surge.

At first glance such a hypothesis may appear to fit well with the hormonal events
that occur in humans and subhuman primates at puberty. In both cases an increase
in serum gonadotropin levels begins at the end of childhood (8 — 9 years of age in
the human) and a gradual, associated elevation in estradiol levels can be recognized
readily (Grumbach et al., 1974; Faiman et al., 1976; Job, 1977; Winter et al.,
1978b). Moreover, administration of estrogen to prepubertal children results in a
marked suppression of LH levels, at doses that are ineffective in adult subjects
(Kulin and Reiter, 1972; Kelch et al., 1973). However, none of these observations
proves that an actual decrease in feedback sensitivity occurs before puberty and, in¬
deed, several others do not support this action.

Perhaps the most important of these is the finding that gonadotropin levels it
agonadal children increase around the expected time of puberty in the absence of
ovarian influences (Winter and Faiman, 1972; Conte et al., 1972). Second, during
early puberty, nocturnal increases in LH levels become more prominent (Boyar et
al., 1972), a phenomenon that can hardly be attributed to a decrease in sensitivity
to gonadal steroids (unless diurnal changes in sensitivity were postulated). Third,
FSH secretion increases earlier than that of LH, a change that would imply a

preferential loss of feedback sensitivity for FSH. Fourth, in no instance were ex¬

periments conducted to examine in detail the development of the gonadostat reset-
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ting between menarche and ovulation, or perhaps more importantly, between
childhood and menarche. To be more exact, there was never a clear delineation of
the precise time (or time interval) at which resetting occurs, a definition essential for
the validation of the hypothesis. In one study addressed to examine the LH response
to estradiol positive feedback in girls, the initial inhibitory effect of the steroid was
maximal at a phase of puberty in which gonadotropin levels had increased substan¬
tially over juvenile values (PresI et al., 1976).

In the rat, an animal which provided the initial evidence for the formulation of
the gonadostat hypothesis, mean morning serum gonadotropin levels do not in¬
crease before the first preovulatory surge of gonadotropin (Meijs-Roelofs et al.,
1975; Ojeda et al., 1976b) or increase only slightly (Meijs-Roelofs et al., 1983). If
we assume that radioimmunoassayable LH and FSH levels truly represent the
amounts of gonadotropins released around first ovulation, then this hormone pro¬
file suggests that in the rat the gonadostat sensitivity may not change before the first
LH surge. Recent experiments in which the sensitivity of the gonadotropin releasing
system was carefully examined at different intervals before and after the first ovula¬
tion demonstrated that the gonadostat was fully sensitive to estradiol negative feed¬
back until the very day of the first preovulatory LH surge (Andrews et al., 1981 d)
(Fig. 6.7). After ovulation estradiol was no longer capable of suppressing
gonadotropin levels, but maintenance of physiological postovulatory levels of pro¬

gesterone recovered estrogen inhibition to almost prepubertal effectiveness.
These findings seriously questioned, for the first time, the validity of the resetting

hypothesis to explain the onset of puberty. Very recently other reports have ap¬

peared in which the importance of the resetting phenomenon in the onset of human
and monkey puberty has been reassessed. Maruca et al. (1983) reported that elevated
levels of gonadotropins are reached in agonadal patients of peripubertal age in the
presence of a hypothalamic-pituitary unit highly sensitive to estrogen. Since a
similar dose of estrogen is ineffective in adult subjects, it becomes evident that the
resetting of the gonadostat in humans, like in the rat, is a phenomenon associated
with puberty but not its cause. Further evidence for this view has been provided by
the recent study of Rapisarda et al. (1983) in the female Rhesus monkey. These
authors showed that in postmenarcheal ovariectomized animals estradiol is highly
effective in suppressing LH release, but that at about the time in which intact con¬
trols begin to ovulate, estradiol is no longer effective and LH levels markedly in¬
crease (Fig. 6.8). Rapisarda and colleagues (1983) postulate that changes in steroid
feedback sensitivity may be important during the last phases of sexual maturation.
At earlier postmenarcheal times, LH secretion has the potential to be high, but a

strong negative feedback will prevent LH levels from rising. Interestingly enough,
basal LH levels in intact animals increased at a postmenarcheal time when sensitivity
to estradiol was still maximal. Whether a decreased sensitivity to estradiol indeed
occurs before ovulation in the Rhesus monkey remains to be demonstrated. This
could be achieved by ovariectomizing the animals and initiating the estradiol treat¬
ment at intervals before the first ovulation.
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It can be concluded, therefore, that although these recent observations in humans
and primates support the existence of a change in sensitivity to steroid negative feed¬
back at puberty (Ramirez and McCann, 1963) they also lend credence to the conten¬
tion that such a change is not responsible for the onset of puberty, but is rather an
associated phenomenon (Andrews et al., 1981 d).

Additional experiments by Kulin and associates have raised the intriguing
possibility that changes in sensitivity to steroid negative feedback may, at least in
part, be initiated by steroids themselves (Kulin, 1980; Maruca et ah, 1983). They in-
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pressed as percent change from control values (modified from Ojeda et al., 1980).
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terpret the gonadotropin escape from initial estrogen suppression as a maturational
event caused by the estrogen treatment, because prior exposure to estradiol reduced
the suppressive effectiveness of subsequent estrogen treatment. An escape from
estradiol inhibition similar to that seen in humans and monkeys has been observed
earlier in female rats (Steele and Weisz, 1974; Dluzen and Ramirez, 1979) and sheep
(Foster and Ryan, 1979). In all cases the escape occurred at the expected time of first
ovulation. In relation to these observations, and in harmony with the view of
Maruca et al. (1983), we have hypothesized that completion of CNS maturation may

AGE (months)

Fig. 6.8. The change in sensitivity of the LH-secreting system to estrogen negative feedback during puber¬
ty in the female Rhesus monkey. Notice that the decrease in sensitivity (resetting of the gonadostat) only
occurs around the time of the expected ovulation in intact animals (44 ± 2 months of age). The figure
depicts concentrations of circulating LH (•, RIA) and estradiol (A) in individual postmenarcheal Rhesus
monkeys following ovariectomy (OVX) and insertion of estradiol implants ( + E2). Estradiol implants
were inserted after OVX in females in the upper two panels, whereas chronic E2 treatment was begun
at OVX in females in the lower three panels. In one monkey (No. 120) the E2 implants were removed
(-E2) and new ones inserted 6 weeks later (Rapisarda et al., 1983).
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be essential for resetting to occur, but that an ovarian component is also a con¬

tributing factor (Andrews et al., 1981 d).
If changes in sensitivity to steroid negative feedback are not primarily involved

in the initiation of human puberty, then what are the mechanisms by which
gonadotropin secretion is reduced during childhood and then activated during
peripubertal years? Two hypotheses have been put forward. One (Plant, 1980;
Reiter and Grumbach, 1982) states that gonadotropin secretion is initially suppress¬
ed by some inhibitory factor that resides within the CNS (a central 'restraint'). At
the end of childhood the inhibitory influence would diminish and gonadotropin
release would increase. The other hypothesis states that the prepubertal increase in
gonadotropin secretion is the result of the activation of excitatory inputs impinging
on LH-producing neurons (Ruf, 1973; DeZiegler et al., 1976; Ruf and Sharpe,
1978).

There is little experimental evidence in support of the central restraint hypothesis
in primates. It has been suggested that the restraint may be extrahypothalamic, but
surgical isolation of the hypothalamus performed during early (8 months) or mid-
juvenile development failed to advance the onset of puberty (Norman and Spies,
1981) or the maturation of estrogen positive feedback (Krey et al., 1981), as one
would expect from the removal of an inhibitory tone. It may be argued, however,
that when the hypothalamus is isolated both stimulatory and inhibitory inputs are
eliminated and immediate elevations in gonadotropin (LHRH) secretion cannot en¬
sue. More circumscribed lesions made in the posterior hypothalamus advance the
age of menarche and ovulation by almost 1 year (Terasawa et al., 1983), suggesting
that discrete intrahypothalamic areas may indeed exert inhibitory influences on
LHRH secretion.

The main problem with these experiments is that such lesions may irritate the sur¬

rounding areas which then become activated and enhance LHRH secretion. Par¬
ticularly relevant to this issue are the experiments of Ruf and his colleagues (Ruf,
1982). They found that electrolytic lesioning of the anterior basal hypothalamus
evoked precocious vaginal opening and ovulation in rats, as originally'described by
Donovan and van der Werff ten Bosch (1956). More intriguingly, histological ex¬
amination of the hypothalamus revealed increased synaptogenesis of the arcuate
nucleus contralateral to the lesion, thus providing convincing evidence for the view
that precocious puberty is associated with development or rearrangement of
hypothalamic neuronal circuitry. This increased synaptogenesis was attributed to
the elevated estrogen levels that follow placing of the brain lesion (Ruf et al., 1974).
Support for this possibility comes from the finding that administration of PMS to
immature rats induces a marked increase in synaptogenesis in the arcuate nucleus
(Matsumoto and Arai, 1977), an effect which was prevented by ovariectomy.

These observations have suggested that brain lesions induce precocious puberty
indirectly by stimulating estrogen secretion from the ovary, rather than by removing
inhibitory influences (Ruf, 1982). Such a view is supported by the results of Moll
et al. (1976) who found that hypothalamic lesions were followed by a massive LH



251

release within 30 min of the operation. While estrogen may not play such a decisive
role in determining the prepubertal increase in gonadotropin secretion during
primate adolescence, the pathology of human puberty appears to support the
hypothesis that puberty is initiated by the development of facilitory influences on

LHRH release. Precocious puberty of cerebral origin usually results from entities
such as hypothalamic hamartomas, astrocytomas, pineal tumors, neurofibromato¬
sis, etc. (see Balagura et al., 1979). These entities are known to compress and many
times destroy neural pathways, but they can also infiltrate normal tissues and pro¬
duce substances that may readily affect hypothalamic reproductive functions. For
instance, hamartomas of the hypothalamus, one of the most common abnormalities
associated with precocious puberty, establish profuse myelinated connections to the
hypothalamus which likely result in increased neuronal activity. In one isolated case
of hamartoma which did not result in precocious puberty, these myelinated connec¬
tions had failed to develop. More intriguingly, a report has shown a hamartoma to
be rich in LHRH (Judge et al., 1977). Other tumors associated with precocious
puberty have been shown to produce gonadotropins (see Balagura et al., 1979).

Although our own data obtained from the rat lead us to believe that activation
of facilitory mechanisms has the predominant role in the genesis of peripubertal
gonadotropin release, we realize that insufficient evidence has been presented to
prove this hypothesis. Research in human and nonhuman primates may produce the
needed answers, but research in laboratory animals should also be given considera¬
tion. In this regard, the male golden hamster (Mesocricetus auratus) offers a par¬

ticularly attractive model.
When maintained under natural photoperiods this rodent is sexually active

throughout the spring and summer but in the fall the testes rapidly regress and the
animal reverts to a juvenile condition (Urbanski et al., 1983). This change in
reproductive status is accompanied by a decrease in the output of FSH and LH that
can be readily obtained in the laboratory by transferring hamsters from long to
short photoperiods (i.e., < 12.5 h of light per 24 h day) (Gaston and Menaker,
1967; Turek et al., 1975).

Perhaps more relevant to this review is the finding that after 20-25 weeks of ex¬

posure to short days serum FSH and LH concentrations rise 'spontaneously' and
the testes recrudesce; gonadotropin secretion also increases at the same time in
castrated animals (Turek et al., 1975a,b; Matt and Stetson, 1979;TJrbanski et al.,
1983).

These endocrine events are, therefore, analogous to those observed in humans at
the onset of puberty and might be indicative of a similar central neuroendocrine ac¬
tivation. In the case of hamsters there is clear evidence to suggest that hypothalamo-
pituitary activity during the first 20 weeks of exposure to short days is inhibited by
the pineal gland, its removal or disruption of its central sympathetic innervation
causing precocious sexual development (see Reiter, 1980). Although the primate
reproductive system may not be so greatly affected by perturbations of pineal func¬
tion, other aspects of the hamster's short-day inhibition and refractoriness might
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provide valuable clues as to how the onset of puberty is regulated by central
neuroendocrine events.

As indicated earlier, most of the recent information gathered in the rat supports
the notion that puberty is initiated by the development of stimulatory mechanisms
impinging upon LHRH secreting neurons and not by removal of inhibitory in¬
fluences (Ruf and Sharpe, 1978; Ojeda et al. 1980a,b; 1981). There is indeed little
evidence for the occurrence of a juvenile steroid-independent decrease in
gonadotropin secretion in this species (see the Juvenile Period section).

The fact that the onset of puberty in the rat can be advanced by estradiol (Ramirez
and Sawyer, 1965) and that estradiol can evoke premature LH surges as early as the
3rd postnatal week (Kronibus and Wuttke, 1977; Puig-Duran and McKinnon, 1978;
Andrews et al., 1981 e) may be taken as further support that rat puberty is initiated
by an increase of facilitory inputs to the LHRH system. These observations also
demonstrate that the capacity of the LHRH-LH secreting apparatus to release LH
in response to estradiol is not a limiting factor for puberty to occur during the
juvenile period. Rather, it is the absence of adequate E2 stimulation that prevents
the occurrence of the first preovulatory surge. As we will see later in this review,
the experimental production in juvenile rats of serum E2 levels similar to those seen
at first proestrus results in an LH surge of amplitude and duration indistinguishable
from that of first proestrus (Andrews et al., 1981 e). In view of these findings we
have postulated that, in the rat, completion of ovarian maturation is the most
critical event that determines the timing of the first preovulatory surge of
gonadotropins.

Although the ovary can be activated much earlier if sufficient gonadotropins are

provided, under normal circumstances serum levels of gonadotropins are low and
thus follicular development is not accelerated. There is evidence, however, that a
subtle change in 'central drive' does occur at the end of the juvenile period in the
form of a differential AM-PM mode of pulsatile LH release (Andrews and Ojeda,
1981c). Conceivably, such a change may hasten the development of those follicles
destined to ovulate at puberty and thus provide the necessary support for the
preovulatory increase in estradiol.

This diurnal change in pulsatile LH release consists of an increase in the
amplitude of the afternoon LH pulses with no apparent change in frequency. The
factors determining such a change are unknown. We have speculated (Ojeda et al.,
1983b) that they represent maturation of the neuronal circuitry impinging upon

LHRH-secreting neurons. They may also reflect the establishment of functional
LHRH-LHRH neuronal interactions such as those described in the baboon

hypothalamus (Marshall and Goldsmith, 1980).
The importance of the mode of LHRH release for the maturation of the

hypophyseal-ovarian axis has been demonstrated by the experiments of Wildt et al.
(1980). These authors found that administration of LHRH in 6-min pulses to
juvenile female monkeys initiated repetitive, normal menstrual cycles after several
weeks of treatment. They concluded that the absence of endogenous LHRH pulses,
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and not pituitary or ovarian competence, was the limiting factor for puberty to oc¬
cur during juvenile days. While this view is consonant with the sequence of events
normally seen at puberty, it must also be born in mind that both the Rhesus monkey
and the human hypothalamic-pituitary unit can respond with an LH surge to
estradiol stimulation before menarche (Presl et ah, 1976; Terasawa et ah, 1983).
Thus, central inability to produce a surge of gonadotropin release cannot be con¬
sidered a limiting factor for the first preovulatory surge to occur.

In conclusion, in both human and sub-human primates serum gonadotropin levels
increase gradually before the first LH preovulatory surge, but the increase is not
dependent upon a resetting of the gonadostat to steroid negative feedback. In the
rat, gonadotropins remain low and the gonadostat is sensitive until the day of the
LH surge. In all these species a diurnal change in pulsatile LH release becomes more

prominent at the end of the juvenile period with an increase in the amplitude of the
pulses being the predominant feature. The mechanisms underlying this phenomenon
are unknown, but the existing evidence favors the establishment of facilitory in¬
puts as the predominant factor.

2. The supportive role of pituitary somatomammotropic hormones

We have previously discussed the participation of prolactin and GH in the control
of puberty in the female rat. One intriguing observation that remains unresolved is
that when prolactin is implanted into the hypothalamus of juvenile rats, it markedly
advances first ovulation (Clemens et ah, 1969) but it does not increase radioim-
munoassayable LH or FSH levels prior to the LH surge (Advis et ah, 1982).

Wuttke et al. (1976) have postulated that prolactin advances the onset of puberty
by stimulating tuberoinfundibular dopaminergic turnover. The increased
dopaminergic traffic would result in desensitization of the dopamine (DA) recep¬
tors. An inhibitory effect of DA on LHRH would then decrease and the first LH
surge would occur. This hypothesis, however, does not explain the finding that after
implantation of prolactin into the hypothalamus, LH and FSH release remains
unaltered until the preovulatory surge, 5—7 days later (Advis et al., 1982). More
remarkably, the surge is preceded by an increase in ovarian steroidogenesis similar
to that occurring during normal puberty. Wc have speculated that prolactin may act
in the hypothalamus by releasing another pituitary factor or by enhancing the secre¬
tion of gonadotropin forms with enhanced biological activity. Alternatively, prolac¬
tin may activate neural pathways connecting the hypothalamus to the ovary
(Kawakami et al., 1981; see also earlier section).

Whatever the central mechanism for prolactin-induced advancement of puberty,
there is compelling evidence to support a stimulatory role for prolactin in sexual
development of the female rat. As already discussed in this and an earlier section,
prolactin appears to act at both central and ovarian levels to exert its facilitory
effects. It is not known if prolactin has a similar role in the human and sub-human
primates. Serum prolactin levels increase during development in girls (Aubert et al.,
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1977; Apter et al., 1978) and the increase appears to be particularly evident at the
time of puberty. It would be of interest, therefore, to examine the effect of prolactin
on the onset of puberty in primates.

Growth hormone also appears to have a facilitory role in rat puberty. Its effect
in females, as alre.ady discussed, is at least in part exerted at the gonadal level. In
addition, Odell and Swerdloff (1976) presented substantial evidence that GH
facilitates the effect of gonadotropins on rat testicular steroidogenesis. In humans,
serum GH levels increase at puberty (Finkelstein et al., 1972; Minuto et al., 1982;
Miller et al., 1982), with episodic release of the hormone becoming more pronoun¬
ced during sleep. While these changes suggest participation of GH in the human
pubertal process, few studies have examined such a role for GH, or its possible site
of action (Finkelstein et al., 1972).

It is well established that children with isolated GH deficiency exhibit delayed
puberty and that treatment with GH advances the age of puberty concomitantly
with its general effects on body growth (Grumbach et al., 1974; Tanner and
Whitehouse, 1975). Additionally, these children show a blunted gonadotropin
response to LHRH (Sauder et al., 1981) but surprisingly GH therapy fails to nor¬
malize the response (Kelch et al., 1976). Attempts were made to determine if GH
can act on the human testis to alter its function (Kulin et al., 1981), but a consistent
facilitory effect could not be demonstrated.

In addition to its effects on the gonads GH may facilitate sexual development
through some metabolic action. Which action may have direct relevance to puberty
onset is not known, but one may be a stimulatory effect on vitamin D metabolism
(Spanos et al., 1978). Plasma levels of 1,25-dihydroxy-vitamin D have been shown
to increase markedly during early puberty in girls (Aknes and Aarskog, 1982), and
recently, it has been reported that the ovary contains specific receptors for
1,25-dihydroxy-vitamin D3 (Dokoh et al., 1983), a finding that suggests involve¬
ment of vitamin D in reproductive functions.

Based on the information gathered in the rat, both prolactin and GH may support
gonadotropin effects on the gonad during peripubertal sexual development. In addi¬
tion, direct central (prolactin) or metabolic (GH) effects may contribute to ac¬
celerate the progression of puberty.

3. Metabolic signals influencing puberty onset

The possibility that the onset of puberty is influenced or even determined by
metabolic cues has been considered for many years. Since several reviews have been
published (Cheek, 1974; Frisch, 1974, 1980; Steiner et al., 1983), we will not discuss
this subject in detail.

Originally, it was proposed that attainment of a critical body weight was essential
for puberty to occur (Frisch and Revelle, 1970). Later the hypothesis evolved to state
that a particular ratio of fat to lean mass is necessary for both puberty and
maintenance of female reproductive competence (Frisch, 1980). In support of this
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view are the observations that both early and late maturing girls gain the same
amount of fat from menarche to age 18 and that in both cases the greatest change
in body composition during the adolescent growth spurt is an increase (120%) in
body fat (Frisch, 1980).

Evidence also exists that a loss of approximately one-third of body fat, as seen
in anorexic patients, results in amenorrhea (Frisch, 1977). In these patients, plasma
gonadotropin levels and the pituitary response to LHRH decreases (Boyar et al.,
1974; Vigersky et ah, 1977). Upon gradual restoration of weight during treatment
there is a concomitant, gradual recovery of these endocrine functions. Menstrual
cycles resume upon attainment of approximately 80% of the normal body weight
(Warren et ah, 1975; McArthur et ah, 1976) and ovulatory cycles reoccur upon full
attainment of normal body weight (McArthur et ah, 1976).

In addition, it appears that metabolic changes not related to alterations in fat-to-
lean ratio can also alter reproductive competence. Ballet dancers who are amenor-
rheic and stop training begin cycling without apparent prior changes in body weight
or composition (Warren, 1980).

Experiments in rats have clearly demonstrated the importance of nutrition in
reproductive function and puberty (see Frisch, 1974, 1980). In an interesting report
Frisch and colleagues showed that female rats fed a high-fat diet had their first
estrus earlier than rats fed a lower fat diet, but in both cases the caloric intake at
vaginal opening or first estrus was similar (Frisch et ah, 1975).

The hypothesis of Frisch, although attractive, has been disputed by other in¬
vestigators. Some (Glass et ah, 1979) have concluded that a critical ratio of fat-to-
lean mass is not important for puberty. Others have postulated that attainment of
a certain percentage of body protein is a more critical factor (Wilen and Naftolin,
1978).

In examining these reports it may be concluded that alterations in metabolic ac¬

tivity indeed have a role in regulating the timing of puberty. Whether such a role
is determinant or permissive remains to be established. Of particular interest in this
regard is the recent observation by Steiner et ah (1983) who found that infusion of
a mixture of amino acids and carbohydrates into juvenile male monkeys induced a

striking increase in bioassayable serum LH levels. The increase became evident as

early as 1 week after initiation of the infusion and adult LH levels were achieved
by the 4th week of treatment. Based on this observation these authors have
postulated that blood-borne metabolic cues are important for the augmentation of
LHRH secretion seen at the onset of puberty in primates.

In studies conducted in our laboratory (Smith White and Ojeda, 1983d), we have
examined the possibility that the availability of essential fatty acid (EFA) may be
one of the metabolic factors influencing the initiation of puberty. The results show¬
ed that EFA deficiency initiated during fetal life produced a significant delay of
vaginal opening and first ovulation. The mechanisms underlying this effect appear
to reside at the hypothalamic and ovarian levels. The capacity of both organs to
release PGE2 in response to a stimulatory input (norepinephrine and hCG for the
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hypothalamus and ovary, respectively) was significantly depressed in EFA-deficient
rats. Moreover, the estradiol response of the ovary to hCG was reduced and initia¬
tion of a mature hypothalamic-pituitary LH response to estradiol was delayed.

Ovarian content of LH and FSH receptors was also depressed in EFA-deficient
rats indicating that a reduced gonadotropin receptor number may be responsible,
at least partially, for the reduced steroidogenic response. These observations suggest
that a decrease in the availability of EFA affects the onset of puberty by altering
the formation of gonadotropin receptors in the ovary and by reducing the availabili¬
ty of arachidonic acid for prostaglandin synthesis. This latter deficiency may be par¬

ticularly damaging to the release of LHRH, the stimulation of which has been
shown to be dependent on PGE2 (see Ojeda et al., 1981b).

An increase in EFA availability to tissues involved in reproductive function may
occur during development as the circulating levels of GH and prolactin increase. It
is known that the release of unesterified fatty acids from esterified forms is
stimulated by GH (Raben and Hollenberg, 1959) and at certain times of the day by
prolactin (Joseph and Meier, 1974).

Thus, it appears that both dietary amino acids essential for synthesis of brain
neurotransmitters (Wurtman and Growdon, 1980) and EFA necessary for pro¬

staglandin synthesis may be metabolic factors regulating the onset of puberty.

THE FIRST PREOVULATORY SURGE OF GONADOTROPINS

The first surge of gonadotropins represents the final integration of the various
developmental processes undergone by the neuroendocrine reproductive system dur¬
ing maturation. There are two main factors which determine the first gonadotropin
surge: (1) the acquisition by the ovary of the capacity to release estradiol in
preovulatory amounts and (2) the acquisition by the hypothalamic-pituitary unit of
the capacity to release LH in response to estradiol.

1. Development of estradiol positive feedback. The central component

There is some discrepancy regarding the age at which estradiol becomes capable
of inducing LH release in humans and other primates. Earlier experiments perform¬
ed in Rhesus monkeys demonstrated that estrogen did not evoke an LH discharge
until 4-8 months after menarche (Dierschke et al., 1974). Moreover, these authors
found that neither estrogen nor progesterone treatment advanced the maturation of
the positive feedback system and concluded that such a maturation was a late event
during primate puberty. In recent experiments Terasawa et al. (1983) have found
that estradiol can induce an LH surge as early as 8 months before the expected age
of menarche in ovariectomized monkeys, but not in intact animals. In the latter case
the estrogen-induced LH surge was invariably postmenarcheal.

A similar failure of estradiol to induce LH release in juvenile and early prepuber¬
tal children has been described (Kelch et al., 1973). However, the positive feedback
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of estrogen can be activated at or shortly before menarche (Kulin et al., 1972; Presl
et al., 1976).

Since the first preovulatory surge of gonadotropins normally occurs 6 — 9 months
after menarche, it may be concluded that by midpuberty the central component of
estradiol positive feedback is no longer a limiting factor. Therefore, the timing of
the first gonadotropin surge is, to a great extent, determined by the capacity of the
ovary to produce estrogens in sufficient amounts and for a sufficient length of time
to activate the LH surge mechanism. Existing evidence, however, indicates that, in
primates, estrogen itself may not be necessary for the development of the central
component of positive feedback (Dierschke et al., 1974; Grumbach et al., 1974).

Estradiol positive feedback develops earlier in rats and sheep than in primates.
An LH surge can be triggered in the sheep by estradiol as early as the 7th week of
life (Foster and Karch, 1975). The magnitude of the response increases progressively
as the animal matures and an adult response is reached by 27 weeks of age, i.e., long
before the occurrence of spontaneous ovulation (30- 50 weeks). These authors have
postulated that the timing of the first preovulatory LH surge is, therefore, determin¬
ed by the ability of the ovary to produce the necessary estrogen stimulus, and not
by the acquisition of central competence.

In the female rat, estradiol becomes capable of inducing an LH surge by the 3rd
week of postnatal life, i.e., at the end of the infantile period (Kronibus and Wuttke,
1977; Puig-Duran and McKinnon, 1978; Andrews et al., 1981 e). A quantitative ex¬
amination of the development of estradiol positive feedback has revealed that in
order to evoke an LH discharge at this time, estradiol levels must be twice as high
as those during first proestrus (Andrews et al., 1981 e). After day 20 (i.e., during the
juvenile period) proestrus strength levels of estradiol were able to release LH, but
only after they were maintained for 54 h. At the end of the juvenile period (day 28)
only 30 h of exposure to estradiol were needed to produce an LH surge. As in sheep,
the LH response to estradiol increased gradually during development so that by days
28-30 it became indistinguishable from that during the normal first proestrus (Fig.
6.9). At this time an unambiguous increase in the release of LHRH from the
hypothalamus occurs, which shortly precedes the preovulatory LH discharge
(Sarkar and Fink, 1979). The stimulatory effect of estradiol on LHRH release is
potentiated by progesterone (Kim and Ramirez, 1982), the serum levels of which in¬
crease 3 — 4-fold during the days antedating the first proestrus (Meijs-Roelofs et al.,
1975; Parker and Mahesh, 1976; Advis et al., 1979).

What are the hypothalamic mechanisms that drive the LHRH-secreting apparatus
to produce the first preovulatory surge of LHRH? A predominant component ap¬
pears to be an increase in noradrenergic transmission. A gradual increase in
norepinephrine turnover is observed during juvenile days (Wuttke et al., 1980;
Raum et al., 1980), but a more pronounced increase becomes evident shortly before
the first proestrus (Advis et al., 1978), at a phase which we have called the early pro¬
estrus phase of puberty, when estradiol secretion is rapidly increasing (see Ojeda et
al., 1980a,b). Further evidence for a participation of norepinephrine in the first
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LHRH surge is provided by the demonstration that intraventricular injections of
6-hydroxydopamine blunt the LHRH surge induced by PMS in immature rats
(Sarkar et al., 1981). Changes in the activity of other neurotransmitter systems have
also been reported to have relevance for the occurrence of the LH surge. For exam¬

ple, the turnover of DA increases during juvenile development (Hohn and Wuttke,
1979) and declines shortly before the first LH surge (Advis et al., 1978). The turn¬
over of serotonin increases as the first proestrus approaches, becoming maximal on
this day. Blockade of serotonin synthesis depresses FSH secretion (Brown, 1971)
and blocks the gonadotropin surge induced by PMS in immature rats (Wilson et al.,
1977), suggesting that serotonin may stimulate LHRH release. The opioid system,
on the other hand, may exert a modulatory, restraining effect on LHRH release at
puberty. As we have discussed earlier, blockade of opioid receptors with naloxone
in infantile-juvenile rats results in LH release (Blank et al., 1979).

A similar effect is observed following the microinjection of /3-endorphin 1 — 13
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Fig. 6.9. Development of estradiol positive feedback in the female rat. Prepubertal rats of different ages
received a s.c. Silastic capsule containing estradiol (E2) dissolved in corn oil (400 /rg/ml). Animals older
than 20 days were bled every 2 h via an indwelling jugular cannula. Between 12-20 days of age (weaning
age, 21 days) animals were decapitated at the times indicated on the abscissa. The rats were implanted
1 (O) or 2 (•) days before bleeding or decapitation (Andrews et'al., 1981 e).
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antibodies in the arcuate nucleus of immature rats (Schultz et al., 1981). The in¬
hibitory opioid tone appears to decrease gradually during development (Blank et al.,
1979), and more pronouncedly during the days encompassing the first ovulation
(Wilkinson and Bhanot, 1982).

Neither the sequence in which these neurotransmitters operate to permit the
preovulatory release in LHRH nor their possible interactions are well understood.
Recent evidence has shed some light onto the intracellular mechanisms underlying
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Fig. 6.10. Upper panel, changes in hypothalamic production of prostaglandins (PGs) from [l4C]-
arachidonic acid during the time of puberty in the female rat. The PGs formed were separated by HPLC.
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day of the first preovulatory LH surge; E = first estrus (Ojeda and Campbell, 1982).
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the first LHRH surge. Incubation of hypothalamic homogenates with 14C-
arachidonic acid revealed that the capacity of the hypothalamus to synthesize PGE2
increased during the hours preceding the first LH surge, and became maximal on
the morning of first proestrus (Fig. 6.10) (Ojeda and Campbell, 1982). This change
was reproduced by the in vivo administration of estradiol suggesting that it was, at
least partially, dependent on the elevation in serum estradiol levels which precedes
the LH surge. The relevance of this increase in PGE2 synthesis is that it occurred
in close association with the proestrous augmentation of LHRH release. A large
body of evidence implicates PGE2 as an obligatory component in the sequence of
events leading to LHRH release (see Ojeda et al., 1981b).

In conclusion, as originally demonstrated by Caligaris et al. (1972), there is firm
evidence that the ability of the rat hypothalamic-pituitary unit to respond to
estradiol with an LH surge of preovulatory magnitude develops long before puber¬
ty. Immaturity of this component, therefore, cannot be considered a limiting factor
of the first LH surge. As in the other species mentioned, the timing of the pubertal
LH surge in the rat depends on the ovary and its acquisition of the ability to generate
the steroid stimulus for LH release.

The question arises, then, as to what factors are involved in the pubertal activa¬
tion of ovarian secretory capacity. We have discussed the regulation of ovarian
development by gonadotropins, somatomammotropins (prolactin and GH), and
neural inputs. We now discuss the ovarian events that encompass the First
preovulatory surge of gonadotropins.

2. The ovary as a trigger. Acquisition of preovulatory competence

It is clear that in humans and Rhesus monkeys the peripubertal activation of the
ovary depends on the rising, pulsatile levels of gonadotropins. During puberty the
stimulatory influence of LH on the ovary is enhanced by the development of four
types of events: an elevation in mean levels, an increase in nocturnal pulsatile LH
release, an increase in the amplitude of the pulses (see preceding section), and an
increase in bioactivity of the LH molecule (Lucky et al., 1980). In the sheep, a

change in the frequency of pulsatile LH release (Ryan and Foster, 1980) as well as
a small elevation in mean LH levels appear to provide the necessary support for
preovulatory ovarian development. In the rat, serum gonadotropin levels remain
low or show a slight increase until the time of the LH surge, but LH secretion is
pulsatile and a diurnal change in the mode of LH release appears to be initiated at
the end of the juvenile period. As in the human, the change consists of an increase
in the amplitude of the LH pulses. No studies on the biological activity of LH at
puberty have been reported. The stimulatory effect of gonadotropins is supported
by prolactin, perhaps GH, and by adrenergic influences reaching the ovary directly
via the extrinsic innervation or via the blood stream.

The steroidogenic (estrogen and progesterone) response of the rat ovary increases
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dramatically during the days preceding the first LH surge (Advis et ah, 1979). This
remarkable change is accompanied by an elevation in circulating levels of estradiol
and progesterone (Meijs-Roelofs et ah, 1975; Parker and Mahesh, 1976; Advis et
ah, 1979), which in the case of estradiol becomes maximal on the morning of first
proestrus (Andrews et ah, 1980).

As the capacity of the ovary to produce estrogen increases, it loses the capacity
to produce the 5a-reduced androgens, 3/3-androstanediol and its 3/3-epimer from
progesterone via 5a-reduced pregnanes (Eckstein et ah, 1970; Lerner and Eckstein,
1976). We recently reported that when the response of the ovary to hCG is assessed
in vitro the release of 3a-androstanediol induced by the gonadotropin declines
markedly on the morning of the day of first proestrus, i.e., prior to the LH surge

(Advis et ah, 198Id).
A few years ago Eckstein and colleagues (1976) postulated that the decrease in 3a-

androstanediol production that accompanies puberty in the rat was an important
factor determining the initiation of reproductive cyclicity. This view was supported
by experiments in which 3a-androstanediol administered to ovariectomized rats in¬
hibited the elevated LH levels (Eckstein et ah, 1976) and by the finding that treat¬
ment of immature rats with large doses of the steroid delayed the first ovulation
(Kraulis et ah, 1981; Kramer and Meijs-Roelofs, 1982) and inhibited the LH surge
induced by gonadal steroids (Kraulis et ah, 1981). In a recent report, Eckstein et ah
(1983) demonstrated that following PMS administration there is a pronounced drop
in serum 3a-androstanediol levels which precedes ovulation by several hours. Dur¬
ing normal puberty serum levels of 3a-androstanediol decline more markedly on the
morning of first proestrus, i.e., before the LH surge (Ojeda et ah, 1984).

These observations suggest that the first preovulatory LH surge might result from
the stimulatory effect of estradiol, on the one hand, and removal of the inhibitory
effect of 3a-androstanediol on the other. Nevertheless, recent findings cast doubts
on the importance that the decrease in 3a-androstanediol levels may have in deter¬
mining the timing of the LH surge. Ruf (1983) reported that administration of an¬
tiserum to 3a-androstanediol failed to alter the time of puberty, and we found that
blockade of 5a-reductase activity with the inhibitor 4-MA (Brooks et ah, 1981) did
not advance first ovulation, in spite of completely suppressing serum 3a-
androstanediol levels (Ojeda et ah, 1984). Moreover, administration of 3a-
androstanediol in Silastic capsules at different doses failed to prevent PMS-induced
LH release or ovulation. Thus, at present it is not possible to interpret unequivocally
the significance of the preovulatory drop in ovarian 3a-androstanediol secretion.

The peripubertal enhancement of estrogen responsiveness to gonadotropin cor¬
relates well with marked, concomitant increases in LH receptors which are par¬

ticularly evident in the granulosa cells of the developing follicles (Smith White and
Ojeda, 1983b). Although this suggests that the two phenomena are causally related,
changes in the activity of steroidogenic enzymes (see for example Uilenbroek and
Richards, 1979) are also important determinants of the increased ovarian respon¬
siveness that antedates the LH surge.
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An associated event that may also contribute to the peripubertal augmentation of
ovarian activity is a drop in LHRH receptor content (Smith White and Ojeda,
1981b). As mentioned earlier this decline is initiated during juvenile development
but becomes more pronounced when the ovarian production of estrogen begins to
increase (Smith White and Ojeda, 1983b). The decrease, which is not due to changes
in receptor affinity, is confined to granulosa cells and represents a true loss of recep¬
tor sites (as evaluated with the technique of MgCl2 dissociation). Although LHRH
has been shown to exert a number of stimulatory effects on the ovary, the
physiological context in which the prepubertal decline in LHRH receptor takes place
led us to postulate that its occurrence represents attenuation of an inhibitory LHRH
tone. Such a loss, we speculate, may contribute to facilitate the peripubertal increase
in ovarian steroidogenic activity.

There is yet another intraovarian event that may facilitate the later phases of
ovarian development. At the time when estrogen production increases, a significant
increase in /3-adrenergic receptors occurs in both granulosa cells and the residual
ovary (Aguado et al., 1982). More intriguingly, the increase in receptor number is
accompanied by enhancement of the capacity of adrenergic agents to stimulate pro¬

gesterone and androgen release from the ovary (Fig. 6.11). Since epinephrine and
adrenergic agonists magnify the stimulatory effect of gonadotropins on pro¬

gesterone secretion from granulosa cells (Aguado and Ojeda, 1983), these findings
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strongly suggest that an increased adrenergic influence represents a contributing
mechanism to the acquisition of ovarian ovulatory competence.

While the ovary is under firm hormonal control the possibility has been raised
that it is also regulated by direct neural influences (see Gerendai and Halasz, 1981;
Kawakami et al., 1981). Utilizing the adult proestrous rat as a model we have recent¬
ly found that section of the predominantly adrenergic superior ovarian nerve on the
morning of proestrus results in an immediate marked decrease in both progesterone
and estradiol output from the ovary, as measured in blood collected from the
ovarian vein (Aguado and Ojeda, unpublished). When the nerve section was made
in the afternoon of proestrus in the midst of the LH surge, the progesterone decrease
was transient, indicating predominance of the hormonal drive. The decrease in
estradiol, on the other hand, persisted longer, suggesting that during the normal
estrous cycle the afternoon decline in estradiol secretion may be, at least in part,
dependent upon a reduction in the neurogenic input reaching the ovary via the
superior ovarian nerve.

Additionally, these findings raise the intriguing possibility that as the
hypothalamic monoaminergic system becomes activated before the LH surge the im¬
pulse flow to the ovary also increases. Such neurogenic activation would then
facilitate the secretion of ovarian steroids in response to the low circulating levels
of gonadotropins and accelerate the output of estradiol, an essential event for the
LH surge to occur.

3. The cascade of events

The onset of puberty can be considered as the climax of a cascade of changes that
occur harmoniously during reproductive immaturity. In primates (Fig. 6.12) the
onset of puberty is signaled by nocturnal rises in circulating gonadotropin levels
which are more pronounced than during childhood and also by the accentuation of
pulsatile LH release. As the diurnal pattern of LH release becomes more prominent,
the ovary is driven to secrete more estradiol, the levels of which increase in a gradual
but fluctuating manner as puberty progresses (Fig. 6.12). By midpuberty and about
the time of menarche the hypothalamic-pituitary unit acquires the ability to release
LH in response to estradiol, but the ovary is still immature and thus cannot produce
estrogen levels of magnitude and duration sufficient to elicit an LH surge. Within
a year after menarche, and under persistent gonadotropin stimulation, the secretory
activity of the ovary increases sufficiently to produce preovulatory levels of
estradiol. The first LH surge is then evoked, but the ovary may still fail to ovulate
for variable periods after the first gonadotropin discharge.

The factors underlying the initiation of enhanced gonadotropin release are not
known, but it now appears clear that a decrease in steroid negative feedback effec¬
tiveness is not a determinant of this phenomenon. Rather, the change in central
response to steroid inhibition appears to be a late event which occurs around the
time of the first ovulation. The pubertal increase in gonadotropin secretion may be
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initiated by removal of a central inhibitory influence or by the establishment of ex¬

citatory mechanisms that were relatively quiescent during childhood.
In the rat (Fig. 6.13), the process of puberty has been examined in much more

detail. It may be suggested that the first developmental event of reproductive impor¬
tance in this species is the infantile elevation in serum FSH levels. This increase ap¬

pears to promote follicular development and facilitate the subsequent acquisition by
the ovary of FSH and LH receptor populations.

Contrasting with the human, the capacity of the hypothalamic-pituitary unit to
respond to estradiol with an LH surge becomes established at the end of the infantile
period. However, like the human the first gonadotropin discharge and the first
ovulation do not occur at this time because the ovary is still immature. Throughout
the juvenile period (day 21 to ~ 32) the ovary develops under the control of low
but pulsatile LH (and FSH?) titers and the influence of rising prolactin and GH
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levels. Also, circulating epinephrine as well as direct adrenergic and vagal influences
appear to facilitate its maturation, through a mechanism involving augmentation of
gonadotropin effects.

Although mean levels of radioimmunoassayable serum gonadotropins do not in¬
crease as the animal matures, at the end of the juvenile period the pattern of
pulsatile LH release changes (greater PM pulse amplitude), perhaps reflecting com¬

pletion of interneuronal connections that permit a synchronized activation of
LHRH-secreting neurons. At this time the pattern of elevated GH and prolactin
levels also becomes established. Under these conditions the follicles destined to

ovulate at puberty enter into their final maturational stage. Significant increases in
LH, FSH, and /3-adrenergic receptors occur, while LHRH receptor content declines.

The factors determining the marked increase in E2 secretion which precedes the
first surge of gonadotropins are not clearly understood. Both a critical level of
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follicular development in the presence of maintained gonadotropin stimulation, and
perhaps CNS signals reaching the ovary via neural pathways, may be involved. Once
serum E2 levels achieve sufficient amplitude, and are maintained for an adequate
length of time, the central component of E2 positive feedback is activated. This oc¬
curs in the presence of moderately elevated serum progesterone levels, which
facilitate the stimulatory effect of estradiol. A drop in serum levels of 3a-
androstanediol also occurs but the significance of this change has not been ascer¬
tained. Activation of norepinephrine impulse flow accompanied by an increase in
PGE2 synthesis, in turn, elicits the first LH surge. Between this time and ovulation
a further change occurs at the central level; the hypothalamic-pituitary unit becomes
less responsive to E2 negative feedback. This change is not, however, completed
until after puberty. Throughout adult reproductive life estradiol inhibitory effec¬
tiveness depends on the presence of progesterone. In addition, both steroids interact
to maintain cyclic gonadotropin release.

In closing, it appears pertinent to point out that although we have made frequent
use of the terms 'change in sensitivity' and 'resetting' of the gonadostat, an actual
resetting might not occur. If for instance there is an increase in the activity of ex¬

citatory central components, as recent data suggest, then it is obvious that a higher
degree of negative feedback will be required to oppose it. The need for a stronger
steroid feedback signal would create the illusion of a change in sensitivity, when in
fact the only actual change might be the increase in 'central drive'. The striking,
gonadal-independent increases in serum gonadotropins observed in agonadal
adolescent primates underscore the necessity of giving proper consideration to this
issue. Moreover, should a steroid-independent change in peripubertal gonadotropin
release be demonstrated in the rat, then the obvious question will arise as to what
degree the reduction in estrogen inhibitory effectiveness is due to gonadostat reset¬
ting. It is hoped that future investigation will help resolve this important issue.
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abstract. We have previously demonstrated changes in
the episodic pattern of LH secretion in female rats as they
approach first ovulation. In the present study, ovaries were taken
from peripubertal rats and perifused in vitro with a medium
containing FSH and LH. The concentration of FSH in the
medium was kept constantly low, whereas the concentration of
LH was modulated, simulating as closely as possible the various
episodic secretory profiles previously observed in vivo. Medium
from the perifusion chambers was collected every 10 min for 5
h and assayed for progesterone (P) and 17/3-estradiol (E2). Ex¬
posure of the ovaries to low amplitude LH pulses (20 ng/ml;
comparable to those found in the plasma of peripubertal rats
during the morning) did not elicit a significant steroidogenic
response. On the other hand, exposure to large amplitude LH
pulses (80 ng/ml; as seen during the afternoon) led to a marked
increase in the output of both P and E2. Similarly, increased
steroid secretion occurred when ovaries were exposed to a 2-h

minisurge of LH (160 ng/ml) or to a minisurge preceded by three
large amplitude pulses (as seen in some animals during the
afternoons of the peripubertal period). Continuous exposure to
LH at concentrations similar to either the large amplitude pulses
or the LH minisurge increased P and E2 release. However, the
increase was not significantly larger than that produced by the
discontinuous LH perifusion patterns, even though the total
amount of LH reaching the ovaries during the 5-h perifusion
period was considerably greater. The results show that episodic
LH secretion is functionally much more efficient at eliciting
release of P and E2 from immature ovaries than is continuous
LH secretion. Furthermore, they strongly suggest that changes
in the LH secretory pulse patterns, as seen in vivo close to the
time of puberty, are fundamental for the activation of ovarian
steroidogenesis that leads to the first preovulatory surge of
gonadotropins. (Endocrinology 117: 638-643, 1985)

AN INCREASE in mean plasma LH levels has been. difficult to detect in female rats approaching pu-

aerty (1-3), but the pulsatile pattern of LH secretion (4)
appears to change significantly during the juvenile-peri-
aubertal transition period (5, 6). Most notable is an
ncrease in the LH secretory pulse amplitude during the
afternoon and also, in a few instances, the appearance of
a midafternoon minisurge of LH secretion (6); this min-
surge is considerably smaller than the proper preovula¬
tory surge at first proestrus, but occurs at approximately
the same time of day.

The present study addresses the question of what the
functional significance of these changes might be. Ex-
aeriments have been conducted to assess the hypothesis
that the diurnal alterations in pulsatile LH release en-
aance ovarian steroidogenesis and in so doing may in¬
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crease the capacity of the ovary to secrete 17/3-estradiol
(E2), a prerequisite for the first preovulatory gonadotro¬
pin surge to occur. We have attempted to simulate in
vitro the various pulsatile LH patterns that have been
observed during pubertal development in vivo (6) and
have exposed peripubertal ovaries to such patterns using
a multichannel perifusion system. The response of the
ovaries was evaluated by measuring the amounts of pro¬
gesterone (P) and E2 released into the perifusion me¬
dium.

Materials and Methods

Animals

Immature female Sprague-Dawley rats were purchased
(Holtzman Co., Madison, WI) when 30-33 days old and were
housed under a photoperiod of 14 h of light per day (lights on
from 0500-1900 h) at a temperature of 23-25 C. Food (Teklad
rat diet) and water were made available ad libitum.

The animals were killed in the morning of what was visually
estimated to be the first proestrus (1, 7), usually between 36
and 42 days of age; during this phase of sexual development,
the tissue surrounding the vagina is swollen, but the vaginal
tract itself is not open. The uterus and ovaries were removed,
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carefully inspected, cleaned of adherent fat tissue, and weighed
to the nearest milligram. Based on previously reported criteria
(1,7), the animals were considered to be in first proestrus when
their uteri were distended with fluid (ballooned) and their wet
weight (after removal of intraluminal fluid) was more than 200
mg. To ensure an adequate steroidogenic response in vitro, only
the ovaries of rats meeting these criteria were used in the
experiments.

Perifusion system

One channel of the perifusion apparatus is illustrated in Fig.
1, although two to four channels were used simultaneously in
any one experiment. The perifusion medium comprised: Krebs-
Ringer bicarbonate buffer (pH 7.4), BSA (0.01%), penicillin
(100 U/ml), streptomycin (100 Mg/ml), and ovine FSH S15
(NIADDK; 20 ng/ml); LH contamination of this preparation
is equivalent to 0.04 X ovine LH Si. Consequently, the medium
contained the equivalent of 200 ng/ml rat FSH RP-1 and 26.6
ng/ml rat LH RP-1. Comparable gonadotropin levels have been
found in the plasma of juvenile female rats (1, 3, 6). The
perifusion medium (henceforth referred to as basal perifusion
medium) was maintained in a water bath at 37 C and bubbled
with a 95% 02-5% C02 mixture. A peristaltic pump (four-
channel Minipuls 2, Gilson Medical Electronics, Middleton,
WI) was used to draw the medium from the reservoir, through
polyethelyne tubing (PE-50 Intramedic; id, 0.58 mm; od, 0.97
mm; Clay Adams, Parsippany, NJ) and to supply it to the
perifusion chamber at a rate of 80 /d/min, mimicking the
natural flow of ovarian blood (8). Connections between the
delivery tubing, peristaltic pump, and perifusion chamber were
made with 17-mm lengths of 23-gauge hypodermic steel tubing.
The chamber was constructed from a 5-ml plastic syringe cut
to a height of 2 cm. A small ball of glass wool was placed deep
inside the barrel, covered with a disc of filter paper (Whatman
GF/A, Clifton, NJ), and filled with basal perifusion medium.
Freshly collected ovaries were cut into four, and a total of eight
pieces (from two randomly chosen ovaries) were placed inside
the chamber; previous studies have indicated that functional
integrity is preserved in such pieces (7). The upper opening was
then sealed with a tightly fitting rubber stopper, giving a
chamber volume of 1 ml. The center of the stopper was pierced
with a piece of 23-gauge hypodermic steel tubing and connected
to the delivery tubing. A 23-gauge needle was attached to the
lower, luer end of the chamber and was joined to polyethelene
collecting tubing (PE-50 Intramedic). The distal end of this

95%

5% CO

FLOW RATE: 80ul/min

WATER BATH

37 C

FRACTION
COLLECTOR

10 - min SAMPLES )

Tig. 1. A schematic representation of the ovarian perifusion system
see text for details), pc, Perifusion chamber; dt, delivery tubing; ct,
:ollecting tubing. KRB, Krebs-Ringer bicarbonate buffer.

tubing was connected to an automatic fraction collector (Gilson
microfractionator, model FC-80) which was set to dispense the
medium (0.8 ml) into 12 X 75-mm glass tubes every 10 min.
The complete perifusion chamber assembly was maintained
submerged in a water bath at 37 C, and an initial perifusion
period of 1 h was allowed for the system to stabilize. For the
next 5 h, the amount of LH reaching the ovaries was modulated
in a way that simulated, as closely as possible, the various
episodic LH secretory patterns observed in vivo (6). This was
achieved by transferring the tip of the delivery tubing into one
of four flasks containing either the basal perifusion medium
(with the equivalent of 200 ng/ml rat FSH RP-1 and 26.6 ng/
ml rat LH RP-1) or medium containing additional amounts of
ovine LH S24 (NIADDK), giving total concentrations (rat LH
RP-1 equivalent) of 46.6, 106.6, and 186.6 ng/ml. Ovaries were,
therefore, exposed to one of the following LH regimens (also
represented graphically in Figs. 3-5):

a) Basal perifusion medium, which contains LH at 26.6 ng/ml.
This regimen, as well as those described in b and c, simulates
a condition in which no episodic LH release occurs.

b) Continuous LH at 80 ng/ml. This level of LH is comparable
to that observed during afternoon LH pulses in vivo.

c) Continuous LH at 160 ng/ml. This level of LH is comparable
to that observed in the midst of a LH minisurge in vivo.

d) Ten 5-min pulses of LH at 20 ng/ml, each followed by a 25-
min period of basal perifusion medium. This simulates the
pattern of LH release observed in the mornings of the peripu-
bertal period.

e) Ten 5-min pulses of LH at 80 ng/ml, each followed by a 25-
min period of basal perifusion medium. This simulates the
pattern of LH release observed in the afternoons of the peri-
pubertal period.

f) A 90-min period of basal perifusion medium, followed by a
120-min minisurge of LH at 160 ng/ml, and then a second 90-
min period of basal perifusion medium. This regimen simulates
the afternoon minisurge of LH secretion seen in peripubertal
rats.

g) Three 5-min pulses of LH at 80 ng/ml, each followed by a 25-
min period of basal perifusion medium, succeeded by a 120-min
minisurge of LH at 160 ng/ml and a 90-min period of basal
perifusion medium. This regimen simulates the overall pattern
of LH release observed around the time of the LH minisurge.

Note that the level of LH referred to in each treatment is
the peak of a pulse, previously observed in vivo. The actual
peak in vitro is slightly lower because of dilution upon entry
into the perifusion chamber. Figure 2 shows the shape of a LH
pulse generated by exposing the ovarian tissue to ovine LH for
5 min (equivalent to 80 ng/ml rat LH RP-1). Samples of the
perifusion medium leaving the chamber were collected every 5
min for 40 min and were assayed for LH using antiovine LH
serum (GDN no. 15), rat LH 1-5 (NIADDK), and LH RP-1 as
standard. Clearly, the pulse for the ovarian tissue is not a

square wave, but, rather, comprises a rapid ascending phase,
followed by a more gradual decline lasting for about 20 min.

During each experiment, at least two of the different regi¬
mens were tested simultaneously. The medium emanating from
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Fig. 2. The shape of a LH pulse generated by perifusing the chamber
for 5 min (horizontal bar) with ovine LH (80 ng/ml LH RP-1 equiva¬
lent). Each point represents the mean ± SEM (vertical lines) of three
separate experiments. O, LH levels below the sensitivity of the assay
(---).

the perifusion chambers was collected in 10-min fractions (800
pi) and kept frozen until assayed for P and E2. At the end of
the experiments, the ovaries were weighed, enabling the results
to be expressed as picograms of steroid released per 10 min/mg
ovary.

Steroid assays

The amounts of P and E2 secreted into the perifusion medium
were measured by a RIA procedure similar to that described by
Hotchkiss et al. (9), using antisera that have previously been
characterized (10,11). Validation of the assays in our laboratory
and protocol details have been reported previously (7, 12).
There was some steroid absorbtion by the incubation chamber
and polyethelene tubing. This was determined by perifusing
tritiated steroids (50,000 cpm/ml) through the system and
assessing the recovered radioactivity by liquid scintillation
counting. The loss was found to be 5% and 13% for P and E2,
respectively, but has not been taken into consideration when
calculating the results.

Statistical analysis

Since both P and E2 responses were maximal and stable
during the last 2 h of perifusion, the rate of steroid release from
each chamber was calculated as the mean measurement of the
last 13 samples (collected during the fourth and fifth hours).
Differences between group means were evaluated using an

analysis of variance, followed by the Student Newman-Keuls
multiple range test (13).

Results

Effect of morning and afternoon pulsatile LH patterns on
P and Ez secretion

Exposure of ovaries to low amplitude LH pulses (20
ng/ml), similar to those seen in the morning of the
juvenile-peripubertal period, produced a small but statis¬
tically nonsignificant increase in P and E2 secretion (Fig.
3; for statistical analysis see Figs. 6 and 7, left panels).
In contrast, LH pulses of an amplitude similar to that
seen in the afternoon of the peripubertal period (80 ng/
ml) produced a distinct (P < 0.01) and maintained ele¬
vation in both P and E2 secretion (Fig. 3; statistical
analysis in Figs. 6 and 7, left panels).

Effect of a LH minisurge on P and E2 secretion

Exposure of ovaries to a 120-min minisurge of LH (160
ng/ml) produced a significant increase in both P and E2
secretion (P < 0.01 and P < 0.05, respectively; Fig. 4;
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Fig. 3. Release of P and E2 from ovaries exposed to various LH profiles
in vitro: basal perifusion medium (O; n = 5), LH pulses of 20 ng/ml (•;
n = 4), or LH pulses of 80 ng/ml (▲; n = 5). Each point represents the
mean steroid level ± SEM (vertical lines). In some cases, the SEMs are

so small that they fall within the symbol width. The horizontal bars
above the abscissa indicate the periods of exposure to elevated LH
concentrations in the perifusion medium.
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Fig. 4. Release of P and E2 from ovaries exposed to various LH profiles
n vitro: basal perifusion medium (O; n = 6), minisurge of LH at 160
ig/ml (•; n = 6), or LH pulses at 80 ng/ml followed by an LH minisurge
it 160 ng/ml (A; n = 5). Each point represents the mean steroid level
t SEM (vertical lines). In some cases, the SEMs are so small that they
'all within the symbol width. The horizontal bars above the abscissa
ndicate the periods of exposure to elevated LH concentrations in the
Derifusion medium.

statistical analysis in Figs. 6 and 7, right panels). The
magnitude of the steroid response to LH did not increase
iurther when the minisurge was preceded by three after-
aoon-type LH pulses (80 ng/ml; Fig. 4; statistical anal¬
ysis in Figs. 6 and 7, right panels). The latter experiment
was performed to more closely simulate the pattern of
LH release around the time of a LH minisurge in vivo
'6). Additionally, the E2 response to a LH minisurge was
rot different from the response to the typical afternoon
L,H pulse pattern (Fig. 7).

Effect of continuous LH administration on P and E2
secretion

Perifusion of ovaries with a continuous high dose of
^,H (160 ng/ml) markedly increased P and E2 secretion
Fig. 5; P < 0.01 and P < 0.05, respectively), but the
evels reached were not significantly different from those
ittained after exposure of the ovaries to a minisurge of

0 1 2 3 4 5

Time (h)
FlG. 5. Release of P and E2 from ovaries exposed to various LH
profiles: basal perifusion medium (O; n = 5), continuous LH at 80 ng/
ml (•; n = 6), or continuous LH at 160 ng/ml (A; n = 5). Each point
represents the mean steroid levels ± SEM (vertical lines). In some cases,
the SEMs are so small that they fall within the symbol width. The
horizontal bars above the abscissa indicate the period of exposure to
elevated LH concentrations in the perifusion medium.

LH of a similar magnitude (Figs. 6 and 7, right panels).
Continuous administration of LH at a level similar to

that of afternoon LH pulses (80 ng/ml) was equally
effective in enhancing P and E2 secretion (Fig. 5). As
before, however, the steroid response to this mode of LH
administration was the same as that produced by the
typical afternoon LH pulse pattern (Figs. 6 and 7, left
panels).

Discussion

It is generally believed that episodic neuronal activity
within the hypothalamus (14) generates a pulsatile pat¬
tern of LHRH secretion, which is then transduced by
the pituitary gland into a pulsatile pattern of LH release
(15-17). This characteristic mode of LHRH release ap¬

pears to be essential for normal pituitary function, since
the continuous (but not pulsatile) administration of ex¬

ogenous LHRH results in a gradual desensitization of
the pituitary's response to LHRH (18, 19). Pulsatile LH
secretion is observed in the rat at all stages of sexual
development that have been studied (4, 5, 6, 20, 21).
During the transition between the juvenile and the per-
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Fig. 6. The release of P from ovaries exposed to various LH profiles
(see text for details): basal perfusion medium (BASAL), LH pulses of
20 ng/ml (P20), LH pulses of 80 ng/ml (P80), continuous LH at 80 ng/
ml (C80), minisurge of LH at 160 ng/ml (MS160), P80 plus MS160, or
continuous LH at 160 ng/ml (C160). Vertical bars represent the mean

output of P during the last 2 h of perifusion. The SEMs are shown as
vertical lines, and the number of experiments per group is indicated at
the base of each corresponding bar.
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Fig. 7. The release of E2 from ovaries exposed to various LH profiles
(see text for details and Fig. 6 for abbreviations). Vertical bars represent
the mean output of E2 during the last 2 h of perifusion. The sems are
shown as vertical lines, and the number of experiments per group is
indicated at the base of each corresponding bar.

ipubertal period, a change in the mode of pulsatile LH
release occurs (5, 6). After the initial, less precise descrip¬
tion of this change (5), we extensively characterized the
phenomenon and have added new findings, which are
reported in the companion publication (6). Two principal

alterations occur during this phase of development: ar
afternoon increase in LH pulse amplitude and, in somi
instances, a minisurge of LH secretion, which amounts
to approximately one tenth of the normal first preovu
latory LH surge.

The functional significance of these changes is un
known, especially as no modifications in pulse frequency
have been detected during this period. Investigations
using other species, particularly the rhesus monkey (22
and sheep (23), have demonstrated the importance o
changes in LH pulse frequency for both ovarian devel
opment (23) and steroidogenesis (22).

In a very recent publication Peluso et al. (24) demon
strated, using an in vitro perifusion system, that change:
in LH pulse amplitude can regulate E2 secretion in th<
rat. The results of the present study show that th<
peripubertal rat ovary was stimulated to secrete P anc
E-2 by both pulsatile and continuous exposure to LH, bu
the latter did not produce a greater response, as migh
have been predicted based on the actual amounts of Lb
reaching the ovaries in each case. The total amount o
LH to which each pair of ovaries was exposed wa:

considerably less when LH administration was pulsatih
(320 ng for group e, see Materials and Methods) thai
when LH was provided continuously (1920 ng for grouj
b). Thus, it is evident that a pulsatile pattern of Lt
secretion, while not essential for ovarian steroidogenesis
does represent a functionally more efficient mode o
secretion than does continuous LH release. The point i:
further emphasized by the finding that P and E2 releasi
were equally enhanced by exposure to a 2-h minisurge o
LH at a concentration of 160 ng/ml (regardless o
whether it was preceded by pulses of LH) and by contin
uous exposure to the same high LH concentration for I
h; the pattern consisting of LH pulses combined with ;
LH minisurge simulates the actual LH secretory patteri
observed in vivo during the peripubertal phase of sexua

development (6). As in the case of LH pulses, the tota
amount of LH to which the ovaries were exposed during
the minisurge (1536 ng) was noticeably less than tha
resulting from continuous exposure to the same concen
tration of LH (3840 ng).

An increase in mean plasma LH levels has recentl;
been observed in the rat during the late stages of prepu
bertal development (3). One reason for this increasi
being unnoticed in previous studies (1, 2) may be tha
the change is more prominent (3) or only observed (6
during the afternoon. It could be that a small change ii
the tonic LH level provides the necessary cue for chang
ingthe level of ovarian steroidogenesis (25). On the othe
hand, an increase in mean plasma LH levels may b
regarded simply as a crude expression of an underlying
change in the pulsatile secretory pattern. The presen
data demonstrate that an increase in LH pulse amplitude
from 20 to 80 ng/ml (comparable to that during tb
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juvenile-peripubertal transition period) significantly en¬
hances ovarian steroidogenesis. The results also show
that a minisurge of LH secretion, similar to that in vivo,
can effectively increase the secretion of both P and E2
from the immature ovary in vitro. Nevertheless, it seems

unlikely that LH minisurges play a primary role in
enhancing ovarian steroidogenesis in vivo, since a maxi¬
mal steroidogenic response was observed when ovaries
were exposed to large amplitude LH pulses alone. It is
plausible that the LH minisurges reflect the central
development of steroid-positive feedback on LH release
and that they play a contributory role in maintaining
steroid secretion, initially activated by the increase in
LH pulse amplitude.

In conclusion, the present findings and those presented
in the companion paper (6) lend considerable credence
to the view that a diurnal alteration of the pulsatile
signal from the hypothalamus represents an important
component in the regulation of prepubertal ovarian de¬
velopment (5, 6). Also of importance is the fact that
sensitivity of the ovary to gonadotropin increases during
development (7, 26) by a mechanism involving a variety
of components (for review, see Ref. 27). Such a change
in steroidogenic capacity appears to provide the neces¬

sary amplification to the LH signal that will ultimately
oermit the ovary to secrete steroids at the preovulatory
level.
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Pulsatile Luteinizing Hormone Secretion*
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ABSTRACT. Previous descriptions of pulsatile LH release in
immature female rats have been mostly inaccurate because of
infrequent blood sampling, discontinuous and unbalanced blood
replacement procedures, and possibly because of the use of a
heterologous RIA. The present study was undertaken to circum¬
vent these problems and to characterize more precisely the
changes in episodic LH secretion previously observed during the
juvenile-peripubertal transitional period (27-38 days of age).
Changes in LH levels were measured in plasma samples obtained
every 5 min from unrestrained conscious animals using a re¬
cently developed technique that permitted continuous with¬
drawal of blood for 4-5 h and simultaneous replacement with an
artificial blood mixture. In virtually all of the rats, LH release
was pulsatile. In both the juvenile (27-29 days old) and peripu-
bertal (30-38 days old) animals, mean plasma LH levels and LH
pulse amplitude were low in the mornings. A similar pattern of
LH secretion was found in the afternoon during the juvenile
period. In contrast, most of the peripubertal animals exhibited
an afternoon increase in LH pulse amplitude. A change in pulse

frequency was not detected at this time, but a 1.8-fold increase
in mean LH levels suggests that large amplitude pulses may be
accompanied by low amplitude, high frequency pulses not re¬
vealed by the 5-min sampling paradigm. Some of the peripu¬
bertal rats (5 of 12) had plasma LH profiles in which the large
amplitude pulses were accompanied by a midafternoon mini-
surge of secretion which lasted for up to 2 h and reached peak
levels of 174 ± 19 ng/ml; the LH surge at first proestrus was
greater than 1000 ng/ml.

The results demonstrate the prepubertal development of an
afternoon increase in LH pulse amplitude and the appearance
of a more prolonged and larger secretory episode of LH secretion
(minisurge). Disclosure of a concomitant increase in pulse fre¬
quency may necessitate blood sampling at more frequent inter¬
vals. It is suggested that the changes in the mode of LH release
described here may enhance peripubertal ovarian steroidogenesis
and provide an appropriate stimulus for initiating the final
stages of ovarian development. (Endocrinology 117: 644-649,
1985)

SEXUAL maturation in the female rat is associatedwith a series of neuroendocrine developments which
culminate in the occurrence of a large secretory surge of
LH, a prerequisite for ovulation to occur (for review, see
Refs. 1 and 2). In the past, several laboratories (3-6),
including ours (7, 8), have consistently failed to detect a

change in mean circulating LH levels during the days
oreceding the first preovulatory LH surge. In contrast,
5equential bleeding of developing rats revealed the pres-
snce of a change in the diurnal pattern of LH release (9),
characterized by an increase in LH pulse amplitude
luring the afternoons of the peripubertal period. More
recently, Meijs-Roelofs et al. (10), in a very careful re¬
valuation of their previous data (6) and using a large
lumber of animals, were able to demonstrate a 2- to 2.5-
:old increase in mean LH levels during the week imme-
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diately preceding the first proestrus. The observed indi¬
vidual variability and the more prominent elevation of
LH levels in the afternoons than in the mornings sug¬
gested a pulsatile mode of LH secretion and a peripu¬
bertal diurnal change in the pattern of LH release.

In the present experiments we have examined in detail
the alterations in LH secretory patterns that occur dur¬
ing the transition between the juvenile and peripubertal
periods of the female rat (11). LH measurement was

improved by using a homologous LH RIA, and resolution
of the secretory profiles was enhanced by reducing the
blood sampling interval (from 15 to 5 min). The overall
sampling procedure was optimized by using a novel tech¬
nique which permitted the automatic continuous collec¬
tion of blood from unrestrained conscious animals for
periods of up to 5 h with simultaneous blood replacement
through an indwelling femoral venous catheter (12). Pre¬
liminary findings have been reported (13, 14).

Materials and Methods

Animals

Immature female Sprague-Dawley rats were purchased
(Holtzman Co., Madison, WI) when 24-32 days old and

644
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were maintained under a photoperiod of 14 h of light per

day (lights on from 0500-1900 h) and at a room temper¬
ature of 23-25 C. The animals were initially caged in
groups of five or six and were given food (Teklad rat
diet) and water ad libitum.

One or 2 days before blood sampling, each animal was
anesthetized with methohexital sodium (Brevital so¬

dium; 60 mg/kg, ip; Eli Lilly Co., Indianapolis, IN) and
implanted with two vascular catheters. The first of these
was constructed from Silastic medical grade tubing
(Dow-Corning Corp., Midland, MI) and was inserted into
the right atrium of the heart via the external jugular vein
(15). The second catheter had a smaller internal diameter
and was constructed from Intramedic polyethelene tub¬
ing (Clay Adams, Parsippany, NJ), which is more rigid
than Silastic tubing. This catheter was inserted into the
relatively narrow external iliac-femoral vein and passed
inside the lumen up to the junction with the posterior
vena cava (12). In both cases, the catheters were filled
with physiological saline (0.9%) and plugged with a piece
of 23-gauge steel wire. These catheter tips were then
channelled sc toward the nape, where 2-cm lengths were
allowed to protrude through a small incision in the skin.
After surgery, the animals were caged individually until
the completion of the experiment.

Blood sampling

Blood was collected from unrestrained conscious rats using
a recently described system which permits continuous sampling
for more than 5 h with simultaneous replacement with an equal
volume of an artificial blood mixture (12). At least 20 min
before the start of the blood sampling period, the two catheters
were unplugged, flushed with a total volume of 0.5 ml heparin-
ized saline (250 USP units/ml), and then connected to the
sampling apparatus. In essence, this consisted of a peristaltic
pump which was set to continuously withdraw blood from the
iugular venous catheter at a rate of 30 ^1/min and an automatic
fraction collector which dispensed the blood every 5 min into
polypropylene microsample tubes. Approximately every hour,
the samples were centrifuged, and the plasma was stored frozen
jntil assayed for LH. Concomitant with the continuous with¬
drawal of blood, a second channel of the same peristaltic pump
was used to continuously infuse a blood replacement mixture
into the femoral venous catheter. The mixture itself was com-

oosed of washed (12) red blood cells (collected by cardiac
Duncture from female rats that were not otherwise used in the

study) resuspended in a human plasma protein fraction (Plas-
aianate, Cutter Laboratories, Berkeley, CA), previously ex¬
acted with powdered charcoal to remove steroids and to which
were added: sodium heparin (10 USP units/ml), dextrose (0.5
aig/ml), penicillin (200 U/ml), and streptomycin (200 /xg/ml).
Fhe artificial blood was reconstituted so as to have a hematocrit
}f 40% and was maintained at 37 C throughout the blood
sampling period.

Experimental design

The pattern of LH secretion was examined during two phases
)f sexual maturation. Rats between 27 and 29 days of age were

considered juveniles, while older animals (30-38 days old) were
considered peripubertal. Animals belonging to both of these
groups (n = 37) were bled either in the morning for 4 h (0800-
1200 h) or in the afternoon for 5 h (1200-1700 h). Each of the
rats was used in the study only once and was subsequently
examined daily for vaginal opening. The mean age at vaginal
opening was 39.8 ± 0.5 (±SEM) days and was very similar to
that in a control group of 15 animals that were not otherwise
used in the study (38.3 ± 0.8 days). For comparison, blood
samples were also taken from 3 rats during the afternoon of
first proestrus. Altogether, therefore, the LH profiles of 40
animals were examined in the study.

RIA and pulse analysis

Plasma LH was measured using a LH RIA kit provided by
the NIADDK with LH RP-1 as the standard. The labeled LH
was added 72 h after the addition of the antiserum (antirat LH
S4, diluted 1:40,000); this enabled LH concentrations as low as

5 ng/ml (0.25 ng/50 g\ standard) to be detected. The plasma
samples were assayed in volumes of 30 g\ (and also 4 /id in the
case of animals showing the preovulatory LH surge), and the
results represent the mean of duplicate or triplicate determi¬
nations. The mean intraassay coefficient of variation (CV) was
obtained by including eight samples from one of two plasma
pools into each assay; this was 15% for pool 1 (18 ng LH/ml)
and 11% for pool 2 (30 ng LH/ml). The interassay CVs were
16% and 14%, respectively; to reduce the effects of such varia¬
tion on data analysis, each assay included plasma samples from
more than one experimental group.

The plasma LH profile from each animal was characterized
in terms of the overall mean level, mean pulse amplitude (i.e.
the difference between the LH peak and the preceding nadir),
and mean interpulse interval. The criterion adopted for the
detection of LH secretory pulses was the one previously sug¬
gested by Gallo (16). The CV was calculated for all LH values
comprising the ascending and descending portions of each
potential pulse, and a pulse was defined when this CV was

greater than 1.5 times the intraassay CV, determined at a

comparable mean level of LH.
The data were analyzed by one-way analysis of variance and

then subjected to Student Newman-Keuls multiple range tests
to assess the degree of statistical significance (17).

Results

Four of the 40 animals used in the study showed fewer
than 3 clear LH secretory pulses during the morning.
Their plasma LH profiles, therefore, have not been in¬
cluded in the pulse pattern analysis but are, nevertheless,
depicted in Fig. 1. In the remaining 36 animals, LH
release was clearly pulsatile. Representative morning
(0800-1200 h) plasma LH profiles from juvenile (27-29
days old) and peripubertal (30-38 days old) animals are
shown in Fig. 2, A and B, respectively, while represent¬
ative afternoon (1200-1700 h) profiles are shown in Fig.
3, A and B. The LH secretory patterns were analyzed in
terms of overall mean level, pulse amplitude, and inter¬
pulse interval, and the data are summarized in Fig. 4.
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Fig. 1. Plasma LH profiles from four female rats bled continuously
for 4 h (a, 28 days old; b, c, and d, 32 days old). These profiles were
exceptional in that no secretory pulses of LH (a and b) or only two (c
and d) could be detected (indicated by arrows)-, they have, therefore,
been omitted from the pulse pattern analysis (Fig. 4).

E
N
CT)
c

X
i

o
E

_o
Q.

Time (h)
Fig. 2. Representative morning plasma LH profiles from juvenile (A;
27-29 days old) and peripubertal (B; 30-38 days old) female rats bled
continuously for 4 h. Six individual profiles from a total of XI are

depicted. Pulses of LH secretion are indicated by arrows.

One of the peripubertal animals showed a secretory pat¬
tern of LH in the morning which was not characteristic
of the group but, rather, resembled that observed in the
afternoon group; this profile has been omitted from the
data analysis. Mean plasma LH levels were low during
the morning in both the juvenile and peripubertal groups.
The afternoon levels were also low in the juvenile ani¬
mals, but were significantly higher during the peripu¬
bertal period (P < 0.05). Furthermore, peripubertal rats
demonstrated an afternoon episodic pattern of LH re¬

lease, in which the LH pulse amplitude was significantly
greater than at any other time (P < 0.05; Figs. 3 and 4).
On the other hand, no significant differences in inter-
pulse interval could be detected between any age or time
of the day, and on the average, this was 32.3 ± 0.9 min
(n = 27). The small decrease in interpulse interval in the
afternoon of the peripubertal period (to 30.0 ± 0.8 min)
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27-29 days old) and peripubertal (B; 30-38 days old) female rats bled
continuously for 5 h. Six individual profiles from a total of 16 are

depicted. Pulses of LH secretion are indicated by arrows.

MEAN AMPL

Age (days!
Fig. 4. Analysis of plasma LH profiles from juvenile (27-29 days old)
and peripubertal (30-38 days old) female rats which were bled either
in the morning (0800-1200 h) or in the afternoon (1200-1700 h). The
profiles are characterized in terms of overall mean level (MEAN), mean
amplitude (AMPL), and mean interpulse interval (IPI; represented in
each case by vertical bars). The sems are shown as vertical lines, and
the numbers above each bar indicate the number of animals in each
group.

was not statistically significant.
Interestingly, five peripubertal rats had afternoon

plasma LH profiles that were noticeably different from
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ie ones represented in Fig. 3B; three of these are de¬
leted separately in Fig. 5. They each showed high am-
litude pulses of LH, but, in addition, also had a midaf¬

ternoon LH minisurge, with a mean peak level of 174 ±
19 ng/ml (n = 5), lasting for as long as 2 h. For compar¬
ison, three rats were bled during the afternoon of first
proestrus, and one representative plasma LH profile is
shown in Fig. 6. The magnitude of the first preovulatory
surge was considerably greater than the minisurge (i.e.
>1000 ng/ml).

Discussion

LH secretion in both adult and immature rats is pul¬
satile (9, 16, 18, 19) and, as in larger species (20-22),
reflects pulsatile release of GnRH (23). Gonadectomy,
which drastically reduces steroid-negative feedback,
leads to both a large amplification of the LH pulses and
an increase in pulse frequency. Discharges of LH occur
with a regular frequency of 20-30 min (24, 25), but the
interpulse interval may be as short as 18 min several
weeks after castration (26). On the other hand, detection
of clear-cut pulses in intact rats is severely handicapped
because pulse amplitude is relatively small, and unless
blood samples are collected very frequently, many pulses
are likely to pass unnoticed (27). In the present study, a
pulsatile pattern of LH secretion was detected in vir¬
tually all of the prepubertal intact rats; the pulses oc¬
curred, on the average, every 32.3 min. Although pulses
of LH release have previously been reported in the pre¬
pubertal rat (9, 19) their frequency was found to be lower
than this. The discrepancy most likely stems from dif¬
ferences in the blood sampling interval, which was 15
and 10 min, respectively, in the two previous studies and
5 min in the present one. Very recently, Ellis and Des-
jardins (27) examined the relationship between estimated
LH pulse frequency and regular blood sampling intervals,
ranging from 2.5-15 min. Their data clearly demonstrate
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that in the rat, bleeding intervals greater than 5 min
generate misleading data in which pulse frequency is
grossly underestimated.

The present data show that throughout the juvenile-
peripubertal transition period (days 27-38), the fre¬
quency of the LH pulses, as estimated by 5-min sampling
intervals, does not change significantly. In contrast,
pulse amplitude as well as mean plasma LH levels in¬
crease unequivocally during the afternoons of the peri-
pubertal period. It may also be pertinent to emphasize
that the four profiles in which a clear-cut pulsatile secre¬

tory pattern could not be detected were obtained during
the morning. Therefore, the data confirm a recent report
(10) in which the use of a very large number of animals
led to the-detection of a peripubertal increase in mean

circulatory LH levels. A previous study from our labo¬
ratory, indeed, revealed an increase in pulse amplitude
(9), but failed to detect a rise in mean LH levels. More¬
over, interpulse LH levels were even lower than those in
the mornings. Several possibilities may account for these
earlier discrepant observations, including much longer
blood sampling intervals (15 min), discontinuous and
incomplete replacement of blood volume, measurement
of LH with an heterologous ovine-rat RIA, and a lower
sensitivity of the RIA (16 vs. 5 ng/ml in the present
study).

It is puzzling why the frequency of LH pulses did not
show a significant increase, since in both the sheep (28)
and the rhesus monkey (29), an increase in LH pulse
frequency, rather than pulse amplitude, appears to be
the primary mode by which LH facilitates ovarian de¬
velopment and steroidogenesis. A change in either pulse
frequency and/or pulse amplitude might, however, result
from a similar alteration in the underlying neuroendo¬
crine components. Pulses of LH release have been cor¬
related with neuronal activity in the hypothalamus (30,
31) and also with pulses of GnRH release (21-23), al¬
though not all of the GnRH pulses seem to be transduced
into LH pulses (22). An increase in GnRH pulse fre¬
quency may, therefore, under certain circumstances fail
to produce a noticeable increase in the frequency of LH
pulses. This could apply especially to the rat, for in this
species, readily detectable LH pulses may occur at inter¬
vals as short as 30 min (this paper and Ref. 26), a

frequency considerably higher than that in sheep and
monkeys (28, 32). Perhaps the pituitary gland cannot
readily resolve individual GnRH pulses when their fre¬
quency is very high and, therefore, responds to short
episodes of high frequency GnRH pulses with single large
amplitude LH discharges. Alternatively, the possibility
must be considered that even 5-min sampling intervals
are not sufficient to detect high frequency, small ampli¬
tude LH pulses. Recent evidence gathered in both rats
(27) and humans (33) clearly demonstrates that decreas¬
ing the sampling interval to 1-2.5 min permits the detec¬

tion of 1.5-4 times more low amplitude LH pulses thai
when samples are obtained every 4-5 min. Indeed, th<
afternoon LH profiles of peripubertal rats, in which LL
levels fail to return to a low baseline, might hint at th<
presence of higher frequency, lower amplitude pulses
interposed with the large amplitude secretory episodes
Further investigation is necessary to resolve this issue
Still another possibility is that a prepubertal increase ir
pulse frequency does occur in the rat, but well before th<
juvenile-peripubertal transition period. It should be em

phasized, however, that even the large amplitude LL
pulses detected in the present study, are considerably
smaller (less than one tenth) than the LH pulses afte:
gonadectomy (12, 24, 25, 34). Thus, it would not b(
surprising that small amplitude pulses may have escapee
detection.

Of considerable interest is the observation that 33/1
of the peripubertal animals had afternoon plasma LF
profiles in which the large amplitude pulses were accom
panied by an even larger minisurge of LH release whicl
had a duration of about 2 h. Although the magnitude o
this minisurge is considerably smaller than the preovu
latory surge at first proestrus, it does raise the possibility
that the large amplitude LH pulses, the mini-surge, anc
the preovulatory surge are all manifestations of interre
lated developing neuroendocrine mechanisms. The oc
currence of prepubertal minisurges of LH secretion ha;
been recently described in female hamsters (35). Th(
present results demonstrate for the first time that LL
minisurges also occur in immature rats, though it is no'
known whether they occur on consecutive days or, in
deed, whether they occur in every animal.

While we suspect that the appearance of high ampli
tude LH pulses in the presence of an elevated baseline
represents a centrally originated event, we have recently
collected evidence indicating that minisurges of LH se
cretion are estradiol dependent (Urbanski, H. F., and S
R. Ojeda, in preparation). The involvement of a centra
timing mechanism (36) in the genesis of these two phe
nomena is suggested by the fact that the large amplitud<
LH pulses and minisurges were detected only in th<
afternoon. On the other hand, the view that the mini
surges of LH are steroid dependent is reinforced by th(
observations that circadian changes in the pulsatile mod*
of LH secretion are absent in ovariectomized rats (37
38), while sc implantation of estradiol discloses a daily
afternoon surge of LH release (39).

Based on the present results and those presented ir
the companion paper (40), one may suggest that during
the juvenile-peripubertal transition period, a change ir
the mode of GnRH release determines an afternoor
increase in LH pulse amplitude (and frequency?). Sine*
an increase in either LH pulse frequency (28) or ampli
tude (40, 41) can stimulate ovarian activity, this diurna
change may provide the necessary stimulus for activating
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;he final stages of ovarian development and increase
ivarian steroidogenesis (40). Consequently, as the output
if ovarian steroids rises, it may modify the pattern of
^H release, with large amplitude LH pulses merging to
'orm a LH minisurge. The minisurge itself can, in turn,
•timulate ovarian steroidogenesis further (40). Finally,
he circulatory levels of ovarian steroids may become
sufficiently high for their positive feedback effect to elicit
he first proper preovulatory gonadotropin surge.
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Stimulation of Cyclic Adenosine 3',5'-Monophosphate
Production Enhances Hypothalamic Luteinizing
Hormone-Releasing Hormone Release without Increasing
Prostaglandin E2 Synthesis: Studies in Prepubertal
Female Rats*

SERGIO R. OJEDA, HENRYK F. URBANSKI, KATHY H. KATZ, AND
MARIA E. COSTA

Department of Physiology, University of Texas Health Science Center at Dallas, Dallas, Texas 75235

ABSTRACT. A role for cAMP in the process of LHRH release
was suggested several years ago, but only recently has the validity
of this notion come under close scrutiny. In the present experi¬
ments we have used three probes, which stimulate adenylate
cyclase activity via different mechanisms, to determine whether
an increase in endogenous cAMP results in LHRH release from
the hypothalamus of prepubertal female rats. Median eminences
from juvenile, 28-day-old animals were incubated in vitro with
either forskolin (F), cholera toxin (CT), or pertussis toxin (PT).
All three substances enhanced LHRH release. The estimated
EDso values were 28.7 and 20.0 ng/ml, for F and PT, respec¬

tively. The effect of CT appeared biphasic and thus no ED50
could be calculated. None of these agents increased the release
of prostaglandin E2 (PGE2), an obligatory component in the
process of norepinephrine-induced LHRH secretion. Doses of
PGE2 and F, which were maximally effective in stimulating
LHRH release when administered separately, did not produce

any further response when administered concomitantly, thus
suggesting that PGE2 and F act along a common pathway.
Blockade of phosphodiesterase activity with l-methyl-3-isobu-
tylxanthine increased LHRH secretion without enhancing PGE2
release, implying that cAMP metabolism was elevated in the
median eminence nerve terminals in vitro. Addition of 1-methyl-
3-isobutylxanthine augmented the LHRH response to CT and
PT, but it did not increase further the already marked LHRH
response to PGE2 or F. The results indicate that both an increase
in adenylate cyclase activity and a decrease in phosphodiesterase
activity lead to LHRH release from the median eminence. They
also suggest that, upon proper (neurotransmitter?) stimulation,
cAMP production increases subsequent to the activation in
PGE2 synthesis, which itself causes LHRH release. Furthermore,
the capacity of PT to induce LHRH release suggests the involve¬
ment of an inhibitory guanine nucleotide-binding regulatory
protein in transducing inhibitory inputs impinging on LHRH-
secreting neurons. (Endocrinology 117: 1175-1178, 1985)

THE FINDING that an intraventricular injection of(Bu)2cAMP released LH in ovariectomized, estro¬
gen-treated rats raised the possibility that cAMP is
involved in LHRH release (1). A definitive conclusion
was, however, precluded by the fact that a high dose of
the nucleotide was needed to produce the effect. In a

subsequent report Hartter and Ramirez (2) convincingly
demonstrated that (Bu)2cAMP can stimulate LHRH re¬
lease from hypothalamic fragments in an in vitro peri-
fusion system. More recently, Ramirez et al. (3) have
presented results from several elegant experiments which
led them to conclude that cAMP may, indeed, be a

physiological component in the process of LHRH release.
In the present report we provide evidence that activa¬
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tion of cAMP production by three different probes,
known to affect separate components of the adenylate
cyclase complex, results in LHRH release from median
eminence (ME) nerve terminals of immature female rats.
In addition, the results demonstrate that such an effect
does not involve an increase in prostaglandin E2 (PGE2)
synthesis and suggest that activation of the cAMP-gen-
erating system is a step subsequent to PGE2 formation
in the sequence of events leading to LHRH release (4).

Materials and Methods

Animals

Immature Sprague-Dawley female rats of the Holtzman
stock (Holtzman Co., Madison, WI) arrived at the laboratory
when 23 days of age and were housed under conditions of
controlled lighting (14-h light, 10-h darkness; lights on: 0500-
1900h) and temperature (23 C). They were provided with free
access to pelleted food (Teklad diet) and tap water and were
used in the experiments when 28 days old.

1175
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Materials

Forskolin (F), a diterpene of the labdane family which acti¬
vates adenylate cyclase by interacting directly with the catalytic
subunit of the enzyme (5), was purchased from Calbiochem (La
Jolla, CA). Cholera toxin (CT), the exotoxin of Vibrio cholerae
which appears to activate Gs, the stimulatory guanine nucleo¬
tide binding regulatory component of tho adenylate cyclase
complex (6), was purchased from Sigma Chemical Co. (St.
Louis, MO). Pertussis toxin (PT), one of the toxins of Borte-
della pertussis which interacts with Gi, the inhibitory guanine
nucleotide-binding regulatory protein of the adenylate cyclase
complex (7, 8), was the generous gift of Drs. R. A. Kahn and
A. G. Gilman [Department of Pharmacology, University of
Texas Health Science Center at Dallas (UTHSCD)]. Prosta¬
glandin E2 was purchased from Upjohn (Kalamazoo, MI), and
l-methyl-3-isobutylxanthine (MIX) was purchased from Aid-
rich (Milwaukee, WI).

Experimental procedures

Immediately after decapitation of the animals the MEs were
microdissected and incubated (one ME per flask) in 250 pi
Krebs-Ringer bicarbonate buffer, pH 7.4, containing 1 mg/ml
D-dextrose (KRBG) as described (9, 10). The tissues were

prcincubatcd for 15 min and then incubated for 30 min in frooh
KRBG. Subsequently, the KRBG was replaced with fresh me¬
dium containing different concentrations of tho substances to
be tested. The incubation was continued for an additional 30-
min period after which the medium was removed and assayed
for LHRH (9) and PGE2 (4). In one experiment an additional
3-h incubation period was carried out to determine whether a
more pronounced effect of CT and PT on LHRH could be
disclosed. Both toxins have a slow onset of action (6, 8), possibly
because of the complex mechanism by which they penetrate
the cell membrane and become functionally active to ADP
ribosylate their target guanine nucleotide-regulatory proteins
(6, 11). F and PGE2 were initially dissolved in absolute ethanol;
CT in distilled water; PT in 0.1 M KHP04, 2 M urea, pH 7.0;
and MIX in 0.2 N NaOH. Further dilutions were made in
KRBG.

RIAs

LHRH and PGE2 were assayed as previously described (4, 9,
10) utilizing specific antisera generously provided by Dr. V. D.
Ramirez (University of Illinois, Urbana, IL, LHRH) and Dr.
W. B. Campbell (Department of Pharmacology, UTHSCD,
Dallas, TX, PGE2).

Statistics

The data were analyzed with a one-way analysis of variance
and the Student-Newman-Keuls test for unequal replications.
ED50 values were calculated by linear regression analysis.

Results

F elicited a dose-related increase in LHRH release
with a maximal response observed at 50 pM, and an
apparent ED50 of 28.7 pM (Fig. la). PT was also effective
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Fig. 1. Divergent effects of F, CT, and PT on the in vitro release
LHRH (a and b) and PGE2 (c and d) from ME nerve terminals
juvenile, 28-day-old, female rats. Notice that all three probes enhan
LHRH release but fail to increase PGE2 release. Each point represen
the mean of 4-10 individual determinations. The SEMs are shown
vertical lines.

in stimulating LHRH release (Fig. lb), but the magn
tude of the response was clearly less (P < 0.01) than th<
to F. A maximal response to PT was observed at 50-1
ng/ml, and the apparent ED50 was 20 ng/ml. CT was lei
effective than PT in stimulating LHRH release (Fig. lb
A significant (P < 0.05) increase was produced only
the 100 and 200 ng/ml doses and thus no reliable ED
could be calculated. In contrast to LHRH, the release
PGE2 was not increased by any of the three probes a
was even significantly suppressed (P < 0.05) by 50 pM

Incubation of MEs with maximally effective doses <
either PGE2 (2.8 pM) or F (50 pM) elicited a distinct (
< 0.01) increase in LHRH release, but simultaneo"
addition of these two agents failed to further augme
the release (Fig. 2a). Blockade of phosphodiesterase ac
tivity with MIX (0.1 mM) significantly (P < 0.01) ele
vated LHRH levels (Fig. 2a) without affecting PG
release (Fig. 2b), thus mimicking the effect of F, PT, an
CT. Addition of MIX moderately (P < 0.05) increas
the LHRH response to CT and PT, but it did not furth
enhance the already marked increase in LHRH indue
by PGE2 or F (Fig. 3). As before, PT alone significant
(P < 0.025) increased LHRH release. The effect of C
alone was again small, but in this case failed to rea<
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Fig. 2. Effect of PGE2 (2.8 ^m), F (50 nm), and MIX (0.1 mm) on
LHRH release (a) and of F and MIX on PGE2 release (b) from ME
nerve terminals of juvenile, 28-day-old, female rats. Each bar represents
the mean (±sem, vertical lines) level of LHRH or PGE2. Numbers
above bars indicate number of individual determinations per group. B,
Basal release.

Fig. 3. Effect of MIX (0.1 mm) on PGE2 (2.8 mm), F (50 ^m), CT (100
ng/ml), and PT (100 ng/ml)-induced LHRH release from ME nerve
terminals of juvenile, 28-day-old, female rats. Numbers above bars
indicate numbers of individual determinations per group. B, Basal
release. *, P < 0.05 vs. CT- or PT-treated groups not exposed to MIX.

statistical significance. In harmony with the results pre¬
sented in Figs. 1 and 2, basal PGE2 release was either
unchanged or slightly reduced by the different treat¬
ments [control = 47.4 ± 5 (sem) pg PGE2/mg ME; F +
MIX = 32 ± 3; CT + MIX = 41.9 ± 6; PT + MIX = 46.5
± 6; MIX = 40 ± 5]. A more prolonged (3 h) incubation
period with either CT or PT (at 100 ng/ml each) did not
further increase the LHRH response to the toxins and,
once more, failed to reveal any stimulatory effect on

PGE2 release (data not shown).

Discussion

The present study demonstrates that stimulation of
adenylate cyclase activity using three probes, which act
on different components of the cyclase complex, in¬
creases LHRH release from ME nerve terminals of pre¬
pubertal female rats. However, in no case was the en¬
hancement in LHRH release accompanied by an increase
in PGE2 production, thereby strongly suggesting that the
effect of cAMP on LHRH release does not involve PGE2
as an intermediary.

A wealth of evidence has accumulated implicating
PGE2 as an obligatory component in the process of
LHRH release (3, 12, 13). Based on several observations
we have postulated that PGE2 mediates the stimulatory
effect of norepinephrine on LHRH release (4, 14). In
addition, we and others (3, 15) have raised the possibility
that such an effect of PGE2 is at least partly mediated
through an increased production of cAMP. In fact, very
recently Ramirez et al. (3) have shown that PGE2 in¬
creases both adenylate cyclase activity and cAMP efflux
from hypothalamic fragment in vitro. The results re¬
ported here support the notion of a PGE2-cAMP sequen¬
tial step leading to LHRH release because activation of
the cAMP-generating system failed to increase PGE2
production; if anything, it tended to depress release of
the PG. A sequential increase in PGE2 and cAMP for¬
mation after norepinephrine activation (3, 4, 15) would
be in keeping with the observation that stimulation of
a-adrenergic receptors in both hypothalamus and cere¬
bral cortex enhances cAMP formation via increased
PGE2 synthesis (16). The participation of both PGE2
and cAMP along the same pathway is suggested by the
finding that F failed to potentiate the LHRH response
to a maximally effective dose of PGE2, as would be
expected if the two substances act on LHRH release
through different pathways. It has been recently dem¬
onstrated that PGE2-induced LHRH release involves
mobilization of intracellular Ca2+ (17). It remains to be
determined, however, whether the changes in cAMP (3)
and Ca2+ flux (17) produced by the PG are interdepen¬
dent or complementary events.

Very recently we have obtained evidence that activa¬
tion of ME protein kinase C with a phorbol ester (18) or
a synthetic diacylglycerol (19) increases LHRH release.
Furthermore, concomitant administration of either agent
with PGE2 or F results in an additive effect on LHRH
release (Ojeda, S. R., H. F. Urbanski, K. H. Katz, M. E.
Costa, and P. M. Conn, unpublished data). These find¬
ings suggest that the PGE2-cAMP pathway probably
functions independently of a protein kinase C-mediated
pathway, which also appears to be involved in controlling
LHRH release.

The marked effectiveness of F to stimulate LHRH
release is consistent with its direct stimulatory action on
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the catalytic subunit of adenylate cyclase (5). Unexpect¬
edly, PT appeared more effective than CT in evoking
LHRH secretion. It is believed that PT increases ade¬
nylate cyclase activity by binding to and inactivating of
Gi, the inhibitory guanine nucleotide regulatory protein
of the adenylate cyclase complex (7, 8). Its ability to
release LHRH strongly implies that such a modulatory
component is involved in the control of LHRH release,
perhaps mediating inhibitory inputs (opioids?) known to
reduce LHRH secretion. Conspicuous basal activity of
this regulatory protein in our in vitro system may explain
both the effectiveness of PT in evoking LHRH release
and the relative low potency of CT. We are not certain,
however, whether the effect of PT on LHRH is only due
to binding to Gi or also involves binding to Go, a newly
described guanine nucleotide regulatory protein, which
is present in the brain and is a substrate for PT (20).

The effect of both CT and PT on adenylate cyclase
has a delayed onset (6, 8). It is also known that the
concentration of toxin required to elicit a response de¬
pends on the duration of incubation: longer times requir¬
ing less toxin to produce the same effect (21). In the
present study a 3-h incubation with either toxin did not
reveal a greater effect than an incubation of 30 min.
Perhaps, significant differences can be detected only
after more prolonged incubations (8, 21).

Of particular interest is the observation that blockade
of phosphodiesterase activity with MIX results in LHRH
release. This finding not only implies that cAMP metab¬
olism is of considerable importance in icolatod ME norvc
terminals but also lends additional credence to the view
that cAMP is an essential component of the LHRH-
secreting mechanism (3). Indeed, in earlier in vivo exper¬
iments (1) we had observed an enhancement of the effect
of cAMP when administered intraventricularly together
with theophylline, another phosphodiesterase inhibitor.
The present in vitro experiments have shown that MIX
enhances the LHRH response to CT and PT, but not to
PGE2 or F which by themselves appear to maximally
stimulate cAMP-induced LHRH release.

In conclusion, the present results provide compelling
evidence in support of a cAMP involvement in the proc¬
ess of LHRH release and strongly suggest that such a

step does not precede, but rather occurs subsequent to,
activation of PGE2 synthesis.
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Abstract. Experiments were performed to examine whether estradiol (E2) can influence some of the intraneuronal
mechanisms involved in luteinizing hormone-releasing hormone (LHRH) release during the onset of puberty in the female
rat. The capacity of median eminence (ME) nerve terminals to secrete LHRH, as determined by both their basal release of
LHRH and by their response to prostaglandin E2 (PGE2) in vitro, increased significantly during the juvenile-early peripu-
bertal periods of development (postnatal days 22-34). Ovariectomy (OVX) on day 22 led to a striking reduction in LHRH
response to PGE2 on day 34. E2 administered via s.c. Silastic capsules, at a dose that reproduces juvenile serum E2 levels,
restored the response. Simulation of first proestrous serum E2 levels in late juvenile (28-day-old) female rats enhanced both
the sensitivity and the responsivenes of LHRH-containing terminals to PGE2. Furthermore, E2 enhanced the sensitivity
and the responsiveness of LHRH terminals to norepinephrine (NE). This effect appeared to be related to both the in¬
creased LHRH response to PGE2 and an enhanced sensitivity of the PGE2-synthesizing pathway to NE. This is because
MEs from E2-treated rats showed a marked increase in PGE2 release in response to a NE concentration which was barely
effective in untreated controls. It is suggested that one of the mechanisms by which E2 activates the first preovulatory
discharge of LHRH release in the female rat is by facilitating the occurrence of two different but sequentially related
biochemical events: the stimulation of PGE2 formation by NE and the enhancement of LHRH release by PGE2. In addi¬
tion, it appears that maintenance of LHRH responsiveness to PGE2, which has been implicated as an obligatory compo¬
nent of NE-induced LHRH release, is E2-dependent.

The first preovulatory surge of gonadotropin secretion
in the female rat appears to be primarily the consequence of
an estradiol (E2)-induced increase in luteinizing hor¬
mone-releasing hormone (LHRH) release [35]. The LHRH
discharge is preceded by an enhancement of norepineph¬
rine (NE) turnover [2] which, as revealed by studies in adult
animals, is steroid-dependent [5, 21]. Other results indicate
that not only NE but also epinephrine (EPI) may contribute
to the preovulatory surge of gonadotropins [1], In regard to
NE, we have demonstrated that its stimulatory effect on
LHRH release is mediated by prostaglandin E2 (PGE2) and
that PGE2 formation depends upon the interaction of NE
with a-adrenergic receptors [27, 29],
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In adult female rats, which are under strong progester¬
one (P) influence from functional corpora lutea, the release
of LHRH on proestrus appears to be regulated by sequen¬
tial changes in PGE2 response to NE and in LHRH re¬
sponse to PGE2 [11]. This latter response was found to be
significantly enhanced by P. The immature ovary, however,
produces little P and thus, it is not unreasonable to assume
that before first ovulation E2 represents the major gonadal
steroid regulating LHRH release. Indeed, earlier experi¬
ments have shown that simulation of proestrous levels of
serum E2 alone can induce an LH surge as early as the be¬
ginning of the juvenile period [3]. That E2 can also modify
specific components of the LHRH-secreting system in
prepubertal animals is shown by the finding that E2 treat¬
ment increased the capacity of the juvenile medial basal hy¬
pothalamus to synthesize PGE2 from arachidonic acid [24].

The present experiments demonstrate that the capacity
of median eminence (ME)-LHRH terminals to release
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LHRH in response to PGE2 increases gradually before pu¬

berty, that this response is E2-dependent, and that proes-
trous-like serum E2 levels facilitate LHRH release by acting
at two different but sequential steps in the biochemical
pathway by which NE stimulates LHRH release.

Material and Methods

Animals
Immature Sprague-Dawley female rats of the Holtzman stock

(Holtzman Co., Madison, Wise.) were used. They arrived at the
laboratory when 22 days of age and were housed 4-5 rats per cage.
When 22- or 24-day-old rats were studied, they were purchased
with their mothers and arrived at the laboratory 1 week before in¬
tended use. The animals were maintained in a room under con¬

trolled temperature (23 °C) and lighting (14 h on, 10 h off, lights on
at 05:00 a.m.). Free access to pelleted food (Teklad rat diet) and
water was provided.

Materials

PGE2 was purchased from Upjohn (Kalamazoo, Mich.), NE
hydrochloride from Regis Chemicals (Chicago, 111.), LHRH from
Peninsula Laboratories (Belmont, Calif.) and E2 from Sigma (St.
Louis, Mo.). Silastic tubing was purchased from Dow Corning
(Midland, Mich.).

Procedures

Ovariectomy. Ovariectomy (OVX) was performed on postnatal
day 22 while the animals were lightly etherized. The single dorsal
skin incision was closed with wound clips.

Incubations. Following decapitation of the animals the MEs
were rapidly dissected under a stereomicroscope as previously de¬
scribed [23]. The incubations were carried out in Krebs-Ringer bi¬
carbonate buffer, pH 7.4, containing 1 mg/ml of ZXdextrose
(KRBG) under an atmosphere of 5% CO2, 95% O2 with constant
shaking [23, 27]. The polypropylene incubation vials were pre-
coated with 0.1% gelatin in phosphosaline buffer for 1 h before use
to reduce absorption of LHRH. The incubation procedure was
modified as reported [30]; namely, we used 1 ME/flask in 250 pi
KRBG, a preincubation period of 15 min followed by an initial
incubation of 30 min, and a second incubation of 30 min during
which the substances to be tested were added. At the end of each
30-min incubation period, the medium was removed and assayed
for PGE2 and/or LH RH (vide infra). When PGE2 was tested, it was
first dissolved in absolute ethanol at 1 mg/ml and then further di¬
luted in KRBG. The final concentration of alcohol was 0.1% and a

similar concentration was used in the control vials. NE was dis¬
solved in 0.1 iVHCl at 1 mg/100 pi, kept on ice in darkness, and
further diluted in KRBG immediately before addition to the incu¬
bation vial. Oxidation of the catecholamine was reduced by adding
ascorbic acid (100 pg/ml) to the incubation medium.

£2 Administration. E2 was provided, in s.c. Silastic capsules (20
mm in length/100 g body weight, OD 2.16 mm, ID 1 mm), dis¬
solved in corn oil at one of two concentrations, 50 or 400 pg/ml.
The former reproduces serum E2 levels (10-20 pg/ml) similar to
those found in juvenile animals [3, 43]; the latter reproduces serum

E2 levels (~ 80 pg/ml) found on the day of first proestrus [3]. Pre¬
paration of the capsules, including an overnight in vitro preincuba¬

tion, was carried out as reported [3]. The capsules containing the
higher E2 dose were implanted on day 26 in intact animals and the
rats were killed 2 days later. The capsules containing the lower E2
dose were implanted on day 30 in rats that had been OVX on day
22 and the animals were killed on day 34.

Radioimmunoassays
LHRH and PGE2 were measured by previously described RIAs

[23, 26] utilizing the specific antisera CRR11B73 for LHRH and
SC10-11/23 for PGE2 (for sources of these antisera see 'Acknowl¬
edgements'). LHRH and PGE2 released into the incubation me¬
dium were assayed directly without previous extraction [11, 27, 29].
To measure ME content of LHRH each ME was homogenized in
0.1 N acetic acid, the homogenate was spun at 12,000 g in a micro-
fuge and the supernatant was stored at -20 °C until the assay.

Statistics

Longitudinal differences were analyzed with a one-way analy¬
sis of variance followed by the Student-Newman-Keuls multiple
comparison test for unequal replications. Differences between two
means were analyzed with the Student t test. A p < 0.05 value was
considered to be statistically significant.

Results

Changes in LHRH Release during the Juvenile-Early
Peripubertal Period
Basal LHRH release increased significantly (p < 0.01)

between the beginning of the juvenile period (day 22) and
the early peripubertal phase (day 34) (fig. 1). PGE2 stimu¬
lated LHRH release at all ages studied. Although the
LHRH response to PGE2 in terms of percent increase re¬
mained the same between days 22 and 34, the absolute in¬
crease (pg/mg ME over basal release) became significantly
(p < 0.01) greater during this time (at day 22: 6.4 ± 1.9 pg;
at day 34: 12.2 ± 3.3 pg). Total LHRH output, as assessed
by the sum of basal and PGE2-stimulated LHRH release
increased even more noticeably (p < 0.001) between days
22 and 34 with the first significant increase over the re¬

sponse at day 22 being observed at day 28 (p < 0.05) (fig. 1,
inset). These changes could not be entirely attributed to a
concomitant increase in tissue LHRH content because this
increased only 32% (p < 0.05) during the same interval (fig.
lb).

Effect of Early Juvenile OVX and £2 Treatment on the
LHRH Response to PGEi
The LHRH response of peripubertal (34-day-old) rats to

PGE2 (2.8 \iM) was severely depressed by early juvenile
(day 22) OVX (fig. 2). Although this phenomenon may re¬
present a decrease in sensitivity to PGE2, doses of PGE2
greater than 2.8 uAf were not tested. Subcutaneous implan¬
tation of an E2-containing Silastic capsule (50 pg/ml oil) on

day 30 resulted in a significant (p < 0.025) restoration of
the LHRH response to PGE2 (fig. 2). The dose of E2 utilized
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Fig. 2. Effect of ovariectomy (OVX) and E2-replacement ther¬
apy on the LHRH response to PGE2 by the ME of 34-day-old fe¬
male rats. OVX was performed on day 22; E2 treatment was insti¬
tuted on day 30 by s.c. implantation of an E2-containing Silastic
capsule (50 pg/ml corn oil) which reproduces the serum E2 levels
of late juvenile animals [43].
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Fig. 3. Effect of in vivo simulation of proestrous-like serum E2
levels on the in vitro release of LHRH from the ME of juvenile
28-day-old rats in response to PGE2. E2 was provided in s.c. Silas¬
tic capsules at a concentration (400 ug/ml corn oil) that reproduces
serum E2 levels on the day of first proestrus. The E2-containing
capsules were implanted 48 h before the experiment.

25 28 31 34

Age ( Days)

Fig. 1. a Changes in LHRH release from isolated MEs in vitro
in response to PGE2 during juvenile and early peripubertal sexual
development of the female rat. Following a 15-min preincubation
period the tissues were incubated for 30 min to determine basal
LHRH release, and then for 30 more min in the presence of PGE2
(2.8 [iM). The inset depicts the sum of LHRH released under basal
conditions and during PGE2 stimulation at the different ages stud¬
ied. b Changes in LHRH content of the ME during juvenile-early
peripubertal development of the female rat. In this and subsequent
figures vertical lines represent SEM and numbers next to means
indicate the number of MEs per group. On day 22 the SEM was
smaller than the size of the circle representing the mean.
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ME of juvenile 28-day-old female rats in response to NE. E2 treat¬
ment was as described in figure 3.
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results in serum E2 levels similar to those observed in intact,
late juvenile rats [43].

Effect of Increasing Serum £2 to Proestrous Levels on the
LHRH Response of Late Juvenile Rats to PGEi
MEs from intact 28-day-old rats responded to increasing

doses of PGE2 with a shallow elevation in LHRH release
(fig. 3). Only the 0.56 and the 2.8 uMdoses of PGE2 elicited
a statistically significant increase in LHRH release (p <
0.05 and p < 0.025, respectively). E2 treatment increased
the sensitivity of LHRH terminals to PGE2, as indicated by
the displacement of the dose-response curve to the left and
by a significant (p < 0.01) increase in LHRH release at a
PGE2 dose as low as 0.04 11M. E2 also enhanced the respon¬
siveness of the LHRH-releasing system to PGE2, as judged
by the greater (p < 0.05) LHRH release elicited by the max¬

imally effective dose of PGE2 in E2-treated than in control
rats.

Effect of Increasing Serum £2 to Proestrous Levels on the
PGEi and LHRH Response ofLate Juvenile Rats to NE
NE elicited a dose-related increase in PGE2 release from

the ME of control rats (fig. 4a) with significant increases
produced by all doses tested (p < 0.025-p < 0.001). E2
treatment markedly enhanced the sensitivity of the PGE2-
synthesizing pathway to NE, as judged by the much greater
(p < 0.001) PGE2 levels induced by the 0.006 \x.M dose, but
it did not affect the PGE2 responsiveness (as indicated by
the lack of differences in the maximal PGE2 release
elicited by NE in control and E2-treated rats).

In harmony with the effect of PGE2 on LHRH release,
increasing doses of NE elicited a shallow increment in
LHRH release from the ME of untreated rats (fig. 4b). Only
the higher two doses (0.6 and 6 \iM) elicited significant (p
< 0.025-p < 0.01) increases in LHRH release. E2 increased
both the sensitivity and the responsiveness of the LHRH
terminals to NE as indicated by the fact that the 0.006 uAf
dose was already effective (p < 0.025) in evoking LHRH
release and because LHRH release elicited by the maxi¬
mally effective dose of NE, was significant (p < 0.02) grea¬
ter in E2-treated rats than in controls.

Discussion

A critical developmental event for the first preovulatory
surge of gonadotropin secretion to occur in the female rat is
activation of E2 release from the ovary. In immature rats, as
in adult animals [17, 21, 37], maintenance of elevated
plasma E2 levels, for a defined period of time, results in an

abrupt enhancement of LHRH release from the hypothala¬
mus [35] and an increased pituitary responsiveness to
LHRH [10, 35]. The timely expression of these two events
results in the first surge of gonadotropin secretion.

In addition to evidence gathered from studies in vivo
[16, 34, 35], the ability of E2 to affect LHRH release has also
been documented in vitro [14, 15, 40]. Particularly revealing
in this regard are the recent experiments of Drouva et al. [14]
who have demonstrated both a facilitatory effect of E2 on
the LHRH response to depolarizing stimuli and the capac¬

ity of the steroid to facilitate stimulus-induced LHRH re¬
lease through nongenomic, presumably membrane-medi¬
ated, mechanisms.

The present study provides new insights into the mech¬
anisms by which E2 facilitates LHRH release. More specif¬
ically, it demonstrates, within the context of the onset of
female puberty, that E2 can act on two different but related
biochemical steps to sensitize the LHRH-releasing system
to relevant stimuli. One of these steps is the NE-induced
activation of PGE2 formation; the other is the enhancement
of LHRH release induced by PGE2. With regard to the lat¬
ter, a sizeable body of evidence exists indicating that PGE2
is an essential step in the process of NE-induced LHRH
release [for reviews see 9, 28, 32], As shown here, the effect
of PGE2 on LHRH secretion is strongly influenced by E2.
Long-term reduction of circulating E2 levels by OVX drasti¬
cally diminishes the LHRH response to PGE2. Acute in¬
creases in serum E2 to preovulatory levels produce the op¬

posite effect, namely an increase in sensitivity of LHRH
terminals to the prostaglandin.

The fact that LHRH responsiveness to PGE2 is main¬
tained by basal levels of serum E2, as found in juvenile ani¬
mals, suggests that the ovary may contribute to the gradual
increase in LHRH secretory capacity observed during nor¬
mal juvenile-peripubertal development (fig. 1). This in¬
creased capability of the hypothalamus to release LHRH
had been previously observed using an in vivo approach [4],

These observations, however, do not explain the fact
that E2 can also act at a hypothalamic level to reduced
LHRH output [8, 36]. The possibility needs to be considered
that this negative feedback effect of E2 is exerted at a site
distal to the neurotransmitter-PGE2 step [24], perhaps by
enhancing the tone of a separate, inhibitory input that im¬
pinges upon LHRH neurons [7, and references therein] or

by affecting the subcellular distribution of the peptide
within the nerve terminals [41]. In regard to the facilitatory
effects of E2 it has been reported that E2 increases the con¬
tent of LHRH in the hypothalamus [19], thus mimicking the
accumulation of the peptide that precedes the preovulatory
surge of gonadotropins [20]. In vivo treatment with E2 in¬
creases LHRH release from synaptosomes [6]. Evidence
also exists suggesting that E2 facilitates LHRH release by
both increasing the size of a readily releasable pool of
LHRH [15] and by promoting the post-translational pro¬

cessing of large molecular weight precursors into releasable
LHRH [13].

Such distinct effects of E2 on LHRH secretion make
plausible an involvement of circulating E2 levels in the mat-
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uration of the LHRH-releasing system. Transplantation of
ovaries, in different developmental states, into prepubertal
rats followed by removal of the recipient's own ovaries did
not alter the age at which puberty was attained [12], suggest¬
ing a lack of effect of ovarian products on the development
of the LHRH surge mechanism. In contrast, however, neo¬
natal ovariectomy conspicuously affected the capability of
adult rats to respond to an E2 challenge with LH release [44]
indicating that the presence of E2 does, indeed, contribute
to the acquisition of the surge capacity by the LHRH-re¬
leasing system.

Additionally, we have recently obtained evidence for the
existence of two basic components underlying the juvenile-
peripubertal maturation of the LHRH-LH secretory system
[42, 43]. The primary component appears to be ovarian in¬
dependent [Urbanski and Ojeda, unpublished] and is ex¬
pressed as an afternoon increase in LH secretory pulse am¬

plitude. The secondary component is E2-dependent [43] and
is manifested as a merging of the LH pulses into a mini-
surge of LH secretion. Taken altogether, the aforemen¬
tioned observations and the present results suggest that, al¬
though the initial activation of LHRH release which in¬
itiates the onset of puberty may be a gonadal-independent
phenomenon, E2 plays on overall facilitatory role in the
mechanism that governs the maturation of the LHRH se¬
cretory system.

Of particular interest was the observation that E2 not
only increases the LHRH response to PGE2 but it also af¬
fects another step in the biochemical pathway by which NE
induces release of LHRH, i.e. the stimulatory effect of NE
on PGE2 synthesis. This effect is likely related to an in¬
creased capacity of the ME to synthesize PGE2 from its
precursor, arachidonic acid. In a previous report we have
shown that medial basal hypothalami from early and late
(first) proestrous rats, and from E2-treated juvenile rats,
produce more PGE2 from exogenous arachidonic acid than
do control animals [24]. A facilitatory effect of E2 on mem¬
brane events preceding the formation of PGE2 cannot, how¬
ever, be ruled out. The importance of prostaglandin synthe¬
sis for steroid-induced gonadotropin release is further sug¬

gested by the finding that in vivo blockade of cyclooxyge-
nase activity with indomethacin suppressed E2/P-induced
LH release in OVX rats [25].

Although PGE2 formation appears to be essential for
LHRH release to show an increased response to NE, the
magnitude of the PGE2 response may not be the limiting
factor that determines the magnitude of the LHRH re¬

sponse. This is suggested by the finding that the higher
doses of NE induced a similar PGE2 release in E2-treated
and control rats, but the LHRH response was greater in the
former animals.

We do not know the anatomical site where E? exerts its

facilitatory effect on LHRH secretion. LHRH neurons do
not appear to concentrate E: [38] and thus it may be pre¬

sumed that E2 does not act directly within these neurons (at
least by binding to nuclear receptors). That E2 may facili¬
tate LHRH release by first acting on catecholaminergic
neurons is suggested by several observations. Firstly, NE-
producing neurons do concentrate E2 [33]. Secondly, the ac¬
cumulation of LHRH that precedes steroid-induced LH re¬
lease is inhibited by blockade of NE transmission [39].
Lastly, E2 has been shown to enhance the efflux of cate¬
cholamines from the hypothalamus [31]. Nevertheless,
since E2 can facilitate LHRH release and affect neuronal
function without binding to nuclear receptors [14, 18, 22], it
is our opinion that a direct effect of E2 on LHRH neurons
also needs to be given serious consideration [14].

In conclusion, the present results demonstrate that E2
facilitates LHRH release from the hypothalamus by en¬

hancing both the PGE2 response to NE and the LHRH re¬

sponse to PGE2. While low serum levels of E2 merely main¬
tain the responsiveness of LHRH terminals to the PGE2, the
marked facilitatory effects evoked by proestrous-like levels
of the steroid strongly suggest the participation of such
changes in the intraneuronal mechanisms that govern the
first preovulatory discharge of LHRH.
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The Development of Afternoon Minisurges of
Luteinizing Hormone Secretion in Prepubertal Female
Rats Is Ovary Dependent*
HENRYK F. URBANSKI AND SERGIO R. OJEDA

Department of Physiology, The University of Texas Health Science Center at Dallas, Dallas, Texas 75235

ABSTRACT. We have recently disclosed sustained episodes
of LH release (minisurges) during the afternoons of the juvenile-
peripubertal transition period in the female rat. To determine if
these LH minisurges are gonad independent, i.e. develop in the
absence of the ovaries, animals were ovariectomized when neo¬
nates, and the mode of LH release was examined using a 5-min
blood-sampling regimen at one of three ages corresponding to
the juvenile, peripubertal, or adult phase of development. In no
instance was a minisurge of LH secretion detected. We were
concerned, however, that LH minisurges may have been ob¬
scured by the exceedingly high level of LH secretion in these
long term ovariectomized rats and, therefore, decided to pursue
the study employing a short term (48-h) ovariectomy paradigm.
Late juvenile rats which had been ovariectomized for 48 h
exhibited conspicuous LH pulses, but, again, LH minisurges
were not detected, further suggesting that these sustained secre¬
tory episodes do not occur in the absence of the ovaries. Next,
plasma estradiol (E2) levels were differentially raised in 48-h
ovariectomized juvenile rats via sc implantation of Silastic cap¬
sules containing the steroid (dissolved in corn oil at various
concentrations), and plasma LH was measured at 1-h intervals.
The highest E2 concentration elicited a midafternoon LH in¬

crease of preovulatory magnitude in all cases, whereas the lowest
E2 concentrations consistently suppressed plasma LH. However,
intermediate E2 concentrations (producing plasma E2 levels 20-
30% greater than those found in intact controls) elicited, in
several instances, an increase in LH release of intermediate
magnitude. To clarify the nature of these LH responses, we
examined, using a 5-min blood-sampling regimen, the afternoon
pulsatile pattern of LH release after treatment with appropriate
doses of E2. As expected from the results of the infrequent blood-
sampling paradigm, the highest E2 dose induced proestrus-like
surges of LH secretion, while the lowest dose suppressed pulsa¬
tile LH release. Moreover, an intermediate E2 dose which raised
plasma E2 levels just above those of intact animals, was again
able to cause suppression of LH pulses, a proestrus-like increase
in LH output, or, more importantly, a minisurge of LH secretion.

These data indicate that the appearance of minisurges of LH
release during sexual development of the female rat is the
consequence of subtle increases in ovarian E2 secretion. They
also suggest that E2-dependent minisurges of LH secretion rep¬
resent a gradual development of the large preovulatory LH surge
that occurs at first proestrus. (Endocrinology 118: 1187-1193,
1986)

IN RECENT studies we have characterized the modeof LH secretion during the juvenile-peripubertal
transition period of the female rat (1, 2). We have also
provided evidence that the appearance of both large
amplitude LH pulses and minisurges of LH secretion
during the afternoons of the peripubertal period is an
event with physiological consequences. Ovaries from per¬

ipubertal rats that were perifused in vitro with a pattern
of LH that simulated in vivo afternoon release (either
large amplitude LH pulses or a LH minisurge) responded
with significant increases in progesterone (P) and 17/3-
estradiol (E2) secretion; the response to morning-like low
amplitude LH pulses was considerably smaller (3).
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These and other observations have led us to suggest
(1, 2, 4) that changes in the pulsatile pattern of LH
secretion and not just a change in tonic gonadotropin
secretion (5) may play an important role in the process
by which the developing ovaries acquire preovulatory
competence at puberty. Examination of the neuroendo¬
crine basis that underlies the aforementioned changes in
the mode of LH secretion appears essential for a correct
understanding of the overall pubertal process. The pres¬
ent report deals with the issue of whether the appearance
of minisurges of LH secretion represents the expression
of a gonad-independent centrally driven phenomenon or
is in fact the consequence of an ovarian and, in particular,
an E2-dependent influence.

Materials and Methods

Animals

Female Sprague-Dawley rats (Holtzman Co., Madison, WI)
were maintained under a photoperiod of 14 h of light/day (lights
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on, 0500-1900 h) and at a room temperature of 23-25 C. The
animals arrived at the laboratory when they were 22 days of
age and were initially caged in groups of five to seven with free
access to food (Teklad rat diet) and tap water. When younger
animals were used, they were housed with their mothers and
weaned at 21 days of age.

Experimental design
Studies in long term ouariectomized (OVX) rats. Pulsatile LH
release patterns: Neonatal rats (6 days of age) were OVX under
ether anesthesia. The afternoon (1200-1700 h) pattern of LH
secretion was subsequently examined in these animals at 1 of
the following ages: 26-28 (n = 9), 37-41 (n = 9), and 46-49
days (n = 6), corresponding to the juvenile, peripubertal, and
adult phases of sexual development in the intact female rat (4,
6). Blood samples were collected using a previously described
automated double catheter technique, which permits continu¬
ous withdrawal of blood from unrestrained conscious rats with
simultaneous replacement with an equal volume of an artificial
blood mixture (2, 7). The blood samples were collected as 5-
min fractions (150 /u.1) for 5 h, and the plasma samples were
stored frozen. Altogether, samples were obtained from each of
24 OVX female rats and were assayed for LH using a RIA kit
provided by the NIADDK. Each sample was assayed in tripli¬
cate, and the means are expressed in terms of the LH RP-1
standard. The intraassay and interassay coefficients of varia¬
tion (CVs), determined by including 8 samples from a plasma
pool in each assay, were 15% and 8%, respectively. To reduce
the effects of such variation on the data analysis, the individual
assays included plasma samples from all 3 experimental groups.

Studies in short term OVX rats. Although minisurges of LH
secretion have been observed only in peripubertal rats (2), these
experiments were performed in OVX late juvenile (28-day-old)
rats for two reasons: 1) to examine the possibility that ovariec¬
tomy (OVX) at this age may permit the expression of LH
surges which are centrally driven but do not occur in the intact
animal due to ovarian inhibition, and 2) if, on the other hand,
the surges are induced by estrogen, they may well persist in
peripubertal rats after OVX (8), leading to the erroneous con¬
clusion that they are gonad independent.

The animals were OVX under ether anesthesia when they
were 26 days old. Some of them received a sc Silastic capsule
containing E2 at one of the following concentrations: 25, 50, 75,
100, or 200 Mg/ml corn oil. Other animals were OVX and were
not treated with E2. A third group was left intact and untreated.
The capsules were made from Silastic medical grade tubing
(Dow-Corning, Midland, MI; id, 1.00 mm; od, 2.16 mm), as
described previously (9); the length was adjusted to 20 mm/100
g BW. Before use, they were incubated overnight at 37 C in
0.9% NaCl-0.1% gelatin (10) with constant shaking.

Plasma concentration of E2 2 days after OVX and E2 admin¬
istration: Two days after surgery (28 days of age), animals from
each of the groups were decapitated, and trunk blood was
collected into heparinized tubes. The plasma samples were
stored frozen and subsequently assayed for E2 following a RIA
procedure similar to that described by Hotchkiss et al. (11),
using a characterized antiserum (12). Validation of the assay
in our laboratory and protocol details have been reported pre¬

viously (9, 13). The main difference from our previous study in
which E2 levels were measured in serum (9) is the use of a

different E2 antiserum in the present study (GDN no. 244,
provided by Dr. G. D. Niswender, instead of E2 TG-K, provided
by Drs. K. Wright and D. C. Collins). Before assay, the samples
(0.5 ml) were extracted twice with 3 ml diethylether (analytical
reagent grade), the ether phase was evaporated at 50 C in a
water bath, and the residue was reconstituted in 1 ml isooctane.
The E2 fractions were then separated using Celite-ethylene
glycol chromatography (14). The eluates were evaporated at 50
C in a water bath under N2, and the residues were reconstituted
in assay buffer. Loss of E2 during the extraction and chroma¬
tography was assessed by adding tritiated E2 to plasma samples
and subsequently determining the percentage recovered. This
percentage (79%) was used to correct all experimental data.
The mean blank value, obtained from plasma of short term
(48-h) OVX juvenile rats, was 16.8 ± 1.0 pg/ml (n = 9), similar
to that of long term OVX rats, but higher than values previously
observed when antiserum E2 TG-K was employed (9).

Plasma LH levels 2 days after OVX and E2 administration:
On the morning after OVX and capsule implantation, animals
from the various groups were fitted with an intraatrial catheter
(15) and caged singly. On the next day (28 days of age), the
catheter was unplugged, flushed with 100 /ul heparinized saline
(250 USP units/ml), and connected to a 30-cm length of poly¬
ethylene tubing (PE-50, Clay Adams, Parsippany, NJ). After a
30-min acclimatization period, blood samples (100 gl) were
collected from each animal every hour from 1200-1800 h using
a syringe connected to the polyethelene tubing (1). An equal
volume of heparinized saline (25 USP units/ml) was infused
back into the animal after removal of each sample. The plasma
samples were frozen and subsequently assayed for LH in du¬
plicate. The LH response was classified either as being basal
(<100 ng/ml), showing a minisurge (100-800 ng/ml), or show¬
ing a preovulatory-like surge (>800 ng/ml).

Pulsatile LH release patterns of rats 2 days after OVX and E2
administration: On the morning after OVX and capsule im¬
plantation, animals from the various groups were anesthetized
for approximately 15 min with methohexital sodium and fitted
with two vascular catheters, as described previously (7). On the
following day (28 days of age), they were connected to the
automated blood-sampling apparatus. After a 30-min acclima¬
tization period, blood samples (150 yul) were collected as 5-min
fractions for 4 h (1300-1700 h). The plasmas were frozen and
subsequently assayed for LH in duplicate.

Statistics

Plasma LH profiles were characterized in terms of mean
interpulse interval, mean pulse amplitude (i.e. the difference
between a LH peak and the preceding nadir), and the overall
mean level. The criterion adopted for the detection of LH
secretory pulses was the one previously suggested by Gallo (16);
the CV was calculated for all LH values comprising the ascend¬
ing and descending portions of each potential pulse, and a pulse
was defined when this CV was greater than 1.5 times the
intraassay CV. The data were analyzed by one-way analysis of
variance and the Student-Newman-Keuls multiple range test
(17).
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Results

Long term OVX

The plasma profiles from representative neonatally
OVX rats are shown in Fig. 1. LH secretion was clearly
pulsatile in all of the animals studied regardless of age,
and the interpulse interval was approximately 30 min at
all times (Table 1). Similarly, there was no significant
difference in LH pulses amplitude among the three age

groups (~700 ng/ml). The overall mean plasma LH levels
were similar in the 26- to 28 and 37- to 41-day-old groups;

however, in the 46- to 49-day-old adults, they were

slightly higher than in either of the two younger groups
(P < 0.05). In no instance was a midafternoon minisurge
of LH secretion detected.

Short term OVX

Plasma LH. Mean LH levels were significantly higher 2
days after OVX in juvenile 26-day-old rats than in intact
age-matched controls. Moreover, LH levels tended to be
higher in the afternoon than in the morning (Fig. 2,
upper panel), suggesting the presence of a minisurge of
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Fig. 1. Representative afternoon plasma LH profiles from female rats
that were OVX 6 days after birth. Blood samples were collected during
a 5-h period (1200-1700 h) at one of the following ages: 26-28 days (A;
juvenile period), 87-41 days (B; peripubertal period), or 46-49 days (O;
postpubertal period).

Table 1. Analysis of pulsatile LH secretion in neonatally OVX rats

Group
no.

Age
(days)

n
Mean

(ng/ml)
Amplitude

(ng/ml)

Interpulse
interval
(min)

1 26-28 9 789 ± 80 693 ± 64 30.9 ± 2.6

2 37-41 9 892 X 50 670 _L 40 28.2 X 1.0

3 46-49 6 1153 ± 109" 763 ± 69 30.4 ± 2.3
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Fig. 2. Upper panel, Mean plasma LH levels in 28-day-old rats bled
at hourly intervals 2 days after OVX (O; n = 8). LH levels in intact
age-matched controls are also shown (•; n = 6). Lower panels, Plasma
LH profiles from three 28-day-old rats bled at 5-min intervals 2 days
after OVX. Note the large amplitude pulses of LH secretion.

LH secretion. Detailed examination of the pattern of LH
release using a frequent 5-min blood-sampling regimen
demonstrated, however, that the elevated LH levels were
due not to a surge but, rather, to high amplitude pulses
of secretion (Fig. 2, lower panels). The interpulse interval
and pulse amplitude were 38.1 ± 3.0 min and 282 ± 29
ng/ml, respectively. This latter value was considerably
lower than that from long term OVX animals (Table 1)
and probably reflects the gradual development of the
postcastration response.

Effect of E2 administration on plasma E2 levels. Plasma
E2 levels fell significantly (P < 0.01) 2 days after OVX,
while sc implanted capsules containing different E2 con
centrations induced a dose-related increase in plasma E2
levels (Fig. 3). E2 values in intact rats were intermediate
(21.8 pg/ml) with respect to the levels produced by cap
sules containing 50 or 75 pg E2/ml corn oil (20.2 and 25.8
pg/ml, respectively) and significantly lower than levels
produced by the 100 and 200 pg/ml E2 doses.

Effect of Li on plasma LII levels measured in hourly blood
samples. The intact untreated animals and the ones

bearing the 25 pg/vo\ E2 capsules both showed low plasma
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Fig. 3. Plasma E2 levels in 28-day-old female rats that were OVX 2
days previously and received sc Silastic capsules containing E2 at the
indicated concentrations. Each point represents the mean ± SEM (ver¬
tical lines). Numbers next to the means indicate the number of animals
per group. Mean plasma E2 levels of intact (□) and 2-day OVX (■) rats
are shown.

LH levels (<100 ng/ml) throughout the day (Fig. 4). At
the other extreme, animals bearing the 100 and 200 pg/
ml E2 capsules showed a large (>1000 ng/ml) midafter-
noon surge, comparable to the preovulatory LH surge
that occurs at first proestrus (2). The 50 and 75 /ug/ml
E2 capsules also produced a midafternoon elevation of
LH, but of smaller magnitude (Fig. 4). However, the
individual responses to these intermediate E2 doses were
not uniform. Such heterogeneity is shown in Fig. 5, which
depicts the fraction of animals from each group showing
a LH surge, LH minisurge, or basal LH release. All of
the intact animals and those receiving the 25 gg/ml E2
capsules had low plasma LH levels (<100 ng/ml). All of
the animals receiving the 200 gg/ml E2 capsules and all
but one of the rats exposed to the 100 pg/m\ E2 dose
showed a large LH surge. In contrast, animals receiving
capsules with 50 and 75 pg/m\ E2 showed a mixture of
responses. This was most clearly seen in the latter group,
in which one animal showed a basal level of LH release
while two others showed a midafternoon LH surge. Four
of the seven, however, showed a midafternoon minisurge.

Effect of E-, on plasma LH levels measured in 5-min blood
samples. To establish the exact nature of the different
afternoon LH responses, juvenile rats were OVX and
given sc capsules containing E2 at selected concentra¬
tions. The midafternoon pulsatile pattern of LH release
was then determined 2 dayo later using a 5 min bleeding
paradigm, and the profiles are depicted in Figs. 6-8. Short
term OVX rats treated with 50 >ug/ml E2 capsules showed
plasma LH profiles in which LH pulse amplitude was

dramatically suppressed, precluding an accurate charac-
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Fig. 4. Plasma LH levels of 28-day-old female rats bled once every
hour from 1200-1800 h. Some animals were left intact (A; from Fig. 2,
upper panel), while others were OVX (at 26 days of age) and given sc
Silastic capsules containing E2 dissolved in corn oil at various concen¬
trations: 25 fig/ml (A), 50 ^ig/ml (•), 75 ng/ml (□), 100 fig/ml (■), or
200 tig/ml (O). Each point represents the mean, and the SEMs are
shown as vertical lines unless obscured by the symbol. Six to eight
animals were used in each group.

terization of the pulse pattern (Fig. 6). In contrast, sc
implantation of 200 gg/ml E2 capsules produced large
preovulatory-like LH surges in all three of the cases
examined. For the sake of clarity, these profiles are
illustrated using a logarithmic scale (Fig. 7). As expected,
sc implantation of 75 Mg/ml E2 capsules gave a mixture
of responses. Some animals showed large LH surges (not
shown) that were virtually indistinguishable from those
induced by the 200 gg/ml E2 capsules (Fig. 7). Other
animals showed either complete or partial suppression
of the high amplitude LH pulses or a midafternoon LH
minisurge (Fig. 8).

Discussion

It is now well established that the pulsatile nature of
LH secretion is predominantly determined by events that
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Fig. 5. Effect of increasing the concentration of E2 within the Silastic
capsules (from 25 to 200 fig/ml corn oil) on the type of LH response
shown by 28-day-old short term (48 h) OVX rats. The plasma LH
profiles were considered to be basal (□), to show a minisurge (M), or to
show a preovulatory-like surge (■). Numbers in parentheses indicate
the number of animals per group.
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Fig. 6. Plasma LH profiles from six (of a total of nine) 28-day-old
short term (48-h) OVX rats which received sc Silastic capsules con¬

taining 50 ng E2/ml corn oil. Note the marked suppression of both
basal LH levels and LH pulse amplitude compared with those in OVX
rats not treated with E2 (Fig. 2).
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Fig. 7. Plasma LH profiles from three 28-day-old short term (48-h)
OVX rats which received sc Silastic capsules containing 200 fig E2/ml
corn oil. Note the logarithmic scale of the ordinate.
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Fig. 8. Plasma LH profiles from six 28-day-old short term (48-h) OVX
rats which received sc Silastic capsules containing 75 ng E2/ml corn
oil. The profiles depicted illustrate cases in which this E2 dose sup¬
pressed LH release either completely (left panels) or partially (middle
panels), or induced a minisurge of LH secretion (right panels).

occur within the central nervous system (18-23) and are

responsible for the episodic release of LHRH (24, 25). It
is also clear that the mode of LH release is modulated

by gonadal steroids (26) whose influence is essential for
the preovulatory surge of LH release to occur (27).

Both pulsatile and surge modes of LH secretion have
been shown to be integral components of the maturation
of the hypothalamo-pituitary-gonadal axis (1, 9, 28, 29).
Recent studies in the female rat have described the

prepubertal appearance of two changes in the mode of
LH release: an increase in LH pulse amplitude and,
unexpectedly, a more sustained episode of LH secretion
which we have called a minisurge to differentiate it from
the proper preovulatory LH surge that is typically ob¬
served at proestrus (2).

It has been extremely difficult to define the relative
preponderance of gonad-dependent and -independent
components in determining and/or regulating the ob¬
served changes in the mode of LH release in the rat.
Unlike primates (30), the rat does not show an ovary-

independent hiatus of LH release during juvenile devel¬
opment (4). Moreover, steroid negative feedback is fully
operative throughout juvenile development (31), so that
OVX at any time, including the infantile period, results
in hypersecretion of gonadotropins (4).

The present experiments show that if the animals are
OVX soon after birth, the pattern of LH release does not
change at the expected time of puberty, as might be
predicted if a centrally driven gonad-independent mech¬
anism were responsible for the afternoon increase in LH
pulse amplitude observed in intact animals. The findings,
however, should be interpreted with caution, because the
marked increase in LH output induced by long term
removal of steroid negative feedback may have com¬

pletely obscured more subtle but well defined changes in
central drive. Moreover, since the aim of these experi¬
ments was to elucidate the factors determining the oc¬
currence of LH minisurges, long term OVX rats were
not bled in the mornings. Thus, potential morning-after-
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noon differences in the LH pulse pattern, similar to
those found in intact animals during normal maturation
(2), could not be defined. With regard to the factors
determining the appearance of LH minisurges, the pres¬
ent results clearly demonstrate that the surges do not
occur in the absence of the ovaries, regardless of the
postovariectomy interval. Only after administration of
E2 could such sustained episodes of LH secretion be
detected, indicating that their manifestation is E2 de¬
pendent. These experiments provide additional pieces of
information. Firstly, they confirm the earlier finding (31)
that during the late juvenile period the postovariectomy
rise in LH release can be abolished by artificially pro¬

ducing plasma E2 levels similar to or even lower than
those of intact animals. Secondly, they show that a LH
surge of preovulatory magnitude can be elicited by the
administration of exogenous E2 even when the plasma
E2 levels are only half as high as those normally seen at
first proestrus (9). Thirdly, they demonstrate that in
juvenile rats very small changes in plasma E2 concentra¬
tion suffice to convert the mode of LH release from basal
to a minisurge and also from a minisurge to a proper

surge. This latter finding demonstrates that, like the
prepubertal sheep (32), the juvenile rat is exquisitely
sensitive to the stimulatory effect of E2 on LH release.
It also provides strong support for the notion that the
peripubertal occurrence of LH minisurges, like that of
proper LH surges, is an ovary-dependent phenomenon.
The factors that determine the magnitude of the LH
response to these seemingly subtle increases in plasma
E2 levels remain to be determined.

The fact that a dose of E2 (75 ng/m\ corn oil), which
produced only a moderate (~30%) increase in plasma E2
levels over intact values, gave rise to a variety of re¬

sponses underscores the delicate equilibrium under
which the hypothalamo-pituitary-ovarian axis develops.
These different responses (i.e. suppression of LH pulses
and production of LH minisurges or proper LH surges)
may reflect individual variation in responsiveness to
threshold levels of E2 and/or the degree of sexual matu¬
rity reached by the animals at the time of the experiment.
This is in keeping with the observation that, in a more

general sense, development of the Expositive feedback
mechanism is preceded by a phase in which only the
initial inhibitory component is observed and is followed
by a gradual amplification of the LH response to the
stimulatory component (9). Similar findings have been
reported in sheep (33) and monkeys (34).

Taken together, the present results suggest that the
LH minisurges represent a gradual development of the
large preovulatory LH surge which is observed for the
first time during the afternoon of first proestrus.
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ABSTRACT Evidence exists that a norepinephrine/
prostaglandin E2 (PGE2)/cAMP pathway is involved in the
regulation of luteinizing hormone-releasing hormone (LHRH)
secretion. The aim of the present experiments was to determine
if release of LHRH from the immature rat hypothalamus could
also be stimulated by activation of protein kinase C. Median
eminences from 28-day-old female rats were incubated in vitro
with either dioctanoylglycerol (a synthetic diacylglycerol that
selectively activates protein kinase C in intact cells) or 4/3-
phorbol 12/8-myristate 13a-acetate (another protein kinase C
activator). Both agents increased LHRH release, the response
to dioctanoylglycerol being more pronounced than that to the
phorbol ester. This direct activation of protein kinase C was not
accompanied by changes in PGE2 formation. Activation of the
PGE2/cAMP pathway by either norepinephrine, PGE2, or
forskolin (a stimulator of adenylate cyclase) increased LHRH
release. Dioctanoylglycerol or phorbol ester in conjunction
with either norepinephrine, PGE2, or forskolin resulted in an
additive effect on LHRH release suggesting coexistence of both
pathways. Phospholipase C, which activates protein kinase C
via formation of diacylglycerol, increased the release of both
LHRH and PGE2. This suggests that an increase in endogenous
phospholipase C activity caused by neurotransmitter inputs
may lead to both activation of protein kinase C and PGE2
formation. Blockade of cyclooxygenase activity by indometh-
acin obliterated phospholipase C-induced PGE2 release. The
same treatment reduced the LHRH response by only 50%
indicating that protein kinase C activation can cause LHRH
release in the absence of PGE2 synthesis. It is suggested that the
median eminence of the rat possesses a protein kinase C-
dependent pathway that is coupled positively to LHRH release
and complements PGE2/cAMP-dependent mechanisms. Nor¬
epinephrine, however, does not appear to be the neurotrans¬
mitter responsible for activating the protein kinase C pathway.
Simultaneous activation of both pathways may provide a
mechanism by which a large increase in LHRH secretion
occurs, such as in the afternoon of first proestrus.

The intracellular mechanism by which norepinephrine (NE)
elicits luteinizing hormone-releasing hormone (LHRH) re¬
lease involves the activation of prostaglandin E2 (PGE2) and
cAMP formation (1-3). Many neurotransmitters, however,
are known to provoke phosphatidylinositol degradation upon
binding to their specific membrane receptors and evoke a
cascade of events (4) that, independently of cAMP, leads to
regulation of cellular function. A key product of this cascade
is diacylglycerol, which appears to control phosphorylation
processes through activation of protein kinase C, a Ca2+
activated, phospholipid-dependent kinase, which in the pres-

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

ence of diacylglycerol becomes attached to membranes and
acquires enhanced enzymatic activity (4, 5). Brain tissue is
particularly rich in protein kinase C, which is, to a large
extent, localized in the synaptosomal fraction (6, 7).

These observations raise the possibility that LHRH secre¬
tion from median eminence nerve terminals may be regulated
by mechanisms involving activation of protein kinase C, in
addition to those dependent on PGE2 and cAMP production.
The stimulation of LHRH release by NE (1, 2, 8) appears to
be effected exclusively by an increase in PGE2 and cAMP
formation (2, 3, 8). However, NE is not the only transmitter
controlling LHRH secretion (9), thus raising the possibility of
an additional transducer system regulating LHRH secretion.

In the present study we have examined the response of the
LHRH releasing system to each of the following compounds:
a synthetic diacylglycerol that activates protein kinase C in
intact cells (10), a phorbol ester known to directly activate the
kinase (11), and phospholipase C, which activates protein
kinase C through release of diacylglycerol from membrane
inositol phospholipids (4, 5).

MATERIALS AND METHODS

Animals. Immature 28-day-old juvenile rats of the Sprague-
Dawley stock were purchased from Holtzman (Madison, WI)
and were housed under controlled environmental conditions
(3).

Materials. PGE2 was purchased from Upjohn, and LHRH
was from Peninsula Laboratories (Belmont, CA). Forskolin,
a diterpene activator of adenylate cyclase (12), was obtained
from Calbiochem. Phospholipase C (from Clostridium per-
fringens), 4/3-phorbol 12/3-myristate 13a-acetate (PMA), the
protease inhibitors phenylmethylsulfonyl fluoride, N-a-tos-
yllysine chloromethyl ketone (TLCK), and L-l-tosylamido-
2-phenylethyl chloromethyl ketone (TPCK) were all pur¬
chased from Sigma. Dioctanoylglycerol and its analog, 3-
thio-l,2-dioctanoylglycerol, were synthesized as described
(10). Indomethacin was the generous gift of Merck, Sharp,
and Dohme (Rahway, NJ). Dimethyl sulfoxide (Me2SO),
used to dissolve PMA, was purchased from Baker Chemical
Co. (Phillipsburg, NJ).

Procedures. Drug solutions. PGE2, the diacylglycerols, and
forskolin were initially dissolved in absolute ethanol and then
further diluted in incubation medium (final ethanol concen¬
tration: 0.1% for PGE2 and forskolin, 1% for the diacylglyc¬
erols). The latter were purified (10), dissolved in chloroform,
lyophilized, and stored at -20°C until resolubilization in
ethanol at the time of the experiment. PMA was dissolved in

Abbreviations: PGE2, prostaglandin E2; LHRH, luteinizing hor¬
mone-releasing hormone; NE, norepinephrine; Me2SO, dimethyl
sulfoxide; PMA, 4/3-phorbol 12/3-myristate 13a-acetate; TLCK,
N-a-tosyllysine chloromethyl ketone; TPCK, L-l-tosylamido-2-
phenylethyl chloromethyl ketone.
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Me2S0, lyophilized, and stored at -70°C in darkness. At the
time of the experiment it was redissolved in Me2SO and
diluted in incubation medium (final Me2SO concentration,
0.01%). Phospholipase C was dissolved in 0.9% NaCl.
Phenylmethylsulfonyl fluoride and TPCK were initially dis¬
solved in absolute ethanol (at 50 mM) and TLCK in distilled
H20. Indomethacin was dissolved in 0.1 M sodium phosphate
(pH 7.5) at 1 mg/ml before final dilution in incubation
medium.

Incubations. The median eminences were dissected as

described (13). Each median eminence was incubated (1, 3)
in a polypropylene vial precoated with 0.1% gelatin. The
incubation medium (250 /u.1) consisted of Krebs-Ringer bi¬
carbonate buffer (pH 7.4) containing D-dextrose at 1 mg/ml
(KRBG), and in an atmosphere of 95% 02/5% C02. The
tissues were preincubated for 15 min and then for 30 min with
a change in medium. At the end of this period the medium was
replaced by fresh KRBG containing the test substances.
After a second 30-min incubation period the medium was
centrifuged (1, 3), and the supernatant was assayed for
LHRH and PGE2. Neither the medium nor any of the
substances tested interfered with the RIAs for either LHRH
or PGE2. Only dioctanoylglycerol altered the binding of
[3H]PGE2 to its antibody. Bacitracin, an inhibitor of peptide
degradation (14), was not included in the incubation medium
(13).

Control flasks received KRBG alone or KRBG containing
ethanol (0.1% or 1%) or Me2SO (0.01%). When control values
were similar, they were pooled for data analysis. The
diacylglycerols were tested in the presence of 0.1% bovine
serum albumin (10,15). A control group was included in each
experiment and with each experimental group that was
retested.

Radioimmunoassays. LHRH and PGE2 released into the
incubation medium were assayed as described (1, 13) using
specific antisera (16, 17). The LHRH assay was initiated
immediately after each incubation to avoid having to acidify
the medium (18). Similar LHRH values were obtained from
untreated samples and from those acidified with HC1.

Statistics. The results were analyzed with a one-way
analysis of variance followed by the Student-Newman-
Keuls multiple range comparison test for unequal replica¬
tions. Effective dose, 50% (ED50) was obtained by linear
regression analysis.

RESULTS

Effect of Protein Kinase C Activators on LHRH Release. The
synthetic diacylglycerol, dioctanoylglycerol, increased
LHRH release (Fig. 1, Upper) with an apparent ED50 of 55
juM. Maximal effect was observed at 100 /xM. The 3'-
sulfhydryl analog of dioctanoylglycerol, which does not
activate protein kinase C, was ineffective even at 300 pM.
Like dioctanoylglycerol, the phorbol ester PMA also en¬
hanced LHRH release (Fig. 1, Lower) but the magnitude of
the effect was smaller (P < 0.01) than that of dioctanoyl¬
glycerol. Maximal effect was attained at 10 ng/ml.

Effect of Protein Kinase C Activators on PGE2 Release. The
effect of dioctanoylglycerol on PGE2 release could not be
assessed because dioctanoylglycerol inhibited [3H]PGE2
binding in the RIA for PGE2. PMA, however, did not affect
the PGE2 assay. PMA was ineffective in increasing PGE2
release from the median eminence even at concentrations as

high as 100 ng/ml (Fig. 2). All concentrations tended to
decrease PGE2 levels, an inconsistent effect that was signif¬
icant (P < 0.05 to P < 0.01) only at concentrations of 1 and
100 ng/ml.

Effect of Protein Kinase C Activators in Conjunction with
PGEj or Forskolin on LHRH Release. As before,
dioctanoylglycerol (100 /u,M) or PMA (25 or 100 ng/ml)
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Fig. 1. Stimulatory effect of two activators of protein kinase C
on in vitro LHRH release from median eminences (MEs) of juvenile
female rats. Dioctanoylglycerol (DiC8) (Upper) and PMA (Lower)
stimulated LHRH release. A DiCg analog, 3-thio-l,2-dioctanoylglyc-
erol (DiC8-SH) in which the 3'-hydroxyl group was replaced by a
sulfhydryl moiety (Upper) was ineffective. In this and subsequent
figures vertical lines represent the SEM. Each point represents the
mean of 5 (DiCg-SH) or 10 (DiCg) individual MEs. Different control
groups were employed for the diacylyglycerols and the PMA.

stimulated (P < 0.01) LHRH release from isolated median
eminences (Fig. 3). Maximally effective doses (1, 3) of PGE2
(2.8 yuM) or forskolin (50 /xM) also enhanced LHRH release.
Dioctanoylglycerol or PMA tested in conjunction with
forskolin produced an effect similar to the sum of the
individual effects (Fig. 3, Left). Dioctanoylglycerol or PMA
plus PGE2 also resulted in an additive effect (Fig. 3, Right).
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Fig. 2. Failure of PMA to stimulate in vitro PGE2 release from
the median eminence (ME) of juvenile female rats. Each point
represents the mean of 7-12 individual MEs.
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Fig. 3. Additive effect of PGE2 or forskolin (F) with each of two activators of protein kinase C on in vitro LHRH release from median
eminences (MEs) of juvenile female rats. Dioctanoylglycerol (DiC8), 100 /uM; PMA, 25 or 100 ng/ml; F, 50 p.M\ PGE2) 2.8 /u.M. The numbers
in parentheses represent the predicted additivity (i.e., the sum of the increments in LHRH release from basal release induced by each
secretagogue individually). Numbers above bars indicate the number of MEs per group. C: control, basal release. The control group depicted
in both panels is the same.

The effect of PMA plus forskolin or PGE2, or that of
dioctanoylglycerol plus PGE2, was greater (P < 0.05 to P <
0.01) than that of forskolin or PGE2 alone. The effect of
dioctanoylglycerol plus forskolin, however, was not signifi¬
cantly greater than that of forskolin alone.

Effect of a Protein Kinase C Activator in Conjunction with
NE on LHRH Release. Both NE (60 /xM) and dioctanoylglyc¬
erol (100 /u.M), when tested separately, enhanced (P < 0.01)
LHRH release from the median eminence (Fig. 4). As in the
case of PGE2, concomitant administration of NE and
dioctanoylglycerol resulted in an additive effect on LHRH
release.

Effect of Phospholipase C on LHRH and PGE2 Release.
Phospholipase C evoked a dose-related increase in both LHRH
and PGE2 release from the median eminence (Fig. 5). The
apparent ED50s were 0.05 unit/ml and 0.1 unit/ml for LHRH
and PGE2, respectively. Maximal responses were observed at
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Fig. 4. Additive effect of NE (60 /aM) with dioctanoylglycerol
(DiC8, 100 fiM) on in vitro LHRH release from median eminences
(MEs) ofjuvenile female rats. The number in parentheses represents
the predicted additivity. Numbers above bars indicate the number of
MEs per group. C: control, basal release.

0.12-0.25 unit/ml. Increasing the phospholipase C concentra¬
tion to 1 unit/ml further enhanced LHRH and PGE2 release (not
shown), suggesting damage of the nerve terminals.
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Fig. 5. Stimulatory effect of phospholipase C (PLC) (from
Clostridium perfringens) in vitro on LHRH and PGE2 release from
median eminences (MEs) of juvenile female rats. Each point repre¬
sents the mean of 5-11 individual MEs.
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The possible contribution of protease contaminants in the
phospholipase C preparation was tested by incubating me¬
dian eminences with phospholipase C (0.1 unit/ml) in the
presence of the protease inhibitors phenylmethylsulfonyl
fluoride, TLCK, and TPCK at 100 /xM each. The effect of
phospholipase C was not diminished. On the contrary, both
basal and phospholipase C-stimulated LHRH release were
increased (data not shown).

Effect of Blockade of Cyclooxygenase Activity on Phospho¬
lipase C and Dioctanoylglycerol-Induced LHRH and PGE2
Release. Indomethacin (50 /xM) eliminated both basal and
phospholipase C-induced PGE2 release from the median
eminence (Fig. 6). In spite of this, phospholipase C was still
effective (P < 0.01) in stimulating LHRH release. Indometh¬
acin, however, reduced (P < 0.01) the LHRH response to
phospholipase C indicating that part of the phospholipase C
effect on LHRH release is prostaglandin dependent. In
contrast, indomethacin failed to alter dioctanoylglycerol-
induced LHRH release (data not shown).

DISCUSSION

The results demonstrate the ability of three activators of
protein kinase C to stimulate LHRH release from the median
eminence of juvenile female rats. The probes, phospholipase
C, dioctanoylglycerol, and PMA were selected because they
simulate the sequence of events that lead to extracellular
messenger-induced activation of protein kinase C. Phospho¬
lipase C from Clostridium perfringens is a potent secreta-
gogue in other systems (19, 20). Its effectiveness presumably
results from an ability to mimic the action of the endogenous,
membrane-bound phospholipase C, which catalyzes the hy¬
drolysis of membrane inositol phospholipids and, thereby,
leads to the formation of inositol l,4,5-tris(phosphate) and
diacylglycerol (21). Diacylglycerol interacts with inactive,
presumably cytosol-located protein kinase C, inducing its
binding to the plasma membrane and its concomitant activa¬
tion (22). To reproduce this action, we have used dioctano¬
ylglycerol, a synthetic diacylglycerol whose fatty acid chain
is sufficiently long to permit its passage to the inner cell
membrane and, thereby, enhance protein kinase C activity
(10). Dioctanoylglycerol releases luteinizing hormone from
pituitary cells in culture (15) and activates protein kinase C in

brain extracts (10) and platelets (23). Additionally,
dioctanoylglycerol behaves like a phorbol ester (22) in that it
amplifies the stimulatory effect of increasing the cytosolic
concentration of free Ca2+ on hormone secretion (15). Since
phorbol esters can effectively substitute (5, 11) for
diacylglycerol, PMA was used to directly increase the protein
kinase C activity of median eminence nerve terminals.

Dioctanoylglycerol and PMA, which appear to penetrate
the membrane phospholipid bilayer without major alterations
in lipid turnover, increased LHRH release independently of
PGE2 synthesis. Thus PMA did not alter PGE2 release at
doses that enhanced LHRH release, and indomethacin failed
to block dioctanoylglycerol-induced LHRH release. Dideca-
noylglycerol, which does not cross the cell membrane as
easily as dioctanoylglycerol (10), has been reported (24) to
enhance PGE2 release from the median eminence without
stimulating LHRH release unless lipooxygenase activity is
first blocked; this suggests that didecanoylglycerol stimulates
the formation of an inhibitory lipooxygenase-derived metab¬
olite of arachidonic acid.

It is now firmly established that the neurotransmitter NE
elicits LHRH release through activation of PGE2 formation
(1,2,8). LHRH release can be evoked either with dibutyryl-
cAMP or by stimulation of endogenous cAMP formation (2,
3, 16). In addition, evidence has been presented that part of
the mechanism by which PGE2 induces LHRH secretion may
involve cAMP (2). These observations have led to the
conclusion that activation of PGE2 and cAMP synthesis
underlies the stimulatory, NE-directed, transmembrane con¬
trol of LHRH secretion (2, 3). The inability of simultaneous
in vitro administration of PGE2 and forskolin to induce more
LHRH release than either substance individually (3) suggests
that release is occurring from the same pool in both cases.

In contrast, concomitant exposure of the median eminence
to protein kinase C activators and either NE, PGE2, or
forskolin resulted in an additive effect on LHRH release.
This further indicates that activation of protein kinase C leads
to LHRH release without involvement of PGE2 or cAMP and
strongly suggests that both pathways operate in a comple¬
mentary manner. Such a complementary operation may be
maximal in situations during which LHRH secretion is
enhanced. The proestrous surge of LHRH release may be
one of these situations.

Fig. 6. Inhibitory effect of in vitro blockade of cyclooxygenase activity with indomethacin (Id) (50 /xM) on phospholipase C (PLC) (0.25
unit/ml)-induced PGE2 and LHRH release from median eminences (MEs) of juvenile female rats. Numbers above bars indicate the number of
individual MEs per group. C: control, basal release. Incomplete bars indicate undetectable PGE2 levels.
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There is indeed substantial evidence that a complete
cellular response to extracellular messengers fails to occur if
only one intracellular pathway is operative. Thus the com¬
bination of A23187, a Ca2+ ionophore, and a phorbol ester
elicits a maximal release reaction from platelets, whereas
each substance alone produces only a submaximal response
(25). Similarly, cultured pituitary cells release more lutein¬
izing hormone in response to A23187 plus PMA than in
response to either agent alone (15). In pituitary somatotrophs
PMA enhances the effect of both growth hormone-releasing
factor and dibutyryl-cAMP on growth hormone release (20).
Also, forskolin synergizes the effect of A23187 and a phorbol
ester on insulin secretion (26). Directly relevant to the
present results is the demonstration that phorbol esters
facilitate the contractile response of the vas deferens to NE
(27).

The results obtained with exogenous phospholipase C are
in harmony with the view that receptor-induced activation of
the endogenous enzyme leads to protein kinase C activation
and to increased availability of arachidonic acid (4, 28). While
the latter can be inferred from the striking elevation in PGE2
levels induced by phospholipase C, the former is suggested
by the finding that suppression of prostaglandin synthesis
failed to block phospholipase C-induced LHRH release. The
attenuation of the response, however, is in all probability the
result of elimination of the PGE2 component. These effects of
phospholipase C were not due to membrane lysis caused by
protease contamination of the phospholipase C preparation.
Inhibition of protease activity with a combination of
phenylmethylsulfonyl fluoride, TLCK, and TPCK actually
enhanced rather than diminished the LHRH response. Re¬
sults indicate that part of this effect is due to the capability of
TPCK to inhibit Tyr5-Gly6 endopeptidase activity (unpub¬
lished data).

If NE induces LHRH release only through activation of
PGE2 and cAMP synthesis, the question arises as to the
identity of the transmitter that activates phospholipase C. NE
itself can evoke inositol phospholipid hydrolysis via binding
to ax-adrenergic receptors (29). However, NE and diocta-
noylglycerol produced an additive effect on LHRH suggest¬
ing that an extracellular messenger, other than NE, is the
primary signal for phospholipase C activation. Depending on
the intensity of this stimulus a sequential activation of
phospholipase C and phospholipase A2 would occur as
described in other systems (30). Alternatively, simultaneous
activation of both pathways by different agonists may be the
predominant mechanism operating under normal conditions.
Amplification of the effect of diacylglycerol and PMA on
LHRH release by activation of the PGE2/cAMP pathway
may be related to the capacity of PGE2 (31) and cAMP (32)
to alter intracellular Ca2+ levels. Since NE also increases
intracellular Ca2+ levels (27), the possibility emerges that
NE-dependent changes in Ca2+ levels contribute to the
activation of protein kinase C (4, 5).

In conclusion, the foregoing results permit the suggestion
that extracellular messenger (neurotransmitter?)-induced se¬
cretion of LHRH from the hypothalamus involves a protein
kinase C- and a PGE2/cAMP-dependent pathway and that
they operate in a complementary manner. The interactions
between both transducing systems and the nature of the
extracellular messenger primarily involved in protein kinase
C activation remain to be defined.
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I. Introduction

One of the most fascinating aspects of mammalian neuroendocrinology
resides in the extraordinarily complex series of events that leads to acqui¬
sition of reproductive maturity. Generations of scientists have been in¬
trigued by the perfection of the process, the dynamics of the neuroendo¬
crine interrelationships, and, most of all, by the marvelous functional
synchronization of the various components. During the initial years of
research the main approach to an understanding of the pubertal process
was merely the examination of morphological changes. New impetus was
given to the field first by the isolation and purification of various pepti¬
dergic hormones that participate in the process, and, subsequently, by the
development of specific assay methods for them. The 1970s witnessed a
marked increase in research activity with substantial progress made on
several fronts. At present, the ontogeny of hormone production is well
defined in several species, and with the advent of a variety of new physio¬
logical techniques the intricacies of the different control mechanisms un¬
derlying these ontogenic changes are being unravelled even further (for
recent reviews see Reiter and Grumbach, 1982; Foster et al., 1985; Ojeda
et al., 1984a).

In trying to more clearly comprehend the basis of female pubertal de¬
velopment it became evident to us that to make further progress our
studies should comprise both in vivo and in vitro approaches. These ap¬
proaches need to be diverse because of the complexity and number of the
issues under scrutiny. Examination of the recent literature indeed reveals
a growing tendency to employ more techniques originating in fields as
diverse as those of immunocytochemistry, cell biology, neurobiology,
and molecular biology to study the neuroendocrine development of repro¬
ductive function.

385
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This article presents an account of our efforts to understand the genesis
of female puberty. In pursuing this goal we have used an interdisciplinary
approach and have investigated, both in vivo and in vitro, the develop¬
mental regulation of the neuroendocrine reproductive axis at the level of
its three basic components: the hypothalamus, the anterior pituitary
gland, and the ovaries. The information to be presented derives exclu¬
sively from experiments performed in the laboratory rat. We hope that the
implications such observations may have for the understanding of puberty
as a whole will be clarified by this article and also by those of Foster et al.
and Cutler et al. (this volume) which deal with the onset of puberty in
sheep and humans, respectively.

II. The Animal Model

The rat is born very immature, at an age equivalent to 150 days of
human gestational life (Tanner, 1974). The gestational period in the rat
lasts, on the average 22 days and the first ovulation in most laboratory
stocks occurs 35-45 days after birth. Externally, the only signal that
puberty has occurred is canalization of the vagina which normally is
imperforated during immature days and later becomes patent as a conse¬
quence of estrogenic stimulation. Vaginal opening usually occurs on the
day after the first preovulatory surge of gonadotropins has occurred (Crit-
chlow and Bar-Sela, 1967; Meijs-Roelofs et al., 1975; Ojeda et al., 1976b).
In most cases, the cytology of vaginal lavages at opening shows the ma¬

jority of cells as being cornified (estrus), a condition that is followed
within 1-2 days by the appearance of leukocytes which soon become the
predominant cell type (first diestrous phase of puberty).

The postnatal developmental events implicated in the initiation of re¬
productive cyclicity are, therefore, compressed within a period of about 5
weeks. This makes definition of such events a particularly difficult en¬
deavor as some of them may last for only a few hours. The urgency of
maturation in the rat is exemplified by the animal's impressive rate of
growth. Between birth and first ovulation body weight increases 15-fold
and body length 3-fold (Fig. 1).

Developmental phases in the female rat have been defined mainly in
relation to the maturation of the ovary (Hisaw, 1947; Dawson and Mc-
Cabe, 1951; Critchlow and Bar-Sela, 1967). Ramirez (1973) was the first to
propose a classification primarily based on physiological parameters such
as the changes in circulating gonadotropin levels and the alterations in
steroid feedback mechanisms occurring at different postnatal ages. We
have proposed a classification which considers both morphological and
physiological parameters (Ojeda et al., 1980). According to this classifica-
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FIG. 1. Changes in body weight and naso-anal length during sexual development of
female rats. V. O., Vagina open. (A) Mean body weight (121.2 ± 2.7 g) and mean age (38.4 ±
0.58 days) at vaginal opening with their corresponding SEM (n = 25-28). The dashed line is
an extrapolation of the curve of bodily growth increase between days 5 and 25, whose slope
was 2.48 g/day as compared with the actual slope of 4.35 g/day between days 25 and 45.
From Ojeda $nd Jameson (1977a), reprinted with permission.

tion1 postnatal development of the female rat can be divided into four
phases: a neonatal period that is initiated at birth and ends on postnatal
day 7, an infantile period which extends from day 8 to 21, a juvenile or
prepubertal period which ends around day 30-32,2 and a peripubertal pe¬
riod which has a variable duration, and is highlighted by the occurrence of
first ovulation.

1 Inclusion of a fetal period seems appropriate as several developmental events initiated at
this time appear to have significant repercusions on subsequent maturational steps leading to
the onset of puberty. Since LHRH can be first detected in the fetal brain as early as day 12 of
gestation (Aubert et al., 1985) and since it appears to influence the differentiation of gonado-
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In order to offer a more orderly view of the sequence of events that
precedes the activation of the gonadotropin surge mechanism we will
discuss each developmental period separately. Also, each component of
the system will be considered individually, but interrelated regulatory
mechanisms controlling their function will be emphasized.

III. The Developmental Periods

A. THE FETAL PERIOD

Perhaps one of the most significant events that occurs during the fetal
period is the initiation of LHRH production on gestational day 12 (Aubert
et ah, 1985). Indeed, the peptide may even be transported to the pituitary
anlage via vascular connections since such connections also appear to
become established around day 12 (Szabo and Csanyi, 1982). Once
LHRH gains access to the primordial gland it may play a decisive role in
determining the onset of gonadotropin secretion as in vitro experiments
have clearly established the ability of LHRH to initiate the functional and
morphological differentiation of pituitary gonadotrophs (Begeot et al.,
1984).

Circulating gonadotropins are not observed until after day 17
(Chowdhury and Steinberger, 1976; Salisbury et al., 1982) and levels
remain very low until the day of birth (Chiappa and Fink, 1977). In spite of
this, both the reproductive hypothalamus and the ovary appear engaged
in activities which strongly suggest the presence of functional communi¬
cations between them. It is remarkable that the hypothalamic-preoptic
area of the rat fetus acquires noticeable aromatase activity in a period of
no more than 48 hours (between day 14 and 16 of gestation) (Fig. 2), and
becomes the only fetal tissue demonstrating such activity at this time
(George and Ojeda, 1982). Aromatase activity decreases very rapidly af¬
ter gestational day 20, becoming minimal by postnatal day 20. While it is
tempting to assume that such an abrupt increase in hypothalamic capacity
to produce estrogens is intimately linked to sexual differentiation of the
brain this would not appear to be the only, or most important, function.
The capacity of estradiol to induce neuronal growth and differentiation
(Toran-Allerand, 1976; Naftolin and Brawer, 1977; Matsumoto and Arai,

trophs (Begeot et al., 1984), we will define the fetal period as that extending from gestational
day 12 to day 22.

2 Viewed in the light of recent information (Urbanski and Ojeda, 1985a) the end ofjuvenile
development can be considered to be signaled by the establishment of morning-afternoon
differences in pulsatile LH release.
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FIG. 2. Developmental pattern of aromatase activity in the brains of embryonic, neona¬
tal, and infantile rats. (A) Female; (B) male. Brain fragments (0.05-0.25 mg protein) were
incubated in 0.2 ml Eagle's minimal essential medium, pH 7.4, containing 0.1 /xM [1/3-
3H]testosterone for 1 hour at 37°C. The tubes were gassed with 95% 02-5% C02. The
reactions were stopped with 1 ml chloroform, and the 3H20 formed during the incubation
was purified and measured as described (George and Ojeda, 1982). Each point represents the
mean ± SEM of three to six determinations. The MBH and POA could not be separated
from each other before day 20 of embryonic development. The hypothalamus could not be
individualized before day 18. 'Activity significantly higher than that in the MBH of the same
animals. From George and Ojeda (1982), reprinted with permission.

1976) provides a rather compelling argument in favor of a role for locally
formed estrogens in hypothalamic growth and in the establishment of
neuronal circuitry. Little has been done, however, to evaluate this possi¬
bility.

The fetal ovary, on the other hand, does not possess follicles and when
examined in vitro fails to respond to gonadotropin stimulation with in¬
creased aromatase activity (George and Ojeda, 1984). The ovary, how-
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ever, does have the intracellular machinery to produce the enzyme and
the transmembrane signaling system which can activate aromatase gene
expression. This conclusion derives from the observation that, in contrast
to their lack of response to gonadotropins, 19-day-old fetal ovaries in
culture respond to cyclic AMP and to forskolin or cholera toxin (two
activators of adenylate cyclase) with marked increases in aromatase ac¬

tivity (George and Ojeda, 1984). The effect of cyclic AMP appears to
involve synthesis of new enzyme and not activation of preexisting aroma¬
tase, as both cycloheximide and actinomycin D blocked the increase in
enzyme activity induced by forskolin without diminishing the increase in
cyclic AMP formation (George and Ojeda, 1986).

The capacity of the fetal ovary to respond to forskolin, but not to
gonadotropins, suggests that an extracellular messenger different from
LH or FSH may control early ovarian function. This notion was consider¬
ably strengthened by the finding that vasoactive intestinal peptide (VIP),
which in older rats is found in ovarian nerves (Larsson et al., 1977;
Ahmed et al. 1985) and is already present in 2-day-old neonate ovaries
(Ahmed et al., unpublished), increased both cyclic AMP production and
aromatase activity from cultured 19-day-old fetal ovaries (George and
Ojeda, 1986). This finding raises the exciting possibility that at the onset
of ovarian development the central nervous system controls the matura¬
tion of the gland via direct neural connections rather than through circu¬
lating gonadotropins. While much work needs to be done to test such a

possibility it is important to bear in mind that early ovarian development
does occur independently of gonadotropin control (Lamprecht et al.,
1973; Kraiem et al., 1976; Hunzicker-Dunn and Birnbaumer, 1976; for a
review see Peters, 1979).

B. THE NEONATAL PERIOD

One of the most striking features of the neonatal period is the initiation
of increased secretion of gonadotropins. However, the hormonal link
between the hypothalamic-adenohypophysial unit and the ovaries is not
yet fully operative. The ovary is relatively insensitive to gonadotropins
for at least the first 4-5 postnatal days (Ben-Or, 1963; Funkenstein et al.,
1980; Peters et al., 1973) and (E2) negative feedback is not functional as
demonstrated by the inability of neonatal ovariectomy to activate gonado¬
tropin release (Goldman et al., 1971). It is likely that ovarian unrespon¬
siveness to gonadotropins in newborn rats is due to the lack of gonadotro¬
pin receptors. Both LH and FSH receptor contents are very low at
postnatal day 4 (Siebers et al., 1977; Peluso et al., 1976; Smith-White and
Ojeda, 1981b). In contrast, E2 negative feedback fails to operate, not
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because of a lack of specific hypothalamic-pituitary estrogen receptors,
but rather because the serum and tissues contain extremely high levels of
a-fetoprotein (AFP), which binds estrogen avidly (Nunez et al., 1971;
Raynaud et al., 1971). The consequences that such amounts of AFP may
have for subsequent reproductive development are not completely under¬
stood. While it appears clear that AFP protects the brain from exposure to
excessive amounts of E2 (Plapinger and McEwen, 1975; Vannier and
Raynaud, 1975), the intracellular occurrence of AFP (Benno and Wil¬
liams, 1978) suggests that the protein may, in fact, play a modulatory role
which, as in other cells (Soto and Sonnenschein, 1980), may regulate the
amount of E2 available to developing estrogen-sensitive neuronal sys¬
tems.

Acknowledging the risk of oversimplification, the neonatal period may
be seen as the developmental phase during which the brain begins to
strengthen its grip over ovarian function. Thus, FSH acquires the capac¬
ity to facilitate the ovarian conversion of testosterone (T) to E2 by postna¬
tal day 4 (Funkenstein et al., 1980). Moreover, we have recently observed
that suppression of gonadotropin release by injection of dihydrotestos-
terone propionate (DF1TP), a nonaromatizable androgen, during postnatal
days 1-5 markedly decreased ovarian FSH receptor content measured on

day 12 (Smith and Ojeda, 1986). Since FSH receptor number increases
more noticeably between neonatal day 4 and the second half of the infan¬
tile period (day 16), we concluded that neonatal release of gonadotropins,
and in particular FSH, plays an essential role in the subsequent acquisi¬
tion of FSH receptors by the developing ovary. This conclusion was
further strengthened by the demonstration that FSH replacement therapy
during the first 5 postnatal days effectively reversed the suppressive effect
of DHTP-induced gonadotropin deficiency on FSH receptor content.

Neonatal gonadotropins may become essential for the maintenance of
follicular development sometime after postnatal day 2 since primary folli¬
cles, which are absent at this time, become recognizable at day 4 (Funken¬
stein and Nimrod, 1982; George and Ojeda, 1986).

As predicted by the foregoing observations, gonadotropin receptors
become detectable by the end of the neonatal period (Peluso et al., 1976;
Smith-White and Ojeda, 1981b) and steroid responsiveness to gonadotro¬
pins becomes evident (Lamprecht et al., 1976; Funkenstein et al., 1980).
Interestingly, the operation of a dual direct neural control of the gland
also appears established by this time as judged by the presence of both
VIP (Ahmed and Ojeda, unpublished) and norepinephrine (NE) (Ben-
Jonathan et al., 1984) in the neonatal ovary. The roles that these sub¬
stances may play in subsequent ovarian development will be discussed
later in this article.
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An additional, and unexpected, control mechanism appears to become
established shortly after birth. Most remarkably it does not originate in
the neonate, but is rather provided by the mother. Rat milk, like that from
several other species, contains an LHRH-like substance which, as judged
from its chromatographic behavior in Sephadex G-25 and HPLC, appears
indistinguishable from hypothalamic LHRH (Amarant et al., 1982; Smith-
White and Ojeda, 1984). We have observed that after suckling, LHRH
immunoreactivity can be readily detected in the stomach content of the
pups and its concentration increases in their plasma. Available LHRH
receptors in the pup's ovaries decrease (Fig. 3), an effect that can be
prevented by prior intravenous administration of an antiserum to LHRH.
That the decrease in available receptors is not the consequence of suck¬
ling per se or due to stomach distension was demonstrated by the finding
that intragastric administration of milk, but not saline, reproduced the
decrease in ovarian LHRH receptors associated with suckling. These
observations led us to the conclusion that LHRH of maternal origin is
transferred to the pup via the milk; it crosses the gastrointestinal epithe¬
lium and reaches the ovary via the blood stream where it binds to specific
receptors.

Milk LHRH behaves like hypothalamic LHRH in that it is able to both
stimulate gonadotropin release from the anterior pituitary in vitro and to

0 12 4 6

Time After Return to Mother (h)
FIG. 3. Changes in available ovarian LHRH receptors in 10-day-old rats after suckling

periods of 1, 2, 4, and 6 hours subsequent to a 6-hour fast (0). Vertical lines represent SEM
and numbers above bars are number ofanimals per group. *p < 0.01 vs 0 hour. From Smith-
White and Ojeda (1984), reprinted with permission.
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FIG. 4. Effect of milk LHRH on FSH-induced estradiol (E2, B)and progesterone (P, A)
release from granulosa cells in culture (48 hours). The effect of an LHRH agonist (A-LHRH)
was also studied for comparative purposes. Each point represents the mean of 4-5 dishes ±
SEM (vertical lines).*The lowest dose producing a significant (p<.05) inhibition of the FSH
effect. oFSH, Ovine FSH. From Smith-White and Ojeda (1984), reprinted with permission.

inhibit gonadotropin-induced E2 and progesterone (P) reiease from granu¬
losa cells in culture (Fig. 4). Since the rat pup suckles frequently through¬
out the entire day it would be expected that milk LHRH is almost continu¬
ously available for binding to the infant ovary. Chronic exposure to
continuous levels of LHRH are known to depress ovarian function (see
Hsueh and Jones, 1981, for a review), and thus the suggestion may be
made that milk LHRH plays a physiological role in restraining neonatal-
infantile development of the pup ovary. Such a remarkable phenomenon
may represent an evolutionary mechanism by which the mother rat regu¬
lates gonadal development of her offspring beyond intrauterine life. In¬
deed, available ovarian LHRH receptor content increases after postnatal
days 15-20 (Dalkin et al., 1981; Smith-White and Ojeda, 1984), i.e., at the
time when pups begin to eat regular food and nursing episodes become
less frequent.

It would thus appear that very soon after birth sources other than those
residing within the immature hypothalamic-pituitary-ovarian axis might
play a fundamental role in regulating the development of both hypotha¬
lamic (AFP) and ovarian (milk LHRH) functions. We suspect, however,
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that milk LHRH is involved in other undisclosed functions that are linked
to more general growth processes rather than specifically to reproduction.

If milk LHRH is involved in modulating neonatal reproductive func¬
tions, what is the contribution of hypothalamic LHRH and how devel¬
oped is the LHRH neuronal releasing system at this time? While there is
no doubt that the primary role of hypothalamic LHRH in the neonates, as
in older animals, is to positively influence gonadotropin release, little is
known regarding the functional development of the LHRH releasing sys¬
tem. Because of the low content of LHRH found in the hypothalamus of
neonatal rats (Araki et al., 1975; Chiappa and Fink, 1977; Aubert et al.,
1985), and the already elevated serum FSH levels seen at this time we
assumed that LHRH release would not occur in a fashion similar to that of
older rats. Although we expected that LHRH release would be pulsatile,
we presumed that the frequency of the secretory episodes would differ
substantially from that observed later in life. To our surprise when preop¬
tic area-medial basal hypothalamic (POA-MBH) fragments excluding the
lateral hypothalamus and the mammillary bodies were analyzed for
pulsatile LHRH release in a perifusion system,3 it was found that LHRH
secretory episodes occurred regularly with an interpulse frequency of
approximately 30 minute (Fig. 5). Such a pattern of release is similar to
that observed in juvenile animals (vide infra) in which the frequency of
LH pulses in plasma and the low FSH circulating levels make entirely
predictable a frequency of LHRH dischanges corresponding to that of
LH.

Based on these observations, we have tentatively concluded that the
neonatal LHRH neuronal system located in the POA-MBH has already
the intrinsic capacity of generating LHRH secretory episodes with a
rhythmicity similar to that observed in pre- and peripubertal rats. It would
thus appear that developmental modulation of this basic LHRH activity
depends primarily on inputs originating outside the POA-MBH island. Of
particular note is a recent report by Melrose (1985) which demonstrated
that isolated LHRH neurons in culture release LHRH in a pulsatile fash¬
ion in the absence of any neural connections, thus suggesting that pulsatil-
ity is an intrinsic property of the LHRH neuron itself.

Figure 6 summarizes some of the events that may occur during fetal-
neonatal development in the female rat.

3 Our own experiments as well as those of Bourguignon and Franchimont (1984) and
Ramirez et al. (1985) have shown that single POA-MBH fragments incubated in vitro in
either a perifusion system or for short-term periods with frequent removal of the medium
exhibit pulsatile release of LHRH.
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FIG. 5. Demonstration of pulsatile release of LHRH from the preoptic area-medial basal

hypothalamus (POA-MBH) of a neonatal, 6-day-old female rat. The LHRH profile depicted
corresponds to a single POA-MBH which was perifused in vitro for 5 hours with Krebs-
Ringer bicarbonate buffer, pH 7.4, containing both glucose (0.1%) and BSA (0.01%). The
flow rate was 75 p.l/minute and LHRH was measured by R1A in 5-minute fractions. From
Urbanski and Ojeda, unpublished.

C. THE INFANTILE PERIOD

Between postnatal day 7 and 21 the CNS-pituitary axis undergoes
changes that, we believe, represent the first developmental events having
a direct impact on the timing of puberty onset. Serum FSH levels increase
rapidly to reach peak levels around day 12 (Ojeda and Ramirez, 1972;
Kragt and Dahlgren, 1972; Meijs-Roelofs et al., 1973). Thereafter, levels
decline steadily to reach their lowest value shortly before the first proes-
trus (Meijs-Roelofs et al., 1975; Ojeda et al., 1976b). The elevated FSH
not only behaves chromatographically similar to serum FSH ofjuvenile or
adult rats, but is also biologically active (Ojeda and Jameson, 1977b).

As previously indicated there is substantial evidence that development
of ovarian follicles at this time comes under strong gonadotropin control
(Eshkol et al., 1970; Schwartz, 1974; Uilenbrock and Arendsen de Wolff-
Exalto, 1977). Importantly, the level of FSH secretion necessary for
maintenance and/or formation of FSH receptors during the infantile pe¬
riod is no greater than that observed during the late juvenile period (—200
ng/ml); suppression of serum FSH from the high, infantile levels down to
the low juvenile values, using DHTP, failed to affect ovarian FSH recep¬
tor content even though serum LH was reduced to undetectable values
(Smith and Ojeda, 1986). Further suppression of serum FSH resulted in
disrupted follicular development (Uilenbroek and Arendsen de Wolff-
Exalto, 1977). During the infantile period FSH becomes able to induce a
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DAY 12 DAY 17 - 18 DAY 22 DAY 2 - 4 OAY 7

FIG. 6. Summary of some neuroendocrine events postulated to occur during the feto-
neonatal period of the female rat. Although pituitary gonadotropins can be detected in the
gland by gestational day 17, the ovary is insensitive to gonadotropins until at least 2 days
after birth. Before birth it responds to VIP, a peptide contained in ovarian nerves, with
increased aromatase activity; fetal regulation of ovarian function may, therefore, be exclu¬
sively neurogenic. Between postnatal day 2 and 4 primary follicles begin to develop. Gonad¬
otropin control is initiated some time after postnatal day 2 when estrogen negative feedback
on gonadotropin secretion is not yet functional. The increasing FSH levels observed after
birth may result from a low frequency of "meaningful" LHRH discharges and a lack of
estrogen negative feedback. However, by day 6 the isolated POA-MBH has already devel¬
oped the capacity of discharging LHRH at regular 30 minute intervals (inset). *1", Not
operative; (+), stimulatory; (—), inhibitory; NE, norepinephrine. Numbers indicate the
sequence in which these events may occur.

substantial increase in ovarian aromatase activity (George and Ojeda,
1986) and the ovary unequivocally demonstrates the capacity to respond
to endogenous increases in serum gonadotropins with steroid release (An¬
drews et al., 1981a) (Fig. 7).

Circulating FSH levels appear to be elevated tonically whereas serum
LH increases as sporadic bursts of secretion (Dohler and Wuttke, 1975).
Some authors have attributed this latter observation to nascent expres¬
sion of E2 positive feedback (Wuttke and Gelato, 1976) but others, includ-
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FIG. 7. Serum progesterone, androgens, and estradiol (E2)-like material (mean ± SEM)
in female rats adrenalectomized on day 10 (1600-1800 hours) and injected iv, 90 minutes
before sacrifice on the morning of day 11 (0800-1000 hours) with LHRH (100 ng/100 g body
weight). The horizontal dotted line in the first panel represents the sensitivity of the proges¬
terone assay in this experiment. Serum T is expressed as androgens and serum E2 is ex¬
pressed as Ej-like material because they were measured in unchromatographed samples.
Numbers above bars indicate the number of animals per group. From Andrews el al.
(1981a), reprinted with permission.

ing ourselves (Andrews et al., 1981b; Frawley and Henricks, 1979;
MacKinnon et al., 1976), consider this to be a moot point on the grounds
that (1) E2 is unable to induce an LH surge before postnatal day 15
(Andrews et al., 1981b), (2) passive immunization against E2 fails to in¬
hibit the LH surges (Frawley and Henricks, 1979), and (3) environmental
disturbance inhibits their occurrence (MacKinnon et al., 1976). It seems
clear, however, that such sporadic increases in LH release reflect activa¬
tion of a central event as noradrenergic turnover in the POA of infantile
rats increases at the time of the LH secretory episodes (Honma et al.,
1979). Our recent observations on the transfer of maternal LHRH to the
offspring suggest that a contributing factor may reside in milk LHRH
which, upon absorption and attainment of a threshold level in plasma,
may induce abrupt, short-lived increases in LH release.

The pattern of high FSH levels and sporadic increases in LH release
that characterizes the infantile period of the female rat can be interpreted
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as a reflection of maturational events that occur at the levels of both the
brain and anterior pituitary. One may also assume that the steroidal envi¬
ronment plays a definitive role in the modulation of these events.

Our attempts to gain insight into this issue have been based on the
assumption that the function of the system can be elucidated by examin¬
ing its components both individually and in relation to each other. In
pursuing this strategy we first focused our attention on the anterior pitui¬
tary gland, then we defined the relative contribution of steroid feedback
mechanisms, and, more recently, we have initiated the direct exploration
of those mechanisms controlling the hypothalamic LHRH secreting ma¬
chinery.

Pituitary responsiveness to LHRH is exceedingly high in infantile rats
(Debeljuk et al., 1972; Ojeda et al., 1977) (Fig. 8) and decreases steadily
after postnatal day 15. This increased responsiveness appears to be re¬
lated, at least in part, to a direct facilitory effect exerted by nonaromatiza-
ble androgens and P on the pituitary gland. We observed that ovariectomy
reduced the FSH response to LHRH whereas DHT or P treatment re¬
stored it (Ojeda et al., 1977). Although plasma levels of DHT are low in
female rats, the anterior pituitary of infantile rats has an enhanced 5a-
reductase acitvity, the developmental pattern of which closely follows
that of serum FSH (Denef et al., 1974).

An important contributing factor to the elevated gonadotropin levels in
infantile rats is the relative inefficiency of E2 negative feedback. The
earlier observation that administration of E2 was less effective in depress¬
ing FSH levels in ovariectomized infantile rats than in juvenile animals
(Ojeda and Ramirez, 1973/74) received the support of additional results
from our own laboratory (Ojeda et al., 1975; Andrews and Ojeda, 1977)
and from other investigators (Meijs-Roelofs and Kramer, 1979; Frawley
and Henricks, 1979). The findings of these latter authors were particularly
supportive of our conclusions as they demonstrated that immunoneutrali-
zation of serum E2 failed to induce a rise in circulating gonadotropin levels
as would be expected if E2 negative feedback was operative in infantile
rats. Our own observations that administration of RU 2858, a synthetic
estrogen that does not bind to AFP, resulted in a striking inhibition of the
postovariectomy rise in serum gonadotropins (Andrews and Ojeda, 1977)
(Fig. 9) conclusively established that E2 negative feedback fails to operate
in infantile rats because of the presence of AFP, and not because of lack
of specific E2 receptors. By day 16, AFP levels have decreased suffi¬
ciently, allowing free E2 levels to be detected for the first time (Germain
et al., 1978; Meijs-Roelofs and Kramer, 1979; Andrews et al., 1981b). In
remarkable coincidence with such a shift, the peak level of serum FSH,
seen at day 12, begins to decrease. Thus, it appears that both a facilitatory
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FIG. 8. Comparison of the time course in plasma LH and FSH concentration following
an iv injection of LHRH (10 ng/100 g body weight in 10-day (O) and in 28-day-old female rats
(•). Each point represents an individual value. Arrows indicate the time of injection. From
Ojeda et al. (1977), reprinted with permission.

effect of 5a-reduced androgens, originated locally in the anterior pitui¬
tary, and the failure of E2 negative feedback to operate at full capacity
play a pivotal role in determining the infantile increase in serum FSH
levels.

The repeated finding that ovariectomy of infantile rats results in a
prompt increase in serum gonadotropin levels does not appear to support
this hypothesis; if ovarian E2 is the only gonadal steroid involved in
controlling gonadotropin release then a postovariectomy rise should not
have occurred. However, infantile ovaries produce measurable amounts
of both testosterone and androstenedione (Dohler and Wuttke, 1975; An¬
drews el al., 1981a; Andrews and Ojeda, 1981a; Matthews et al., 1986).
When 10-day-old rats were ovariectomized and given sc Silastic capsules
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FIG. 9. Plasma LH and FSH in ovariectomized female rats (ovariectomy on day 10)

treated with various doses of estradiol benzoate (Eb), diethylstilbestrol (DES), or the syn¬
thetic estrogen RU2858 once daily for 3 days and sacrificed on day 13 between 1000 and
1100 hours. Vertical lines represent the SEM and the numbers above the bars indicate the
number of animals per group. Bars outlined with dashes represent groups in which the
plasma of 2 or 3 animals was pooled to obtain the indicated number of determinations. The
sensitivity of the LH assay is shown by the horizontal dashed line. Determinations which
were below this level were assigned a value of 0.25 ng/ml. OVX, Ovariectomized oil-treated
controls. From Andrews and Ojeda (1977), reprinted with permission.
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FIG. 10. Decrease in serum FSH titers of 12-day-old ovariectomized rats induced by
different levels of serum T. The animals were ovariectomized on day 10 and immediately
received sc Silastic capsules containing different concentrations of T dissolved in oil. The
numbers inside the boxes indicate the different concentrations of T (mg/ml) used. INT,
Intact sham-operated controls. The SEM for serum FSH and serum T are represented by
vertical and horizontal lines, respectively. The hatched rectangle represents the SEM of
serum FSH and T levels of intact sham-operated animals. The numbers above the means
indicate the number of animals per group. From Andrews and Ojeda (1981a), reprinted with
permission.

containing different amounts of T it was observed that as mean serum T
levels increased, serum FSH (Fig. 10) and LH levels decreased. When the
implants produced serum T levels4 similar to those normally seen in intact
rats, serum FSH titers were also normal. These observations permitted
the conclusion (Andrews and Ojeda, 1981a) that during the infantile pe¬
riod of female development the bulk of steroid negative feedback on
gonadotropin release is exerted by aromatizable androgens. Whether the
effect of T is due to its androgenic capacity per se or to prior local
aromatization to estrogens is unknown. Estradiol, itself, if given at high

4 Produced by Silastic capsules containing 0.5 to 1 mg T/ml of corn oil.
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enough doses, which presumably bypass binding to AFP, can effectively
inhibit gonadotropin release in infantile rats (Ojeda et al., 1975; Andrews
and Ojeda, 1977; Meijs-Roelofs and Kramer. 1979).

Disclosure of such an inhibitory capacity of E2 is in direct contrast with
the absolute inability of the steroid to elicit a surge of gondotropin release
before postnatal day 15 (Andrews et al., 1981b; Puig-Duran and MacKin¬
non, 1978). Production, via Silastic capsules, of serum E2 levels that
exceeded the E2 binding capacity of AFP by several times consistently
failed to evoke LH release in 10- to 14-day-old rats. On the other hand, an
increase in E2 levels, amounting to only twice the level of E2 necessary to
induce an LH surge in juvenile rats, resulted in a blunted, but clearly
demonstrable surge in LH release in 16- to 20-day-old rats.

These observations indicated to us that a complex array of steroid-
dependent mechanisms is involved in determining the neonatal-infantile
increase in gonadotropin release (Fig. 11), but gave us no clue as to the
existence of steroid-independent components, which, if existed, we rea¬
soned had to be originated within the CNS (Fig. 11). Indeed, evidence
exists that the infantile hypothalamus of the female rat responds with
more LHRH release to a depolarizing stimulus than does the hypothala¬
mus ofjuvenile rats (Hompes et al., 1982). On the other hand, the pattern
of gonadotropin release in infantile females is highly reminiscent of that
reported to occur under experimental conditions in the Rhesus monkey
(Wildt et al., 1981), when low-frequency pulses of LHRH are adminis¬
tered. It is conceivable, therefore, that while the reproductive hypothala¬
mus becomes rapidly activated during infantile development, LHRH is
released as infrequent discharges which maintain elevated FSH secretion,
and generate short-lived bursts of LH release (Fig. 11). This hypothesis
also implies that the decrease in FSH levels that follows the peak of
secretion on day 12 is due to acceleration of LHRH discharges. Initial
support for such an assumption is provided by the recent observation
(Urbanski and Ojeda, unpublished) that sc pulsatile administration of
LHRH5 to infantile, ovariectomized rats via osmotic minipumps resulted
in a decrease in FSH levels. More interestingly, FSH levels in untreated
rats increased after ovariectomy (on day 6) to high levels and decreased
thereafter to intermediate values at an age (about postnatal day 16) which
corresponds to the age at which serum FSH levels normally begin to
decline in intact rats. These results not only suggest that the frequency of

5 Assuming that 1 LHRH pulse about every 3 hours maintains constantly high FSH levels
(Wildt el al., 1981) attempts to decrease FSH titers were made by providing ovariectomized
rats with osmotic minipumps which had attached a polyethylene tubing containing segments
of LHRH (separated by oil drops) at a distance which resulted in a 30 minute LHRH pulse
delivered sc every hour.
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FIG. 11. Summary of main events occurring during infantile development of the female
rat. The activity of LHRH neurons is increased, but LHRH neurons may discharge asyn¬
chronously. Random synchronization of these discharges may evoke infrequent "meaning¬
ful" LHRH pulse^ which can maintain elevated plasma FSH levels and sporadically high
LH values. Pituitary response to LHRH is high, in part because of a facilitatory effect of
locally formed 5<*-reduced androgens. The elevated plasma FSH levels are responsible for
recruiting primordial follicles into a proliferative pool. After day 12, E2 negative feedback
begins to operate, LHRH neurons become more synchronized, and plasma FSH levels start
declining. E2 positive feedback becomes established after day 15. (—), Inhibitory; (+),
stimulatory. Numbers refer to the sequence in which these events may occur.

LHRH discharge may play a substantial role in determining the pattern of
changes in FSH release during infantile days but also provides initial
evidence that such changes are, to a significant extent, the consequence
of steroid-independent, centrally originated events (Fig. 11). These
events, however, do not appear to originate within the POA-MBH area,
as judged by the finding that infantile hypothalami in vitro, like those of
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neonatal rats, are capable of generating a rhythmic, pulsatile release pat¬
tern of LHRH which, by all criteria, appears indistinguishable from that
of juvenile or peripubertal hypothalami (Urbanski and Ojeda, unpub¬
lished).

In any event, these purported centrally driven, steroid-modulated
changes in gonadotropin secretion are not without transcendence as they
appear to profoundly influence ovarian maturation, and hence the timing
of puberty. Morphological evidence indicates that completion of ovarian
follicular development takes no less than 15-19 days and that twice as

many follicles start to grow in infantile as in juvenile rats (Hage et al.,
1978). It then follows that at least some of the follicles recruited by the
high serum FSH levels during infantile development (Schwartz, 1974)
must be destined to ovulate at puberty, or at least to mature to a preovula¬
tory, estrogen-secreting condition.

It may, therefore, be concluded from these observations that the first
series of events with direct relevance to the onset of puberty does not
occur close to the time of first proestrus, but rather during the infantile
phase of development.

D. THE JUVENILE PERIOD

Once the turmoil of the infantile activational period subsides and the
animal becomes juvenile it appears clear that the hypothalamic-pituitary
unit has become capable, for the first time, of responding to estrogen
stimulation with an increase in gonadotropin secretion. It is also apparent
that at this time all basic components of the system (hypothalamus, pitui¬
tary, and ovaries) can respond with enhanced secretory activity to appro¬
priate stimulatory inputs. Why then does a preovulatory surge of gonado¬
tropin secretion fail to occur? The most obvious answer, i.e., "because
the ovary is Unable to generate estrogen levels of preovulatory magni¬
tude," is undoubtedly an oversimplification of the situation. It is becom¬
ing clear that the acquisition of such ovarian competence is not a simple
process but rather depends upon the integration of a complex series of
mechanisms.

The beginning of the juvenile period (day 21) appears relatively quies¬
cent as FSH levels decline, the bursts of LH release disappear, and AFP
titers decrease further freeing more E2 for biological activity. Promptly,
however, a multiplicity of changes begins to occur and these establish
definitive functional connections between the hypothalamic-pituitary
unit and the ovary. On the one hand, the capacity of the animal to respond
with LH release to E2 levels of proestrous magnitude becomes fairly
established by day 22 (Andrews et al., 1981b) (Fig. 12). On the other,



MECHANISM OF FEMALE PUBERTY 405

50

30

10

i
ct 50
c

I
-1 30
<

CO
< 10
a.

50

30

iO

1000 14O0 18O0 lOOO 1400 10OO 1000 -MOO 1SOO 1000 MOO 1800

TIME OF DAY (hours)
FIG. 12. Serum LH levels produced in prepubertal female rats of different ages by the sc

implantation of Silastic capsules (20 mm/100 g body weight) containing E2 dissolved in corn
oil (400 /rg/ml). Animals older than 20 days were bled every 2 hours via indwelling jugular
cannulas. Between 12 and 20 days of age (weaning age, 21 days), animals were decapitated
at the times indicated on the abscissa. Animals received the capsules 1 (O) or 2 (•) days
before bleeding or decapitation. From Andrews et al. (1981b), reprinted with permission.

_ DAY 12 DAY 14

-

• 2 DAYS AFTER E2
_

O—o 1 DAY AFTER E2
a—A OIL CONTROL

5 5 4 545 5 5 5454

DAY 20 DAY 22

(n= 4)

X
K

5 5 4
• A —A ,

DAY 28
(n=5)

/
/

-h DAY 30

/\

DAY 18

'J
4 4 ♦

DAY 24

(n = 3)

Ft J

DAY 26

<n = 4)

/T
_i i t— ' i i i i i i ♦— ♦ i i i i i

DAY 32

(n = 2) / \ (n=5) l/|
/ ° i/T

(n=4)

DAY 34

T{ \ ;

(n=5)

tonic gonadotropin secretion comes under firm estrogen inhibitory control
which replaces the aromatizable androgens that played a predominant
role during infantile days (Andrews and Ojeda, 1981a) (Fig. 13). Andro¬
gens, however, do contribute to the inhibitory control of gonadotropin
secretion in juvenile rats but their role is relatively minor as replacement
of physiological levels of T in ovariectomized, juvenile rats reduced go¬
nadotropin titers only to levels seen in intact 12-day-old rats. In contrast,
replacement of preovariectomy E2 levels prevented the postovariectomy
rise in LH and, to a significant extent, that of FSH (Fig. 13).

Throughout juvenile days waves of follicular development and atresia
occur with overlapping frequency (Dawson and McCabe, 1951; Rennels,
1951; Richards, 1980), but in no instance does a crop of follicles reach the
ovulatory stage. Acquisition of this capacity at puberty appears to be
brought about by a multiplicity of hormonal and neurogenic factors oper¬
ating under strict CNS direction.
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AGE (DAYS)

FIG. 13. Development of ovarian steroid negative feedback in the female rat. (A) Serum
FSH levels in intact animals (days 4-28). (B) serum FSH levels in ovariectomized rats (open
columns) and in ovariectomized rats in which precastration serum levels of T were quantita¬
tively restored via Silastic capsules (hatched columns). (C) The effect of quantitatively
replacing the precastration levels of serum E2 and/or T on serum FSH of ovariectomized 27-
day-old rats. In all cases, FSH was measured 2 days after ovariectomy, and the steroid
replacement therapy was initiated immediately after castration. Each point or bar represents
the mean of 7-12 animals and SEM are represented by vertical lines. From Andrews and
Ojeda (1981a), reprinted with permission.

1. Hormonal Influences

The pivotal role played by LH and FSH in ovarian development is well
established. Although serum LH levels are low during juvenile develop¬
ment, they are clearly pulsatile (Kimura and Kawakami, 1982; Andrews
and Ojeda, 1981b). Careful examination of the pattern of LH using an
automated bleeding system (Urbanski et al., 1984) revealed that LH
pulses occurred regularly every 30 minutes (Urbanski and Ojeda, 1985a)
(Fig. 14). A similar pattern of release was observed in the morning and
afternoon.

At the end of the juvenile period and heralding, in our view, the initia¬
tion of the peripubertal phase of development, basal LH levels begin to
increase (Meijs-Roelofs et al., 1983) and an afternoon increase in LH
pulse amplitude becomes evident (Fig. 15) (Urbanski and Ojeda, 1985a).
In the latter study some animals were found to exhibit an afternoon, more
sustained episode of LH release (Fig. 16) which we have termed "LH
minisurge" and that amounts to approximately 10% of the proper, proes-
trous surge of LH secretion.

The importance of these two modes of LH release for ovarian steroido-
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FIG. 14. Representative morning plasma LH profiles from juvenile (A; 27-29 days old)
and peripubertal (B; 30-38 days old) female rats bled continuously for 4 hours. Six individ¬
ual profiles from a total of 11 tire depicted. From Urbanski and Ojeda (1985a), reprinted with
permission.
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FIG. 15. Representative afternoon plasma LH profiles from juvenile (A; 27-29 days old)

and peripubertal (B; 30-38 days old) female rats bled continuously for 5 hours. Six individ¬
ual profiles from a total of 16 are depicted. Pulses of LH secretion are indicated by arrows.
From Urbanski and Ojeda (1985a), reprinted with permission.
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FIG. 16. Plasma LH profiles from three peripubertal (30-38 days old) female rats, show¬
ing a midafternoon minisurge of LH secretion. From Urbanski and Ojeda (1985a), reprinted
with permission.

genesis was demonstrated by in vitro experiments (Urbanski and Ojeda,
1985b) in which peripubertal ovaries were exposed in a perifusion system
to a pattern of LH in which the pulses resembled those previously ob¬
served in vivo either in the mornings or afternoons, or to a pattern com¬
prising an LH minisurge.6 Both large amplitude LH pulses (Fig. 17) and
minisurges of LH stimulated E2 and P release from the ovary. The effec¬
tiveness of LH given as pulses or minisurges was substantially greater
than when LH was given continuously at the peak level, because less LH
was needed to produce the same response. This demonstrates that inter¬
rupted delivery of LH to the gonad represents a much more efficient
stimulatory signal for steroid release than exposure to continuous levels.

These observations permitted the conclusion that diurnal changes in the
mode of LH release are of substantial importance for the ovary to become
capable of producing a steroidal signal that can activate a surge of LH
secretion. As we will discuss later in this review large amplitude LH
pulses and LH minisurges are originated by activation of different mecha¬
nisms with independent anatomical localization.

Albeit of fundamental importance, gonadotropins are not the only ante-

6 In addition to the LH pulses the perifusion medium contained FSH at a basal level (200
ng/ml) which is similar to that of late juvenile rats. Since the ovine FSH employed contains
an equivalent of 20 ng LH/200 ng FSH, this amount closely mimicked basal LH levels
observed in juvenile rats.
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FIG. 17. Release of P and E2 from ovaries exposed to various LH profiles in vitro: basal
perfusion medium (O; n = 5), LH pulses of 20 ng/ml (•; n = 4), or LH pulses of 80 ng/ml (A;
n = 5). Each point represents the mean steroid level ± SEM (vertical lines). In some cases,
the SEMs are so small that they fall within the symbol width. The horizontal bars above the
abscissa indicate the periods of exposure to elevated LH concentrations in the perfusion
medium. From Urbanski and Ojeda (1985b), reprinted with permission.

rior pituitary hormones involved in the regulation of ovarian maturation.
Two additional hormones, prolactin (Prl) and growth hormone (GH) ap¬
pear to play a supportive role, facilitating the effects of gonadotropins.
The secretion of both somatomamotropins is low at the beginning of the
juvenile period and increases gradually thereafter (Dohler and Wuttke,
1974, 1975; Ojeda and Jameson, 1977a; Eden, 1979). More importantly,
the episodic mode of release of both hormones also becomes established
during this time. While the adult quotidian pattern of GH release becomes
firmly established around the time of puberty (Eden, 1979) a pattern of Prl
release characterized by Prl discharges occurring approximately every 3
hours appears well defined by the beginning of the juvenile period (Ki-
mura et al., 1983). Nevertheless, the most prominent Prl secretory epi¬
sodes occur at midafternoon and during the early morning hours. As the
animal approaches the end of the juvenile period the nocturnal increases
in Prl levels disappear whereas the afternoon surge becomes more promi¬
nent (Kimura and Kawakami, 1980). Our own results indicate that the
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afternoon increase in Prl levels can be already detected by the third week
of postnatal life, i.e., during the infantile period (Ojeda et al., 1976). We
will present evidence later on suggesting that this afternoon change in Prl
secretion is initiated by a central, gonadal-independent mechanism, a

signal that is amplified by E2.
It has been known for several years that Prl administration accelerates

the onset of puberty in female rats (Clemens et al., 1969). We were also
struck by the common observation in pediatric endocrinology that chil¬
dren with isolated GH deficiency not only show attenuated growth, but
also experience a delayed puberty, alterations which are all reverted by
GH administration. To create a hyperprolactinemic condition we pro¬
vided juvenile rats with sulpiride, a dopaminergic receptor blocker, in the
drinking water (Advis and Ojeda, 1978) and the resulting changes in
plasma Prl levels, ovarian steroidogenesis, and time of puberty were eval¬
uated. Plasma Prl levels rose within a few hours after the sulpiride was
made available to the rats and remained elevated throughout the study.
Both vaginal opening and first ovulation were significantly advanced, an
effect which could not be attributed to changes in mean plasma levels of
LH or FSH. However, when the capacity of the ovaries to secrete ste¬
roids in response to gonadotropins was assessed in vitro we found that
ovaries from hyperprolactinemic rats were much more responsive than
controls. Both the E2 and P responses to human chorionic gonadotropin
(hCG) and to FSH were strikingly increased (Fig. 18). In a subsequent
study we were able to demonstrate that hCG (LH)7 receptor content of
granulosa cells from hyperprolactinemic rats was significantly greater
than that of controls, suggesting that Prl contributes to the maintenance
and/or formation of LH receptors in the developing ovary (Advis et al.,
1981a).

Administration of ovine Prl to hypophysectomized rats yielded essen¬
tially identical results in that the ovarian P response to gonadotropins was
markedly enhanced by the Prl treatment. Likewise, hyperprolactinemia
induced by transplantation of anterior pituitaries from donor rats under
the kidney capsule ofjuvenile animals rats resulted in precocious puberty
which was preceded by an increase in ovarian steroidal response to go¬
nadotropins (Advis and Ojeda, 1979). We next treated juvenile rats with
CB-154, an ergoline derivative which, by binding to dopamine receptors,
inhibits Prl release. As before, the drug was provided in the drinking
water from postnatal day 22 onward (Advis et al., 1981c). The results
were the opposite of our previous findings with sulpiride as the onset of

1 Human chorionic gonadotropin (hCG) is used as the ligand to measure LH receptors.
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FIG. 18. Effect of different concentrations of highly purified human chorionic gonado¬
tropin (hCG) (A) or human FSH (hFSH) (B) on in vitro P release (increment over basal
release) from ovaries of intact or hyperprolactinemic (HP) 29-day-old immature rats. Hy-
perprolactinemia was induced by sulpiride treatment. PRL levels in HP and control animals
are shown in (C). Vertical fines represent the SEM, and numbers next to means indicate the
number of animals per group.(•) HP rats; (O) controls. From Advis et at. (1981a), reprinted
with permission.

puberty was delayed, the ovarian E2 and P response to gonadotropins was
blunted, and the content of hCG (LH) receptors in the ovary was reduced.

We then concluded that one important function of the rising Prl levels
during juvenile development is to facilitate the stimulatory actions of
gonadotropins on ovarian steroidogenesis. A significant part of this effect
appears to be exerted through a supportive action of Prl on the mainte¬
nance and/or formation of LH receptors. Nevertheless, a direct stimula¬
tory effect of Prl on enzymes such as 20a-hydroxysteroid dehydrogenase
(see Hsueh et al., 1984, for a review) is likely to play a contributory role.
A note of caution that should be introduced at this juncture concerns the
fact that in all experiments in which Prl secretion was altered by do¬
paminergic agents we measured plasma LH using an heterologous RIA.
The results showed that neither sulpiride nor CB-154 affected mean
plasma LH levels; however, CB-154 slightly decreased the amplitude of
the LH secretory episodes normally seen in immature rats. The possibil¬
ity needs to be considered that more pronounced changes In plasma LH
were not detected by the antiovine LH serum employed in the LH RIA.
Very recently, using the NIADDK homologous rat RIA system we have
confirmed (Urbanski and Ojeda, 1985a) the findings of Meijs-Roelofs et al.
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(1983) who showed an increase in basal LH levels in animals approaching
puberty. This elevation was unnoticed when the heterologous LH assay
was employed (Ojeda et al., 1976; Apdrews and Ojeda, 1981b).

Lacking a sufficient amount of pure GH preparation the approach of
injecting GH into developing animals could not be used to assess the role
of GH in the timing of puberty. We took advantage, however, of the fact
that GH can control its own secretion through a short-loop negative feed¬
back exerted on the hypothalamus (Katz et al., 1969; for review see Piva
et al., 1979), and undertook studies to examine the effect of suppressing
GH secretion on the onset of puberty. Implantation of GH into the MBH
via a permanent stainless-steel cannula resulted in suppression of plasma
GH levels, and, to our excitement, clearly delayed the age of vaginal
opening and ovulation (Advis et al., 1981b). Examination of the ovaries
from GH-deficient rats revealed a decreased content of LH receptors.
Moreover, the ovarian P response to gonadotropins was significantly
blunted suggesting that GH deficiency is associated with impaired ovarian
function. This conclusion was further strengthened by the finding that in
vivo administration of GH to hypophysectomized rats enhanced the sub¬
sequent in vitro P response of the ovaries to hCG and FSH (Fig. 19). In
very recent studies Jia et al. (1985), using cultured granulosa cells from
immature hypophysectomized rats, have shown that GH facilitates the
capacity of FSH to induce LH receptors and to stimulate P secretion.
Moreover, GH also facilitates the stimulatory effect of cyclic AMP and
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forskolin on P secretion, indicating that the somatomamotrophic hormone
acts at more than one biochemical step to positively regulate granulosa
cell function.

The aforementioned studies have helped to clarify the role that GH and
Prl play in the onset of female puberty. We believe that the juvenile ovary
matures under the facilitatory influence of both Prl and GH, but primarily
under the control of LH and FSH. As puberty approaches the ovaries
gradually become more capable of responding to gonadotropin stimula¬
tion with estrogen release (Advis and Ojeda, 1978; Uilenbroek et al.,
1983). Two events appear intimately associated with these changes in
ovarian function. One of these is an increase in LH receptors, also occur¬

ring during infantile development but becoming more pronounced during
the fourth week of life (Smith-White and Ojeda, 1981b). The other is a
decrease in LHRH receptors which is initiated during the second half of
the juvenile period (Smith-White and Ojeda, 1981a; Dalkin et al., 1981).
This decrease becomes more pronounced during the days encompassing
the first ovulation, as will be discussed later. Since LHRH has been
shown to inhibit gonadal function under a variety of circumstances (for a
review see Hsueh and Jones, 1981) one may argue that a decrease in
LHRH receptor content reflects a decreased inhibitory influence of the
peptide on ovarian development. The simultaneous increase in LH recep¬
tors would thus provide the necessary amplification for the stimulatory
LH actions.

2. Neural Influences

It is now becoming increasingly clear that in addition to its hormonal
control, the ovary is regulated by direct neural influences (for review see
Burden, 1985; Ojeda and Aguado, 1985a). These neural inputs, we be¬
lieve, provide the fine, minute to minute regulation of ovarian function.

The results of recent experiments in our laboratory have led us to
conclude that the immature ovary is innervated by both adrenergic and
peptidergic nerves. In regard to the adrenergic control, the developing
ovary not only contains a well-defined population of /3-adrenergic recep¬
tors of the /Jrsubtype (Fig. 20) (Aguado et al., 1982) the content of which
varies in relation to the phases of puberty, but it also exhibits a measur¬
able amount of NE, which increases noticeably during juvenile develop¬
ment (Ben-Jonathan et al., 1984). These /T-adrenergic receptors are cou¬
pled to progesterone and androgen release, an effect-that can be
demonstrated both by utilizing whole ovaries in short-term incubation and
ovarian cells in culture (Ratner et al., 1980; Adashi and Hsueh, 1981;
Aguado et al., 1982; Dyer and Erickson, 1985).

The sources of adrenergic inputs to the ovary appear to be (1) the
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FIG. 20. (A) Competition for iodohydroxybenzylpindolol (IHBP) binding to ovarian

membranes by zinterol, a /32-agonist, or metoprolol, a /3rantagonist. Membranes were incu¬
bated with IHBP (4 pAf) in the presence or absence of adrenergic agents under the condi¬
tions indicated in the original report (Aguado el al., 1982). Each point represents the mean of
duplicate determinations. The curves shown are representative of two experiments. The
binding of IHBP in the absence of zinterol or metoprolol was 100%. (B) Hofstee plots for the
inhibition of specific IHBP binding by zinterol and metoprolol to ovarian membranes from
30-day-old rats. The data were obtained using the assay conditions described in the original
report. Each point represents the mean of duplicate determinations. In both cases, the
presence of a single type of /3-binding sites is indicated by the presence of a linear plot. From
Aguado et al. (1982), reprinted with permission.

adrenergic nerves and (2) circulating epinephrine (EPI) of adrenal medul¬
lary origin. Based on the findings that adrenal medullectomy, which de¬
pressed plasma EPI levels, delayed the onset of puberty whereas EPI at
nanomolar concentrations amplified the stimulatory effect of hCG and
FSH on P secretion from granulosa cells in culture (Aguado and Ojeda,
1984a) we have hypothesized that under physiological conditions circulat¬
ing EPI facilitates the effect of gonadotropins on P secretion and stimu¬
lates P secretion on its own.

The ovary is innervated by two main adrenergic nerves, the superior
ovarian nerve (SON) which carries most of the noradrenergic fibers in-
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FIG. 21. Effect of superior ovarian nerve (SON) section on ovarian NE content (A) and
the number and affinity of ovarian /J-adrenergic binding sites (B). The nerve was transected
on day 24, and the ovaries were collected 7 days later. SH, Sham-operated controls; SON-S,
SON-sectioned animals. Vertical lines represent the SEM, and numbers above bars indicate
the number of animals per group. **p < 0.01 vs SH control. From Aguado and Ojcda
<1984b), reprinted with permission.

nervating the steroidogenic tissue of the gland, and the plexus nerve (PN)
which primarily innervates the ovarian vasculature (Burden and Law¬
rence, 1980). Section of the SON, when performed in proestrous animals,
resulted in an acute drop in P and E2 secretion as measured in the ovarian
vein effluent (Aguado and Ojeda, 1981c) suggesting that activation of
neural inputs reaching the ovary via the SON is involved in maintaining
and/or enhancing the increased steroid output that characterizes the day
of proestrus. On a more chronic basis SON section resulted in a compen
satory increase in /3-adrenergic receptors (Fig. 21) (Aguado and Ojeda,
1984b). This increase was accompanied by hypersensitivity of steroid
secretion to /3-adrenergic stimulation as determined using an in vitro
model for denervation,® which consists of granulosa cells cultured in the
presence or absence of NE.

Thus, these results suggest that the adrenergic system is indeed in¬
volved in controlling specific functions of the immature ovary. The neural
inputs arriving at the ovary, however, are not limited to noradrenergic
fibers. In very recent experiments we have observed, utilizing immuno-
histoflnorescence methods, the presence of delicate nerve fibers contain¬
ing either substance P (SP), YIP, or neuropeptide Y (NPY). These fibers
innervate the ovarian vasculature and interstitial tissue and are associated
with the thecal layers of developing follicles (Dees et al., 1985a; Ahmed et
al., 1985; McDonald et al., 1986). We have also characterized biochemi-

8 Details about this model are provided in the report by Aguado and Ojeda (1984b).
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cally SP and VIP in the juvenile ovary (Ojeda et al., 1985a; Ahmed et al.,
1985) and concluded that they are immunologically and chromatographi-
cally indistinguishable from the authentic peptides.

In searching for the function of these peptides we were unable to dem¬
onstrate any significant effect of SP on ovarian steroidogenesis in vitro,
either using ovarian fragments or cultured granulosa cells (Ojeda et al.,
1985a). Nevertheless, the histological localization of SP and NPY-con-
taining fibers gives us a clue as to their possible function. Both peptides,
in particular NPY in the ovary, innervate predominantly ovarian blood
vessels, thus suggesting their participation in regulating ovarian blood
flow. In contrast, VIP (which also innervates ovarian blood vessels) was
found to be a potent stimulus for T, P, and E2 secretion, as assessed by the
in vitro incubation of immature ovaries with the peptide (Fig. 22) (Ahmed
et al., 1985, 1986). This effect of VIP was not shared by any of the
members of the VIP family (secretin, glucagon, and gastric inhibitory
peptide) with the exception of peptide with N terminus histidine, C termi¬
nus isoleucine (PHI), which has the greatest degree of sequence homol¬
ogy with VIP and was 50% as effective as VIP at stimulating steroid
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FIG. 22. Stimulation of ovarian steroid production in vitro by different concentrations of

VIP. To examine the effect of VIP on E; and androgen (A) secretion 29-day-old rats were
injected with 2 IU pregnant mare serum gonadotropin (PMSG) and killed 24 hours later. To
examine the P response animals were killed 96 hours after PMSG, i.e., after ovulation, when
corpora lutea had formed. The incubation was carried out as reported (see below). Each
point represents the mean of at least 4 ovaries ± SEM. The closed circles represent basal
levels of steroid in the absence of exogenous VIP. From Ahmed et al. (1986).
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release. Motilin and GH-releasing factor, both of which have very little
homology with VIP, were ineffective.

Of considerable interest was the finding that section of the SON com¬

pletely eliminated immunofiuorescent VIP-ergic nerve fibers in the ovary
without altering SP-containing nerves (Dees et al., 1985b). Conversely,
section of the plexus nerve was found to eliminate SP-immunoreactive
fibers without affecting VIP immunoreactivity. These observations pro¬
vide additional credence to the notion that SP and VIP play different roles
in the control of ovarian development. In addition, the earlier surprising
finding that sectioning of the SON resulted in a rapid decrease of E2
secretion (Aguado and Ojeda, 1984c) can now be best attributed to the
elimination of VIP-ergic fibers and not, as we originally believed, to tran¬
section of noradrenergic fibers. We should recall, at this point, that adre¬
nergic stimulation of granulosa cells has consistently failed to induce E2
release (Adashi and Hsueh, 1981; Aguado and Ojeda, 1984c), an outcome
that has led to the conclusion that ovarian ^-adrenergic receptors are
coupled only to P and not to E2 secretion.

It may be concluded from the foregoing observations that the nervous

system directs the maturation of the ovary via two main routes, a hormo¬
nal and a neurogenic one (Fig. 23). While the former involves the secre¬
tion of hypothalamic factors that control the secretion of LH, FSH, Prl,
and GH from the adenohypophysis, the latter directly links the CNS to
the ovary via peptidergic and adrenergic nerves. Moreover, EPI of adre¬
nal medullary origin also appears to facilitate ovarian function after reach¬
ing the gland via the blood stream.

It would appear that most of these regulatory mechanisms become
firmly established during the juvenile period. While they develop the hy¬
pothalamic LHRH system is far from being quiescent, as one might
wrongly assume based on the low juvenile levels of plasma gonadotro¬
pins. The turnover of hypothalamic catecholamines increases throughout
juvenile development (Raum et al., 1980; Wuttke et al., 1980) and the
capacity of the hypothalamus to release LHRH becomes more pro¬
nounced, as indirectly assessed in vivo by stimulating LH release with
prostaglandin E2 (PGE2) (Andrews and Ojeda, 1978) or by directly mea¬
suring LHRH release in response to PGE2 in vitro (Ojeda et al., 1986a)
(Fig. 24). The LHRH response to PGE2 may be considered a reliable
index of LHRH neuron function as a sizable body of evidence indicates
that PGE2 is a physiological intracellular component in the process of
neurotransmitter-induced LHRH release (for a review see Ojeda and
Aguado, 1985b).

The age-related increase in the capacity of LHRH neurons to release
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LHRH in response to PGE2 appears to be, at least partially, maintained
by circulating E2 levels. Early ovariectomy (performed on day 22) blunted
the LHRH response to PGE2 on day 34. On the other hand, restoration of
juvenile E2 levels via E2-containing Silastic capsules significantly reverted
the effect of ovariectomy (Ojeda et al., 1986a).

These functional changes are accompanied by profound alterations in
the morphology of LHRH neurons as demonstrated by Wray and Hoff¬
man-Small (1984) who showed that the proportion of LHRH neurons
having an irregular cell surface ("spiny" cells) increases markedly be¬
tween postnatal day 26 to 32 while the "smooth" type of cell decreases.
That these changes may be independent of estrogen action is suggested by
the recent observation that they also occur in gonadectomized rats (Wray
and Gainer, 1985).

In spite of these developmental alterations of the LHRH-secreting sys¬
tem the mode of LH release in juvenile rats is fairly constant, perhaps
because as the capacity of the hypothalamus to release LHRH increases,
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FIG. 24. (A) Changes in LHRH release from isolated median eminences in vitro in

response to PGE2 during juvenile and early peripubertal sexual development of the female
rat. Following a 15-minute preincubation period the tissues were incubated for 30 minutes to
determine basal LHRH release, and then for a further 30 minutes in the presence of PGE;
(2.8 fiM). The inset depicts the sum of LHRH released under basal conditions and during
PGE2 stimulation at the different ages studied. (B) Changes in LHRH content of the median
eminence during juvenile-early peripubertal development of the female rat. Vertical lines
represent SEM and numbers next to means indicate the number of median eminences per
group. From Ojeda et al. (1986a), reprinted with permission.

the pituitary LH response to LHRH paradoxically declines (Debeljuk et
al., 1972; Ojeda et al., 1977; Andrews and Ojeda, 1978).

We have previously suggested that the end of the juvenile period, or
rather the initiation of the peripubertal phase, is morphologically indi¬
cated by the appearance of intrauterine fluid (Ojeda et al., 1980). This
phenomenon, however, is only the result of earlier neuroendocrine
events, one of which, we now believe, clearly establishes the end of
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juvenile days: the appearance of diurnal variations in the mode of LH
release.

E. THE PERIPUBERTAL PERIOD

1. The Initial Events

Although strictly speaking the onset of puberty is determined by a
multiplicity of interrelated events, some of which find their origin during
the infantile period, direct neuroendocrine manifestations of the process
itself only become evident after the fourth week of life. At this time
plasma Prl and GH levels have increased significantly from juvenile val¬
ues, ovarian responsiveness to gonadotropins is also increasing and the
mode of LH release begins to change. As we have discussed earlier in this
review the amplitude of the LH pulses increases in the afternoon, a time
when an elevated basal release also becomes evident. Whether or not this
afternoon increase in LH pulse amplitude is caused by a steroid-indepen¬
dent signal of neural origin or is the mere consequence of the changing
steroid milieu is a matter of profound interest to us. We can confidently
state that the phenomenon is not ovarian dependent and, more specifi¬
cally, is not E2 induced. Short-term ovariectomy of juvenile rats and
concomitant restoration of precastration serum E2 levels via sc Silastic
capsules resulted in inhibition of pulsatile LH release, rather than in
enhancement of LH pulse amplitude (Urbanski and Ojeda, 1986a).
Stepwise increases in E2 levels consistently failed to induce an increase in
LH pulse amplitude, but rather resulted in the appearance of mini- and
proper surges of LH secretion (vide infra).

The possibility that the afternoon increases in LH are, in fact, due to
events occurring within the CNS and are not induced by ovarian influ¬
ences received support from experiments in which the pattern of LH
release was examined shortly after removal of the ovaries. Two days after
ovariectomy plasma LH levels of prepubertal rats were found to be higher
in the afternoon than in the morning. Close examination of the LH release
pattern at this time, using an automated 5-minute bleeding paradigm (Ur¬
banski et al., 1984), revealed that these high LH values were not due to a
sustained surge of LH release but were rather the consequence of an
increased amplitude of LH secretory episodes (Fig. 25) (Urbanski and
Ojeda, 1986b). Of considerable interest was the subsequent finding that
occurrence of this diurnal change in mode of LH release could not be
detected in 22- to 24-day-old juvenile rats, but it became demonstrable in
28- to 29-day-old rats and was clearly evident in 35- to 39-day-old animals.
It thus seems that the strength of the signal responsible for the afternoon
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FIG. 25. Plasma LH levels in late juvenile (29-day-old) rats 48 hours after ovariectomy.
The afternoon, gonadal-independent increase in mean LH levels (A, n — 5) was analyzed
using a 5-minute automated bleeding paradigm which revealed that the elevated LH levels
were due to an increased amplitude of episodic LH discharges (B) and not to a sustained
surge of LH release. Vertical lines in A represent SEM. From Urbanski and Ojeda, unpub¬
lished data.

activation in LH release increases as the animal matures. This tentative
conclusion has been supported by the results of other experiments which
demonstrated that 4 days after ovariectomy the morning-afternoon differ¬
ence in LH release is still unambiguous in peripubertal animals, in spite of
a further increase in morning LH levels. In contrast, in late juvenile rats
the morning increase in LH release, which presumably reflects removal of
steroid negative feedback, has reached a point such that morning LH
levels become similar to those in the afternoon. It would thus seem that
removal of the ovaries relieves the LHRH-LH system from steroid nega¬
tive feedback control and permits the disclosure of a gonadal-independent
event which becomes expressed in the afternoon. As more time elapses
after removal of the gonads the LH response to removal of steroid inhibi¬
tory control becomes stronger, overshadowing the diurnal changes in LH
output. Since by 4 days after ovariectomy morning-afternoon differences
are no longer seen in juvenile rats, but are clearly detected in peripubertal
rats, the inevitable conclusion is that the strength of the central signal is
greater in the older animals and can, therefore, be expressed in spite of
the rising LH levels following removal of steroid inhibitory control.

Additional support for the concept that a change in "central drive"
occurs as the female rat matures comes from the results of other recent

experiments involving Prl release. It is known that Prl secretion occurs
episodically (Kimura et al., 1983) and that during development of the
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female rat Prl levels become more elevated in the afternoons than in the

mornings (Ojeda et al., 1977; Kimura and Kawakami, 1980). Kimura and
Kawakami (1981) observed that ovariectomy of early juvenile rats did not
abolish the afternoon surge of Prl indicating that the surges could occur in
the absence of the ovaries. These findings however, did not completely
rule out the possibility that the Prl surges are, in fact, induced by E2, and
that their expression persists for several days after ovariectomy (Graf et
al., 1976) in a manner similar to that observed for LH (Legan et al., 1975).
In addressing this issue we have observed (Urbanski and Ojeda, 1985c)
that if female rats are ovariectomized while neonates and their plasma
pattern of Prl examined at different ages thereafter, at least 50% of the
animals exhibit a mid-afternoon secretory episode of Prl release even as
late as 40 days after ovariectomy. Restoration ofjuvenile serum E2 levels
via sc E2-containing Silastic capsules resulted in amplification of the
surge, which still occurred at the same time of the day. By using a more
concentrated solution of E2 in the capsules, proestrous serum levels of E2
were produced and this resulted in a further amplification of the Prl surge,
which closely resembled that normally seen at proestrus. Thus, our
results are not only in harmony with those of Kimura and Kawakami
(1981), but they also demonstrate that the neural mechanism responsible
for the afternoon appearance of a Prl surge can develop in the absence of
ovarian influences.

A quite different picture emerged when attempts were made to eluci¬
date the mechanisms determining the peripubertal "minisurges" of LH
secretion (vide supra). Such sustained episodes of release were never
observed in either short- or long-term ovariectomized rats. Only when
circulating E2 levels were slightly increased over juvenile values via
E2-containing Silastic capsules did a minisurge of LH secretion occur
(Fig. 26).

These observations lead us to believe that once the complex array of
neuroendocrine regulatory mechanisms previously discussed becomes
fully functional at the end of the juvenile period the hypothalamic LHRH-
secreting system becomes activated9 by hitherto unknown inputs, the
operativity of which is accentuated in the afternoons (Fig. 27). The in¬
creased LHRH secretion then generates a diurnal pattern of LH release

9 It is unclear whether this "activation" is caused by removal of inhibitory inputs imping¬
ing on LHRH neurons or by accentuation of stimulatory inputs. Other researchers espouse
the view that puberty occurs as a result of disappearance (or attenuation) of a "central
restraint" (see for instance Reiterand Grumbach, 1982; Plant, 1980). For reasons explained
in detail elsewhere (Ojeda el al., 1984a) we have preferred to use as a working hypothesis
the alternative notion, i.e., that puberty is initiated by the activation of excitatory inputs
(Ruf and Sharpe, 1979).
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FIG. 26. Plasma LH levels of 28-day-old female rats bled once every hour from 1200-

1800 hours. The animals were ovariectomized (at 26 days of age) and given sc Silastic
capsules containing various concentrations of E2 dissolved in corn oil. The plasma LH
profiles have been grouped according to the type of response shown, irrespective of the
actual concentration of E2 used: basal release (■), minisurge (O), and the preovulatory-like
surge (•). Each point represents the mean and the SEM are shown as vertical lines unless
obscured by the symbol. Numbers in parentheses indicate number of animals per group.
Drawn from data in Urbanski and Ojeda (1968a).

characterized by afternoon LH pulses of large amplitude. Such an event,
we suspect, is the precipitating factor that determines the initiation of
puberty, as under the influence of these LH secretory episodes the ovary
is stimulated to produce more E2 (Urbanski and Ojeda, 1985b). In turn,
subtle increases in E2 levels appear able to evoke minisurges of LH secre¬
tion (Urbanski and Ojeda, 1986a) which can induce further ovarian activa¬
tion (Fig. 27).
2. The Precipitation of Events

From this point onward a new fast-moving cascade of events develops
that culminates with the first preovulatory surge of gonadotropin and the
first ovulation. In trying to elucidate the several components of this cas¬
cade we have considered it necessary to partition the various stages of
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FIG. 27. Postulated cascade of initial events during the onset of puberty in the female
rat. Activation of LHRH release in the afternoon may be due to elimination of a central
restraint or to increase in excitatory inputs to LHRH neurons. Whether or not the activity of
ovarian nerves also increases at this time is not known, but it is suggested by the changes in
ovarian /3-adrenergic receptors and ovarian VIP concentration. The numbers indicate se¬
quence in which these events may occur.

puberty into well-circumscribed phases. According to this classification,
which is mainly based on morphological criteria (Ojeda et al., 1976; Advis
et al., 1979), puberty in the female rat can be divided into the following
phases. Anestrus (A): this phase was meant to correspond to the late
juvenile phase, but we now suspect it may well be the phase during which
the changes in the mode of LH release begin to occur (Urbanski and
Ojeda, 1985a). Animals in this phase are older than 30 days of age, their
uteri are small (wet weight less than 100 mg), and, more importantly, no
intrauterine fluid can be detected. The vagina is always closed. Early
proestrus (EP): animals in this phase have larger uteri with intraluminal
fluid; their vagina is closed. Late proestrus (LP): this phase corresponds
to the day of first proestrus. Animals have large "ballooned" uteri, full of
fluid with a wet weight greater than 200 mg. Their ovaries have large
follicles. Most animals in this phase show closed vaginae. Estrus (E) is the
day of first ovulation, uterine fluid has disappeared, fresh corpora lutea
can be readily discerned, the vagina is open and vaginal cytology shows a

predominance of cornified cells. First diestrus (Di) is the phase of puberty
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characterized by a vaginal cytology showing a predominance of leuko¬
cytes, and by the presence of mature corpora lutea within the ovaries.

With the onset of puberty already determined by the activation of
pulsatile LH release the single most important event that remains to be
defined is the timing of the first preovulatory surge of gonadotropins,
which in itself represents the culmination of female neuroendocrine repro¬
ductive maturation. There is little doubt, in our view, that both the occur¬
rence and the timing of this final event depend primarily on the comple¬
tion of ovarian maturation. Only when the ovary becomes capable of
producing E2 levels of sufficient magnitude and for a long enough period
of time will the preovulatory LH surge occur.

A multitude of maturational changes appears to be involved in hasten¬
ing the acquisition of preovulatory competence by the ovary. While FSH
receptor content is already maximal by the end of the juvenile develop¬
ment, the number of LH receptors in granulosa cells increases dramati¬
cally between the A and LP phases of puberty (Smith-White and Ojeda,
1981b). Concomitant with this increase, an abrupt drop in LHRH receptor
content takes place, the magnitude of the decrease being more pro¬
nounced between A and EP than at later times (Smith-White and Ojeda,
1983). We have already discussed the implications that these two diver¬
gent changes in hormone receptor may have for ovarian function. It is
noteworthy that during the days preceding the preovulatory gonadotropin
surge the steroidal responsiveness of the ovary to gonadotropins in¬
creases dramatically (Fig. 28) (Advis etal., 1979; Uilenbroek et al., 1983),
most likely reflecting the progressive development of the follicles destined
to ovulate at the first estrus.

The neurogenic component of the ovary also undergoes profound
changes. Thus the content of /3-adrenergic receptors increases between A
and LP, and then declines abruptly at the time of the proestrous surge
(Aguado et al., 1982). In harmony with the increase in receptor content, P
responsiveness to ^-adrenergic stimulation becomes augmented between
A and LP. However, the greatest change in response occurs after ovula¬
tion, more specifically during the first estrus, at which time the receptor
content is surprisingly low.

The concentration of VIP in the ovary, which remains almost un¬

changed between the second postnatal day and the end of juvenile devel¬
opment, increases significantly during the early part of the peripubertal
period (day 30-35) (Ahmed and Ojeda, unpublished). Moreover, the ste¬
roidogenic response to VIP undergoes profound changes at the time of
puberty (Ahmed et al., 1986). Particularly relevant to the acquisition of
ovarian preovulatory capacity is the fact that the E2 response to VIP,
albeit evident in juvenile rats, increases strikingly during the EP and LP
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FIG. 28. Changes in the in vitro ovarian responsiveness to human chorionic gonadotro¬
pin (hCG) during the time of puberty in female rats. The numbers next to the means indicate
the number of ovaries per group. From Advis et al. (1979), reprinted with permission.

phases of puberty (Fig. 29). The P response to the peptide increases only
moderately at this time, and then abruptly after ovulation. Radioimmu-
noassayable SP content in the ovary also increases between A and LP
(Ojeda et al., 1985b). Although we do not know what function these
changes in SP content may have, we suspect that they may be implicated
in the edematization of the ovary that occurs at puberty (Osman, 1975)
and/or in changes in blood flow which occur during the preovulatory
period (Niswender et al., 1976; Zeleznick, 1982).

Viewed in the light of these observations (Fig. 27), it is not surprising
that the pattern of steroid production by the ovary changes so dramati¬
cally. Serum E2 levels increase markedly between A and LP (Meijs-
Roelofs et al., 1975; Andrews et al., 1980) reaching values of about 80 pg/
ml during the morning of the latter phase (Andrews et al., 1980). Serum P
increases moderately before the LH surge but serum T levels do so more
prominently (Andrews et al., 1980). This increase in T (or in more general
terms aromatizable androgen) appears to have relevance in the mecha¬
nism of vaginal opening. The production of early proestrous levels of T
via T-containing Silastic capsules in late juvenile rats resulted in preco¬
cious vaginal opening, but not in advancement of the first ovulation
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FIG. 29. VIP stimulation of E2 production in vilro from ovaries at different phases of
development. Ovary halves were preincubated'in Krebs-Ringer bicarbonate buffer contain¬
ing 1 mg glucose/ml for 30 minutes, then with or without 1 p.M VIP for three hours in Krebs-
Ringer bicarbonate buffer with 0.1 mg BSA/ml and 5 x 10"5 M bacitracin. The number of
animals per group is indicated above each bar. Values shown are means ± SEM. *p < 0.05;
**p < 0.01 vs basal levels. A, Anestrus, early peripubertal animals; EP, early proestrus; LP,
late (first) proestrus; E, first estrus; D,, first diestrus. From Ahmed et al. (1986).

(Mathews et al., 1986). Examination of serum E2 levels in animals treated
with T revealed that E2 was not increased by the exposure to elevated T
levels. Nevertheless, the presence of a small, but measurable level of
aromatase activity was detected in the vaginal epithelium suggesting that
the hastening effect of physiological levels of T on vaginal opening is, at
least in part, due to local estrogen production by aromatization.

While the secretion of E2, P, and T increases, the secretion of 3a-
androstanediol diminishes, a change that becomes much more pro¬
nounced during the hours encompassing the first preovulatory LH surge
and that seems to be induced, at least in part, by the rising Prl levels
(Advis et al., 198Id; Ojeda et al., 1984b). This decrease, however, does
not appear to relieve gonadotropin release from a 3a-androstanediol in¬
hibitory control (Ojeda et al., 1984b) as was originally proposed by Eck¬
stein et al. (1967).

The changing levels of steroids in the blood stream profoundly affect
hypothalamic reproductive functions. Noradrenergic and serotoninergic
activity increases before the proestrous surge of gonadotropins with the
former increasing more noticeably during early proestrus and the latter on
the day of late proestrus (Advis et al., 1978). Evidence exists that at least
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the enhancement in NE activity results from an E2 action, as E2 has been
shown to increase NE turnover in the hypothalamus (for review see Bar-
raclough et al., 1984; Ramirez el al., 1984) and to promote NE release
from hypothalamic slices in vitro (Paul et al., 1979).

The capacity of the hypothalamus to synthesize PGE2 from [14C]arachi-
donic acid increases during the days preceding the preovulatory LH surge
(Fig. 30; Ojeda and Campbell, 1982). Such an increase may be of consid¬
erable importance for the proestrous surge of LHRH to occur since PGE2
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FIG. 30. (A) Changes in hypothalamic production of prostaglandins (PGs) from
[l4C]arachidonic acid during the time of puberty. For each PG the area under the radioactive
peak in the HPLC profile was measured with a planimeter. The areas of the PG peaks of
anestrous (A) rats were assigned a value of 1 and the corresponding areas at the other phases
of puberty were expressed in relation to the A values. Each point represents the mean of
three determinations ± SEM. At early proestrus (EP) the mean shown derives from values
observed at EP-1 (1 determination) and EP-2 (two determinations). LP, Late proestrus; E,
estrus. (B) Correlation between changes in uterine weight (an index of estrogenic activity)
and changes in hypothalamic production of PGE2 during the time of puberty. From Ojeda
and Campbell (1982), reprinted with permission.
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has been implicated as an obligatory intermediate in the mechanism by
which NE induces LHRH release (for reviews see Ojeda and Aguado,
1985b; Ramirez et al., 1985). The augmented capacity of the medial basal
hypothalamus to produce PGE2 may be a consequence of E2 action as

administration of E2 to juvenile rats reproduced the increase in PGE2
synthesis from [l4C]arachidonic acid observed in normal rats at puberty
(Ojeda and Campbell, 1982).

To gain further insight into this phenomenon juvenile rats were pro¬
vided with Silastic capsules containing E2 dissolved in corn oil at "a con¬
centration (400 /i-g/ml) that produces serum levels of E2 similar to those
seen on the day of proestrus (Andrews et al., 1980). Subsequent incuba¬
tion of their median eminences with various concentrations of NE or

PGE2 revealed that E2 facilitates LHRH release by acting at two different
biochemical steps (Ojeda et al., 1986a). On the one hand, it enhances the
sensitivity of the PGE2 synthesizing machinery to NE stimulation without
increasing its responsiveness. On the other, it increases both the sensitiv¬
ity and the responsiveness of the LHRH terminals to PGE2. As expected
from these latter results, maximal LHRH response to NE was also greater
in E2-treated rats than in controls, and NE elicited significant LHRH
release at doses that were ineffective in untreated animals (Fig. 31).

Thus it appears that E2 exerts its stimulatory action on LHRH release

FIG. 31. Effect of in vivo simulation of proestrous-like serum E2 levels On the in vitro
release of LHRH from the median eminence ofjuvenile 28-day-old rats in response to PGE;.
Estradiol (E2) was provided in sc Silastic capsules at a concentration (400 /ag/ml corn oil) that
reproduces serum E2 levels found on the day of first proestrus. The E2-containing capsules
were implanted 48 hours before the experiment. From Ojeda et al. (1986a), reprinted with
permission.
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by activating a NE-PGE2 dependent pathway. Ramirez et al. (1985) and
we (Ojeda et al., 1974, 1985a) have provided evidence that cyclic AMP is
involved in the process of LHRH secretion, and have concluded that
formation of cyclic AMP occurs at a step subsequent to NE-induced
synthesis of PGE2. This view stems from the findings that PGE2 increases
cAMP production from hypothalamic fragments in vitro and that methox-
amine, an aradrenergic agonist, enhances both cyclic AMP formation
and LHRH release, an effect that is blocked by indomethacin, an inhibitor
of prostaglandin synthesis (Ramirez et al., 1985). Indomethacin also
blocks NE-induced LHRH release without altering the stimulatory effect
of PGE2 on LHRH release (Ojeda et al., 1979). Furthermore, when
adenylate cyclase activity was stimulated by forskolin, cholera toxin, or

pertussis toxin, LHRH release was enhanced but PGE2 formation, if any¬
thing, was depressed (Ojeda et al., 1985a). This finding and the observa¬
tion that simultaneous exposure of median eminence nerve terminals to
PGE2 and forskolin did not result in a greater LHRH response than that
elicited by either agent individually further suggested that PGE2 and cy¬
clic AMP act along a common pathway. Moreover, these results lend
additional credence to the view that formation of cyclic AMP follows
changes in PGE2 synthesis, which in turn are induced by binding of NE to
a-receptors (Ojeda et al., 1982) of the arsubtype (Heaulme and Dray,
1984).

Since E2 can also increase cyclic AMP formation in the hypothalamus
(Gunaga and Menon, 1973; Weissman and Skolnick, 1975) the suggestion
can be made that the first preovulatory surge of LHRH at puberty (Sarkar
and Fink, 1979) involves the activation of a PGE2-cyclic AMP pathway.
This mechanism, however, may not be the only one that operates at the
first proestrus. In very recent experiments (Ojeda et al., 1986b) we have
found that activation of protein kinase C, a Ca2+ activated, phospholipid-
dependent kinase (Nishizuka, 1983, for a review) by either a synthetic
diacylglycerol or a phorbol ester resulted in LHRH release (Fig. 32).
Moreover, phospholipase C which in intact cells catalyzes the hydrolysis
of membrane polyphosphoinositides to generate diacylglycerol also in¬
duced LHRH release. Activation of this protein kinase C-dependent path¬
way was found to induce release of LHRH independently from the PGE2-
cyclic AMP pathway. This conclusion was mainly derived from three
observations. One of them showed that blockade of prostaglandin synthe¬
sis failed to suppress diacylglycerol-induced LHRH release. The second
finding was that phorbol ester induced LHRH release without affecting
PGE2 formation. The last one demonstrated that exposure of median
eminences to maximally effective doses of diacylglycerol or phorbol ester
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FIG. 32. Stimulatory effect of two activators of protein kinase C on in vitro LHRH

release from isolated median eminences (MEs) of 28-day-old juvenile female rats. Both
dioctanoylglycerol (DiQ, A) and the phorbol ester 4, /3-phorbol 12/3-myristate 13a-acetate
(PMA, B) stimulated LHRH release. A DiC8 analog in which the 3' hydroxyl group was
replaced by a sulfhydryl moiety (DiQ-SH, A) was ineffective. Each point represents the
mean of 5-10 individual MEs and SEMs are shown as vertical lines. From Ojeda et al.
(1986b).

together with PGE2 or forskolin resulted in an additive effect on LHRH
release, suggesting coexistence of both pathways.

Based on these observations we have suggested that simultaneous acti¬
vation of both pathways may be required for the proestrous surge of
LHRH to occur. Such a mechanism implies that either NE itself acts on
two subtypes of adrenergic receptor, or that NE and another neurotrans¬
mitter act on different receptors to provide the extracellular signal for
activation of both pathways and the corresponding increase in LHRH
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release. In any event, while the intracellular mechanisms leading to the
proestrous surge of LHRH are just being scrutinized, it is clear that the
surge is an E2-dependent phenomenon and that its inevitable consequence
is the preovulatory discharge of gonadotropins.

We have deliberately left the anterior pituitary out of these consider¬
ations based on the belief that the most important determinants of the
initiation and timing of puberty are the hypothalamus and the ovary,

respectively. Nevertheless, changes in the responsiveness of pituitary
gonadotrophs to LHRH are of considerable importance for the occur¬
rence of the proestrous gonadotropin surge. While pituitary responsive¬
ness to LHRH is markedly elevated during the juvenile period and de¬
clines throughout juvenile development (vide supra), it increases again
abruptly on the day of proestrus (Castro-Vazquez and Ojeda, 1977;
Sarkar and Fink, 1979). This increase appears to be brought about by both
the rising plasma estrogen titers and by the initial LHRH discharge which
induces the LH surge. As a consequence of the release of LHRH and/or
LHRH-related peptides (Seeburg and Adelman, 1984) available pituitary
LHRH receptors decline in the afternoon of proestrus, a phenomenon
that can be reversed by preventing the expression of neural events leading
to LHRH release (Adams and Spies, 1981; Barkan et al., 1983). The
decrease in LHRH receptors, rather than representing a true loss of re¬

ceptors, appears to reflect ligand-induced unavailability of receptor for
binding (Smith-White and Ojeda, 1982, 1985).

IV. Conclusions

The foregoing considerations have made us keenly aware of the fact
that the developmental process that leads to puberty in the female rat is
composed of an extraordinary, complex series of interrelated events (Fig.
27 and 33). The CNS plays the pivotal role in the process by controlling
both anterior pituitary function through the secretion of hypothalamic
factors and the ovary via pituitary hormones and direct neural inputs.
Pituitary gonadotropins play a decisive role at almost all stages of sexual
development, with the possible exception of the fetal period during which
ovarian development appears to be primarily under direct neural control.
Based on our results and those of other investigators we propose the
existence of three major periods of activation of gonadotropin secretion
during postnatal development, all of them having profound repercussions
on the initiation and completion of puberty (Fig. 33). The first activational
period occurs during infantile development and is expressed as an en¬
hancement in FSH secretion, with sporadic elevation in LH levels. Al¬
though this dramatic activation of gonadotropin release results, to a sig-
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INFANTILE JUVENILE PERIPUBERTAL

FIG. 33. Proposed sequence of developmental events leading to the first preovulatory
LH surge in the female rat. The numbers indicate the sequence in which the events may
occur. The dotted line represents 1200 hours on the day of first proestrus. The box outlined
by interrupted lines indicates that a loss in central restraint may not be a predominant factor
for the synchronized activation LHRH-secreting neurons. Modified from Ojeda et at.
(1984a), reprinted with permission.

nificant extent, from the interplay of steroidal influences, its primary
determinant appears to be of central origin.10 At this time ovarian devel¬
opment comes under tight gonadotropic control. As a consequence of
increased FSH secretion, a large crop of primordial follicles, some of
which are destined to ovulate at puberty, is incorporated into a prolifera¬
tive pool and begin to grow. The second activational period signals the
end ofjuvenile development and represents the first neuroendocrine man-

10 We postulate that this period results from a "disorganized" activity of LHRH neurons
which under the influence of variable extrahypothalamic inputs fail to discharge synchro¬
nously. Infrequent, randomly occurring synchronization may result in low-frequency, high-
amplitude LHRH discharges which result in maintenance of high plasma FSH levels.

11 We postulate that this activation represents the synchronization of LHRH discharges,
perhaps as a consequence of completion of both the synaptic circuitry impinging upon
LHRH neurons, and the morphological maturation of the LHRH-secreting cells.
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ifestation of the onset of puberty. This activational period is also deter¬
mined by a centrally driven, gonadal-independent mechanism and is ex¬

pressed as a diurnal change in pulsatile LH release." Both basal release of
LH and the magnitude of LH secretory episodes increase markedly in the
afternoon. These changes stimulate the ovary to produce more E2 which
then evokes minisurges of LH secretion that in turn further stimulate
ovarian development and steroidogenesis. The third andfinal activational
period occurs more abruptly, and is predominantly determined by an
increased output of ovarian steroids, especially E2. This period corre¬
sponds to the preovulatory discharge of LHRH which directly promotes
the first surge of gonadotropins. Figure 34 depicts a composite of plasma
LH profiles obtained from conscious, free-moving animals in different
developmental stages, and which have been arranged in an order that
faithfully represent the above postulated sequence of events.

While there is little doubt that the last activational phase represents the
overt manifestation of E2 positive feedback, there is no evidence that the
preceding activational phase is due to a decrease in hypothalamic sensi-
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FIG. 34. Postulated sequence of changes in the mode of LH release during the onset of

puberty in the female rat. Roman numerals indicate the phases in which different afternoon
patterns of LH release were observed in conscious free-moving peripubertal animals, bled
every 5 minutes using an automated bleeding technique. Each profile is derived from a
different animal. I, Low amplitude pulses similar to those seen in the morning; II, increased
basal LH release and LH pulse amplitude; III, minisurge of LH secretion; IV, proper,
proestrous surge of LH. From Ojeda and Urbanski (1986), reprinted with permission.
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tivity to E2 negative feedback. If such were the case, one would have to

postulate that the sensitivity to steroid inhibitory control has a diurnal
rhythm. Moreover, experiments in which the sensitivity to E2 negative
feedback was assessed in peripubertal rats distinctly indicated that a de¬
crease in sensitivity did not occur until after ovulation (Andrews et al.,
1981c). Estradiol positive feedback, on the other hand, develops by the
end of the infantile period. At this time the ovary is unable to produce
sufficient levels of E2 to produce a surge of LH. Completion of ovarian
maturation is, therefore, essential for the induction of the preovulatory
gonadotropin discharge.

The ovaries grow under the influence of the gonadotropins, which is
modulated by milk LHRH during neonatal-infantile development, and
facilitated afterward by GH and Prl. An additional facilitatory control
mechanism is provided by adrenergic and peptidergic nerves, and by EPI
of adrenal medullary origin. The adrenergic inputs to the ovary facilitate P
secretion either directly or by amplifying the effect of gonadotropins.
VIP-ergic nerves appear to be involved in stimulating the secretion of all
the main steroids (E2, P, and aromatizable androgens). SP and NPY-ergic
nerves, on the other hand, may be involved in regulation of blood flow.

Under the dynamic interaction and influence of all these factors, which
appear to be capable of functioning long before the first proestrus, the
steroid output of the ovary increases more rapidly as the proestrous day
approaches. The pace of follicular development is accelerated by the
increase in LH receptors, and by a possible decrease in a local LHRH
inhibitory influence. Finally, serum E2 levels become elevated for a suffi¬
ciently long period of time to activate the central component of E2 posi¬
tive feedback. An intracellular PGE2-cyclic AMP pathway, which ap¬
pears to mediate the stimulatory effect of NE on LHRH release, becomes
activated, possibly in conjunction with an independent, diacylglycerol-
protein kinase C-mediated mechanism. Simultaneous activation of both
pathways may then trigger the proestrous surge of LHRH, which in turn,
by acting on a pituitary sensitized by E2, elicits the first preovulatory
surge of gonadotropins. The gonadotropin discharge induces the first ovu¬
lation on the early morning of estrus. On this day, the marked estrogenic
stimulation of the vaginal epithelium has resulted in vaginal opening,
which constitutes the first somatic manifestation that reproductive com¬
petence has been finally attained.

Perhaps the most formidable challenge that we now face is the elucida¬
tion of the factors responsible for the two major gonadal-independent
changes in central "drive." Needless to say, disclosure of the mecha¬
nisms underlying these activational periods is intimately linked to the
solution of the mystery of puberty.
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DISCUSSION

B. Eckstein. First of all I would like to congratulate you for a very nice presentation. 1
wonder why you haven't mentioned a very important change that takes place at puberty:
steroid production. Before the onset of puberty there is a qualitatively different type of
steroid production in the ovary, which changes with the first ovulation. You haven't men¬
tioned this. This is a profound change, and I would like your comment on this.
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S. R. Ojeda. I imagine thai you are referring to the decrease in 3a-androstanediol
secretion that occurs around the time of puberty. We have confirmed your finding of an

abrupt decrease in the capacity of the ovary to produce 3a-androstanedioI at puberty (Advis
el al., Endocrinology 109, 223, 1981; Ojeda el al., Neuroendocrinotogy 39, 19, 1984). How¬
ever, in attempting to define the importance of this change for the timing of puberty we have
failed either to advance the first ovulation by blocking 5a-reductase activity or to delay it by
administering physiological doses of 3a-androstanedioI. Therefore we don't know at this
point whether or not 3cc-diol plays any role in determining the time of puberty in the female
rat.

B. Eckstein. It's not only the 3a-androstanediol that is produced and is present in the
blood stream in high quantities and drops at the first ovulation, but the whole steroidogene¬
sis that goes on in the immature ovary which is different qualitatively from what appears

right after the ovulation. That's a very dramatic change and it changes with the first ovula¬
tion. Even if you don't know what the physiological significance of it is I think that there has
to be some significance in it, and it is worthwhile to speculate on such a dramatic change that
takes place within hours of the first ovulation.

S. R. Ojeda. Yes, I agree, but I think the subject is sufficiently complex not to introduce
still another group of events that I am sure are very important, i.e., the events that occur
between the first gonadotropin surge and ovulation.

H. Kulin. I wonder if you could elaborate a bit on the development of positive feedback
during the juvenile period? What occurs to allow LH release with sufficient estogen expo¬
sure? Is that prostaglandin mediated or are there any anatomic correlates to the phenome¬
non? Is positive feedback a separate neuroendocrine mechanism which requires a separate
hypothalamic nucleus in the rat?

S. R. Ojeda. We do not know because during the past few years we concentrated most
of our efforts on trying to understand how the ovaries become activated at puberty. Only
recently are we returning to the hypothalamus in trying to understand how estradiol induces
the first LHRH surge. Thus, we do not know whether the lack of LH response to estradiol
stimulation before day 15 is due to factors such as a lack of prostaglandin response or the
absence of specific neurotransmitter receptors on the LHRH neurons.

O. Pescovitz. The first question relates to your suggestion that growth hormone has a
role in the induction of sex steroid secretion. In view of some structural homology between
VIP and growth hormone releasing hormone have you looked at any possible effect of
GHRH on sex steroid secretion? Second, I found it most intriguing that you found messen¬
ger RNA for LHRH in mammary gland tissue and postulate its secretion in milk. I wonder if
you've manipulated that system by changing feeding times in the neonate to see if perhaps
you could give the neonate a different schedule of LHRH administration and if that might in
some way affect receptors in the ovary?

S. R. Ojeda. In regard to your first question we have tested GRF in our system and
found it to be ineffective. It behaves like motilin, i.e., it does not alter steroid secretion at all.
In regard to your second question, we have not played with the feeding times. As a matter of
fact, we suspect that milk LHRH plays a more general role than a reproductive one. The
peptide may be involved in other processes such as regulation of specific functions within
the mammary gland. This possibility derives from a number of observations but one of them
appears as particularly relevant in this context. Miller et al. (Nature 313, 231, 1985) have
recently demonstrated that an LHRH agonist inhibits cell growth of a human breast tumor
cell line, thus suggesting an involvement of LHRH in regulating the growth of mammary
gland cells.

E. Terasawa. My first question is whether or not increases in LHRH output from hypo¬
thalamic slices (in vitro preparation) during the peripubertal period correlate with peripuber-
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tal LH changes, especially the afternoon increase in LH amplitude, that you observed in in
vivo preparations.

S. R. Ojeda. Yes, we are now examining that issue. We are studying both the develop¬
ment of the afternoon changes in LH release and the changes in LHRH output from the
medial basal hypothalmus preoptic area in vitro but we don't have this information as yet.

E. Terasawa. What mechanism do you think turns on the increased release of LHRH
during the onset of puberty in the female rat?

S. R. Ojeda. If I could answer that question we probably wouldn't have another meeting
on puberty. I think we are all asking the same question.

K. Yoshinaga. By day 15 of age the pituitary responsiveness to LHRH is established and
you can see fluctuations of LH in the plasma is response to LHRH pulses. Doesn't milk
LHRH influence the LH secretion?

S. R. Ojeda. That is an interesting question. If we add milk LHRH to hemipituitaries in
vitro it is extremely effective in inducing LH and FSH release. However, all our attempts to
induce LH release by giving milk LHRH intravenously have failed to induce a consistent
increase in LH levels. Thus I don't know whether milk LHRH is quickly degraded in the
plasma or when it binds to the receptors is unable to produce microaggregation necessary for
LH release.

K. Yoshinaga. However, milk LHRH is effective in inhibiting ovarian activity in vivo.
S. R. Ojeda. Yes, that is true.
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ABSTRACT

The immature female rat shows a mid-afternoon surge
of prolactin secretion which reaches a maximum on
the day of first pro-oestrus. The present experiments
were undertaken to elucidate the mechanisms which

underly the development of this prolactin discharge.
Detailed plasma prolactin profiles were obtained from
short-term (48 h) ovariectomized rats at 23, 28 or 37
days ofage. In the two older groups, but not the young¬
est, a mid-afternoon surge of prolactin secretion
occurred in spite of the absence of the ovaries. To
exclude the possibility that such an apparent ovarian-
independent discharge of prolactin was due to an
oestradiol effect which persisted for 2 days following
ovariectomy, another study was conducted using
long-term ovariectomized animals. Plasma profiles
were obtained from neonatally ovariectomized rats at
ages equivalent to juvenile (26-28 days), peripubertal
(38-41 days) or adult (46-49 days) phases of develop¬
ment. A mid-afternoon surge of prolactin secretion
was observed in the majority of animals (eight out of
twelve) irrespective of the interval after ovariectomy;
this finding further indicates that in the female rat

there is a centrally originated mid-afternoon episode
of prolactin secretion which is expressed during juv¬
enile development even in the absence of the ovaries.
The relatively small magnitude of these ovarian-
independent prolactin discharges (c.f. the preovu¬
latory prolactin surge) suggested that in the intact
animal they are amplified by ovarian secretions. To
test this hypothesis, oestradiol-containing silicone
elastomer capsules were implanted s.c. into juvenile
rats, immediately after ovariectomy, and plasma
prolactin profiles examined 2 days later (28 days of
age). In all cases the prolactin surge was greatly
amplified and in many instances the magnitude was
identical to that observed at first pro-oestrus. These
data suggest that development of the large pro-oestrous
surge of prolactin secretion involves the interplay
of at least two distinct neuroendocrine mechanisms:
(1) a centrally originated ovarian-independent signal
and (2) an amplification effect exerted by ovarian
oestradiol.
J. Endocr. (1986) 110,361-366

INTRODUCTION

Prolactin has been shown to facilitate sexual develop¬
ment in the female rat (Clemens, Minaguchi, Storey
et al. 1969; Advis & Ojeda, 1978), but only a few
studies have examined its pattern of secretion before
the onset of puberty. The release of prolactin appears
to be episodic (Kimura, Tsai & Kawakami, 1983) and,
more importantly, two major surges of secretion
occur, one during the afternoon and the other during
the night (Kimura & Kawakami, 1980; Kimura et al.
1983). As the animals approach first ovulation, how¬
ever, only the diurnal surge remains. At first pro-

oestrus a more pronounced and sustained discharge of
prolactin is observed (Meijs-Roelofs, Uilenbroek, de
Greef et al. 1975; Ojeda, Wheaton, Jameson &
McCann, 1976). which is similar to that in adult rats
(Neill, Freeman & Tillson, 1971; Smith, Freeman &
Neill, 1975; Saunders, Terry, Audet et al. 1976). While
the precise relationship between this pro-oestrous surge
and the prepubertal discharge of prolactin in the after¬
noon has not been fully established, both modes of
increased secretion occur at approximately the same
time of day.

At present it is unclear whether or not the daily pre¬
pubertal surges of prolactin secretion represent the

J. Endocr. (1986) 110, 361—366 © 1986 Journal of Endocrinology Ltd Printed in Great Britain
0022-0795/86/0110-0361 $02.00/0
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gradual development of the preovulatory prolactin
surge, and whether they are primarily determined by a
gonadal-independent or gonadal-dependent mechan¬
ism. Early studies found that adult ovariectomized
rats show greater mean plasma prolactin concen¬
trations in the afternoon than in the morning (Koch,
Chow & Meites, 1971; Lawson & Gala, 1974).
Recently, however, Kimura & Kawakami (1981)
addressed these issues more directly and found that
prolactin secretory episodes persisted after short-term
ovariectomy in immature rats. While this latter find¬
ing suggests that the prolactin surges are, indeed,
ovarian-independent, it does not completely rule out
the possibility that they were induced by ovarian
steroids and that their expression persisted for
several days after ovariectomy (Graf, Esch &
Horowski, 1976), in a manner similar to that observed
for luteinizing hormone (LH) (Legan, Coon &
Karsch, 1975).

In an attempt to re-evaluate the issues surrounding
the generation of prepubertal secretory surges of pro¬
lactin, we have used a recently developed serial
blood-sampling technique to obtain detailed after¬
noon plasma prolactin profiles from both short- and
long-term ovariectomized rats at various stages of
sexual maturation. In addition, the influence of ovar¬
ian steroids on the prolactin surges has been evaluated
by treating short-term ovariectomized animals with
oestradiol, administered through silicone elastomer
capsules. Preliminary findings have been reported
previously (Urbanski & Ojeda, 19856).

MATERIALS AND METHODS

Animals

Female Sprague-Dawley rats were purchased from
Holtzman Co., Madison, WI, U.S.A. and maintained
under a long photoperiod of 14 h light/day (lights on
from 05.00 until 19.00 h), at a room temperature of
23-25 °C. The animals arrived at the laboratory when
22 days old and were initially caged in groups of five-
seven with unlimited access to food (Teklad rat diet)
and water. When younger animals were used they
were housed with their mothers and weaned at 21 days
of age.

Experimental design
Prolactin secretion in short-term ovariectomized rats

Immature female rats were ovariectomized under light
ether anaesthesia at 21, 26 or 35 days of age, which
correspond to early juvenile, mid-juvenile and peri-
pubertal phases of development respectively (Ojeda,
Andrews, Advis & Smith White, 1980; Ojeda, Smith
(White), Urbanski & Aguado, 1984). The pattern of

prolactin secretion was examined 2 days later (from
13.00 until 17.00 h) as outlined below.

Blood samples were collected using a previously
described automated technique which permits the
continuous withdrawal of blood through an indwell¬
ing jugular vein catheter, while simultaneously replac¬
ing the lost fluid with an equal volume of an artificial
blood mixture, infused continuously through an
indwelling femoral vein catheter (Urbanski, Urbanski
& Ojeda, 1984). The blood samples were collected as
5-min fractions (150 pi) for 4 h. At intervals ofapproxi¬
mately 40 min, samples were centrifuged and the
plasma stored frozen until assayed for prolactin.

Implantation of the catheters was performed 24 h
before commencement of blood collection, using
methohexital sodium (Brevital sodium; Eli Lilly
& Company, Indianapolis, IN, U.S.A.), a rapid
ultrashort-acting barbiturate anaesthetic agent. Ani¬
mals were caged singly during the experiments.
Prolactin secretion in long-term ovariectomized rats
Neonatal rats (6 days of age) were ovariectomized
under light ether anaesthesia and the afternoon (13.00-
17.00 h) pattern of prolactin secretion was subse¬
quently examined, according to the procedures
outlined above, at ages equivalent to mid-late juvenile
(26-28 days), peripubertal (38—41 days) or adult
(46-49 days) phases of development.
Prolactin secretion in short-term ovariectomized
oestradiol-treated rats

Juvenile 26-day-old rats were ovariectomized under
light ether anaesthesia and given s.c. capsules contain¬
ing oestradiol (Sigma Chemical Company, St Louis,
MO, U.S.A.) at one of two concentrations, either 50
or 200 mg oestradiol/1 corn oil. The former produces
plasma oestradiol concentrations of between 10 and
20 ng/1, similar to those found in intact juvenile rats
(Andrews, Advis & Ojeda, 1980; Urbanski & Ojeda,
1986); while the latter produces plasma oestradiol
concentrations of approximately 45 ng/1, which are
lower than those observed during first pro-oestrus (c.f.
80 ng/1) (Andrews et al. 1980), but which have been
shown to be effective in inducing an LH surge of pre¬
ovulatory magnitude in ovariectomized juvenile rats
(Urbanski & Ojeda, 1986). The capsules were made
from Silastic medical grade tubing (Dow Corning,
Midland, MI, U.S.A.; inner diameter, 1-00 mm;
outer diameter, 2-16 mm) as described by Andrews,
Mizejewski & Ojeda (1981), the length being adjusted
to 20 mm/100 g body weight. Before use they were
incubated overnight at 37 °C in physiological saline,
containing 0-1% (w/v) gelatin (Goodman, 1978), with
constant shaking. Two days later (28 days of age) the
pattern of prolactin secretion was examined (from
13.00 until 17.00 h) according to the procedures
outlined above.

J. Endocr. (1986) 110, 361-366
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Radioimmunoassay of prolactin
Plasma samples were assayed for prolactin using a
radioimmunoassay kit provided by the NIADDK,
Bethesda, MD, U.S.A. Each sample (20 pi) was
assayed in duplicate and the means are expressed in
terms of the rat PRL-RP-3 standard. The intra-assay
and interassay coefficients of variation were 12 and
5% respectively, determined by including eight sam¬
ples from a plasma pool in each assay. The lowest
detectable amount of prolactin was approximately
50pg(l pg/1).

Statistics

Basal plasma prolactin concentrations were calcu¬
lated for each animal as the mean of the ten lowest
values. Whenever a period of basal prolactin secretion
was followed by an increase, the secretory episode was
referred to as a surge only if plasma prolactin concen¬
trations exceeded basal levels by a factor of 2-5,
and for at least 30 min. For statistical purposes the
data were arranged into contingency tables in which
animals either showed or failed to show a secretory
surge of prolactin. The data were then analysed using
the Chi-squared goodness-of-fit test. A P value of
<0 05 was considered to be statistically significant.

RESULTS

Plasma prolactin profiles from twelve short-term
ovariectomized rats are shown in Fig. 1. The animals
were bled at 23, 28 or 37 days of age. All of the
peripubertal (37-day-old) animals showed a mid-
afternoon increase in prolactin secretion, though the
magnitude of the increase was variable. In sharp
contrast, no mid-afternoon prolactin increase was
detected in the early-juvenile (23-day-old) animals;
the plasma prolactin concentrations remained low
throughout the sampling period. The majority of the
late-juvenile (28-day-old) animals showed a mid-
afternoon prolactin increase; only one of four rats
failed to show an increased prolactin discharge.
This age-related appearance of prolactin surges was
statistically significant (P < 0-05).

Plasma prolactin profiles from twelve long-term
ovariectomized rats are shown in Fig. 2. The animals
were bled at 26-28, 38—41 or 46-49 days of age,
corresponding to the mid-late juvenile, peripubertal
and adult phases of sexual development respectively.
Since short-term ovariectomized 23-day-old rats
failed to show a secretory surge of prolactin, the
plasma prolactin profiles of long-term ovariectomized
rats were not examined at this age. In four of the
animals, plasma prolactin concentrations were very
low (approximately 20 pg/1) throughout the entire
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figure 1. Plasma prolactin profiles from short-term (48 h)
ovariectomized rats bled every 5 min for 4 h (from 13.00 until
17.00 h) at 23, 28 or 37 days of age, corresponding to early
juvenile, latejuvenile and peripubertal phases ofdevelop¬
ment respectively. Each pattern represents data from an indi¬
vidual rat.
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figure 2. Plasma prolactin profiles from rats which were
ovariectomized 6 days after birth. Blood samples were col¬
lected every 5 min for 4 h (from 13.00 until 17.00 h) at one of
the following three ages: 26-28,38-41, or 46-49 days, corres¬
ponding to the mid-late juvenile, peripubertal and adult
phases ofdevelopment respectively. Each pattern represents
data from an individual rat.

sampling period, but in the majority (eight) the initial
phase of low-level secretion was followed by a mid-
afternoon increase of variable magnitude. Generally,
peak plasma prolactin levels ranged from 50 to
180 pg/1. The incidence of these two different types of
profiles was similar at each of the three ages.



364 h. f. urbanski and s. r. ojeda Prolactin secretion in the prepubertalfemale rat

600

500

•400

300

200

^ 100
^ 0
c 13.00 15.00 17.00 13.00 15.00 17.00 13.00 15.00 17.00
U
.52
o 800
cl
CT3 700

^ 600
.52
^ 500

400

300

200

100

0

figure 3. Plasma prolactin profiles from late juvenile
(28-day-old), short-term (48 h) ovariectomized rats which
received s.c. silicone elastomer capsules containing either (a)
50 mg or (b) 200 mg oestradiol/1 corn oil on the day ofovar¬
iectomy. Each pattern represents data from an individual rat.

600

500

c

| 300
a.
«a

| 200
a.

100

0

figure 4. Plasma prolactin profile from an intact 37-day-old
female rat bled every 5 min for 5 h (from 12.00 until 17.00 h)
during the afternoon of first pro-oestrus.

The effect of treating 28-day-old short-term ovar¬
iectomized rats with oestradiol (either 50 or 200 mg/1)
is shown in Fig. 3. In all six cases the mid-afternoon
increase in prolactin secretion was substantially
amplified (see Fig. 1, middle panel, for comparison);

this was seen most clearly in animals that were given
the larger of the two doses of oestradiol, which
resulted in peak prolactin levels ranging from approxi¬
mately 400 to 800 pg/1. For comparison, one intact
37-day-old female rat was bled throughout the after¬
noon of first pro-oestrus, using the automated
blood-sampling technique, and its plasma prolactin
profile is depicted in Fig. 4. The mid-afternoon pre¬
ovulatory surge of prolactin release had a peak level
of approximately 600 pg/1, which was similar to
that observed in most of the oestradiol-treated
ovariectomized animals.

DISCUSSION

In the present study a 5-min bleeding paradigm was
used to obtain detailed plasma prolactin profiles from
developing female rats in which ovarian influences
had been eliminated by either short- or long-term
ovariectomy. Blood samples were collected through¬
out the afternoon (from 13.00 until 17.00 h); based on
previous reports this period covered the time during
which prominent prolactin secretory episodes would
most likely occur (Neill et al. 1971; Smith et al. 1975;
Saunders et al. 1976; Kimura & Kawakami, 1980,
1981; Kimura et al. 1983). The results from the
short-term ovariectomized animals indicate that a

mid-afternoon surge of prolactin secretion can occur
in maturing rats in spite of the acute elimination of
ovarian influences. Moreover, they demonstrate that
such a prolactin surge can be detected during the
second half of the juvenile period. While none of the
early-juvenile (23-day-old rats showed an increase in
plasma prolactin concentrations in the afternoon, the
majority of the 28- and 37-day-old animals did. This
observation, and the previous finding that intact
immature female rats show higher mean plasma pro¬
lactin concentrations in the afternoon than in the
morning as early as postnatal day 20 (Ojeda et al.
1976), might suggest that the ovary is the primary
factor which determines both the expression and
development of the mid-afternoon prolactin surges.
This possibility, however, is not supported by the
examination of prolactin profiles in rats which had
been ovariectomized while still neonates. The results
of these experiments clearly demonstrated that mid-
afternoon surges of prolactin secretion can occur even
42 days after ovariectomy. This finding, therefore,
complements the earlier report of Kimura &
Kawakami (1981) which showed mid-afternoon surges
of prolactin secretion in short-term ovariectomized
rats, and also the earlier reports which showed an
increase in mean plasma prolactin concentrations in the
afternoon in adult ovariectomized rats (Koch et al.
1971; Lawson & Gala, 1974). Moreover, it makes it
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highly improbable that such surges are generated by a
neuroendocrine mechanism that is primarily depend¬
ent upon either direct or residual effects of ovarian
steroids. On the contrary, the diurnal prolactin signal
appears to be both intrinsic to the hypothalamopitui-
tary axis (assuming any possible influence of adrenal
steroids to be minimal) and established well before
puberty.

In the majority of the animals, peak plasma
prolactin concentrations were observed between 15.30
and 17.00 h, whereas they were essentially very low
during the early afternoon. Four of the twelve rats,
however, showed low levels of prolactin secretion
throughout the 4-h blood sampling period. While this
could be indicative of a very weak underlying neuro¬
endocrine signal, it is also plausible that the signal is
not expressed in every individual on each consecutive
day. It is notable that the plasma prolactin concen¬
trations of these four animals were consistently low,
rather than high, for this corroborates our belief that
the automated blood-sampling technique, used here
and in other studies (Urbanski et al. 1984; Urbanski &
Ojeda, 1985a, 19856, 1986), does not cause major
stress in the experimental animals. Still another possi¬
bility is that a daily prolactin surge actually occurred
in every animal, but that in some instances its timing
did not coincide with the 4-h blood-sampling period
and, therefore, escaped detection. In the light of
the findings of Kimura et al. (1983), that pulses
of prolactin occur approximately every 3 h throughout
the day, it is plausible that prolactin surges may also
occur at times of the day other than those covered in
the present study.

The results from the short-term ovariectomy experi¬
ments show that it is around postnatal day 28 that the
prolactin surges first occur in the absence of ovarian
influences. This is approximately the same time as
changes in the afternoon secretory pattern of LH
begin to be established (Urbanski & Ojeda, 1985a),
suggesting the establishment ofa more general puberty-
related maturational event within the hypothalamo-
pituitary axis during the juvenile-peripubertal period.

First ovulation does not occur until about 38 days
of age in our animal stock (i.e. several days after the
afternoon prolactin surge becomes established). This
would allow time for the central ovarian-independent
signal to interact with other modifying factors, such as
those of ovarian origin. Indeed, the present results
show that in the absence of ovarian steroids the
magnitude of the prolactin surge was similar in each
animal irrespective of age, whereas a dramatic ampli¬
fication followed the administration of oestradiol.
Two concentrations of oestradiol were used in the
present study (50 and 200 mg/1 corn oil) which have
previously been shown to produce plasma oestradiol
concentrations of about 10-20 and 45ng/l respect¬

ively (Andrews et al. 1980; Urbanski & Ojeda, 1986).
The latter concentration is sufficiently high to produce
preovulatory-like surges of LH secretion in ovariecto-
mized rats (Urbanski & Ojeda, 1986). In fact, both
concentrations of oestradiol led to an amplification
of the prolactin secretory surge, although the higher
concentration produced a more pronounced response
which, in general, was virtually indistinguishable from
the mid-afternoon preovulatory prolactin surge
observed at pro-oestrus. Previous studies have already
shown that oestradiol can induce an afternoon surge
of prolactin secretion in adult ovariectomized rats
Neill et al. 1971; Caligaris, Astrada & Taleisnik,
1974), but only recently has the exact site of action of
oestradiol in the central nervous system been clearly
demonstrated. Using both lesion and implantation
approaches, Pan & Gala (1985a, b) have suggested
that the medial preoptic area is the most likely target.
By inference, the gonadal-independent signal that
determines the occurrence of mid-afternoon surges of
prolactin secretion may also originate within the
same hypothalamic areas which govern the prolactin
response to oestradiol stimulation (Pan & Gala,
1985a).

In conclusion, the results of this study show that
mid-afternoon episodes of prolactin secretion become
established in female rats for the first time during
the juvenile period. Moreover, the prolactin surge
appears to be controlled by a neuroendocrine path¬
way that is primarily ovarian-independent. The
amplifying influence of oestradiol on this release of
prolactin is also evident. The data, therefore, strongly
support the view that the first preovulatory surge of
prolactin secretion, at pro-oestrus, is produced by at
least two distinct components; one which is centrally
originated and independent of the ovaries, and a
second one, most probably ovarian oestradiol, which
serves to amplify the effects of the former.
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Abstract. The juvenile-peripubertal transition period in the female rat is associated with an ovarian-independent after¬
noon increase in the amplitude of plasma luteinizing hormone (LH) pulses. To determine if the immature pituitary could
be activated to cause precocious puberty juvenile female rats were subjected for 4 days to a microprocessor-driven pulsa¬
tile intravenous administration of LH-releasing hormone (LHRH) at a dose that produced a peripubertal pattern of LH
release. To determine if the LHRH neurons themselves could be prematurely activated to induce such a pattern of plasma
LH, and hence lead to precocious puberty, the neuroexcitatory amino acid analog N-methyl-Z)L-aspartic acid (NMA) was
similarly administered. The time of puberty (vaginal opening and first ovulation) was advanced by both the LHRH and
NMA treatments, by 5 and 7 days, respectively. Ovarian weight and incidence of corpora lutea at first diestrus were similar
in all animals regardless of treatment, but a juvenile body weight was retained by the animals that underwent precocious
puberty. Therefore, just as the adenohypophysis can be driven by exogenous LHRH to initiate puberty, the LHRH neuro¬
nal system can be precociously activated by the episodic administration of an excitatory amino acid analog that is known
to interact with specific brain receptors. It is likely, therefore, that sexual maturation is limited by factors that lie further
upstream in the hypothalamo-pituitary axis (e.g., the neuronal circuits that impinge upon LHRH-producing neurons).

In both the laboratory rat and primates the onset of pu¬

berty is highlighted by a diurnal change in the pattern of
luteinizing hormone (LH) release [2, 12, 15]. This change is
characterized by an increase in basal LH levels and in the
amplitude of the LH pulses, and appears to be caused by a

centrally originated, gonadal-independent process [12, 16]
of uncertain nature. Secretion of LH-releasing hormone
(LHRH) from the hypothalamus may increase because a
chronic inhibitory tone is removed [for review, see ref. 9] or

alternatively because of the development of excitatory com¬
ponents [7, 10]. At present there is very little evidence to
support the existence of a 'central restraint' on the onset of
puberty in primates [13], although a decreasing opioid in¬
hibitory tone may play a role in the female rat [1, 19]. We
now report that the short-term pulsatile intravenous ad¬
ministration of either LHRH or N-methyl-DL-aspartic acid
1 This study was supported by a grant from the NIH (HD-09988,
project IV). We thank the NIDDK for materials used in the LH
radioimmunoassay.

Received: April 17, 1987
Accepted after revision: June 17, 1987

(NMA), an excitatory amino acid analog known to cause
LH release via LHRH [11], advances the time of puberty in
the female rat. While this manuscript was under review a

report by Plant et al. [8] appeared which permitted a similar
conclusion to be drawn from studies using rhesus monkeys.

Materials and Methods

Immature female Sprague-Dawley rats (Holtzman, Madison,
Wise., USA) were used. They were housed under a photoperiod of
14 h of light per day (lights on from 05.00 to 19.00 h) with free
access to food and water. Experiments were first conducted to de¬
termine the time course for the effect of intravenous injections of
NMA (Sigma Chemical, St. Louis, Mo., USA) on plasma LH levels
and to obtain dose-response curves for both LHRH (Peninsula
Laboratories, Belmont, Calif., USA) and NMA. LH was measured
using a RIA kit provided by the NIDDK and the values are expres¬
sed in terms of the rat LH-RP-1 standard [15].

Twenty-five-day-old female rats were anesthetized with ether
and fitted with jugular vein catheters [15], On the following day the
animals were connected to a Harvard infusion pump using intra-
medic polyethylene tubing (PE50; Clay Adams, Parsippany, N.J.,
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Time after NMA injection, min

Fig. X. Plasma LH levels (mean ± SE) following intravenous in¬
jection of 29-day-old female rats with 40 mg NMA/kg BW (•).
Control animals (O) were injected with vehicle alone. Numbers
next to the circles indicate the number of animals per group.

a b

0 5 10 25 50 010204080

ng LHRH/kg BW mg NMA/kg BW

Fig. 2. Plasma LH levels (mean±SE) in 29-day-old female rats
10 min after intravenous injection of varying doses of either LH RH
(a) or NMA (b). Each bar represents the mean + SE of 5-6 animals.

USA). The operation of the pump itself was controlled by a micro¬
processor-based electronic timer (ChonTrol; Lindburg Enter¬
prises, San Diego, Calif., USA) which was programmed to activate
the infusion pump for 1 min every half hour (from 13.00 to 17.01 h).
The speed of the infusion pump was set to deliver 80 ul during each
1-min period. The animals received either 50 ng LHRH/kg BW
(n = 7) or 20 mg NMA/kg BW (n = 7), in a 10% dextrose, 0.9% NaCl
solution, during each 1-min pulse while the controls (n = 5) re¬
ceived the dextrose-saline vehicle alone. The animals were connec¬

ted to the infusion apparatus only during the afternoons of days
26-29. After completion of the treatment the rats were examined
daily for vaginal opening, which was used as an initial indicator for
the time of puberty. Based on the cytology of daily vaginal smears

Fig. 3. The effects of LHRH and NMA on the timing of vaginal
opening in juvenile female rats (a) and on the weight of the body
(b) and ovaries (c) at first diestrus. The test substances were admini¬
stered intravenously as 1-min pulses every 30 min during the after¬
noons of postnatal days 26-29. Each pulse comprised either 50 ng
LHRH or 20 mg NMA/kg BW; control animals received pulses of
injection vehicle (10% dextrose, 0.9% saline) alone. The bars repre¬
sent mean values and SEs are shown as vertical lines. *p<0.01;
* *p < 0.001 vs. control values (Student t test). □ = Controls (n = 5);
SS = LHRH (n = 7); ■ = NMA (n = 7).

animals were killed with an overdose of methohexital sodium

(Lilly, Indianapolis, Ind., USA) on the day of first diestrus. The
animals' body weight and that of the ovaries was recorded. The
presence of corpora lutea within the ovaries was considered to be
indicative that ovulation and hence puberty had occurred.

Results

NMA induced maximal LH release at 10 min postinjec-
tion (fig. 1). The administration of different doses of LHRH
or NMA revealed that intravenous injections of either 50 ng

LHRH/kg BW or 20 mg NMA/kg BW into juvenile female
rats would produce plasma LH pulses with a magnitude
similar to that observed during the afternoon of the peripu-
bertal period [15] (fig. 2).

Juvenile rats given pulses of dextrose-saline vehicle
showed vaginal opening at 38.4 + 0.4 days of age, which is
normal for our stock of animals [15]. In contrast, both the
LHRH and NMA treatments advanced (p< 0.001) the ti¬
ming of vaginal opening, by 5 and 7 days, respectively
(fig. 3). On average all animals ovulated within 2 days of
vaginal opening. This was confirmed by the detection of
corpora lutea within the ovaries at first diestrus. Although
the ovarian weight at diestrus was similar in all of the ani¬
mals, body weight showed a clear-cut age relationship.
Thus the LHRH- and NMA-treated animals, which ovu-
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lated earlier, had body weights which were significantly
lighter than in the control group (p< 0.01 and 0.001, respec¬
tively).

Discussion

The original report that pulsatile administration of
LHRH results in premature initiation of reproductive cy-
clicity in the female rhesus monkey [18] has recently been
confirmed in another species, the guinea pig [5]. The pre¬
sent results extend these findings to the female rat in. which
only 4 days of exposure to a peripubertal mode of LH re¬
lease were sufficient to advance the onset of first ovulation.
It is noteworthy that precocious puberty was induced by a

regimen in which LHRH was provided only in the after¬
noons and that produced plasma LH pulses of similar mag¬
nitude to those normally seen during the initiation of pu¬

berty [15]. The impact that such a pattern of LH release has
on ovarian secretion of steroids has already been demon¬
strated [14],

Both the pituitary and the ovaries can be prematurely
activated to generate a mature pattern of hormone secretion
[18]. However, the possibility of advancing puberty through
the activation of LHRH neurons has not been explored but
only inferred from studies involving hypothalamic lesions.
The present results demonstrate that stimulation of LHRH
release on a discontinuous (every 30 min, only in the after¬
noons) but invariable basis (same treatment for four conse¬
cutive days) leads to the premature establishment of a peri¬
pubertal type of LH secretion and hence to precocious pu¬

berty. NMA was used to induce LHRH release because it is
a potent analog of an excitatory amino acid (ITaspartatic
acid) which is thought to regulate brain neurotransmission
[17], NMA is believed to affect LH secretion by acting
through central nervous system located specific receptors
[4, 6] and not by directly stimulating the pituitary [11], The
dose used is well below the level considered to be neuro¬

toxic [4, 11] and similar to that recently found to release LH
and advance puberty in juvenile monkeys [3, 8].

A popular belief is that the onset of puberty results from
removal of, or escape from, inhibitory control. Alterna¬
tively, the establishment of excitatory inputs to LHRH
neurons may play a more fundamental role in initiating pu¬

berty [7, 10]. The present results do not invalidate the possi¬
bility of a central restraint' on the hypothalamo-pituiiary
axis but do provide strong evidence for the view that expo¬
sure of the LHRH-secreting system to excitatory signals re¬
sults in the unfolding of events that ultimately lead to the
initiation of reproductive capacity. It thus appears that the
neuronal mechanism controlling the initiation of puberty
resides outside of the LHRH-releasing apparatus and that
the initiation of puberty is triggered by the development of
neuronal inputs to the LHRH-secreting neurons.
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ABSTRACT. In the present study we investigated the extent
to which expression of the diurnal pattern of LH secretion in
prepubertal female rats is driven by an ovarian-independent
neuroendocrine mechanism. To remove gonadal influences, rats
were ovariectomized (OVX) during the early juvenile, late juve¬
nile, or peripubertal phases of development (20-22, 26-27, and
32-33 days of age, respectively), and blood samples were col¬
lected throughout the day (every 30-60 min) 2 or 4 days after
surgery. Morning plasma LH levels were relatively low 2 days
after ovariectomy (30-120 ng/ml), but rose during the afternoon
to reach levels ranging from 180-300 ng/ml. This afternoon
elevation was sustained both in late juvenile and peripubertal
rats, but not in early juvenile rats. The predominant change
observed 4 days after ovariectomy was an overall 3- to 6-fold
increase in plasma LH levels, which masked the afternoon
elevation. Analysis of plasma LH profiles from individual rats,
however, revealed that at each of the three ages studied the peak
plasma LH levels occurred in the afternoon, and these were
most pronounced in the peripubertal animals. To further clarify
the existence of such a diurnal pattern of LH release in the 4-
day OVX animals pulsatile LH release profiles were obtained
from individual animals, using a 5-min bleeding paradigm, at

either 24 days (in the morning) or 36 days of age (in either the
morning or the afternoon). LH release was episodic in all of the
animals studied, with pulses occurring on average of about once
every 30 min. Analysis of the plasma LH profiles using the
PULSAR algorithm revealed that the overall mean plasma LH
levels of the peripubertal animals was enhanced during the
afternoon, compared to that in the morning or to the afternoon
LH levels in the early juvenile rats. Mean nadir and mean peak
LH levels were also greater. No differences in LH pulse ampli¬
tude and only marginal differences in LH pulse frequency were
detected among the three groups studied. The enhancement of
afternoon LH secretion in the OVX rats could not be attributed
to age-related or diurnal changes in adenohypophyseal respon¬
siveness to LHRH. The results suggest that the initiation of
enhanced afternoon LH secretion, previously shown to occur in
intact female rats during the juvenile-peripubertal transition
period, results primarily from the activation of a central neu¬
roendocrine mechanism. Although the ovaries might play a role
in the development of this diurnal pattern, it is clear that its
activation is ovarian independent. (Endocrinology 121: 907-
913, 1987)

rHE END of juvenile development in the female ratis associated with enhanced afternoon release of
JL The secretion of LH at this time has been shown to

>e episodic (1, 2), and detailed examination of plasma
jH profiles has revealed that, in addition to an elevation
n mean plasma LH concentrations (3), there is an in-
rease in the amplitude of the LH pulses (2). As puberty
irogresses, enhanced afternoon LH secretion may also
ie manifested as a minisurge of LH release (2). It has
ecently been shown (4) that the development and
xpression of these peripubertal LH minisurges is de-
iendent upon an elevation of circulating levels of estra-
liol. Such a neuroendocrine interaction probably repre-
ents an early stage in the development of the larger
ireovulatory LH surge that occurs during the afternoon
f proestrus.
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In the present study our aim was to investigate those
changes in LH release that become established before E2
secretion from the developing ovaries is sufficiently en¬
hanced to initiate a mini- or preovulatory LH surge (4-
7). Previous findings have indicated that long term
ovariectomy (OVX) results in an extremely high rate of
LH secretion, which might easily obscure the occurrence
of more subtle age-related diurnal changes in the pattern
of LH release (4). Because of this, short term (2 or 4
days) ovariectomized (OVX) rats were used in the pres¬
ent experiments. The results indicate that the primary
neuroendocrine signal responsible for initiating diurnal
changes in LH secretion during pubertal development
most likely originates centrally and can be expressed
independently of the ovaries. Preliminary findings from
this study have been reported (8, 9).

Materials and Methods

Animals

Female Sprague-Dawley rats (Holtzman Co., Madison, WI)
were maintained under a photoperiod of 14 h of light/day (lights

907
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on, 0500-1900 h) at a room temperature of 23-25 C. Food
(Teklad rat diet, Harlan Sprague Dawley, Inc., Winfield, IA)
and water were provided ad libitum. During the experiments
animals were caged singly.

Experimental design

Studies in 2-day OVX rats. Immature rats were OVX under
ether anesthesia at 22, 27, or 33 days of age, corresponding to
the early juvenile, late juvenile, and peripubertal phases of
development, respectively (10). On the following morning each
animal was fitted with an intraatrial catheter (11), and 1 day
later the catheters were unplugged, flushed with 100 /tl hepa-
rinized saline (250 USP units/ml), and connected to a 30-cm
length of polyethylene tubing (PE-50, Clay Adams, Parsippany,
NJ). After a 30-min acclimatization period, blood samples (100
/il) were collected from each animal every 30 min from 1000-
1500 h using a syringe connected to the polyethylene tubing
(1). An equal volume of heparinized saline (25 USP units/ml)
was infused back into the animal after removal of each sample.
The plasma samples were frozen and subsequently assayed for
LH.

Studies in 4-day OVX rats. Preliminary experiments indicated
that plasma LH concentrations would still be relatively low 4
days after OVX, compared with concentrations observed after
long term OVX (3), but significantly higher than those only 2
days after OVX.

Blood samples (100 /d) were collected every hour (0900-1800
h) from 4-day OVX animals at 24, 30, or 36 days of age
(corresponding to the early juvenile, late juvenile, and peripu¬
bertal phases of development, respectively). OVX, catheteriza¬
tion (1 day before blood sampling), and removal of blood were
performed as described above. In the present experiments,
however, blood samples were collected over a longer period,
because the results from the preceding study suggested that
morning-afternoon differences in LH release would be better
defined in a wider time frame. To maintain a normal hematocrit
in these animals it was necessary to increase the blood sampling
interval from 30 min to 1 h.

Pulsatile LH release patterns of rats 4 days after OVX. Based
on the results obtained from the preceding experiment it was
decided to examine the pulsatile LH release pattern in 4-day
OVX rats to establish whether the enhanced afternoon level of
LH secretion might be related to changes in the mode of LH
release. Plasma LH profiles were obtained at one of two ages
(24 or 36 days), which corresponded to the youngest and oldest
groups used in the preceding experiments.

Blood samples were collected using a previously described
automated double catheter technique, which permits continu¬
ous withdrawal of blood from unrestrained conscious rats with
simultaneous replacement with an equal volume of an artificial
blood mixture (12). After a 1-h acclimatization period blood
samples were collected as 5-min fractions (150 /tl) for 5 h (0900-
1300 h for the 36-day-old rats only and 1300-1800 h for both
the 24- and 36-day-old rats). The plasma samples were stored
frozen and subsequently assayed for LH. The data were used
to construct individual pulsatile LH release profiles for each
animal.

Pituitary responsiveness to LHRH. In one experiment LHRH

was injected iv (between 1600-1700 h) into 24-, 30-, and 3<
day-old rats that had been OVX 4 days previously; the dosi
of LHRH used were 10, 25, and 100 ng/100 g BW. The anima
were lightly anesthetized with ether, a blood sample (100 g
was drawn from the external jugular vein, and 0.2 ml salii
containing the decapeptide was injected. Fifteen minutes late
the rats were again anesthetized with ether, and a second bloc
sample was collected. A total of 109 animals were used in tb
experiment.

An additional experiment was designed to compare the p

tuitary's responsiveness to LHRH in the morning with that i
the afternoon. A total of 72 4-day-OVX rats were used whe
36 days old (i.e. when peak afternoon plasma LH levels we:

highest; see Fig. 2B). As before, the animals were briefly ane
thetized with ether, and a blood sample (100 /xl) was collectc
from the right external jugular vein. LHRH was then injectc
at 0, 1, 2.5, 5, 10, or 50 ng/100 g BW (0.2 ml) into the vein, ar
a second blood sample was collected 15 min later. The plasn
was frozen and subsequently assayed for LH in a single assa
The experiment was performed between 0950 and 1050 h :
half of the animals and between 1600 and 1700 h in tl
remainder. Each of the experimental animals was used one

only (six per treatment).

RIA

Plasma LH was measured using a RIA kit provided by tl
NIDDK. Each sample was assayed in duplicate or triplicat
and the mean values are expressed in terms of the LH RP
standard. The intra- and interassay coefficients of variatic
were 15% and 8%, respectively. To reduce the effects of sue
variation on the data analysis, plasma samples from all of tl
appropriate experimental groups were included in each of tl
assays.

Statistics

Between-group differences in mean plasma LH concentr.
tions were analyzed by one-way analysis of variance, followc
by the Student-Newman-Keuls multiple range test (13
Within-group morning-afternoon differences were initially ai

alyzed by Student's t test; first, the mean plasma LH concei
tration was calculated from all of the determinations made :

the morning (at noon or before), and this was subsequent
compared to the mean plasma LH concentration in the afte
noon. This procedure, however, does not permit the identil
cation of time-related changes in LH release in individu
animals; these are easily obscured by the fluctuating LH has
line, which is more prominent in the 4-day-OVX than in tl
2-day-OVX rats. The data from sequentially bled 4-day-OV
rats were, therefore, also analyzed by establishing the time <

day when individual animals displayed a peak of LH secretio
The mean time of day and mean magnitude of the LH pe£
were compared between age groups using Student's t test.

The pulsatile LH release patterns were analyzed using tl
PULSAR algorithm (14), recently adapted for use on the IBIV
PC computer (15). A frequent (5-min) blood-sampling regime
was used in the present study in order to more clearly defn
individual LH secretory pulses. Consequently, it was felt th
LH peaks should consist of at least two points. Taking th
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:onsideration into account, the algorithm's cut-off criterion for
i single point peak was deliberately set very high, at 50 times
he SD of the assay. The cut-off criteria for two-, three-, four-,
ind five-point peaks were set at 2.6, 2.3, 2.1, and 2.0 SD units
ibove the baseline, respectively. The following parameters were
letermined for each individual profile, and between-group com-
larisons were made using Student's t test: overall mean level
nanograms per ml), mean pulse amplitude (nanograms per
nl), mean LH peak concentration (nanograms per ml), mean
jH nadir concentration (nanograms per ml), and mean inter-
mlse interval (minutes).

Results

'.-day OVX
Diurnal mean plasma LH levels from 2-day OVX rats

ire shown in Fig. 1. Approximately one third of the
inimals in each group had unusually high LH levels in
heir first blood sample (1000 h). To take into account
he possibility that this may have been an artifact of the
xperimental procedure the data have been plotted in
wo forms, either including or excluding the questionable
jH profiles (Fig. 1, solid and open symbols, respectively),
■or purposes of statistical analysis, however, a conserv-
tive approach has been taken, and the unedited set of
lata has been used (Table 1). It is clear that a sustained
fternoon increase in LH release occurs in the late ju-
enile and peripubertal rats. In the case of the 24-day-
ld early juvenile animals there was no significant dif-
erence between mean morning and mean afternoon
lasma LH levels in spite of the elevated LH levels seen
a half of the animals at 1500 h. In contrast to these
oung rats, a significant (P < 0.05) difference was ob-
erved in the 29-day-old late juvenile rats; this difference
ras even more pronounced (P < 0.01) in the 35-day-old
eripubertal animals.

| 500
- 400

^ 300

° 200

J3 100
CL

IG. 1. Plasma LH concentrations in rats bled at 30-min intervals 2

rys after OVX. The animals were used at one of three ages: 24 days
arly juvenile period; n = 12), 29 days (late juvenile period; n = 9), or
i days (peripubertal period; n = 7). Each solid circle represents the
ean, and the SEMs are shown as vertical lines. Approximately one
lird of the animals in each group had very high plasma LH levels in
le first sample; since this might be an artifact of the bleeding procedure
le LH data have also been plotted in an alternative form, disregarding
ich animals (open circles).

Table 1. Mean plasma LH levels (nanograms per ml) in short term
OVX rats

Early juvenile
(24 days)

Late juvenile
(29-30 days)

Peripubertal
(35-36
days)

2-day OVX (12) (9) (7)
AM 64 ± 17 113 ± 10 53 ± 16
PM 107 ± 17 187 ± 33° 192 ± 51'

4-day OVX (12) (10) (16)
AM 206 ± 14 300 ± 15 331 ± 27
PM 213 ± 15 299 ± 19 388 ± 23

Morning (AM) and afternoon (PM) levels were compared using
Student's t test. The numbers in parentheses indicate the number of
animals per group.

" P < 0.05.
' P < 0.01.

We were concerned that the procedure of serially re¬
moving blood from the same animals might produce a
progressive alteration in plasma LH concentrations that
could be misinterpreted as a diurnal release pattern. This
possibility was tested in an experiment in which three
serial blood samples (100 pi; at 15-min intervals) were
collected from two groups of catheterized 35-day-old
animals 2 days after OVX; in one of the groups (n = 9)
the blood sampling was centered around 1100 h, and in
the other (n = 8) it was centered around 1600 h. A mean

plasma LH concentration was calculated from all morn¬

ing blood samples (56 ± 14 ng/ml; n = 27) and also from
those samples that were collected in the afternoon (177
± 59 ng/ml; n = 24). Statistical analysis of the results
indicated that significant differences existed (P < 0.05,
by Student's t test) that could not be attributed to the
blood-sampling procedure per se.

4-day OVX
Diurnal mean plasma LH levels from 4-day OVX rats

are shown in Fig. 2A. At each of the three ages the mean

morning levels of plasma LH were considerably greater
(P < 0.01) than those in the corresponding 2-day OVX
animals (Fig. 1 and Table 1), reflecting the increase in
LH secretion that follows removal of gonadal negative
feedback. Although there was a clear age-related increase
in overall LH secretion in response to OVX (i.e. mean

plasma LH levels were significantly lower in the early
juvenile animals; P < 0.01), morning plasma LH levels
were so elevated that diurnal differences in mean LH
levels were not readily disclosed (Fig. 2A and Table 1).
Nevertheless, when the LH profile of each animal was

analyzed individually it became evident that the highest
LH levels occurred in the early afternoon at all ages
studied (Fig. 2B). Furthermore, the magnitude of the
afternoon peak was considerably greater (P < 0.01) in
the peripubertal OVX rats than in either the 24- or 30-
day-old OVX animals (Fig. 2B).

Time th)
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Fig. 2. A, Plasma LH concentrations in rats bled at hourly intervals
4 days after OVX. The animals were used at one of three ages: 24 days
(early juvenile period; n = 12), 30 days (late juvenile period; n = 10),
or 36 days (peripubertal period; n = 16). Each point represents the
mean, and the sems are shown as vertical lines. B, Peak plasma LH
concentrations from 4-day-OVX rats whose mean plasma LH profiles
are illustrated in A. Each bar represents the mean, and sems are shown
by the vertical lines', the number of animals in each group is indicated
in parentheses. The mean time (±sem) of the plasma LH peak is shown
above the appropriate bar. **, A significant difference (P < 0.01)
between the peripubertal (36-day-old) and the younger animals.

In an additional experiment, trunk blood was collected
from decapitated 36-day-old 4-day OVX rats; the animals
were killed in either the morning (0900 h; n = 16) or the
afternoon (1600 h; n = 17). The mean plasma LH con¬
centrations for the two groups were 220 ± 31 and 376 ±
47 ng/ml, respectively (P < 0.01). These values were in
excellent agreement with those obtained from jugular
cannulated rats (see Fig. 2A for comparison) and further
indicate that a diurnal difference in LH release does exist

during the peripubertal period, even 4 days after OVX.

Pulsatile LH patterns

A detailed analysis of pulsatile LH release was per¬
formed in a total of 16 rats 4 days after OVX. The plasma
profiles from representative animals are shown in Fig. 3.
LH secretion was pulsatile in all of the animals studied
regardless of age or time of day. Various parameters from

the pulsatile patterns were compared statistically an
are presented in Table 2. The overall mean plasma LI
levels were significantly greater (P < 0.01) in the aftei
noon than in the morning in the peripubertal OVX rati
and these were also greater than the afternoon levels i
the early juvenile OVX animals (P < 0.01). Simila
morning-afternoon (P < 0.05) and age-related (P < 0.01
differences existed in the mean peak and mean nadir LI
levels and in the mean LH interpulse interval, althoug
mean LH pulse amplitude was the same in all groups.

Pituitary responsiveness to LHRH
No significant age-related differences in LH response

to various doses of LHRH were observed when the dece
peptide was administered iv to 24-, 30-, or 36-day-ol
rats during the afternoon, 4 days after OVX (data nc
shown). Figure 4 depicts the morning and afternoo
plasma LH levels from a separate experiment in 36-daj
old, short term (4-day) OVX rats immediately before an
15 min after an iv injection of various doses of LHRF
The overall mean preinjection LH levels were signif
cantly lower (P < 0.01) in the morning (n = 36) than i
the afternoon (n = 36; Fig. 4, inset), further supportin
the concept of a gonadal-independent diurnal rhythm c
LH secretion (Fig. 4, inset). After LHRH administratio
plasma LH levels showed the same dose-related respons
regardless of the time of day. In both the morning an
afternoon groups maximal LH responses were produce
by LHRH doses of 5 ng/100 g BW or greater.

Discussion

The early studies of LH secretion in maturing femal
rats generally failed to disclose any increases associate
with the onset of puberty (5, 16-19). Such failure ma;
to a large extent, be attributed to experimental desigr
that did not take into consideration the episodic natui
of LH secretion, which had only just been established i
the rat (20). More recently, the investigation of Meij:
Roelofs et al. (3), which used a large number of rat
suggested that there is indeed a puberty-related increas
in LH secretion, with mean serum LH levels becomin
more prominent in the afternoon than in the mornin;
Detailed examination of the actual pulsatile LH releas
patterns has revealed that such a developmental er
hancement of afternoon secretion reflects an increase i
LH secretory pulse amplitude as well as mean LH level
and in some instances the development of an afternoo
minisurge of LH secretion (2). Both of these modes <
enhanced LH release have been shown to promote ova:
ian steroidogenesis in vitro, suggesting a physiologic;
function (21). Furthermore, the development of the L]
minisurge, as is the case for the much larger preovulatoi
LH surge, has been found to be dependent on an increas
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Fig. 3. Representative plasma LH profiles from groups of five or six female rats 4 days after OVX. Each profile is derived from an individual
animal. Blood samples (150 jd) were collected every 5 min for 5 h in either the morning (peripubertal animals only) or the afternoon (early juvenile
and peripubertal animals). Profiles from the early juvenile animals are depicted in the left panel, while those from the peripubertal animals are
shown in the middle and right panels. Peaks of LH release are represented by open circles.

Table 2. Analysis of pulsatile LH secretion in 4-day OVX rats which were bled every 5 min for 5 h in either the morning (AM) or the afternoon
(PM)

Age
(days)

Interpulse
interval

(min)

Amplitude
(ng/ml)

Mean peak
level

(ng/ml)

Mean nadir
level

(ng/ml)

Overall mean LH
level

(ng/ml)
36 (PM) 29.1 ± 1.1 214 ± 10 361 ± 10 152 ± 7 234 ± 5
23 (PM) 35.8 ± 1.9° 194 ± 9 291 ± 16° 100 ± 11° 159 ± 6°
36 (AM) 34.7 ± 2.36 238 ± 17 324 ± 18' 98 ±9° 180 ± 7°

n = 5 or 6/group.
° P < 0.01 vs. the 36-day-old (PM) group.
b P < 0.05 vs. the 36-day-old (PM) group.

in circulating estrogen levels (4). A sequence of events secretory pulse amplitude enhances ovarian steroidogen-
can, therefore, be envisaged in which an increase in LH esis, which, in turn, promotes the afternoon development
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Fig. 4. Pituitary responsiveness to LHRH in peripubertal (36-day-
old) female rats 4 days after OVX. LHRH (in saline) was administered
iv at various doses in either the morning (AM) or the afternoon (PM).
Venous blood samples were collected immediately before LHRH injec¬
tion and again 15 min later. The LH concentration in the plasma was
determined by RIA, and the mean values for each group (n = 6) are

represented by vertical bars', the SEMs are shown as vertical lines. The
inset depicts a significant difference (P < 0.01) between the overall
mean preinjection plasma LH level obtained in the morning and that
in the afternoon (n = 36).

of LH minisurges. Since the LH minisurges further en¬
hance ovarian steroidogenesis (21), the development of
the first preovulatory LH surge becomes imminent.

The central question that the present study addresses
is whether the initial enhancement of afternoon LH
secretion, as seen during the juvenile-peripubertal tran¬
sition period (1-3), is the expression of a central neu¬
roendocrine mechanism that functions independently
from the ovaries. Previous attempts at disclosing a diur¬
nal change in the pattern of LH release using long term
OVX adult rats have been mainly unsuccessful (22-25).
Furthermore, in our own previous study using immature
long term OVX rats an identical pulsatile pattern of LH
secretion was observed regardless of the animal's age (4).
We interpreted these findings with caution, however,
suspecting that the very marked increase in LH output
induced by long term removal of steroid negative feed¬
back may have obscured more subtle but well defined
changes in central drive.

In the present study we adopted a short term (2 or 4
days) OVX paradigm to disclose such a centrally driven
mechanism. The data from the 2-day OVX animals
clearly demonstrate that in the female rat there is an
age-related afternoon enhancement of LH secretion
which can be expressed in the absence of the ovaries.
These results permit the inference that the underlying
neuroendocrine signal responsible for the afternoon en¬
hancement of LH secretion is more pronounced in the
late juvenile-peripubertal than in the early juvenile pe¬
riod of development. The establishment of these ovarian-
independent changes in LH release during the juvenile-
peripubertal transition period fits well with the observed
changes in LH secretion that occur in intact female rats
(1-3). It is unlikely that these differences in LH release

result from residual effects of estradiol after its disap¬
pearance from the circulation. Firstly, serum estradiol
levels are relatively constant throughout the juvenile-
early peripubertal period (5-7); secondly, the estradiol
levels found 2 days after OVX (4) are markedly lower
than those reported to produce residual afternoon in¬
creases in LH secretion (26); and thirdly, stepped in¬
creases in serum estradiol levels, produced by sc im¬
planted estradiol-containing Elastomer capsules, have
been shown to result in either suppression of pulsatile
LH release or, upon reaching a threshold level, in a

minisurge of preovulatory-like surge of LH secretion (4).
In no instance was estradiol shown to alter the pattern
of LH release, as has been observed after short term
OVX in the present study.

In the 4-day OVX rats morning LH levels were signif¬
icantly greater than in the corresponding 2-day OVX
animals, most likely reflecting the longer interval follow¬
ing removal of ovarian negative feedback. While this
masked the expression of underlying morning-afternoon
difference in mean LH levels, analysis of LH profiles
from individual animals established that in all of the age
groups the highest LH levels occurred in the afternoon,
and importantly, they were significantly greater in the
peripubertal rats. Confirmation of the existence of such
a diurnal pattern of LH secretion was provided by the
results of three additional experiments: 1) when single
trunk blood samples were collected from animals killed
in either the morning or afternoon, 2) when venous blood
samples were collected (under ether anesthesia) in the
morning or afternoon, immediately before LHRH injec¬
tion, and 3) when the detailed morning and afternoon
pulsatile release pattern of LH was examined. In the
latter case the afternoon increase in plasma LH levels
stemmed primarily from an increase in the peak level of
LH secretion. However, since an increase in the basal
(nadir) LH level also occurred, LH pulse amplitude did
not show a significant change. This increased nadir LH
level in the afternoon suggests that at this time LHRH
stimulation of the adenohypophysis occurs at a pace that
does not permit full recovery of basal LH levels or that
the duration of each LHRH pulse is increased. On the
average, LH pulses in the 4-day OVX peripubertal rats
occurred about once every 29-35 min, similar to the
frequency previously observed in intact animals of a
similar age (2). The interpulse interval in the 24-day-old
OVX rats was slightly longer than that during the after¬
noon in the 36-day-old animals. This suggests that an
increase in pulse frequency may also occur during the
initiation of sexual development in the female rat. The
earlier study (2), which examined pulsatile LH release in
intact prepubertal female rats, did not include animals
as young as 24 days of age, and this most likely accounts
for the fact that no puberty-related changes in LH inter¬
pulse interval were previously detected. Perhaps the use
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of even younger animals may disclose more convincingly
such changes in LH pulse frequency. In other species,
such as the sheep, where modulations of the LH inter-
pulse interval seem to be the primary route by which
mean plasma LH levels are altered, the interpulse inter¬
val shifts by several hours rather than minutes. In the
rat, however, the LH interpulse interval is already rela¬
tively short. Although an age-related change in the in¬
terpulse interval (from 36-29 min) could in part be
responsible for raising the mean plasma LH level the
functional significance of this change remains to be
determined.

That the ovarian-independent changes in LH secretion
result from alterations at the hypothalamic, rather than
at the pituitary, level is suggested by the finding that 4-
day OVX peripubertal rats showed a similar degree of
responsiveness to exogenous LHRH regardless of the
time of day, even though their preinjection plasma LH
levels were significantly higher during the afternoon than
in the morning. Moreover, the afternoon LH response to
LHRH in 24-, 30-, or 36-day-old OVX rats showed no

significant age-related difference.
Centrally driven diurnal alterations in LH release may

be initiated at the level of the neurons that impinge upon
the hypothalamic LHRH pulse generator or may reside
within the LHRH neurons themselves. The former pos¬

sibility, which is indicative of a more general matura-
tional process within the hypothalamus, is suggested by
the recent finding that ovarian-independent enhance¬
ment of afternoon PRL secretion becomes established

during the same phase of development as does LH (27).
In conclusion, the present results demonstrate that the

afternoon increase in LH release observed in intact fe¬
male rats approaching puberty can be expressed even in
the absence of the ovaries. This suggests that activation
of the underlying central neuroendocrine mechanism is
independent of the ovary, even though development of
this mechanism might actually be dependent on ovarian
influences exerted before the juvenile period. Such a
mechanism most likely generates a crucial stimulus for
accelerating ovarian development, which, in turn, might
provide the necessary signal amplification required for
the induction of the first preovulatory LH surge.
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HISTORICAL ASPECTS

The first recorded use of the rat for experimental
purposes was published in 1856 (1). Since its domestica¬
tion, in the early part of this century, the rat has probably
contributed more substantially to the advancement of
the biological sciences than any other laboratory species.
There is no doubt that, as portrayed by Lindsey (2), the
story of the rat is one of "ascendancy from the gutter to
a place of nobility."

The use of the rat for the study of sexual development
and puberty can be traced to the beginning of the twenti¬
eth century, when investigators initiated studies to test
the hypothesis that the ovaries contain a substance(s) re¬

sponsible for the advent of sexual maturation. Essential
to these undertakings was the pioneering work of Long
and Evans, who in 1922 published a classic monograph
(3) describing in detail the physiology of the rat estrous
cycle and the initiation of female reproductive capacity.
Long and Evans (3) demonstrated, for the first time, that
the ovaries of immature rats develop rapidly when trans¬
planted into adult rats. It was, however, the work ofAllen
and Doisy (4), published in 1924, that showed conclu¬
sively that extracts of follicular fluid injected into imma¬
ture rats were capable of advancing vaginal opening. A
year later Frank et al. (5) presented evidence that a "li¬
poid extract" of placental tissue not only was able to in¬
duce precocious vaginal opening, but, more importantly,

was able to advance the first ovulation. These authors
concluded that "puberty results from the elaboration, in
sufficient amount, of the female hormone, and that the
advent of puberty is not due to the removal of an inhibi¬
tory influence.. . ."

That immature ovaries can modify the secretion ofgo¬

nadotropin hormones from the anterior pituitary and
that, in turn, these hormones can hasten the initiation
of puberty by accelerating ovarian maturation were first
demonstrated by Kallas in 1929 (6). This author found
that when two immature female rats were joined parabi-
otically and one of them was castrated, then the other
one underwent precocious puberty. These experiments
indicated that a dynamic relationship between the ante¬
rior pituitary and the ovaries is operative well before pu¬
berty; it was not until 3 years later, however, that the par¬

ticipation of the brain in this relationship was postulated
by Hohlweg and Junkmann (7). Surprisingly, this con¬
cept found little support in years to come. This was per¬
haps due to the widespread acceptance of a hypothesis
formulated by Moore and Price (8), also in 1932, which
stated that a pituitary-gonadal interrelationship was
solely sufficient to explain the maturation and initiation
of reproductive capacity.

It was not until 20 years later that the work of Harris
and Jacobson (9) provided the basis for our current un¬
derstanding of the pivotal role played by the central ner¬
vous system (CNS) in the control of reproductive matu-

1699
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ration. These authors showed that pituitaries from
immature rats transplanted into adult animals were able
to sustain estrous cyclicity. Subsequent experiments per¬
formed by Donovan and van der Werff ten Bosch (10) in
the mid-1950s led to the concept that there are certain
hypothalamic areas which exert inhibitory influences on

gonadotropin secretion, and that removal of these influ¬
ences results in the initiation of puberty. A few years

later, Elwers and Critchlow (11) found that lesions of the
amygdala resulted in precocious ovarian activation,
thereby providing evidence that extrahypothalamic
structures are also involved in modulating gonadotropin
secretion in developing rats. Although these early re¬
search efforts provided much insight into the neuroendo-
crinology of puberty, further significant progress was

hampered by the lack of sensitive and accurate methods
to measure changes in serum hormone levels. The 1970s
witnessed an explosion of reports which, utilizing the
novel technique of radioimmunoassay (RIA), probed the
neuroendocrine system from different angles in search
for more definitive answers.

Beginning with the comprehensive review ofDonovan
and van der Werff ten Bosch (12), published in 1965, the
physiology of rat puberty has been systematically re¬
viewed over the years (13-17). In this chapter we will
attempt to provide an integrated view of the current in¬
formation regarding the pubertal process in the rat. Simi¬
larities and differences with sexual maturation in other

species will become apparent when this chapter is consid¬
ered in conjuction with chapters 40 and 41, which deal
with puberty in the sheep and monkey, respectively.

THE RAT AS A MODEL

The rat is a convenient animal to use for the study of
sexual development. It grows rapidly, reproduces fre¬
quently, is relatively inexpensive, easy to handle, and ex¬
ternal signs ofsexual maturity, though scanty, are readily
detectable. In working with this animal, one may also
assume that most of the basic mechanisms underlying
the process of sexual maturation are conserved across

species. If such an assumption is correct, then many of
the results obtained in the rat may be extrapolated to
other species, including the human. Among such mecha¬
nisms, the control of luteinizing-hormone-releasing hor¬
mone (LHRH) by neurotransmitters, the initiation of
gonadotropin secretion, the cellular components of ste¬
roid positive- and negative-feedback circuitry, and the
control of ovarian follicular development represent only
a few examples. Perhaps the most striking difference be¬
tween the rat and the primate is the relative absence in
the former of the juvenile hiatus of gonadotropin secre¬
tion which is characteristic of the latter (18). This differ¬
ence severely handicaps the rat as an animal model in

which to investigate gonadal-independent, CNS-origi-
nated events that might be responsible for the decline in
hypothalamic activity during the human juvenile period.
Species such as the rhesus monkey or guinea pig appear
to be the logical choice to examine this outstanding issue.
However, the recent demonstration that the rat, like pri¬
mates, exhibits a diurnal change in the mode of luteiniz¬
ing hormone (LH) secretion at the end ofjuvenile devel¬
opment (19) reiterates the possibility of using the rat as
a model for the analysis ofthis early event, which appears
to be the primary hormonal manifestation of puberty
onset.

From a developmental point of view the rat is born at
the stage comparable to 150 days of human gestational
life (20). The gestational period of the rat lasts for 22 to
23 days. The first ovulation in most laboratory stocks oc¬
curs 35 to 45 days after birth. In males the first spermato¬
zoa are seen in the lumen of seminiferous tubules by 45
days of age (21), and they reach the vas deferens 13 to 14
days later (22). Testicular descent occurs after day 15.
Externally, the progression ofpuberty in the male rat can
be followed by the growth of the testis and more precisely
defined by the separation of the foreskin of the penis
from the glans, known as balanopreputial separation
(23). In females the only signal that puberty has occurred
is canalization of the vagina, which normally is imperfo¬
rated before puberty and later becomes patent as a conse¬
quence of estrogenic stimulation. Vaginal opening usu¬

ally occurs on the day after the first preovulatory surge
of gonadotropins has taken place (13,14,24,25). In most
cases, vaginal lavages at opening show a majority ofcor-
nified cells (estrus), a condition that is followed within 1
to 2 days by the appearance of leukocytes, which soon
become the predominant cell type (first diestrous phase
ofpuberty).

In the past, sexual development of male rats has gener¬
ally not been divided into specific maturational stages for
the purpose of its study. On the other hand, developmen¬
tal phases in the female rat have usually been defined in
relation to the maturational stages of the ovary (13,26—
28). Ramirez (14) proposed a more comprehensive clas¬
sification based on physiological parameters such as the
changes in circulating gonadotropin levels and the alter¬
ations in steroid feedback mechanisms occurring at
different postnatal ages. More recently, a classification
has been proposed which considers morphological and
physiological parameters for both males and females
(16). According to this classification, sexual development
in the male rat can be divided into four phases: a neona¬
tal period that comprises the first week after birth; an in¬
fantile period that extends from days 8 to 21; a juvenile
period that ends around day 35; and finally the peripu-
bertal period that ends at about 55 to 60 days of age [i.e.,
with the appearance of mature spermatozoa in the vas
deferens (22)]. Details of the functional and morphologi-
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cal parameters utilized to define these developmental pe¬
riods are provided in ref. 16.

Postnatal development of the female rat can also be
divided into four phases, which have been described in
detail earlier (16). They are: a neonatal period that is ini¬
tiated at birth and ends on postnatal day 7; an infantile
period that extends from days 8 to 21; a juvenile period
that ends around days 30 to 32; and a peripubertal period
that has a variable duration, but that culminates with the
occurrence of first ovulation (around day 38 for most
laboratory stocks). Defining the end ofjuvenile develop¬
ment has been difficult; morphologically, the appearance
of uterine fluid signals the beginning of the peripubertal
period (16), but tells us little about the hormonal events
responsible for the change. It now appears that the end
of the juvenile period can be more precisely defined as
the time when morning-afternoon differences in pulsa¬
tile LH release become established (19).

An additional developmental phase that needs to be
included (29) is a fetal period, which for mechanistic
purposes can be considered to be initiated at gestational
day 12. It is around this time that LHRH can first be
detected in the fetal brain (30).

THE FEMALE

Fetal Development

Initiation ofLHRH and Gonadotropin Secretion

Recent reports have shown that the appearance of hy¬
pothalamic LHRH precedes that ofgonadotropins in the
anterior pituitary by several days. The recent study of
Aubert et al. (30) has shown that immunoreactive
LHRH can be detected in the brain of rat fetuses as early
as day 12, at which time LHRH-binding sites can also
be found in the primordial anterior pituitary. If anterior
pituitary anlages are collected after day 13 and cultured
in vitro, gonadotrophs will differentiate spontaneously
(31,32). However, if the glands are removed at an earlier
age, the gonadotrophs will fail to differentiate unless they
are exposed to exogenous LHRH (32,33). These findings
and the recent observation that the pituitary is vascularly
connected to the brain as early as fetal days 12 to 14
(34,35) strongly suggest that hypothalamic LHRH plays
a trophic function essential for the differentiation ofpitu¬
itary gonadotrophs.

How the differentiation of LHRH neurons is con¬

trolled remains unknown, but it would not be unreason¬
able to assume that substances from within the primor¬
dial brain may play a predominant role in the formation
and maturation of LHRH neurons. Levels of hypotha¬
lamic LHRH remain low until around days 17 to 18, at
which time they begin to increase, showing a substantial
elevation by the day ofbirth (30,31,36). Pituitary LH can

be detected around day 17 (30,31,37), and a response to
LHRH can be observed by days 17 to 18 (37). Pituitary
follicle-stimulating hormone (FSH), on the other hand,
becomes detectable much later, by days 19 to 21
(30,31,38). An earlier discrepant report failed to detect
either gonadotropin until the day of birth (39). In any
event, circulating gonadotropin levels remain at low val¬
ues until the day ofbirth (30,31,36,37,39-41).

Initiation ofOvarian Function. Pituitary and
Extrapituitary Regulation

Substantial evidence exists that the fetal testis is re¬

sponsive to gonadotropins (vide infra, subsection enti¬
tled "Initiation of Testicular Function"). On the other
hand, the significance that plasma gonadotropins may
have for the development of the fetal ovary is unclear.
Several reports have failed to detect LH or FSH receptors
in ovaries of rats younger than 4 to 5 days of age (42-
46). That initiation of follicular growth may, indeed, be
gonadotropin independent is suggested by the findings
that neither administration of PMSG or FSH (47,48),
nor immunoneutralization of endogenous gonadotro¬
pins (49), is able to alter the number of follicles that begin
to grow during the first few days ofpostnatal life (50,51).
In fact, follicles are not found before the second postnatal
day (52; Fig 1). During this time the ovary contains only
nongrowing oocytes organized in clusters surrounded by
stromal cells (13,50-52; Fig 1). A few cells, which possi¬
bly differentiate into the first granulosa cells (53), can be
observed attached to the oocytes.

Fetal ovaries cultured in vitro fail to respond to either
FSH or LH with increases in aromatase activity (54).
Nevertheless, exposure to exogenous cyclic AMP or acti¬
vation of their adenylate cyclase system with forskolin
results in induction ofaromatase activity, suggesting that
a first messenger other than FSH or LH may operate
within the ovary before follicular growth is initiated. The
identity of such a messenger is not clear at present, but it
is noteworthy that vasoactive intestinal polypeptide
(VIP), a peptide that is contained in ovarian nerves (55)
and that is present in the rat ovary before the appearance
of primary follicles (56), can stimulate cyclic AMP pro¬
duction and induce aromatase activity in fetal ovaries
(57) well before acquisition of responsiveness to FSH.
These observations raise the possibility that initiation of
follicular growth in the rat may depend on, or at least be
controlled by, peptidergic inputs arriving at the ovary via
direct neural connections. Such a possibility, however,
awaits experimental verification.

Postnatal Development

The Prepubertal Period
This section will first discuss the maturational events

that occur at the hypothalamic-pituitary level and within



old infantile rat. All magnifications X225. Note the absence of
follicles in the fetal and 2-day-old neonatal ovaries and their ap¬
pearance in the 4-day-old neonatal ovary.

FIG. 1. Fetal-neonatal development of the rat ovary, (a) Ovary
from a 22-day-old fetus, (b) ovary from a 2-day-old neonate, (c)
ovary from a 4-day-old neonate, and (d) ovary from an 8-day-
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the ovary during the neonatal, infantile, and juvenile pe¬
riods. Secondly, consideration will be given to the chang¬
ing interrelationships between these three basic compo¬
nents of the neuroendocrine reproductive axis.

The hypothalamic-pituitary unit. Changes in gonado¬
tropin secretion and their relationship to LHRH
release. Beginning shortly after birth, plasma FSH levels
start to increase, reaching maximum values by day 12
(58,59). Thereafter, levels decline gradually, so that by
the end of the juvenile period they are about one-fifth of
the values present at day 12 (58,60). Plasma LH is also
more elevated in neonatal-infantile rats than in juvenile
animals (58,60,61), but the elevation is less evident than
that of FSH. Release of LH in infantile rats appears to
conform to a pattern of moderately elevated levels of the
hormone interrupted by sporadic surges of release
(60,62). Such bursts appear to become less evident as the
animal grows; these bursts disappear completely with the
advent ofjuvenile development (63).

How do these patterns of gonadotropin release relate
to developmental changes in LHRH secretion? Little is

known regarding the functional development of the LH-
RH-releasing system. The hypothalamic content of
LHRH increases markedly between the day of birth and
the end of juvenile development (30,31,64). Although
LHRH content is substantially lower during the neona¬
tal-infantile periods than during juvenile development,
in vitro experiments have shown that the LHRH-releas-
ing system is more responsive to a depolarizing stimulus
around the second week ofpostnatal life than during the
juvenile period (65). On the other hand, recent experi¬
ments in which preoptic-area medial basal hypothalamic
(POA-MBH) fragments (excluding the lateral hypothala¬
mus and the mammillary bodies) were examined for pul¬
satile LHRH release in a perifusion system show that
LHRH is released in a pulsatile fashion as early as post¬
natal day 6 (H. F. Urbanski and S. R. Ojeda, unpublished
observations). The interpulse interval was found to be
approximately 30 min, an interval similar to that seen
in juvenile rats. This suggests that the neonatal LHRH
neuronal system located within the POA-MBH region
already has the capacity to generate LHRH secretory epi-

wm1
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sodes with a rhythmicity similar to that observed in older
animals. That pulsatility may be an intrinsic property of
LHRH neurons is suggested by the recent finding (66)
that isolated LHRH neurons in culture release LHRH in
a pulsatile fashion in the absence of any neural connec¬
tions.

Ifthe frequency ofLHRH discharge that is observed in
juvenile rats is already established during the neonatal-
infantile period, how can such a pattern of release be rec¬
onciled with the dramatic differences between FSH and
LH secretion observed at this early stage of develop¬
ment? Two possibilities may be considered: (a) The
differences in gonadotropin release observed in infantile
rats, in comparison with juvenile animals, are due exclu¬
sively to alterations in pituitary responsiveness to
LHRH; (b) the infantile pattern of LHRH release is in¬
deed different from that ofjuvenile animals, but because
of the absence of extrahypothalamic modulatory influ¬
ences these differences cannot be detected in isolated
POA-MBH units.

With regard to possibility (a), it is now well established
that pituitary responsiveness to LHRH is much greater
in infantile rats (67-69) than in juvenile animals. This
increased responsiveness may be related to the observa¬
tion that the pituitaries of the younger rats contained a
greater percentage ofgonadotrophs (70), and it may also
be related, at least in part, to a direct facilitatory effect
exerted by nonaromatizable androgens and progesterone
(P) on the pituitary gland. Ovariectomy has been found
to reduce the FSH response to LHRH, whereas dihy-
drotestosterone (DHT) or P treatment restores it (69). A
stimulatory effect of DHT on FSH secretion has also
been observed within 24 hr of its administration to im¬
mature female rats (71). A physiological role for DHT is
further indicated by the fact that, although its plasma lev¬
els are low in female rats, 5 a-reductase activity is ele¬
vated in the anterior pituitary of infantile rats (72).
Moreover, the developmental pattern ofpituitary 5a-re-
ductase activity closely follows that of serum FSH (72).

Another factor that contributes to the elevated gonad¬
otropin levels in infantile rats is the relative ineffective¬
ness of estradiol (E2) negative feedback. Administration
of E2 has been repeatedly shown to be less effective in
depressing gonadotropin levels in ovariectomized infan¬
tile rats than in juvenile animals (73-75). Of particular
interest in this regard is the finding of Frawley and Hen-
ricks (76) that immunoneutralization of serum E2 in in¬
fantile rats fails to induce a rise in circulating gonadotro¬
pin levels, which would be expected if E2 negative
feedback is operative at this time. The demonstration
that RU2858, a synthetic estrogen that does not bind to
a-fetoprotein (AFP, vide infra), strikingly inhibits the
postovariectomy rise ofserum gonadotropins in infantile
rats (77) firmly established the concept that E2 negative
feedback fails to operate in infantile rats because of the

presence of AFP, and not because of a lack of specific E2
receptors. By day 16, AFP levels have decreased suffi¬
ciently, allowing free E2 levels to be detected for the first
time (78-80). Coinciding with this shift, the high level of
serum FSH begins to decrease. Thus, it appears that the
infantile increase in serum FSH levels may depend on
two factors: (a) a facilitatory effect of 5a-reduced andro¬
gens originating locally in the anterior pituitary and (b)
the failure of E2 negative feedback to operate at full ca¬

pacity.
During development there is a shift in the molecular

forms of pituitary FSH, from forms with low biological
activity to those with high ones (81). However, both pitu¬
itary and serum FSH from infantile rats are biologically
active, as they can induce ovarian growth and follicular
development (82).

The sporadic bursts of LH secretion seen in infantile
rats appear to result from activation of noradrenergic
neurons, since the norepinephrine (NE) turnover in the
POA of infantile rats has been found to increase at the
time of the LH secretory discharges (83). On the other
hand, the concept that these bursts of LH release are due
to an early expression of E2 positive feedback (84) has
been challenged by several authors on the grounds that:
(a) E2 is unable to induce an LH surge before postnatal
day 15 (80,85), (b) passive immunization against E2 fails
to inhibit the LH surges (76), and (c) environmental dis¬
turbance inhibits their occurrence (86).

Changes in pituitary responsiveness to LHRH may, to
a significant extent, be responsible for the developmental
patterns of FSH secretion, but they fail to adequately ac¬
count for the marked differences between FSH and LH
release observed in infantile rats. This point becomes es¬

pecially relevant when it is considered that infantile pitu¬
itaries release as much or more LH than FSH when chal¬

lenged with LHRH both in vivo and in vitro (67-69).
It then follows that factors other than those operating

within the anterior pituitary need to be considered. In
this regard it is pertinent to note that the pattern of go¬
nadotropin release in the infantile female rat is strikingly
similar to that reported to occur in ovariectomized rhe¬
sus monkeys bearing hypothalamic lesions when low-fre¬
quency pulses of exogenous LHRH were administered
(87). It is conceivable that while the reproductive hypo¬
thalamus becomes rapidly activated during infantile de¬
velopment, LHRH is released as infrequent discharges
that maintain elevated FSH secretion and generate short¬
lived bursts of LH release.

By the same reasoning this hypothesis also implies that
the decrease in FSH levels that follows the peak of secre¬
tion on day 12 is due to an increase in LHRH discharges.
Initial support for this concept is provided by the recent
observation (H. F. Urbanski and S. R. Ojeda, unpub¬
lished observation) that subcutaneous administration of
LHRH as 30-min pulses every hour to infantile, ovariec-
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tomized rats via osmotic minipumps decreases the
plasma levels of FSH but not LH. Moreover, plasma
FSH in rats ovariectomized on postnatal day 6 becomes
greatly elevated and then decreases to an intermediate
level. The decrease is observed at about postnatal day 16,
which approximately corresponds to the age at which se¬
rum FSH levels normally begin to decline in intact rats.
These results suggest that the frequency of LHRH dis¬
charge may play an important role in determining the
pattern of FSH release during infantile days. They also
provide initial evidence that such changes may, to a sig¬
nificant extent, be the consequence of steroid-indepen¬
dent events of central origin. These events, however, do
not appear to originate within the POA-MBH area, as
evidenced by the finding that POA-MBH units perifused
in vitro exhibit a pattern of LHRH release similar to that
ofjuvenile hypothalami (vide supra). In light of these ob¬
servations it is reasonable to infer that extrahypotha-
lamic inputs to the POA-MBH region may determine
these purported changes in the pattern ofLHRH release.
What type of inputs these might be is not known, but it
is noteworthy that the influence of opiates on the LH-
secreting system of infantile rats is much more readily
suppressed by naloxone than that of older animals (88).
If the mechanism by which opiate inputs modulate go¬
nadotropin secretion in infantile rats were to involve a
decrease of LHRH pulse frequency, then a much more

comprehensive explanation for the pattern ofgonadotro¬
pin secretion observed in infantile rats would be avail¬
able.

By the end of the infantile period, plasma FSH levels
have decreased substantially, and the bursts ofLH secre¬
tion have begun to disappear. Throughout juvenile de¬
velopment, plasma FSH continues to decrease, though
much less noticeably, and plasma LH levels remain at
low values (58-63). The mode of LH release, however, is
clearly pulsatile (19,89,90), with an interpulse interval of
about 30 min (19). Contrasting with the infantile period,
this pattern ofLH and FSH release is entirely compatible
with the mode of LHRH release revealed by the in vitro
perifusion of POA-MBH fragments from juvenile rats
[i.e., frequent (every 30 min) discharges of the neurohor¬
mone (H. F. Urbanski and S. R. Ojeda, unpublished ob¬
servation)].

The low circulating gonadotropin levels seen in juve¬
nile rats do not faithfully reflect the changes in hypotha¬
lamic activity that occur during this period of develop¬
ment. This may be, at least in part, due to a low pituitary
responsiveness to LHRH (67,69,91), which does not in¬
crease until the day of the first proestrus (92,93) (vide
infra). Perhaps one of the most striking events that takes
place within the POA-MBH region at this time is the
morphological maturation of LHRH neurons (94). Dur¬
ing neonatal-infantile days the soma of the majority of
LHRH neurons has a smooth surface. In contrast,
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FIG. 2. LHRH-secreting cells during the rat sexual develop¬
ment. Two LHRH cell types are noted: smooth bipolar cells
(B) and irregular, usually unipolar, cells (A and C). The latter
possess either pedicular-like dendritic spines (A) or sessile-
like dendritic spines (c). Smooth LHRH cells predominate in
infantile animals, whereas irregular LHRH cells are the pri¬
mary cell type observed in peripubertal and adult rats. (From
ref. 94.)

LHRH cells with an irregular surface ("spiny cells") be¬
come predominant between weeks 4 and 5 of postnatal
life (Fig. 2). Remarkably, it appears that this transforma¬
tion occurs independently of the ovaries (95). However,
E2 may also play a role because, in the sheep, E2 treat¬
ment has been found to increase the number ofneuronal
processes from LHRH neurons (96). Since in the devel¬
oping rat the total number of LHRH cells does not
change, despite an increase in the number of spiny cells,
it is evident that smooth LHRH cells have developed
into spiny ones. The physiological mechanisms underly¬
ing these striking morphological changes are not under¬
stood, but they may involve an increase in the number
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of synaptic connections with the LHRH neurons (94).
This interpretation is indirectly supported by the finding
that in the arcuate nucleus of the hypothalamus (97), as
well as in other brain areas of the developing rat (98), the
greatest increase in synaptic formation occurs before the
fifth week of postnatal life. That this morphological mat¬
uration of LHRH neurons has important consequences
is overtly suggested by the fact that the increase in the
number of spiny cells coincides with changes in the diur¬
nal pattern of LH release (19,89) and also with the time
at which the hypothalamic-pituitary unit becomes fully
responsive to E2 positive feedback (80; vide infra). More¬
over, estimation of the capacity ofLHRH neurons to re¬
lease LHRH, by the in vitro challenge of median emi¬
nence nerve terminals with prostaglandin E2 (PGE2), has
demonstrated a progressive increase in the LHRH re¬
sponse between days 22 and 34 ofpostnatal development
(99). The LHRH response to PGE2 may be considered a
reliable index of LHRH neuron function, since a sizable
body of evidence indicates that PGE2 is a physiological
intracellular component in the process of NE-induced
LHRH release (for a review see ref. 100).

Interestingly, the age-related increase in the capacity
ofLHRH neurons to release LHRH in response to PGE2
appears to be, at least partially, maintained by circulating
E2 levels. When juvenile rats were ovariectomized on day
22 the subsequent LHRH response to PGE2 was found
to be blunted on day 34. On the other hand, restoration
of juvenile E2 levels via E2-containing Silastic capsules
significantly reversed the effect of ovariectomy (99).

From the neurochemical point of view, changes in hy¬
pothalamic NE and dopamine (DA) metabolism have
been reported to occur during juvenile development
(101,102). While the turnover of both catecholamines
increases at this time, the capacity ofDA to enhance ade¬
nylate cyclase activity decreases, suggesting a loss in re¬
ceptor sensitivity to the monoamine (103). Whether this
change is functionally related to the increasing prolactin
(Prl) levels observed during development (60,63,104) or
indeed reflects the loss of an inhibitory DA tone on
LHRH release (103) has not been determined.

Maturation of the hypothalamic-pituitary-ovarian in¬
terrelationship. Modulatory role of ovarian steroids. A
predominant feature in the maturation of steroid feed¬
back mechanisms in the female rat is the relative inabil¬
ity of E2 negative feedback to operate during neo¬
natal-infantile development (73-77). That a feedback
relationship is not operative at all during the first few
postnatal days is suggested by the finding that ovariec¬
tomy of neonatal rats fails to activate gonadotropin re¬
lease (105). When ovariectomy is performed during the
juvenile period, serum gonadotropin levels increase, but,
as already mentioned, the capacity of E2 to suppress this
elevation is much reduced (73-77). It is now well estab¬
lished (75,77) that the relative inability of E2 negative

feedback to operate is not due to the lack of specific hy¬
pothalamic-pituitary estrogen receptors, but rather to the
presence, in serum and tissues, of extremely high levels
ofAFP, which binds estrogen avidly (106,107).

It seems that during the infantile period of female de¬
velopment, aromatizable androgens play a leading role
in the steroid negative-feedback control ofgonadotropin
secretion. Both testosterone (T) and androstenedione
can be detected in the blood of infantile rats

(63,108,109). When T was administered via Silastic cap¬
sules to ovariectomized rats to mimic precastration lev¬
els of the androgen it was found that physiological levels
of T were effective in preventing the postcastration rise
in serum gonadotropins (108). Whether the effect of T
is due to its androgenic capacity per se or to prior local
aromatization to estrogens is unknown. Estradiol, if
given at sufficiently high doses that presumably over¬
come binding to AFP, can effectively inhibit gonadotro¬
pin release in infantile rats (74,75,77,80,110).

As levels ofAFP decline, the capacity ofE2 to suppress

gonadotropin release increases (73-75), so that it be¬
comes maximally effective during the juvenile period
(73-75,108). This enhanced effectiveness is maintained
throughout juvenile development (108,110). In contrast
to these changes in E2 negative feedback, the capacity of
aromatizable androgens to inhibit gonadotropin release
remains relatively constant throughout infantile and ju¬
venile development (108). It can, therefore, be con¬
cluded that the steroid negative-feedback regulation of
gonadotropin release changes from a predominantly an¬
drogenic control during infantile days to a dual estro¬
genic-androgenic control during the juvenile period.

Development ofestradiol positive feedback. Although
administration ofsufficiently high doses of E2 to infantile
rats suppresses circulating gonadotropin levels, a stimu¬
latory effect of E2 on LH release cannot be demonstrated
before the third week ofpostnatal life (80, 111). Early ex¬

periments utilizing injections of E2 showed that E2 could
not evoke a surge of LH in rats younger than 21 to 24
days of age (111,112). A more detailed study, in which E2
was administered via Silastic capsules and the resulting
serum E2 levels were measured by RIA, has demon¬
strated that before day 15, E2 levels as high as 400 pg/ml
are unable to stimulate LH release (80). Between days 16
and 20, E2 was found to be effective in inducing an LH
surge, but the serum levels needed to be twice as high
as those observed on proestrus. After day 20, however,
proestrous E2 levels were sufficient. At all of these ages
the LH surge occurred 54 hr after implantation of the E2
capsules, but when E2 was administered to animals older
than 28 days of age an LH surge occurred within 30 hr.
It is therefore evident that as the animal matures, the hy¬
pothalamic-pituitary unit becomes more sensitive to the
stimulatory effect of E2. This increased sensitivity may
be, at least in part, the result of exposure to E2, since
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pretreatment ofjuvenile rats with E2 prior to an E2 chal¬
lenge advances the age at which LH responds to the ste¬
roid with a surge of secretion (112). In addition to these
temporal changes, the magnitude of the LH response to
E2 also increases during the juvenile period (80,113), so
that by days 30 to 32 the surge of LH induced by E2 is
indistinguishable from that normally seen at first proes-
trus. As we will discuss later in this review, by the end of
the juvenile period the LH-releasing system is so sensi¬
tive to E2 that serum levels of the steroid even less than
50% of those seen at proestrus suffice to elicit large, pre-

ovulatory-like LH discharges.
There is no doubt that, in the rat, the stimulatory effect

of E2 on LH release involves the activation of LHRH
secretion from the hypothalamus (93,114). Although
new information is now emerging about the mecha¬
nism^) underlying E2-induced LHRH release (vide in¬
fra), much remains to be learned regarding the inability
of E2 to induce LH release in infantile rats. It seems clear,
however, that even though the capacity of E2 to stimulate
LH release becomes established quite early, a precocious
preovulatory surge of gonadotropins fails to occur be¬
cause the ovary is not yet capable of producing E2 in
sufficient amounts, and for a sufficient period of time, to
stimulate LH release.

The ovary.
Hormonal Control: Evaluation of parameters such as

E2 production (115), cyclic AMP formation (116), and
the number of gonadotropin receptors (42-46) have re¬
vealed that the ovary is relatively insensitive to gonado¬
tropin stimulation during the first week of postnatal life.
Nevertheless, primary follicles can already be observed
by day 4 (50,51,54), and, although initiation of follicular
growth is gonadotropin independent (47-51), there is
ample evidence that maintenance of follicular develop¬
ment depends on the continuous presence of gonadotro¬
pins (47-54).

Interestingly, neonatal (1-day-old) ovaries cultured in
vitro develop responsiveness to LH in the absence ofany
hormones (52). This may indicate that acquisition of re¬
sponsiveness to gonadotropins is genetically pro¬

grammed or that it depends on events which occur be¬
fore birth. Whether peptidergic influences such as VIP
{vide supra) have a role in this process remains to be de¬
termined. In earlier experiments, gonadotropins failed to
stimulate ovarian steroidogenesis or cyclic AMP forma¬
tion, even at as late a time as postnatal day 10(115,116).
Because LSH receptors may be present by day 4 (44,45),
it would appear that uncoupling of newly formed recep¬
tors from adenylate cyclase (117) may occur during neo¬
natal ovarian development. The control ofovarian follic¬
ular development by LSH may, indeed, be initiated
during the first five days of life, as suggested by the find¬
ings that by day 4, LSH can stimulate the conversion of
T to E2 (52,118). Moreover, suppression ofgonadotropin

release by daily subcutaneous injections ofDHT-propio-
nate (DHTP) during postnatal days 1 to 5, but not be¬
tween days 5 and 11, markedly decreases ovarian LSH
receptor content on day 12. This effect of DHTP can be
reversed by administration of LSH from days 1 through
5, suggesting that once follicular growth is initiated, the
presence ofFSH is important for the subsequent acquisi¬
tion of FSH receptors by the developing follicles.

Substantial evidence now exists that ovarian follicles
become subjected to strong gonadotropin control during
the second week of postnatal life (49-51). Almost twice
as many small follicles begin to move into a more ad¬
vanced developmental stage during the second postnatal
week than at later ages (120). Suppression of serum go¬
nadotropin levels by either DHTP treatment or immu-
noneutralization disrupts follicular and interstitial cell
development at this time (49,121-123). Recent evidence
suggests that the level ofplasma FSH necessary for main¬
tenance and/or formation of FSH receptors during the
infantile period is no greater than that observed during
the late juvenile period (~200 ng/ml); suppression of se¬
rum FSH from the high infantile levels to the low juve¬
nile values, using DHTP, failed to affect ovarian FSH
receptor content even when serum LH was reduced to
undetectable levels (119). During the infantile period,
ovarian production of estrogen from exogenous precur¬
sors increases markedly (124,125) and FSH becomes
able to induce aromatase activity (57). In addition, the
ovary unequivocally demonstrates the capacity to re¬
spond to endogenous increases in serum gonadotropins
with steroid release (126).

It has been difficult to determine the actual impact that
the high infantile serum FSH levels have on subsequent
sexual maturation (121,122). Nevertheless, the facts that
early follicular growth is enhanced at this time and that
completion of follicular growth takes 15 to 19 days (120)
suggest that many of the follicles that begin to grow dur¬
ing this period may be destined to reach a preovulatory,
or even an ovulatory, condition at puberty.

The development of the neonatal-infantile ovary ap¬
pears to be regulated by an additional modulatory mech¬
anism, of maternal origin, which becomes established
shortly after birth. Rat milk, like that of several other spe¬
cies, contains an LHRH-like substance that, as judged
from its chromatographic behavior in Sephadex G-25
and high-pressure liquid chromatography (HPLC), is in¬
distinguishable from hypothalamic LHRH (127,128).
After suckling, LHRH-like immunoreactivity can be de¬
tected in the stomach content of the pups, and an in¬
crease in LHRH levels can be observed in plasma. More¬
over, available LHRH receptors in the pup's ovaries
decrease, an effect that can be prevented by prior intrave¬
nous administration of an antiserum to LHRH (128).
The decrease in available receptors is not a consequence
of suckling per se or stomach distention because intra-



Rat Puberty / 1707

gastric administration ofmilk, but not saline, reproduces
the decrease in ovarian LHRH receptors associated with
suckling. These observations have led to the conclusion
that LHRH of maternal origin is transferred to the pup
via the milk; it crosses the gastrointestinal epithelium
and reaches the ovary via the blood stream, where it
binds to specific receptors (128).

Milk LHRH behaves like hypothalamic LHRH in that
it is both able to stimulate gonadotropin release from the
anterior pituitary in vitro (128,129) and to inhibit gona-
dotropin-induced E2 and P release from granulosa cells
in culture (128). Since the rat pup suckles frequently
throughout the entire day, it would be expected that milk
LHRH is almost continuously available for binding to
the infant ovary. Chronic exposure to continuous levels
of LHRH is known to depress ovarian function (for a
review see ref. 130), and thus the suggestion may be
made that milk LHRH plays a physiological role in re¬

straining neonatal-infantile development of the pup

ovary. This phenomenon may represent an evolutionary
mechanism by which the mother rat regulates gonadal
development of its offspring beyond intrauterine life. In¬
deed, available ovarian LHRH receptor content in¬
creases after postnatal day 15 (131,132), i.e., at the time
when pups begin to eat pelleted food and when nursing
episodes become less frequent or cease altogether.

During juvenile development the ovary grows under
the influence of low serum levels ofLH and FSH. Several
excellent articles have reviewed the morphology
(51,120,122) and the hormonal control (133) of the im¬
mature ovary. The interested reader is therefore referred
to these articles for more detailed information. It is im¬

portant to emphasize that throughout the juvenile period
the ovary undergoes waves of follicular development and
atresia (120,122,134), but that in no instance does a crop
offollicles reach the ovulatory stage. This is probably due
to the relative lack of stimulatory inputs because the ju¬
venile ovary can ovulate if challenged with sufficiently
large amounts of exogenous gonadotropins (135,136).

Under normal conditions there appears to be a multi¬
plicity of factors that, in addition to gonadotropins, help
to regulate the gradual, orderly maturation of the ovary.
The responsiveness of the ovary to gonadotropins is neg¬

ligible during the early neonatal period, rises during in¬
fantile days, and becomes most prominent during the ju¬
venile period (137,138). This change in responsiveness
appears to be related, at least in part, to an increase in
the number ofgonadotropin receptors (45,46). Although
the most pronounced change in FSH receptors appears
to occur between postnatal days 4 and 16, hCG (LH) re¬

ceptors increase more rapidly during juvenile days (45)
(Fig. 3).

The hypothetical inhibitory control exerted by milk
LHRH ends at the initiation of juvenile development
with the separation of the pups from their mother.

Whether an LHRH-like peptide, produced locally or
transported to the ovary via the nerves, contributes to
the regulation ofjuvenile ovarian function is not clear at
present. However, its presence is suggested by the
changes in LHRH receptors observed at this time. The
highest content of LHRH receptors occurs around day
25 (128,131,132). Thereafter, the content declines grad¬
ually toward the first proestrus, with the sharpest de¬
crease being observed during early proestrus-1 (139) [i.e.,
the phase of puberty when uterine fluid becomes appar¬
ent for the first time (140)]. This decline in receptor con¬
tent represents a true loss of receptors and not a reduced
availability for binding, because dissociation (by MgCl2)
of endogenous ligand(s) from ovarian membranes of late
juvenile rats fails to uncover additional binding sites
(139). Although the prepubertal decrease in receptor
content has been interpreted as being indicative of a de¬
clining LHRH inhibitory influence on the ovary, the va¬

lidity of this hypothesis remains to be established.
In addition to gonadotropins, two anterior pituitary

hormones appear to be involved in the regulation of pre¬

pubertal ovarian function. Both Prl and growth hor¬
mone (GH) have been shown to support ovarian matura¬
tion by facilitating the effects of gonadotropins. The
secretion of both somatomamotropins is low at the be¬
ginning of the juvenile period and increases gradually
thereafter (63,104,141,142). An adult-like pattern ofGH
release becomes established around the time of puberty
(142), whereas a quotidian pattern ofPrl release, charac¬
terized by Prl discharges occurring approximately every
3 hr, has been reported to occur by the beginning of the
juvenile period (143). The most prominent Prl secretory
episodes occur at midafternoon and during the early
morning hours (144). As the animal approaches the end
of the juvenile period the nocturnal increases in Prl levels
disappear, whereas the afternoon surge becomes even
more pronounced (144). The afternoon increase in Prl
levels can already be detected by the third week of post¬
natal life, i.e., during the infantile period (145).

It has been known for several years that Prl accelerates
the onset of puberty in females (146). This effect is ob¬
served following the systemic (84,146) or intrahypotha-
lamic (147,148) administration ofPrl. It appears that one
of the mechanisms by which Prl exerts this effect is by
enhancing ovarian responsiveness to gonadotropins
(137). Chronic stimulation of endogenous Prl release by
blockade of dopaminergic receptors advances the onset
of puberty and increases the P and E2 response of the
ovary to hCG and FSH (137,149). The ovaries from hy-
perprolactinemic rats exhibit an increased number of
LH receptors (149), suggesting that a significant part of
the stimulatory effect of Prl on the immature ovary is
the facilitation ofLH actions. In contrast to these results,
some authors have failed to find an involvement of Prl
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rat. The shaded areas indicate the phase of most rapid increase

in determining the timing of puberty in the female
rat (150).

Other studies have shown that pharmacological inhi¬
bition of Prl secretion by administration of bromoergo-
cryptine (CB-154), an ergot alkaloid that activates DA
receptors, delays the onset of puberty and reduces the
steroidal response of the ovary to gonadotropins (151).
Hypoprolactinemic rats also show a reduced number of
ovarian hCG (LH) receptors. Although concomitant ad¬
ministration of Prl can reestablish the inhibitory effect of
CB-154, the possibility that subtle changes in LH release
may play a role in these effects cannot be completely
ruled out. Such changes in plasma LH may have not
been detected by the heterologous LH assay employed in
the aforementioned experiments.

Experiments involving removal of the adrenal gland
have revealed that Prl requires the presence of this gland
in order to fully facilitate the ovarian steroidogenic re¬

sponse to gonadotropins (149,152). Adrenalectomy in
hyperprolactinemic rats blunts the enhanced P and E2
response of the ovaries to hCG, whereas corticosterone
restores the P, but not the E2, response (52). Since hyper-
prolactinemic-ovariectomized rats do not show in¬
creased serum levels ofadrenal P or aromatizable andro¬

gens, it does not appear that the adrenal gland mediates
the facilitatory effects ofPrl on the ovary. Rather, Prl and
adrenal products may act at different steps in the se¬
quence of events leading to formation of preovulatory
follicles (152).

Like Prl, GH has been shown to exert a facilitatory
influence on sexual maturation of the female rat. Sup¬

pression of GH release by implantation of GH into the
medial basal hypothalamus (153) or by inoculation with
the somatomedin-producing worm Spirometra manso-
noides (154) can delay the onset of puberty, as deter¬
mined by the age at vaginal opening and at first ovula¬
tion. Part of the facilitatory effect of GH on sexual
maturation is likely to be exerted at the level of the ovary
because GH treatment in vivo can increase the ovarian P

response to gonadotropins in vitro (153). Very recently,
Jia et al. (155) have shown that GH directly facilitates
the capacity ofFSH to induce LH receptors and to stimu¬
late P secretion from cultured granulosa cells of imma¬
ture hypophysectomized rats. Moreover, GH also facili¬
tates the stimulatory effect of cyclic AMP and forskolin
on P secretion, indicating that the hormone acts at more
than one biochemical step to positively regulate granu¬
losa cell function (155).

Neural Control: It is now becoming increasingly clear
that ovarian function is regulated not only by hormones
but also by direct neural influences (for reviews see refs.
156 and 157) that might provide a fine, minute-to-min¬
ute control. These neural inputs may also participate in
the initiation ofovarian function (see subsection entitled
"Initiation of Ovarian Function. Pituitary and Extrapi-
tuitary Regulation"). Recent findings have permitted the
conclusion that the immature ovary is innervated not
only by adrenergic but also by peptidergic nerves. With
regard to the adrenergic control, the developing ovary
exhibits both readily measurable amounts of NE
(158,159) and a well-defined population ofadrenergic re¬
ceptors of the jS2-subtype, the content of which varies in
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relation to the phases ofpuberty (160). The /32-adrenergic
receptors are coupled to P and androgen release, an effect
that can be demonstrated both by short-term incuba¬
tion of whole ovaries and by culture of ovarian cells
(160-163).

The source ofadrenergic input to the ovary appears to
be twofold: the adrenergic nerves and circulating epi¬
nephrine (EPI) of adrenal medullary origin. Adrenal
medullectomy ofjuvenile rats depresses plasma EPI lev¬
els and delays the onset of puberty without altering se¬
rum corticosterone levels (164). On the other hand, EPI
at nanomolar concentrations was found to stimulate P
secretion and to amplify the stimulatory effect of hCG
and FSH on P secretion from granulosa cells in culture
(160,164). These findings have led to the suggestion that,
under physiological conditions, circulating EPI may fa¬
cilitate the effect of gonadotropins on P secretion and
stimulate P secretion on its own (164).

The ovary is innervated by two main adrenergic
nerves: the superior ovarian nerve (SON), which carries
most of the noradrenergic hbers to the steroidogenic tis¬
sue of the gland; and the plexus nerve, which primarily
innervates the ovarian vasculature (165). Electrical stim¬
ulation of the SON increases P concentration in the

ovary of diestrous rats (166). Conversely, sectioning of
the SON, when performed in proestrous animals, results
in an acute drop in P and E2 levels in the ovarian vein
effluent (167). This suggests that activation of neural in¬
puts reaching the ovary via the SON contributes to main¬
taining and/or enhancing the increased steroid secretion
that occurs on the day of proestrus. In a longer time
frame, SON secretion results in a compensatory increase
in d-adrenergic receptors (168). This increase is likely to
be accompanied by hypersensitivity of steroid secretion
in response to /3-adrenergic stimulation. In vitro experi¬
ments designed to test this notion have shown that gra¬
nulosa cells from juvenile ovaries, primed with FSH and
then incubated in the absence of NE, release P when ex¬

posed to Zinterol, a /?2 adrenergic agonist (168). If the
cells are preincubated with a dose of NE that is high
enough to down-regulate the receptors, Zinterol is no
longer effective in stimulating P secretion.

Noradrenergic fibers innervate the ovary early in life,
as demonstrated by the detection of NE in the ovaries
of newborn rats (158,159). The catecholamine content
decreases at the time when serum FSH is elevated (sec¬
ond to third week of life), but increases again during ju
venile development (158,159). That these fluctuations
may be related to changes in circulating FSH levels is
suggested by the finding that PMSG injection elicits a
decrease in NE content within a few hours of its adminis¬
tration (169). This latter report, however, has not been
verified by other authors, who found that NE content in
the ovary increased rather than decreased after PMSG
injection (159).

The ovarian content of /3-adrenergic receptors de¬
creases abruptly in the afternoon of the first proestrus
and remains at low levels during estrus (160), but neither
LH nor FSH can evoke a similar decrease in vitro (170).
This suggests that catecholamines, rather than gonado¬
tropins, are responsible for the decrease in receptor con¬
tent seen in the afternoon of first proestrus. Interestingly,
corticosterone at physiological levels can depress the /?■
adrenergic receptor content of granulosa cells in vitro by
60% (170), suggesting that ovarian /3-adrenoreceptors
may be tonically inhibited by corticosterone during pre¬

pubertal development.
Although the bulk of available evidence suggests that

NE plays a facilitator,' role in ovarian steroidogenesis,
the turnover rate of ovarian NE has been found to de¬
crease 48 hr after PMSG administration (159), prior to
the preovulatory surge of gonadotropins. This would
suggest that the activity of the ovarian NE system de¬
clines before the gonadotropin surge. However, the
changes in /3-adrenergic receptor content observed dur¬
ing normal puberty (160) suggest otherwise, since the re¬
ceptor number declines only after the gonadotropin
surge is underway. Since this decline in receptor content
appears to be caused by catecholamines (168), rather
than by gonadotropins (170), one may contend that
buildup of NE impulse traffic within the ovary occurs
during proestrus. Perhaps this buildup is manifested only
under normal conditions (171) and not after PMSG
treatment, which may not faithfully reproduce the
changes in ovarian function at puberty (172).

The neural inputs arriving at the ovary are not limited
to noradrenergic fibers. The examination of ovarian sec¬
tions using immunohistofluorescence has demonstrated
the presence of delicate nerve fibers containing either
substance P (SP), VIP, or neuropeptide Y (NPY). These
fibers innervate the ovarian vasculature and interstitial
tissue and are associated with the thecal layers of devel¬
oping follicles (55,173,174). Both SP and VIP appear to
be immunologically and chromatographically indistin¬
guishable from the authentic peptides, as revealed by
their cross-reactivity in the respective RIAs and their be¬
havior in Sephadex G-25 or HPLC. Experiments in vitro,
using either ovarian fragments or cultured granulosa
cells, have failed to demonstrate any significant effect of
SP on ovarian steroidogenesis (184). Likewise, NPY does
not stimulate E2 secretion from granulosa cells (C. E.
Ahmed and S. R. Ojcda, unpublished observation). The
fact that SP- and, in particular, NPY-containing fibers
are mainly located around ovarian blood vessels suggests
that the chief function of these peptides in the ovary may
be to regulate blood flow. In contrast, VIP (which also
innervates ovarian blood vessels) has been found to be a
potent stimulus for T, P, and E2 secretion, as assessed
by the in vitro incubation of immature ovaries with the
peptide (55) (Fig. 4). This effect of VIP is not shared by
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FIG. 4. Stimulation of ovarian steroid production in vitro by
different concentrations of VIP. To examine the effect of VIP on

E2 and androgen (A) secretion, 29-day-old rats were injected
with 2 IU PMSG and killed 24 hr later to obtain early proestrous
ovaries. To examine the P response, animals were killed 96 hr

after PMSG, i.e., after ovulation when corpora lutea had
formed. Each unfilled circle represents the mean of at least four
ovaries ± SEM. The filled circles represent basal levels of ste¬
roid in the absence of exogenous VIP. (From ref. 55.)

members of the VIP family such as secretin, glucagon,
and gastric inhibitory peptide. However, porcine histi-
dine isoleucine (PHI), which has the greatest degree of
sequence homology with VIP, is 50% as effective as VIP
at stimulating steroid release. Motilin and GH-releasing
factor, both of which have little homology with VIP, are
ineffective. Interestingly, VIP can be demonstrated in the
ovary as early as the second postnatal day (the earliest age
studied) (56), suggesting its involvement in early ovarian
development.

Sectioning of the SON completely eliminates immu-
nofluorescent VIP-ergic nerve fibers in the ovary without
affecting SP-containing nerves (175). Conversely, sec¬
tioning of the plexus nerve eliminates SP-immunoreac-
tive fibers without affecting VIP immunoreactivity.
These observations support the notion that SP and VIP
play different roles in the control of ovarian develop¬
ment. In addition, the earlier surprising finding that sec¬

tioning of the SON on the day of proestrus results in a

rapid decrease in E2 secretion (167) can now be best at¬
tributed to the elimination ofVIP-ergic fibers and not, as

originally believed, to transection of noradrenergic fi¬
bers. At this point it must be reiterated that adrenergic
stimulation of granulosa cells has consistently failed to
induce E2 release (160,161,168), an outcome that has led
to the conclusion that ovarian /3-adrenergic receptors in
these cells are coupled only to P and not to E2 secretion.

The foregoing observations permit the conclusion that
the nervous system directs the maturation of the ovary
via two main routes, a hormonal and a neural one (Fig.
5). Whereas the former involves the secretion of hypo¬
thalamic factors that control the secretion of LH, FSH,

Prl, and GH from the adenohypophysis, the latter di¬
rectly links the CNS to the ovary via peptidergic and ad¬
renergic nerves. Moreover, EPI ofadrenal medullary ori¬
gin may facilitate ovarian function after reaching the
gland via the blood stream. It appears that most of these
regulatory mechanisms become firmly established dur¬
ing the juvenile period.

The Onset ofPuberty

The initial, gonadal-independent activation of the hy-
pothalamic-pituitary unit. It is now clear that the onset
ofpuberty is determined by a multiplicity of interrelated
events, some of which originate during the infantile pe¬
riod. Nevertheless, the first unambiguous hormonal
manifestation that puberty is underway occurs only after
the fourth postnatal week of development and is ex¬
pressed as a diurnal change in the mode of LH release.
The experiments of Meijs-Roelofs et al. (176) were the
first to demonstrate an unequivocal prepubertal increase
in mean LH levels, which became apparent 8 to 9 days
before the expected day of first proestrus and appeared
to be greater in the afternoons than in the mornings. An
initial characterization of the mode of LH release in peri-
pubertal rats (89) showed that, starting around day 30
(vaginal opening occurs around day 38), a diurnal pat¬
tern of release developed in the female rat. This pattern
was characterized by an afternoon increase in LH pulse
amplitude. In recent experiments the mode ofLH release
was more precisely characterized in blood samples ob-
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tained every 5 min (19) by means of an automated blood
sampling technique (177). The results clearly indicated
that, during the fifth postnatal week of life, both basal
LH levels and LH pulse amplitude become greater in the
afternoon than in the morning (Fig. 6). That this diurnal
change in the mode of LH release is physiologically rele¬
vant to the functional development of the ovary is evi¬
denced by experiments in which peripubertal ovaries
were perifused with LH regimens designed to mimic ei¬
ther morning or afternoon pulses of LH secretion (178).
The results demonstrated that LH pulses ofan amplitude
similar to that seen in the afternoon of the peripubertal
period elicited significantly more E2 and P release than
did morning-type LH pulses. In addition to showing an
afternoon change in LH pulse amplitude, some peripu¬
bertal animals also exhibited a more sustained midafter-
noon episode of LH secretion which has been termed a

"minisurge" ofLH (19). Mimicking such a secretory epi¬
sode in vitro also led to enhanced E2 and P secretion from
the ovary (178), thus suggesting that LH minisurges may

also be important for the peripubertal activation of ovar¬
ian function.

The most pressing issue that emerges from these obser¬
vations concerns the mechanisms underlying the two
types of change in the mode of LH release. Evidence re¬
cently obtained in our laboratory supports the notion
that the afternoon increase in LH pulse amplitude is not
ovarian dependent (405) and, more specifically, is not
E2-induced (179). On the other hand, the appearance of
minisurges of LH secretion appears to be caused by sub¬
tle increases in serum E2 levels.

With regard to the afternoon changes in basal LH lev¬
els and LH pulse amplitude, short-term (48-hr) ovariec¬
tomy ofprepubertal rats was found to result in increased
plasma LH levels, which were higher in the afternoon
than in the morning (29). Detailed examination of the
LH release pattern at this time, using an automated 5-
min bleeding paradigm (177), revealed that these high
LH values were not due to a sustained surge of LH re¬
lease, but were, instead, the consequence of an increased
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FIG. 6. Representative afternoon plasma LH profiles from ju¬
venile (A: 27-29-day-old) and peripubertal (B: 30-38-day-old)
female rats bled continuously for 5 hr. Six individual profiles
from a total of 16 are depicted. Pulses of LH secretion are
indicated by arrows. (From ref. 19.)

amplitude of the LH pulses. When mean precastration
serum E2 levels were produced in short-term ovariecto-
mized juvenile rats via subcutaneous Silastic capsules,
pulsatile LH release was inhibited rather than enhanced.
The use of larger doses of exogenous E2 consistently
failed to induce an increase in LH pulse amplitude, but
instead resulted in the appearance of minisurges and
proper surges ofLH secretion (179).

Additional support for the concept that a change in
"central drive" occurs as the female rat matures comes

from the results of experiments examining Prl release. It
is known that Prl secretion occurs episodically (143) and
that, during development of the female rat, Prl levels be¬
come more elevated in the afternoons than in the morn¬

ings (24,144,145). Kimura and Kawakami (180) first ob¬
served that ovariectomy of early juvenile rats did not
abolish the afternoon surges of Prl, indicating that these
secretory episodes could occur in the absence of the ova¬
ries. In more recent studies it was found that when neo¬

natal female rats were ovariectomized and their plasma
patterns of Prl subsequently examined at different ages,
at least 50% of the animals exhibited a midafternoon se¬

cretory episode ofPrl release, even as late as 40 days after
ovariectomy (181). Restoration ofjuvenile serum E2 lev¬
els via subcutaneous E2-containing Silastic capsules re¬
sulted in amplification of the surge, which still occurred
at the same time of the day. Thus, these results (180,181)

demonstrate that the neural mechanism responsible for
the afternoon appearance of a Prl surge can develop in
the absence of ovarian influences and that ovarian E2
amplifies the magnitude of the Prl surge.

A quite different conclusion has been drawn from
studies performed to elucidate the mechanisms deter¬
mining the peripubertal "minisurges" of LH secretion
(179). Such sustained episodes of release could not be
detected in either short- or long-term ovariectomized
rats. Only when circulating E2 levels were slightly in¬
creased over juvenile values (via subcutaneous E2-con-
taining Silastic capsules) did a minisurge ofLH secretion
occur, indicating that they are E2 dependent.

Another factor that may play a role in accelerating
ovarian maturation at the end of juvenile development
is a change in the biological activity of circulating gonad¬
otropins. As already mentioned, evidence exists that as
the female rat matures, the biological activity ofpituitary
FSH increases (81). With respect to LH it appears that
the hormone exists as different molecular forms in the
blood stream of prepubertal rats; when PMSG was ad¬
ministered to 27-day-old females, two different patterns
of serum LH emerged, depending on which of two anti-
sera were used in the RIA (182). Interestingly, this diver¬
gence was observed more clearly in the lighter animals
(<60 g body weight), which also failed to ovulate. In a
more recent publication from the same laboratory it was

reported that LH released in PMSG-treated rats lighter
than 60 g was measurable by RIA, but was inactive in a
cytochemical bioassay (183). In contrast, LH released in
PMSG-treated rats heavier than 60 g was active in both
the RIA and the cytochemical bioassay employed. Sur¬
prisingly, however, both types of LH were equally effec¬
tive in stimulating T secretion from testicular interstitial
cells.

It thus appears that once the aforementioned complex
array of neuroendocrine regulatory mechanisms be¬
comes fully functional at the end of the juvenile period,
the hypothalamic LHRH-secreting system becomes acti¬
vated by hitherto unknown inputs (Fig. 7). This activa¬
tion appears to be maximally expressed in the after¬
noons. The increased LHRH secretion may be
responsible for the appearance ofa diurnal pattern ofLH
release characterized by afternoon LH pulses of large
amplitude and an increase in basal LH release. These
changes may represent the precipitating factor that deter¬
mines the initiation of puberty because, under the influ¬
ence of these LH secretory episodes, the ovary is stimu¬
lated to produce more E2 (178). In turn, subtle increases
in E2 levels appear to be able to evoke minisurges of LH
secretion (179), which can induce further ovarian activa¬
tion.

The precipitation of events. Activation of the
ovary. Once the diurnal pattern of LH release becomes
established, a new cascade ofevents develops that culmi-
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of puberty in the female rat. Activation of LHRH release in the
afternoon may be due to elimination of a central restraint or to
increase in excitatory inputs to LHRH neurons. Whether or not
the activity of ovarian nerves also increases at this time is not

known, but it is suggested by the changes in ovarian ^-adrener¬
gic receptors and ovarian VIP concentration. The numbers indi¬
cate the sequence in which these events may occur. For abbre¬
viations see Fig. 5. (From ref. 29.)

nates with the first preovulatory surge of gonadotropin
and the first ovulation. The necessity of examining the
many components of this cascade has made it important
to divide the process ofpuberty into different phases. Ac¬
cording to this classification, which is mainly based on
morphological criteria (24,140), puberty in the female
rat can be divided into the following phases. Anestrus (A):
Originally this phase was meant to correspond to the late
juvenile phase, but it now appears to correspond to the
phase during which the changes in the mode of LH re¬
lease begin to occur (19). Animals in this phase are older
than 30 days of age, their uteri are small (wet weight less
than 100 mg), and, importantly, no intrauterine fluid can
be detected. The vagina is always closed. Early proestrus
(EP): Animals in this phase have larger uteri with intra¬
luminal fluid; their vagina is closed. A further division
into EP-1 and EP-2 subphases has been proposed, based
on the amount of uterine fluid and the uterine weight
observed (140). Late proestrus (LP): This phase corre¬
sponds to the day of first proestrus. Animals have large
"ballooned" uteri full of fluid, with a wet weight greater
than 200 mg. Their ovaries have large follicles. Most ani¬
mals in this phase show closed vaginae. Estrus (E): This
is the day of first ovulation, when uterine fluid is no

longer present, fresh corpora lutea can be readily dis¬
cerned, the vagina is open, and vaginal cytology shows a
predominance of cornified cells. First diestrus (D): This
phase of puberty is characterized by a vaginal cytology
showing a predominance of leukocytes, as well as by the
presence of mature corpora lutea within the ovaries.

With the onset of puberty already determined by the
activation ofpulsatile LH release, the single most impor¬
tant event that remains to be defined is the timing of the
first preovulatory surge of gonadotropins, which, in it¬
self, represents the climax of female neuroendocrine re¬
productive maturation. There is little doubt, in our view,
that both the occurrence and the timing of this final
event depend primarily on the completion of ovarian
maturation. Only when the ovary becomes capable of
producing E2 levels of sufficient magnitude, and for a
sufficiently long period oftime, will the preovulatory LH
surge occur.

A multitude ofmaturational changes appears to be in¬
volved in hastening the acquisition ofpreovulatory com¬
petence by the ovary. Whereas FSH receptor content is
already maximal by the end ofjuvenile development, the
number ofLH receptors in granulosa cells increases dra¬
matically between the A and LP phases of puberty
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(45,46). Concomitant with this increase, a decline in
LHRH receptor content occurs, with the magnitude of
the decrease being more pronounced between A and EP
than at later times (139). The implications that these two
divergent changes in hormone receptor may have for
ovarian function has already been discussed. It is note¬
worthy that during the days preceding the preovulatory
gonadotropin surge, the steroidal responsiveness of
the ovary to gonadotropins increases dramatically
(138,140), most likely reflecting the progressive develop¬
ment of the follicles destined to ovulate at the first estrus.

The neurogenic component of the ovary also under¬
goes noticeable changes. The content of /3-adrenergic re¬
ceptors increases between A and LP, and then declines
abruptly at the time of the proestrous surge (160). Paral¬
leling the increase in receptor content, the release of P
in response to /^-adrenergic stimulation becomes more

prominent at LP. However, the greatest increase in re¬

sponse occurs after ovulation, more specifically during
the first E. Surprisingly, at this time the receptor content
is low.

The concentration ofVIP in the ovary, which remains
almost unchanged between the second postnatal day and
the end of juvenile development, increases significantly
during the early part of the peripubertal period (days 30
to 35) (56). Moreover, the steroidogenic response to VIP
undergoes profound changes at the time of puberty (55).
The E2 response to VIP, already distinct in juvenile rats,
increases noticeably during the EP and LP phases of pu¬

berty. The P response to the peptide increases only mod¬
erately at this time, then strikingly after ovulation. Ra-
dioimmunoassayable SP content in the ovary also
increases between A and LP (184). Although the func¬
tion of these changes in SP content is unknown, it would
not be unreasonable to suspect that they may be impli¬
cated in the edematization of the ovary that occurs at
puberty (185) and/or in the changes in blood flow that
occur during the estrous cycle (186,187).

Presumably as a consequence ofthis marked enhance¬
ment in facilitatory inputs to the ovary, the pattern
of steroid production changes dramatically. Serum
E2 levels increase markedly between A and LP (25,
140,188,189), reaching about 80 pg/ml during the morn¬

ing of the latter phase (189). Serum P increases moder¬
ately before the LH surge, but serum T levels do so more
prominently (188,189). This increase in T (or, in more

general terms, aromatizable androgens) appears to be rel¬
evant to the mechanism of vaginal opening. It has been
shown that the production of early proestrous plasma
levels of T, via T-containing Silastic capsules, in late ju¬
venile rats results in precocious vaginal opening, but not
in advancement of the first ovulation (109). Examina¬
tion of serum E2 levels in animals treated with T shows
that E2 is not increased by the exposure to elevated T
levels. Nevertheless, the presence of small levels of aro-

matase activity can be detected in the vaginal epithelium,
suggesting that the hastening effect ofphysiological levels
of T on vaginal opening may be due, at least in part, to
local estrogen production by aromatization.

While the secretion of E2, P, and T increases, the secre¬
tion of 3a-androstanediol diminishes (190,191), a

change that becomes much more pronounced during the
hours encompassing the first preovulatory LH surge
(192,193) and that seems to be elicited, at least in part,
by the rising Prl levels (192). Based on the findings that
ovarian 5a-reductase activity decreases markedly at pu¬

berty (194) and that administration of 3a-diol delays the
timing of first ovulation (195), Eckstein and colleagues
(194,195) have proposed that 3a-diol is involved in re¬

straining the onset of puberty. A decrease in serum 3a-
diol, however, does not appear to have major conse¬
quences on gonadotropin release, since neither blockade
of 5a-reductase activity nor administration ofphysiolog¬
ical levels of 3a-diol is found to affect the time ofpuberty
in female rats (193). Moreover, the prepubertal decrease
in ovarian production of 3a-diol is not maintained be¬
cause levels of the steroid increase again on the second
proestrus (191).

The first preovulatory surge of gonadotropins. The
ovary as a zeitgeber. The acquisition, by the ovary, of
the capacity to secrete sufficient E2 for an adequate pe¬
riod of time represents the key event that determines the
timing ofpuberty in the female rat. Passive immunoneu-
tralization of circulating E2 levels prevents the LH dis¬
charge and ovulation (196), underscoring the impor¬
tance of the steroid for the occurrence of the first

gonadotropin surge. Estrogen acts on both the anterior
pituitary and the hypothalamus to bring about the proes¬
trous surge. In the hypothalamus, it evokes a discharge
of LHRH release (93); in the pituitary, it sensitizes the
gonadotrophs to the stimulatory effect ofLHRH (197).

Recent experiments (198) have demonstrated a direct
stimulatory effect of P on LHRH release in immature
rats. This finding suggests that the two- to threefold
increase in serum P observed before proestrus
(25,140,188,189) may have a role in facilitating the stim¬
ulatory effect of E2 in LHRH release. In the female rat,
an increase in pituitary responsiveness to LHRH is only
observed on the day of proestrus (92,93), indicating that
some elevation in basal LHRH output may be necessary
for the responsiveness of the pituitary to increase in the
presence of elevated E2 levels. As a consequence of the
release of LHRH and/or LHRH-related peptides (199),
available pituitary LHRH receptors decline in the after¬
noon of proestrus (200,201). This phenomenon can be
reversed by preventing the expression of neural events
leading to LHRH release (200,201). The decrease in
LHRH receptors appears to reflect ligand-induced un¬
availability of receptor for binding, rather than repre¬
senting a true loss of receptors (201).
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Little is known regarding the hypothalamic mecha¬

nism by which E2 activates an LHRH surge at puberty.
The involvement of catecholaminergic and serotoniner-
gic pathways has been postulated. Thus blockade ofsero¬
tonin synthesis depresses FSH secretion (202) and inhib¬
its the gonadotropin surge induced by PMSG in
immature rats (203). Conversely, pharmacological acti¬
vation of serotoninergic transmission has been shown to
facilitate E2-induced LH surges (204,205) and to restore
the surge response of LEI to E2 in ovariectomized rats
that lost the response after chronic E2 treatment (206).
Estradiol also increases serotoninergic receptors in brain
(207). It appears that the serotoninergic system may both
facilitate and inhibit steroid-induced gonadotropin re¬
lease in immature rats. Whereas blockade of serotonin

synthesis advances the onset of E2/P positive feedback,
administration of the serotonin precursor 5-hydroxy-
tryptophane to rats younger than 26 days of age stimu¬
lates LEI release (208).

A stimulatory effect of catecholamines on LHRH re¬
lease at puberty has been suggested by several findings.
For instance, inhibition of catecholamine biosynthesis
prevents ovarian compensatory hypertrophy in prepu¬
bertal rats (209), and microinjection ofa-methyl-DOPA,
which results in the formation of "false" catecholamines,
blocks PMSG-hCG-induced LH release when injected
during the critical period of proestrus (210). Whereas
these authors have concluded that DA is the catechol¬
amine involved in facilitating the proestrous LHRH dis¬
charge, others have contended that DA plays an inhibi¬
tory role instead (103,211).

An involvement of NE in stimulating LHRH release
at puberty has been directly shown by the finding that
selective destruction ofNE terminals by intraventricular
injection of6-hydroxydopamine blunts the LHRH surge
induced by PMSG in immature rats (212). Noradrener¬
gic and serotoninergic turnover increases before the pro¬
estrous surge of gonadotropins occurs, with the former
increasing more noticeably during early proestrous
phase and the latter increasing on the day of first proes¬
trus (213). The peripubertal enhancement in NE activity
may, at least partially, be due to an E2 action, because E2
has been shown to increase NE turnover in the hypothal¬
amus (for reviews see refs. 214 and 215) and to promote
NE release from hypothalamic slices in vitro (216). Fur¬
thermore, noradrenergic neurons have been found to
contain E2 receptors (217).

With regard to the intracellular mechanisms underly¬
ing the first preovulatory discharge of LHRH, evidence
exists that E2 may alter different steps in the sequence
of events leading to LHRH release. The capacity of the
hypothalamus to synthesize PGE2 from arachidonic acid
increases during the days preceding the preovulatory LH
surge (218). This increase can be mimicked by the ad-
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FIG. 8. Effect of in vivo simulation of proestrous-like serum
E2 levels on the in vitro release of PGE2 (upper panel) and
LHRH (lower panel) from the ME of juvenile 28-day-old fe¬
male rats in response to NE (60 nM). Estradiol was provided
in subcutaneous Silastic capsules at a concentration (400 ng/
ml corn oil) that reproduces serum E2 levels typically found on
the day of first proestrus. The E2-containing capsules were
implanted 48 hr before the experiment. (From ref. 99.)

ministration of E2 to juvenile rats at a dose that evokes a
premature surge of LH.

Incubation of median eminences from animals ex¬

posed in vivo to proestrous levels of E2 with various con¬
centrations of NE or PGE2 indicates that E2 facilitates
LHRH release by acting at two different biochemical
steps (99). On the one hand, it permits PGE2 formation
to be stimulated by lower doses of NE (Fig. 8). On the
other hand, it increases both the sensitivity and the re¬
sponsiveness of the LHRH terminals to PGE2.

These results indicate that E2 exerts its stimulatory ac¬
tion on LHRH release by activating an NE-FGE2-depen-
dent pathway. Evidence has been recently provided that
cyclic AMP is involved in the process of LHRH secre¬
tion, and that formation of cyclic AMP occurs at a step
subsequent to NE-induced synthesis of PGE2 (219,220).
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FIG. 9. Postulated intracellular pathways involved in the trans¬
duction of neurotransmitter signals leading to LHRH release
during puberty in the female rat. During prepubertal days both
pathways may be operative, but the intensity of the extracellu¬
lar inputs activating them is low (thin arrows). In the afternoon
of proestrus an increased activity (thick arrows) of NE neurons

and of another neurotransmitter system (that presumably acti¬
vates the PKC pathway) induces the preovulatory discharge
of LHRH. (NE) Norepinephrine; (PKC) protein kinase C; (NTr)
unidentified neurotransmitter activating PKC; (PGE2) prosta¬
glandin E2; (cAMP) cyclic AMP; (Ca2+) calcium.

Thus PGE2 increases cAMP production in hypothalamic
fragments in vitro; also, methoxamine, an aradrenergic
agonist, enhances both cyclic AMP formation and
LHRH release, an effect that is blocked by indometha-
cin, an inhibitor of prostaglandin synthesis (219). Indo-
methacin also blocks NE-induced LHRH release with¬
out altering the stimulatory effect of PGE2 on LHRH
output (221). When adenylate cyclase activity is stimu¬
lated by forskolin, cholera toxin, or pertussis toxin,
LHRH release is enhanced without an increase in PGE2
formation (220). Since simultaneous exposure ofmedian
eminence nerve terminals to PGE2 and forskolin does
not result in a greater LHRH response than that elicited
by either agent individually, PGE2 and cAMP might act
along a common pathway (219).

Considering that E2 can also increase cAMP formation
in the hypothalamus (222), it can be suggested that the
preovulatory surge of LHRH at puberty involves the ac¬
tivation of a PGE2-cAMP pathway. This mechanism,
however, may not be the only one that operates at the
first proestrus. In very recent experiments it has been
found that activation of protein kinase C, a Ca2+-acti-
vated phospholipid-dependent kinase (for a review see
ref. 223), by either a synthetic diacylglycerol or a phorbol
ester results in LHRH release (224). Moreover, phospho-
lipase C, which in intact cells catalyzes the hydrolysis of
membrane polyphosphoinositides to generate diacyl¬
glycerol, also induces LHRH release. Activation of this
protein-kinase-C-dependent pathway was found to in¬
duce release of LHRH independently from the PGE2-
cAMP pathway. Thus blockade of PG synthesis fails to

suppress diacylglycerol-induced LHRH release and a
phorbol ester induced LHRH release without affecting
PGE2 formation. Coexistence of both pathways is indi¬
cated by the finding that exposure of median eminences
to maximally effective doses ofdiacylglycerol or phorbol
ester together with NE, PGE2, or forskolin results in an
additive effect on LHRH release (224).

The aforementioned observations suggest that simul¬
taneous activation ofboth pathways may be required for
the proestrous surge of LHRH to occur (Fig. 9). Such a
mechanism implies that NE, by itself, acts on two sub¬
types of adrenergic receptors, or that NE and another
neurotransmitter act on different receptors, to provide
the extracellular dual signal that increases LHRH re¬
lease.

THE MALE

Fetal Development

Initiation ofLHRH and Gonadotropin Secretion

As mentioned earlier, Aubert et al. (30) detected traces
of LHRH in whole-brain extracts as early as gestational
day 12. However, in this study, male and female tissue
was pooled and so it is unknown whether sex differences
exist during this early period of development. Likewise,
even though it is clear that the hypothalamus contains
radioimmunoassayable LHRH by gestational day 15
(36), it is unknown whether any sex difference exists at
this time. Significantly, LHRH receptors are already de-
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tectable in the anterior pituitary of male rats at gesta¬
tional day 16 (30), suggesting an active involvement of
LHRH in the control of fetal pituitary function. The
number of receptors then increases in parallel with hypo¬
thalamic LHRH content, but with a phase delay of a few
days. Studies using pooled pituitary homogenates from
males and females have found radioimmunoassayable
LH and FSH as early as gestational days 15 and 19, re¬

spectively (31). However, studies in which the sexes were
segregated before use have yielded conflicting results
with regard to sex differences. In one report, pituitary LH
could be detected in male rats from gestational day 17
onward, but not in females (39). The bulk of the evi¬
dence, however, indicates that pituitary LH can be de¬
tected in both sexes at this age and that pituitary LH con¬
tent tends to be greater in the female (30,31,37).

Initiation ofTesticular Function

Sexual differentiation of the male gonad begins very

early in life, with the seminiferous cords being formed at
gestational day 13 (for a review see ref. 225). Testicular
LH receptors have been detected as early as gestational
day 15.5 (226), and it is noteworthy that already at this
time LH stimulation causes an increase in cyclic AMP
and testosterone production (227-229). The LH-recep-
tor content increases further at gestational day 18.5, and
maximum levels are attained around the time of birth.
Coincident with this rise, the number of interstitial cells
increases (230) as does testicular T content (226,231).
[Note: The adult population of interstitial cells appears
to be functionally different from the population found in
the fetal testis (230,232)]. This fetal T is thought to play
an important role in male sexual differentiation (233);
its concentration declines soon after birth, most likely
because of alterations within the steroidogenic pathway.
Sertoli cells are present in fetal rat testes, and testicular
FSH receptors are first observed from gestational day
17.5 onward, rising markedly just before parturition
(226). These findings suggest that FSH and LH are func¬
tional in controlling testicular development even before
birth.

Postnatal Development

This section will discuss postnatal development of the
hypothalamic-pituitary-testicular axis. Initially, a sepa¬
rate description will be given of the changes that occur in
each of the system's components. An attempt will then
be made to show how the basic components are inte¬
grated to produce a functional neuroendocrine unit, as
well as how this unit operates during the onset of pu¬

berty.

The Hypothalamic-Pituitary Unit

In the male rat, hypothalamic LHRH levels continue
to increase throughout postnatal development (233-
236). However, unlike the situation in the female, where
levels reach a maximum just before proestrus, in the
male they increase even during adulthood; this ulti¬
mately results in a significant sex difference between the
adult LHRH levels (36,64,237).

Similarly, the pituitary content of LH and FSH in¬
creases gradually with age, as does the responsiveness of
the gland to LHRH stimulation (36,236,238-240). In
the male, the maximum FSH response occurs between
25 and 35 days of age, whereas the maximum LH re¬

sponse occurs between 35 and 45 days of age (68,241).
This is several days later than the peak gonadotropin re¬
sponse observed in females (67,69; see subsection enti¬
tled "The Hypothalamic-Pituitary Unit. Changes in Go¬
nadotropin Secretion and Their Relationship to LHRH
Release"). Recent examinations of the ontogeny of pitu¬
itary LHRH receptors in the male rat have found a close
correlation between the number ofLHRH receptors and
the pituitary content of LH; both appear to stabilize
when the animals enter the peripubertal phase of devel¬
opment (~30 days) (242,243). When expressed as a con¬

centration, rather than as content, pituitary LHRH re¬

ceptor levels show an increase during the first 4 weeks of
life, reaching a peak at around 30 days, and then declin¬
ing to the lower adult levels seen between 60 and 80 days
of age (131,242). This decline during the latter part of
sexual development is inversely correlated with rising se¬
rum T levels and, therefore, suggests an increased nega¬
tive-feedback action of testicular steroids on hypotha-
lamic-pituitary function (vide infra).

During the neonatal period, serum gonadotropin lev¬
els are high, though significantly lower than in females.
Within a few days, however, the levels fall drastically
(60,236). Numerous studies have attempted to charac¬
terize the subsequent developmental changes in gonado¬
tropin secretion in the male rat, but a consistent pattern
has not been forthcoming, especially for LH. Some re¬
ports suggest that serum LH concentrations increase as
puberty approaches (60,236,244,245), whereas at the
other extreme it has been suggested that they actually de¬
crease (242,246). In the majority of cases, however, no
significantly consistent alterations have been observed in
mean serum LH levels (36,58,63,131,234,237). Such in¬
consistency most probably arises because of the pulsatile
manner in which LH is released from the pituitary gland
(247-249), even before puberty (90). In the female, this
problem of fluctuating serum LH levels has been over¬
come either by using a very large number of animals in
the study (176) or by examining an individual's pulsatile
LH release pattern in detail (19,89). Whether or not
definite puberty-related changes in the pulsatile LH re-
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lease pattern occur in the male has yet to be convincingly
established (see ref. 214 for a comprehensive review of
factors that regulate LH secretion in the rat).

In contrast to the discrepant reports on LH secretion,
there is a general consensus that an increase in FSH se¬
cretion occurs in the maturing male rat. Serum FSH lev¬
els rise during the juvenile-peripubertal period and reach
a maximum usually between 30 and 40 days of age; they
then fall gradually and attain relatively low adult levels
(36,58,60,63,234,236,242,244,245). Whether or not a
peak of FSH secretion also occurs during the infantile
period, as is the case for females, is uncertain but has
been observed by some authors (60,131,237).

In addition to changes in the amount ofgonadotropin
released, or even possible changes in pulsatile pattern,
the chemical nature of the hormones may also change
during sexual development. This latter possibility is sup¬
ported by a recent finding that the isoelectric focusing
pattern of FSH changed in male rats undergoing sexual
maturation; unfortunately, it was not demonstrated
whether or not such chemical changes resulted in a form
of the hormone with a greater biological activity (236).
In this context it is relevant to reiterate that pleimorph-
ism of pituitary FSH during prepubertal maturation in
the female rat has been shown to be associated with the

appearance of molecular forms of FSH that have greater
biological activity (81).

The Testis

A detailed description of the morphological and physi¬
ological aspects of testicular development is presented in
Chapter 20. In the present section, discussion will be fo¬
cused on the two major routes by which testicular sper¬

matogenesis and steroidogenesis in the rat are controlled
by the hypothalamic-pituitary unit.

Hormonal control. The most important androgen
produced by the male gonad is T. It plays a pivotal role in
several aspects of sexual maturation, including behavior,
spermatogenesis, and differentiation and maintenance of
accessory sex organs. Testosterone also exerts a tight con¬
trol over gonadotropin secretion by a negative-feedback
loop.

During the infantile-juvenile period, however, T is not
the primary androgen produced by the rat testis. Marked
prepubertal changes in testicular androgen production
arise because of differences in the development of vari¬
ous enzymes (234,250-253). Most significantly, the ac¬
tivity of 5a-reductase develops during the infantile-juve¬
nile period (250-253). Consequently, the primary
androgens produced by the immature rat testes are an-
drostenedione, 5a-androstanediol, and the 5a-reduced
steroids such as DHT. From around day 25 onward, the
activity of other enzymes also becomes apparent, most

notably 17a-hydroxylase, Ci7_2o lyase, and 17/3-hydroxy-
steroid dehydrogenase. Therefore, as the testes develop,
more of the C2i precursors pass along the T-synthesizing
pathway. The activity of 5a-reductase declines after
about 40 days of age, leaving T as the major testicular
androgen in the adult (251,254-256). Aromatase activity
in the Sertoli cells declines during maturation, but in¬
creases in the interstitial cells (257). Nevertheless, testic¬
ular production of estrogen is considerably lower than
that of the androgens.

During early postnatal development, serum T levels
are essentially low. Although the levels begin to increase
at the end of the infantile period, the most pronounced
rate of increase occurs around the time of puberty. Peak
serum T levels are attained between 50 and 60 days of
age (63,245,256,258-260). Furthermore, it has been
shown that the actual pattern ofT secretion is highly cor¬
related, but phase-delayed, with pulses of LH secretion
(247). With regard to puberty, it is clear that changes in
the secretion of the pituitary hormones precede the mat¬
uration of the testes. It is well established that FSH binds
within the seminiferous tubules to facilitate spermato¬
genesis, whereas LH stimulates T secretion by a direct
action on the interstitial cells. It is also clear that prepu¬
bertal increases in serum FSH levels promote the forma¬
tion of gonadotropin receptors within the testes
(15,232,245,261). As a result, testicular growth proceeds
in parallel with the FSH increase (58). The effect of LH
on the release of steroids from immature testes can be
blocked by hypophysectomy, but treatment of the hy-
pophysectomized animals with FSH restores the effec¬
tiveness ofLH (261). This is probably due to the capacity
ofFSH to increase testicular LH receptors (261). In view
of these findings it appears that a puberty-related in¬
crease in the production of T might theoretically occur
irrespective of whether or not the tonic levels of serum
LH actually change (assuming that the juvenile increase
in serum FSH levels has primed the gonad to the actions
of LH). It remains to be established whether subtle
changes in the pulsatile pattern of LH secretion play a
role in modulating prepubertal steroidogenesis in the
male (cf. this in the female, ref. 179).

FSH is not the only hormone that induces testicular
responsiveness to LH. This ability appears to be shared,
to some extent, with GH and Prl (15,262,263), both of
which show a progressive rise in their serum levels during
sexual development (60,63,237,244). In addition,
LHRH has been shown to exert some control over pre¬

pubertal steroidogenesis. Receptors to LHRH have been
demonstrated in testicular interstitial tissue, and a recent
finding suggests that their binding capacity increases be¬
tween 30 and 40 days of age, subsequently falling to a
stable level by day 60 (131,264). Moreover, it has been
shown that LHRH can directly inhibit steroidogenesis
in the rat testis (130,265), although the precise chemical
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identity of gonadal LHRH remains to be elucidated (for
reviews see refs. 130,267, and 268).

Testicular steroidogenesis is, therefore, influenced by
at least two important factors: the secretory pattern of
hypothalamo-hypophyseal hormones and the respon¬
siveness of the testes to these hormones. An analogous
situation exists for the physiological actions of T during
puberty, at which time these actions are exerted only on
specific target tissues. Since steroid hormones circulate
in the plasma predominantly in a protein-bound form,
it is important to establish whether or not steroid-protein
binding changes during prepubertal development. Ap¬
parently it does not (268,269), but the metabolic clear¬
ance rate of T might. For instance, when Smith, et al.
(270) gave male rats subcutaneous Silastic capsules con¬
taining T, they found a progressive, age-related decrease
in the clearance rate of T from the circulation. On the
other hand, in an earlier study by Ulrich and Kent (271)
the half-life for the disappearance of radiolabeled T was
found to be similar in immature and adult animals. Be¬
sides changes in the steroid production, the developing
testes also show an alteration in the capacity to secrete
certain proteins (272). One of the most important is an-
drogen-binding protein (ABP), which specifically binds
testosterone and 5o*-DHT and is thought to be under the
direct control of FSH. Serum levels of ABP rise sharply
after birth, reaching a maximum at around 3 weeks of
age. Its decline in the circulation seems to be related to
the formation of the blood-testis barrier, after which
ABP is released primarily into the epididymis (225).

Neural control. There is some evidence to suggest that
testicular function in the rat is regulated not only by hor¬
monal factors, but also directly by autonomic innerva¬
tion (273,274). Testicular denervation in the immature
rat has been shown to cause a significant reduction in
testicular weight—especially if performed during the in¬
fantile period, when gonadotropic stimulation is still rel
atively low (275). Severe disruption of the seminiferous
tubules, but not the interstitial tissue, was also found.
Furthermore, essentially similar results were obtained
when testicular sympathetic nerve terminals were de
stroyed with 6-hydroxydopamine (275). It remains to be
established whether such neural regulation of testicular
development simply reflects modulation of testicular
blood flow or, indeed, represents a direct neuroendocrine
action.

The Hypothalamic-Pituitary-Testicular
Interrelationship

One of the classic examples of a negative-feedback
loop in endocrine systems is that of T and the hypotha-
lamic-pituitary unit. The existence of such a loop in the
rat has been demonstrated by surgical intervention. It is

well known, for example, that orchidectomy leads to an
immediate increase in the level of gonadotropin secre¬
tion, which can readily be suppressed by the administra¬
tion of exogenous T. Interestingly, such a response is ob¬
served early in life, even during the neonatal period
(105,276-280). The increase in gonadotropin secretion,
immediately after castration, appears to be greatest in
sexually mature animals (280), although a week later se¬
rum gonadotropin levels are the same irrespective of age
(278). It should perhaps be emphasized that this lack of
marked age-related response to castration contrasts nota¬
bly with the observations made in agonadal humans (see
Chapter 41).

The notion that the hypothalamic-pituitary unit be¬
comes progressively less sensitive to testicular negative
feedback has been the basis for a popular hypothesis that
tries to explain the initiation of sexual maturation in the
male rat. The reasoning behind this hypothesis is that, as
feedback sensitivity decreases, the hypothalamic-pitu¬
itary unit will become more effective at stimulating tes¬
ticular development. Also, serum T levels will be able to
increase without completely suppressing the secretion of
the gonadotropins. Initial support for this hypothesis was
provided by Ramirez and McCann (276), who used the
ovarian ascorbic acid depletion bioassay to demonstrate
an age-related decrease in T feedback sensitivity in orchi-
dectomized rats. Numerous other studies, using RIAs,
have now either confirmed or extended these findings
(270,280-282). Interestingly, when the steroid treatment
was delayed for 5 days following orchidectomy, an age-
related alteration in feedback sensitivity was not found
(15). It has subsequently been suggested that removal of
gonadal feedback might elevate the sensitivity threshold
of the hypothalamic-pituitary axis (280,283). To date,
however, actual changes in sensitivity (e.g., at the recep¬
tor level) have not been demonstrated, nor is it clear
whether such changes are relevant to the processes in
volved in the initiation of sexual development. Indeed,
Nazian and Piacsek (284,285) have shown that the expo¬
sure of male rats to low ambient temperatures delays the
onset ofpuberty, even though a corresponding change in
negative-feedback sensitivity was not detected (see sub¬
section entitled "The Gonadostat Hypothesis" for fur¬
ther discussion of this subject).

A second negative-feedback loop has been hypothe¬
sized for numerous years to account for the testicular
control ofFSH secretion. The need for such a hypothesis
is quite evident when one considers the findings that, as
testicular development progresses, serum FSH levels fall,
even though mean LH levels increase little or remain rel¬
atively unchanged. Recent evidence supports the exis¬
tence of inhibin in the feedback regulation ofFSH secre¬
tion in maturing rats (286,287). Interestingly, the
distribution ofinhibin appears to change from a predom¬
inantly extratubular to an intratubular pattern as the tes-
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tes mature (287). Circulating inhibin levels are especially
high during the neonatal period, most likely because the
blood-testis barrier is not yet fully complete (288,289)
and, therefore, allows passage of the hormone out of the
seminiferous tubules. Since serum inhibin levels de¬
crease between 15 and 25 days of age (286), it is possible
that this decline is involved in determining the increase
in serum FSH levels that occur after day 25. Another
possibility is that pituitary binding sites for inhibin de¬
crease with age (286). Neither case, however, explains the
subsequent fall in serum FSH that occurs after day 40.

The Pubertal Activation ofthe Hypothalamic-Pituitary-
Test icular Axis

The current consensus is that the number of pituitary
LHRH receptors reflect, at least on a short-term basis,
hypothalamic secretion of LHRH (266,267). Since both
the hypothalamic content of LHRH and the pituitary
content of LHRH receptors begin to show a clear-cut in¬
crease early in life, it is very probable that developmental
changes within the LHRH-releasing centers provide one
of the earliest stimuli for initiating sexual maturation.
Several lines ofevidence obtained from the male rat sup¬

port this view. Similar to females, LHRH neurons in
males undergo morphological changes as puberty ap¬
proaches (94,95). As already discussed, these changes
consist of a significant increase in the proportion of cells
with spiny-like processes as opposed to cells with a
smooth surface. Also, as in the case of the female, such
morphological changes in the LHRH neurons might re¬
flect an increase in puberty-related synaptic inputs to the
cells and might be associated with an increase in central,
gonadal-independent drive. Likewise, this increase in
central drive may be the primary factor responsible for
the initiation of male puberty.

Another approach used to investigate the role of
LHRH in the initiation of puberty has been to block the
action of LHRH by passive or active immunization. If
this blockade is initiated during the infantile period (be¬
fore postnatal day 15), then testicular function is perma¬

nently impaired (290-292). Still another approach is that
employed by Bourguinon and Franchimont (293), who
examined the pulsatile release ofLHRH from the medial
basal hypothalami of male rats, in vitro. A puberty-re¬
lated increase in pulse frequency was clearly detected, al¬
though a concomitant increase in pulse amplitude can¬
not be completely ruled out.

The possibility that the responsiveness of the pituitary
gland to LHRH stimulation changes during maturation
has already been mentioned, and it is particularly inter¬
esting that the peak gonadotropin responses occur dur¬
ing the peripubertal period of development (68,241).
Furthermore, androgens have been shown to have direct

effects on the pituitary gland; the recent studies ofNazian
and Mahesh (294,295) imply that T can potentiate the
pituitary response to LHRH in immature, but not adult,
animals.

Another important developmental step in the pubertal
activation of the hypothalamic-pituitary-testicular axis is
the change in responsiveness of the testes to hypotha-
lamic-pituitary stimulation {vide supra). The role ofsuch
changes in the initiation of sexual development is, how¬
ever, more likely to be secondary to neuroendocrine
changes first occurring at the central level. The same is
probably also true for hypothetical alterations in the sen¬

sitivity ofhypothalamic-pituitary sensitivity to testicular
negative feedback (discussed later).

MODULATORY INFLUENCES REGULATING
THE TIMING OF PUBERTY

The Adrenal Gland

A variety ofexperiments that have been reported over
the years have demonstrated that removal of the adrenal
gland delays the age at which both vaginal opening and
first ovulation occur (for reviews see refs. 296 and 297).
Most, if not all, of the studies on the involvement of the
adrenal gland in the onset of puberty have been per¬
formed using female rats, perhaps because of the inher¬
ent difficulties encountered in trying to alter the timing
of puberty in the male rat (13,14).

Adrenalectomy may delay puberty by at least four
different, but not necessarily exclusive, mechanisms.
They are: (a) retardation of bodily growth, (b) removal
ofcirculating corticosterone levels, (c) elimination ofcir¬
culating EPI caused by the removal of the adrenal me¬
dulla, and (d) increased secretion of ACTH resulting
from the loss ofcorticosteroid negative feedback.

It has been confirmed that adrenalectomized rats do
not grow as much as intact controls (297), probably be¬
cause ofthe loss ofcorticosteroid support to intermediate
metabolism. Although a low rate of bodily growth may
by itselfcontribute to the delay in puberty (113,298), cor¬
ticosterone replacement alone has been shown to nor¬
malize the time of vaginal opening and first ovulation
(296). This effect of corticosterone appears to be exerted,
at least in part, at the level of the ovary. Corticosterone
facilitates the stimulatory effect of FSH on ovarian ste¬
roidogenesis (299) and supports the amplifying effect of
Prl on the response of the ovary to gonadotropins
(149,152).

Further evidence that the adrenal gland contributes to
the regulation of ovarian function is provided by the
findings that adrenalectomy decreases the ovarian re¬
sponse to PMSG (300), reduces the number of medium-
to large-size follicles (301), and inhibits ovarian compen¬
satory hypertrophy (302).
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Earlier experiments in which adrenalectomy was fol¬
lowed by reimplantation of the adrenal glands indicated
that the medulla did not have any influence on the tim¬
ing of puberty (303). More recently, however, evidence
has been presented that selective removal of the adrenal
medulla, leaving the cortex intact, delays the age of vagi¬
nal opening and first ovulation, without altering plasma
corticosterone levels or body weight (164). Because
plasma EPI levels were found to be depressed and, at na¬
nomolar concentrations, EPI stimulated granulosa cells
to produce P, the conclusion was drawn that a loss of
medullary products, presumably EPI, is responsible for
the delay in puberty (164).

Reports suggesting that ACTH may exert inhibitory
effects on the reproductive system have been published
(304,305). Nevertheless, no agreement has been reached
as to whether this effect ofACTH is direct or is mediated
by the adrenal gland.

Somatic Growth

The influence of metabolic cues on the timing of pu¬

berty has been suspected for many years. The early work
of Kennedy (306) indicated that vaginal opening was
more related to body weight than to chronological age.
Subsequently, Kennedy and Mitra (298) postulated that
the state of somatic growth is reported to the hypothala¬
mus by some metabolic cue that acts as a signal to initiate
puberty. Years later, Frisch and Revelle (307) made a
proposal, based on epidemiologic data collected on hu¬
man females, that the attainment of a critical body
weight is essential for puberty to occur. This hypothesis
was subsequently modified to state that a particular ratio
of lean to fat tissue and a minimum percentage of body
fat are necessary for the occurrence ofpuberty (308). Ex¬
periments performed in the rat by Frisch and colleagues
(309) showed that females fed a high-fat diet had their
first estrus earlier than rats fed a low-fat diet, but that the
caloric intake at vaginal opening or first estrus was sim¬
ilar in both cases. These authors postulated that the con¬
stant caloric intake per unit ofbody weight at estrus may
indicate that puberty occurs at a particular composition
of fat/lean mass or fat/body weight. Further support for
this hypothesis was provided by a subsequent report
from the same laboratory (310), demonstrating that the
relative percentages of body water, protein, and fat do
not vary at the first estrus in female rats fed either a high-
fat or a low-fat diet.

The hypothesis, however, has been disputed by other
investigators. Some have concluded that, for the timing
of puberty, growth rate is more important than attain¬
ment of a particular weight (311). These authors have
also presented evidence showing that the attainment of
a certain percentage of body fat does not represent a sig¬

nal for puberty onset, and have contended that sexual
maturation and increasing body fat are parallel, rather
than causally related, phenomena (311). Others have fur¬
ther examined this issue and concluded that attainment
of a specific percentage of body protein is more likely to
be the metabolic signal for puberty (312).

In spite of these divergent conclusions it is clear that
metabolic disturbances associated with weight loss or de¬
creased rate of body growth are inhibitory to the repro¬
ductive system (for a review see ref. 313). This is in keep¬
ing with the hypothesis of Kennedy and Mitra (298),
which states that chemical signals derived from the
body's metabolic activity influence the reproductive hy¬
pothalamus and contribute to its activation at puberty.
The nature of these chemical signals is unknown, but ex¬

periments conducted by different investigators indicate
that there may, in fact, exist an array of such substances
able to alter the release of LHRH via direct or indirect
means. Insulin, amino acids, and essential fatty acids
have been implicated in this role. Insulin has been shown
to increase estrogen binding to certain areas of the brain
(314) and to facilitate LHRH-induced gonadotropin re¬
lease (315); availability of amino acids, which are precur¬
sors for neurotransmitter synthesis, has been shown to
affect the formation of brain serotonin, acetylcholine,
and catecholamines (316). Also of interest in this context
is the observation that fasting reduces the turnover ofDA
and NE in the hypothalamus (317).

That essential fatty acids may also play a role is indi¬
cated by the observation that when they are made defi¬
cient during fetal life the age at vaginal opening and first
ovulation is delayed (318). Formation of PGE2 in re¬
sponse to appropriate stimuli is decreased in both hypo¬
thalamic and ovarian tissue. Moreover, the LH response
to E2 is delayed, and the E2 response of the ovary to hCG
is diminished.

These observations suggest that both dietary amino
acids essential for synthesis of brain neurotransmitters
and essential fatty acids necessary for formation of ara-
chidonate metabolites may be metabolic factors regulat¬
ing the timing of puberty. However, much more work is
needed to conclusively pinpoint the chemical pathways
involved in communicating the status ofmetabolic activ¬
ity of the reproductive hypothalamus.

The Pineal Gland

At the present time there is little doubt that the pineal
gland of mammals functions as a true endocrine organ
that transduces neuronal information about day length
into endocrine secretions (for a review see refs. 319-324).
Melatonin (325) is an indoleamine that is produced and
released by the pineal gland, and alterations in the secre¬
tory pattern of this hormone mediate many, if not all, of
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the important effects of the pineal. Perhaps one of the
most impressive demonstrations of the pineal's function,
pertaining to the reproductive system, is found in season¬
ally breeding rodents such as hamsters. Normally, when
sexually mature male Syrian hamsters (Mesocricetus
auratus) are transferred from long to short photoperiodic
conditions (i.e., <12.5 hr of light per day), their testes
regress within 8 to 10 weeks and the animals become sex¬
ually quiescent (326-328). Surgical removal ofthe pineal
gland, however, or its sympathetic denervation, com¬
pletely blocks these photoperiod-induced changes (329).
On the other hand, when exogenous melatonin is admin¬
istered to such animals, in an appropriate mode, pineal-
ectomy can be functionally reversed (330). In contrast,
the influence of the pineal gland on the reproductive sys¬
tem of the laboratory rat appears to be much less dra¬
matic. This is not unexpected because the rat does not
have a well-defined breeding season, even in the feral
condition. Under typical laboratory conditions of ad li¬
bitum feeding, constant ambient temperature, and con¬
stant long photoperiods, the pineal gland is essentially
impotent, from a functional point of view (320), and its
contribution to the control of sexual maturation is

greatly diminished. Nevertheless, there are certain exper¬
imental procedures that can render the reproductive sys¬
tem more sensitive to the pineal gland. For example, the
coupling ofpotentiating factors such as anosmia, neona¬
tal steroid treatment, or underfeeding with a reduced
lighting schedule significantly delays the onset ofpuberty
in the rat; the same effect occurs in rats that have been
blinded (331,332). Furthermore, pinealectomy can, on
the whole, remove most of the inhibition. Some effects
ofpineal gland and melatonin can, however, be detected
even under typical laboratory environmental conditions.
Unfortunately many of the earliest studies of this phe¬
nomenon produced conflicting results, and since details
of important environmental factors, such as the photo-
period, are frequently not reported, evaluation of these
data from a contemporary standpoint is often difficult.
Overall, there is a general consensus that pinealectomy
advances vaginal opening and can cause earlier ovula¬
tion after PMS treatment. Furthermore, melatonin in¬
jections given at an appropriate time ofday can suppress
the growth and functional activity of the ovary, delay
vaginal opening, and inhibit PMS-induced ovulation in
immature rats (333-341). In the male rat, pinealectomy
advances sexual maturation, whereas daily afternoon in¬
jections of melatonin cause a reduction in the weight of
the testes and seminal vesicles; decrease plasma levels of
testosterone, LH, and FSH; and decrease the number of
pituitary LHRH receptors. Interestingly, these inhibitory
effects are observed only when melatonin is administered
to animals during the juvenile-peripubertal period and
not earlier or later (342-344).

At this point in time, it is unclear exactly where the

action of melatonin is exerted. A growing body of evi¬
dence indicates that the neuroendocrine centers of the
brain are the most likely primary target (345-348), al¬
though a few in vitro studies have suggested that melato¬
nin may also affect the pituitary gland (349,350) and
even the gonads directly (351,352).

Pheromones

Pheromones are chemicals released from the body spe¬

cifically to serve as a means of communication between
members of the same species (see Chapter 37). Since the
rat does not possess specialized external sweat glands, the
most likely sources of its pheromones are the urine, the
feces, and the skin that covers the mammary glands
(353-355). A classic example of how pheromones can
affect the reproductive system of rodents is the so-called
"Whitten effect" (356). Exposure of female mice to male
mice or to their excreta induces estrus in approximately
half of the females three nights later. In the context of
puberty, it is well established that sexual maturation in
the female mouse can be accelerated by the presence of
an adult male or even by introducing the female to a cage
previously occupied by the male. On the other hand, if
female mice are reared in groups, the onset of puberty is
delayed compared to that of singly caged animals (for
reviews see refs. 357 and 358). Similar studies in the rat
are less well documented, but suggest that advancement
or retardation of sexual maturation by male or female
pheromones, respectively, is nowhere near as impressive
as in the mouse and is, at best, only marginally significant
(359,360).

THE MECHANISM OF THE ONSET OF
PUBERTY

The "Gonadostat" Hypothesis

The popular "gonadostat resetting" hypothesis, for¬
mulated to explain the onset of puberty, is based on ex¬

periments originally performed in the rat. This hypothe¬
sis (276,361) proposes that, as the animal matures, the
sensitivity of the hypothalamic-pituitary unit to steroid
negative feedback decreases. Thus, a gradual increase in
gonadotropin levels results and, in turn, stimulates fur¬
ther release ofgonadal steroids. As already discussed (see
subsection entitled "The Testis"), the increase in secre¬
tion of androgens in the male promotes the growth and
the function ofthe accessory sex organs and further facil¬
itates the maturation of the seminiferous tubules. In the

female, the increased secretion of E2 evokes the first pre¬

ovulatory surge ofgonadotropins.
The hypothesis of the gonadostat resetting originated

in the early 1930s when Hohlweg and Dohrn (362) re-
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ported that formation of castration cells in the pituitary
gland could be prevented in immature rats by a dose of
E2 that is approximately 1% of that required in the adult.
Ramirez and McCann coined the phrase "resetting of the
gonadostat" and, based on their results using castrated
male rats and T replacement therapy, developed the hy¬
pothesis that is known today (276,361).

Once RIA technology became available and permitted
the measurement of circulating gonadotropin levels,
these early findings were confirmed in both females
(363,364) and males (270,280,285,286). The report of
Steele and Weisz (363) deserves special mention because
it demonstrates that when prepubertal ovariectomized
rats were infused with E2 for several days, plasma LEI
levels were suppressed initially and "escaped" from E2
inhibitory control at the time ofvaginal opening. Further
support for the gonadostat hypothesis was provided by
the observation that E2 implanted into the hypothalamus
was more effective in suppressing the postovariectomy
rise of gonadotropins in immature, as opposed to adult,
rats (365).

It is evident, therefore, that immature rats are more
sensitive than postpubertal animals to the inhibitory
effect of gonadal steroids on gonadotropin release. How¬
ever, the concept that this change in sensitivity is respon¬
sible for the onset of puberty has been recently ques¬
tioned on the basis of experiments in which the
inhibitory effect of E2 was examined at several intervals
before and after the first ovulation (366). In these experi¬
ments the animals were ovariectomized at different ages
or physiological phases, and E2 was provided immedi¬
ately after ovariectomy via subcutaneous Silastic cap¬
sules. A very low concentration of E2 was equally effec¬
tive in suppressing serum gonadotropin levels in juvenile
and peripubertal rats, even when ovariectomy and E2
therapy were instituted as late as the morning of the first
proestrus. Once ovulation had taken place, the effec¬
tiveness ofE2 was lost, so that the same dose of the steroid
became unable to suppress gonadotropin levels unless
the higher P levels observed in postpubertal rats were
concomitantly replaced (366). These results led to the
conclusion that the resetting of the gonadostat occurs af¬
ter the first ovulation, and thus it cannot be implicated
as the cause of puberty. It appears that resetting is an
event associated with the first ovulation; in fact, resetting
may be a consequence of the initiation of reproductive
cyclicity. The possibility still remains, however, that
lower doses of E2 may have uncovered a gradual loss in
sensitivity to the steroid before first ovulation. It may
also be contended that E2 replacement in rats ovariecto¬
mized at proestrus cannot provide an accurate estima¬
tion of the relative sensitivity to E2 inhibitory control,
because of the confounding influence that elevated en¬

dogenous E2 levels present at this time. Although one
would expect the contribution of the high proestrous lev¬

els of E2 to be minimal because these levels decline very
rapidly after ovariectomy, a possible residual effect can¬
not be ruled out.

A further indication that resetting of the gonadostat
occurs mostly after the first LH surge was provided by
Docke et al. (365), who found that intrahypothalamic
implants of E2 became ineffective in suppressing post¬
ovariectomy LH levels when the implants were placed
on the day of the first estrus. More recently, other investi¬
gators have reported that the effectiveness of E2 in sup¬

pressing gonadotropin release changes little before pu¬

berty (367).
The concept that "resetting of the gonadostat" is re¬

sponsible for the onset of puberty must, therefore, be re¬
evaluated. Of special relevance in this regard are the re¬
cent results, obtained in humans, demonstrating that in
both males and females, the gonadotropin-secreting sys¬
tem is remarkably sensitive to the inhibitory effect of go¬
nadal steroids during both early and midpuberty, i.e.,
when gonadotropin secretion has already begun to in¬
crease (368,369). In searching for alternative explana¬
tions for the initiation of puberty, one must consider the
most obvious possibility, i.e., that the onset of puberty
depends on a gonadal-independent, centrally originating
mechanism(s) that activates LHRH release.

The Loss of a Central Restraint

The concept that certain areas of the brain exert a
tonic, inhibitory control of sexual development origi¬
nated from the early work ofDonovan and van der Werff
ten Bosch (10). These authors demonstrated that electro¬
lytic lesions of the anterior hypothalamic area resulted in
precocious puberty in female rats and postulated that the
lesions initiated puberty because they eliminated an im¬
portant area for steroid inhibitory control. These initial
findings have been amply confirmed by other authors
(370-373); moreover, evidence has been provided that
rats with lesion-induced precocious puberty are able to
mate and rear litters (373,374), indicating that the intra¬
hypothalamic lesion induces a true precocious puberty.

A puzzling finding is that the specific site of the lesion,
or the age at which it is made, has little influence on the
ability of the lesion to advance puberty. Similar results
were obtained when anterior hypothalamic lesions were
placed at 3 to 4, 14 to 15, or 23 days of age (12,373,375).
Lesions in the posterior hypothalamus were also effective
in advancing the time ofpuberty (372).

Inhibitory influences originating within the limbic sys¬
tem and in the cerebral cortex have also been evoked as

playing a role in restraining the initiation of puberty.
Elwers and Critchlow (11) first demonstrated that bilat¬
eral electrolytic lesions in the medial portion of the
amygdaloid complex induce precocious ovarian activa-



1724 / Chapter 39

tion. They postulated that this portion of the amygdala
exerts an inhibitory influence on gonadotropin secre¬
tion. Other authors have argued, however, that the re¬
sults were due to an irritative effect of the electrolytic le¬
sion, because electrochemical stimulation of the
amygdala induces, rather than suppresses, gonadotropin
release (376). In contradiction with this view, chronic bi¬
lateral electrochemical stimulation of the corticomedial
portion of the amygdala was found to delay, rather than
advance, puberty (377). Part of the confusion may derive
from the site of the lesion/stimulation within the amyg¬
daloid complex. This is suggested by the finding that le¬
sions made with platinum electrodes induce precocious
puberty only if they are placed in the anterior part of the
medial amygdaloid complex (378). In spite of these di¬
vergent findings, there is general agreement that amygda¬
loid influences reach the hypothalamus via the stria ter-
minalis, since both amygdaloid-induced inhibition and
stimulation of gonadotropin release are prevented by
transection of the stria terminalis (376,379).

Additional extrahypothalamic structures considered
to exert a restraining effect on puberty are the hippocam¬
pus (380) and the cerebral cortex (381). A specific inhibi¬
tory role of the hippocampus is debatable because the
delay in puberty induced by lesions of this structure ap¬
pears to be more related to a reduction in body growth
than to an effect on gonadotropin secretion (382). Fur¬
thermore, electrochemical stimulation of the hippocam¬
pus has been found to advance, rather than delay, the
onset of puberty (383). Hemidecortication, on the other
hand, though effective in inducing precocious puberty,
does not permit identification of the specific area(s) in¬
volved (381).

These considerations underscore the need for reevalu-
ation of the notion that puberty in the rat fails to occur
earlier only because of the presence of inhibitory influ¬
ences. On the other hand, recent reports have provided
evidence for the existence of a neurochemical inhibitory
mechanism operating during prepubertal days. The opi¬
ate system appears to play an active role in inhibiting
gonadotropin release well before puberty (88). Such an
ability has been found to decrease during the days pre¬
ceding the first ovulation and during male sexual devel¬
opment (384). This has been interpreted as being indica¬
tive of an involvement of the opiate system in mediating
the pubertal "resetting of the gonadostat" (384), a con¬
clusion based on the earlier suggestions that opiates me¬
diate the negative feedback effect of gonadal steroids on
LH release (385,386). The same authors have reported
that the capacity of the opiate system to suppress gonad¬
otropin release depends on the presence of gonadal ste¬
roids (387), and have suggested that the coupling of hy¬
pothalamic opiate receptors to the LH regulatory
mechanisms is dependent upon gonadal steroids. A sim¬
ilar conclusion has been reached by other investigators

(388). The interaction between the opiate system and go¬
nadal steroids appears to be more complex because, in
intact prepubertal rats, E2 has been found to inhibit the
capacity of naloxone to elicit LH release (88).

Although the relative preponderance of opiate-medi¬
ated mechanisms in the initiation of puberty has not
been elucidated, it appears that the opiate system does,
indeed, affect the pace of sexual maturation. This has
been recently shown by the finding that naloxone admin¬
istered to female rats during the first 10 postnatal days
results in precocious puberty (389). A sex difference ex¬
ists in that naloxone is very effective in inducing LH re¬
lease in infantile females but not in males (88,390,391).
Conversely, as the animals mature, naloxone becomes
less effective in the female, but more effective in the male
(88,390,391).

A transient diurnal loss of opiate inhibitory tone may
also contribute to the initiation of the peripubertal after¬
noon increase of LH release in females. This is suggested
by the finding that the effectiveness of naloxone to en¬
hance LH release decreases in the afternoon of the peri¬
pubertal period (392). It is unlikely, however, that the
actual initiation ofpuberty is determined only by the re¬
moval of opiate-restraining influences. A more plausible
view is that the initiation ofpuberty is facilitated by a loss
of such a restraining influence, but that it is primarily
dependent on the activation of excitatory inputs. The
concept of an increasing prevalence of excitatory inputs
overriding a declining inhibitory opiate tone has been re¬
cently discussed by other authors (389,393).

The Activation of Excitatory Inputs

Ruf and colleagues have provided (375,394) strong ev¬
idence that the advancement of puberty induced by hy¬
pothalamic lesions is due to direct stimulation ofthe LH-
RH-gonadotropin-secreting system, and not to removal
of inhibitory influences. These authors demonstrated
that electrochemical lesions of the anterior hypothala¬
mus increased plasma LH and estrogen levels within an
hour, and that the increased estrogen secretion led to the
discharge ofa preovulatory surge ofgonadotropins. They
further observed that a unilateral lesion resulted in
greater synaptogenesis within the arcuate nucleus con¬
tralateral to the lesion (395), an effect that was attributed
to E2. The lesions also advanced the maturation of ste¬
roid positive feedback, thus mimicking the effect of E2 in
this regard (396). That lesions of the anterior hypothala¬
mus result in an acute discharge of gonadotropins was
also observed by Moll et al. (397), who demonstrated a
massive increase in plasma LH 30 min after the opera¬
tion. The capacity of the hypothalamus to respond to
electrochemical stimulation has also been shown to in¬
crease during juvenile development (398), indicating an
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Decreasing Inhibitory
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Excitatory Inputs

ONSET OF PUBERTY

Amplification of Diurnal
Pattern of LHRH Release
Increased Afternoon
Release of LH

FIG. 10. Possible mechanisms underlying the
onset of puberty in the female rat. Available evi¬
dence suggests that the simultaneous occur¬
rence of events 1 and 2 (shown as 3) may be
the underlying mechanisms responsible for the
development of the afternoon increase in LH re¬
lease which signals the initiation of puberty.

enhanced capacity of the LHRH system to respond to
excitatory inputs. A further indication that the LHRH
neurons themselves become more responsive to stimula¬
tory signals is provided by the finding that the LHRH
response to PGE2 increases gradually during juvenile
days and then increases abruptly at the time of proestrus
(91,99).

The nature of these excitatory inputs is unknown. Pos¬
sible candidates are the catecholaminergic and the sero-
toninergic systems (101,102,202-213). As previously
discussed, it is clear that both neurotransmitter systems
become activated during the days preceding the first
proestrus. In fact, the activity of noradrenergic neurons
increases gradually during juvenile development
(101,102). An excitatory neurotransmitter/neuromodu¬
lator system that has been given little consideration as
participant of the onset of puberty is that of neuroactive
amino acids, such as A-methyl aspartic acid, glutamic
acid, and homocysteic acid. All three have been shown
to increase LH release when given at subtoxic doses
(399-401). They appear to act within the CNS and not
at the pituitary level (402). At least one of these neuro¬
transmitter systems (mediated by N-methyl aspartic acid
preferred receptors) appears to be related to the initiation
of the diurnal rhythm in pulsatile LH release which sig¬
nals the onset of puberty (403).

Of great importance for the concept that an increase
in excitatory inputs impinging on LHRH neurons is the
primary event responsible for the initiation of puberty is
the recent demonstration that the morphology ofLHRH
neurons changes during juvenile development (94). The
morphological alterations observed (vide supra) are en¬
tirely consistent with the idea that, as the animal grows,
more synaptic contacts are established among LHRH
neurons themselves, as well as between LHRH cells and
other neuronal systems. In fact, solid evidence has now
been provided that LHRH-containing nerve terminals of
the rat preoptic area make synaptic contacts with other
LHRH neurons (403).

Rased on these observations we must revise our view
of the brain mechanisms involved in the initiation ofpu

berty. It may now be suggested that the LHR.H-releasing

system develops under the influence of both excitatory
and inhibitory (opiate?) inputs. Although a strong opiate
tone may have special relevance during infantile days, it
continues to operate throughout postnatal development.
A decrease in its inhibitory effectiveness per se may not
result in the pubertal activation of LHRH release, unless
there is a concomitant activation of excitatory inputs
(Fig. 10). Establishment of these excitatory mechanisms
is suggested, at the morphological level, by the increased
synaptogenesis that occurs during prepubertal develop¬
ment and after hypothalamic lesions, as well as by the
histological changes observed in normally maturing
LHRH neurons. At the functional level, the establish¬
ment of excitatory mechanisms is suggested by the
changes in neurotransmitter metabolism and in LHRH
response to secretagogues during juvenile-peripubertal
development. The predominance of such excitatory in¬
puts at the end ofjuvenile development may result in the
diurnal synchronization ofLHRH release. The intercon¬
nections between LHRH-secreting cells recently de¬
scribed (403) may provide the anatomical basis for the
synchronized activity of the LHRH-secreting neuronal
network.

CONCLUSIONS

The Female

The developmental process that leads to puberty in the
female rat is based on an extraordinarily complex series
of interrelated events (Fig. 11). The CNS plays a critical
role by controlling both anterior pituitary function,
through the secretion of hypothalamic factors, and the
ovary via pituitary hormones and direct neural inputs.
Gonadotropins play a decisive role at all stages of sexual
development, with the possible exception of the fetal pe¬
riod, during which ovarian development appears to be
gonadotropin independent. Three major periods of acti¬
vation ofgonadotropin secretion can be identified during
postnatal development. Thefirst activational period oc
curs during infantile development and is manifested as
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FIG. 11. Proposed sequence of developmental events leading
to the first preovulatory LH surge in the female rat. The roman
numerals represent the various activational periods of the hy-
pothalamic-pituitary unit identified during prepubertal postnatal
development. The numbers indicate the sequence in which the

events may occur. The vertical dashed line represents 12:00
p.m. on the day of first proestrus. The box outlined by dotted
lines indicates that a loss in central restraint may contribute but
may not be the predominant factor for the synchronized activa¬
tion of LHRH-secreting neurons. (Modified from ref. 17.)

an enhancement in FSH secretion, with sporadic eleva¬
tion in LH levels. Although this strikingly different pat¬
tern of gonadotropin release may result, to a significant
extent, from the interplay of steroidal influences, its pri¬
mary determinant appears to be ofcentral origin. It may,
in fact, reflect a "disorganized" activity of LHRH neu¬

rons, which, under the influence of nascent extrahypo-
thalamic inputs, fail to discharge synchronously. Infre¬
quent, randomly occurring synchronization may result
in low-frequency LHRH discharges which, in turn,
would maintain high plasma FSH levels. Alternatively,
a strong inhibitory (opiate) influence capable of slowing
down the frequency ofLHRH discharges may be respon¬
sible for the infantile pattern of gonadotropin release.
During the second week of postnatal life, ovarian devel¬
opment comes under firm gonadotropin control. Driven
by the increased FSH levels, a large crop of primordial
follicles, some of which are destined to ovulate at pu¬

berty, is incorporated into a proliferative pool and begins
to grow.

The second activational period denotes the end of ju¬

venile development and results in the first overt hor¬
monal manifestation of the onset ofpuberty. This period
may also be originated by a centrally driven, gonadal-
independent mechanism and is expressed as a diurnal
change in basal LH levels and pulsatile LH release. Both
basal release of LH and the magnitude of LH secretory
episodes increase in the afternoon. These changes stimu¬
late the ovary to produce more E2, which then evokes
minisurges of LH secretion. In turn, the surge further
stimulates ovarian development and steroidogenesis.
The establishment of this diurnal rhythm in LH release
may reflect the synchronization of LHRH discharges,
perhaps as a consequence of completion of the synaptic
circuitry impinging upon LHRH neurons, the intercon¬
nections between these neurons, and their morphologi¬
cal maturation.

The third and final activational period occurs more
abruptly and is predominantly determined by an in¬
creased output ofovarian steroids, especially E2. This pe¬
riod corresponds to the preovulatory discharge of
LHRH, which evokes the first surge of gonadotropins.
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FIG. 12. Postulated sequence of changes
in the mode of LH release during the on¬
set of puberty in the female rat. Roman
numerals indicate the phases in which
different afternoon patterns of LH release
were observed in conscious free-moving
peripubertal animals, bled every 5-min us¬
ing an automated bleeding technique.
Each profile is derived from a different an¬
imal. (I) Low amplitude pulses similar to
those seen in the morning; (II) increased
basal LH release and LH pulse amplitude;
(III) minisurge of LH secretion; (IV) proper
proestrous surge of LH.

Time (h)

The sequence of changes in LH release postulated to oc¬
cur at puberty is shown in Fig. 12, which depicts individ¬
ual profiles of LH release observed in peripubertal rats.

Although it is clear that this last activational phase is
a result of the expression ofE2 positive feedback, it would
appear that the preceding activational phase is indepen¬
dent ofa decrease in hypothalamic sensitivity to E2 nega¬
tive feedback.

Estradiol positive feedback develops by the end of the
infantile period. At this time the ovary is unable to se¬
crete sufficient levels of E2 to produce a surge of LH.
Completion ofovarian maturation is, therefore, essential
for the preovulatory gonadotropin discharge to occur.
The ovaries grow under the influence of pituitary gonad¬
otropins. During neonatal-infantile development, this
influence is modulated by milk LHRH; afterwards it is
facilitated by GH and Prl. An additional facilitatory con¬
trol mechanism appears to be provided by adrenergic
and peptidergic nerves, as well as by EPI ofadrenal med¬
ullary origin. The adrenergic inputs to the ovary facilitate
P secretion either directly or by amplifying the effect of
gonadotropins. VIP-ergic nerves appear to be involved
in stimulating the secretion of all the main steroids (E2,
P, and aromatizable androgens). SP and NPY-ergic
nerves, on the other hand, may be involved in regulation
ofblood flow.

Under the influence ofall these factors, the steroid out¬
put of the ovary increases more rapidly as proestrus ap¬

proaches. The pace of follicular development is acceler¬
ated by an increase in LH receptors, and possibly by a
decrease in local LHRH inhibitory influences. The in¬
creased serum E2 levels then activate the central compo¬
nent of E2 positive feedback. The resulting surge of
LHRH release may be caused by activation of an intra¬
cellular PGE2-cAMP pathway, which appears to mediate

the stimulatory effect ofNE on LHRH release. The func¬
tion of an independent diacylglycerol-protein kinase C-
mediated mechanism may also increase at this time. Si¬
multaneous stimulation ofboth pathways may then trig¬
ger the proestrous surge of LHRH, which, in turn, by
acting on a pituitary sensitized by E2, elicits the first pre¬
ovulatory surge of gonadotropin. The gonadotropin dis¬
charge induces the first ovulation, which occurs on the
early morning of estrus. On this day, estrogenic stimula¬
tion of the vaginal epithelium results in canalization of
the vagina, an event which provides the first somatic
manifestation that reproductive competence has been at¬
tained.

The Male

Much less is known regarding the mechanisms that
underlie the onset ofpuberty in male rats than in female
rats. It is clear, however, that males attain sexual matu¬
rity in a much less climactic manner than females.
Though well defined, developmental changes observed
at each of the three levels of the hypothalamic-pituitary-
testicular axis are, relatively speaking, very gradual. Con¬
trary to the female, the interrelations between the hypo-
thalamic-pituitary unit and the gonads of the male are
already functional before birth. Thus the first few weeks
ofpostnatal life may be envisaged as a period of synchro¬
nization or fine tuning of the various interrelated pro¬
cesses rather than as a period during which these interre¬
lationships become established. Available evidence
permits the suggestion that, like in the female, the pri¬
mary events that set into motion the onset of male pu¬
berty originate within the central nervous system. These
events are poorly understood, but their occurrence ap-
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pears to produce an alteration in the secretory pattern of
hypothalamic LHRH and probably other hypothalamic
hormones also. Such alterations are likely to be responsi¬
ble, to a significant extent, for the changes in the secre¬
tory patterns of several adenohypophyseal hormones,
most notably the gonadotropins and the somatomamo-
tropins that occur during prepubertal maturation. Each
of these humoral factors, and possibly also direct neural
factors, influence the growth and maturation of the tes¬
tes. One of the most significant testicular developments
occurring at this time involves changes in the steroido¬
genic pathways so that T becomes the predominant tes¬
ticular androgen. Furthermore, as the animal matures
the testes become more sensitive to the stimulatory ac¬
tions of the gonadotropins, primarily because ofelevated
FSH secretion, and so the level ofT production becomes
enhanced. Meanwhile, both T and the gonadotropins
provide the basic stimulus for initiating spermatogenesis.
Each wave of sperm production may actually take sev¬
eral weeks to be completed, and it is, therefore, not sur¬

prising that attempts to experimentally advance the on¬
set of puberty in the male rat have been largely
unsuccessful. The increased output of T also produces
the physical alterations that are typically associated with
puberty, namely, the development and maintenance of
the accessory sex organs. In addition, T and inhibin act
as negative-feedback agents to attenuate gonadotropin
secretion. It has previously been hypothesized that the
onset of male puberty results from a decrease in sensitiv¬
ity of the hypothalamic-pituitary unit to negative feed¬
back. This change in sensitivity would permit gonadotro¬
pin secretion to increase in spite of an enhanced
production of androgens by the developing testes. The
hypothesis, however, does not explain the divergent pat¬
terns of FSH and FH secretion observed in developing
males. Several observations, including the finding that
the pattern of FHRH release (assessed in vitro) changes
as the animal matures, suggest that an activation of
FHRH release, independent ofsteroid negative-feedback
control, may play the primary, if not the most decisive,
role in the initiation of puberty in the male rat.
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INTRODUCTION

The last few years have witnessed the emergence of a more comprehensive
understanding of the mechanisms underlying the onset of mammalian puberty.
At present, several groups utilizing different animal models are actively
engaged in studying various aspects of the pubertal process, more noticeably
the luteinizing hormone-releasing hormone (LHRH)-gonadotropin component of
the reproductive axis.

Comprehensive reviews dealing with the neuroendocrinology of sexual
development have recently appeared (Plant, 1983; Terasawa et al. , 1983;
Kelch et al., 1988; Ojeda et al., 1986) and the interested reader is referred
to them for further consultation. The present article rather than attempting
to again review this area presents an account of some of the current efforts
made in our laboratory to elucidate the intimate mechanisms responsible for
the acquisition of female reproductive competence. In pursuing this goal we
have made extensive use of a variety of physiological and biochemical tech¬
niques; more recently, we have begun to explore the. approaches of cell
biology and molecular biology to obtain a deeper understanding o'f these deve¬
lopmental events. The animal model we have employed is the female rat.-

The initiation, progression and completion of puberty is a remarkably
complex process. In the most general terms, however, the process may be
viewed as being primarily dependent on two components: an "initiator" which
resides within the central nervous system (CNS) and a "chronometer" which is
represented by the ovary. While the initiator operates through the LHRH-
secreting system, the effector of the chronometer is estradiol (E2)• Before
the positive feedback of E2 on gonadotropin release can be expressed as the
first preovulatory gonadotropin surge, the ovary must first acquire the capa¬
city to produce E2 in sufficiently large amounts and for a sufficiently long
period of time.

This large discharge of gonadotropins, which occurs in the afternoon of
the first proestrus, can be considered as the neuroendocrine culmination of
puberty. Its immediate and most direct consequence, the first ovulation,
can be viewed (in the most general sense) as the culmination of the develop¬
ment of female reproductive function.
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Intrinsic to the development of the hypothalamic-pituitary-ovarian axis
is the establishment of negative and positive steroid feedback mechanisms.
Little is known at present regarding the maturation of ovarian peptidergic
feedback systems controlling gonadotropin release, but it is obvious that the
recent isolation and characterization of inhibin and its associated FSH-

releasing factor protein (FRP) from follicular fluid (Vale et al., 1986; Ling
et al., 1986) has paved the way for further studies along these lines.

THE DEVELOPMENT OF ESTRADIOL (E2) NEGATIVE FEEDBACK

For several years the prevailing explanation for the onset of puberty
has been the "gonadostat" hypothesis (Ramirez and McCann, 1963) which states
that as the animal matures the sensitivity of the hypothalamic-pituitary
system to steroid negative feedback gradually declines, thereby allowing
gonadotropin release to increase and to further stimulate the secretion of
gonadal steroids.

While there is no doubt that pubertal and mature animals are less
sensitive than immature individuals to the inhibitory effect of E2 (Steele
and Weisz, 1974; Eldridge et al., 1977), we have presented evidence that in
the rat such a change in sensitivity does not actually occur before the first
preovulatory surge of gonadotropins, but rather becomes fully expressed after
the first ovulation (Andrews et al., 1981). It is our view that the gonado¬
stat resetting is a consequence rather, than the cause of puberty. It is
possible, however, that part of the change may occur earlier; recent experi¬
ments by Docke et al. (1984) have shown that a reduction in gonadotropin
responsiveness to E2 negative feedback already occurs on the day of first
proestrus. The reasons for the difference between these experiments and our
own are not clear. Nevertheless, even if part of the resetting occurs on
the day preceding the first ovulation, the initial diurnal change in LH
release which represents the onset of puberty (vide infra) occurs earlier,
clearly indicating that a change in steroid negative feedback effectiveness
is not the primary event responsible for the initiation of puberty. Indeed
several investigators working with monkeys and rats have recently arrived at
similar conclusions (Plant, 1983, Terasawa et al., 1984; Matsumoto et al.,
1986; Raum and Swerdioff, 1986).

Juvenile rats are exquisitively sensitive to E2 negative feedback
(Steele and Weisz, 1974; Eldridge et al., 1977; Andrews et al., 1981;
Andrews and Ojeda, 1981). In contrast, infantile animals are much less
sensitive (Andrews and Ojeda, 1977; Meijs-Roelofs et al., 1979), mainly
because of the presence of high serum levels of alpha fetoprotein which
binds estrogen avidly and thus diminishes the amount of free E2 that may
reach the gonadotropin-relea'sing system. As alpha fetoprotein decreases
from the circulation, more E2 becomes available to the tissues (Germain et
al., 1978) and its effectiveness as a negative feedback agent increases
(Andrews and Ojeda, 1981; Meijs-Roelofs et al., 1979). As previously indi¬
cated, this level of sensitivity remains elevated even until the day when
the first preovulatory surge of gonadotropins occurs.

THE DEVELOPMENT OF ESTRADIOL (E2) POSITIVE FEEDBACK

For many years it has been known that E2 positive feedback can be
activated long before puberty (McCormack and Meyer, 1964; Caligaris et al.,
1972). Indeed, exogenously administered E2 (via silastic capsules) can
induce LH release as early as postnatal day 15 (Kronibius and Wuttke, 1977),
provided that adequate levels of serum E2 are maintained for at least 48 h
(Andrews et al., 1981a). In our studies, these levels appear to be twice as
high as those seen on the day of first proestrus. If even larger E2 values
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are produced in infantile 12-day-old rats, no LH release is observed (Andrews
et al., 19.81a). In contrast, proestrous levels of E2 are sufficient to evoke
an LH discharge in juvenile (22 - 32-day-old) rats. It is evident, there¬
fore, that had the juvenile ovaries the capability of producing proestrous
levels of E2 then a discharge of LH release would have occurred well ahead of
the normal time of puberty. The ovary, however, acquires this capability
only after its follicles have matured to a preovulatory condition. Physio¬
logically, this process lasts about 19 days (Hage et al., 1978), and occurs
under strict CNS control. As we will discuss later, an emerging body of
evidence suggests that in addition to controlling ovarian function through
the secretions of the anterior pituitary gland, the CNS sends direct informa¬
tion to the gonads via the ovarian nerves.
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Fig. 1. Representative afternoon plasma LH profiles from juvenile (A; 27-29
days old) and peripubertal (B; 30-38 days old) female rats bled
continuously for 5 h. Six individual profiles from a total of 16
are depicted. (From Urbanski and Ojeda, 1985, with permission.)

THE MATURATION OF GONADOTROPIN.RELEASE

In previous reviews we have discussed extensively the factors that may
control gonadotropin release during the infantile phase of development (Ojeda
et al., 1984; Ojeda et al», 1986).

During juvenile days (day 21 to about day 30-32) plasma FSH levels are
declining and plasma LH levels, though low, are pulsatile (Kimura and
Kawakami, 1981; Andrews and Ojeda, 1981a; Urbanski and Ojeda, 1985). Pulsa¬
tile LH profiles are very similar in the morning and in the afternoon, but by
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the end of juvenile development a diurnal pattern, characterized by a higher
baseline and amplitude of the LH pulses in the afternoon than in the morning,
becomes established (Urbanski and Ojeda, 1985; Fig. 1).

This is, in our view, the first direct neuroendocrine manifestation of
the onset of puberty. In addition to the increase in LH pulse amplitude,
some animals show a more sustained mid-afternoon episode of LH release which
ve have termed "LH minisurge." This minisurge of LH secretion has a magni¬
tude of about 1/10 of the proper preovulatory surge and appears to be
elicited by small increases in the secretion of ovarian E2 since it fails to
occur in long- or short-term ovariectomized rats but can be readily evoked in
such animals by increasing their serum E2 to a level that is only 30% higher
than basal values observed in intact rats (Urbanski and Ojeda, 1986). In
contrast to these minisurges of LH, the afternoon changes in pulse amplitude
and LH baseline appear to be originated by a central, ovarian-independent
mechanism (Urbanski and Ojeda, submitted). This conclusion is based on the
findings that short-term (2 or 4 days) ovariectomized peripubertal rats
exhibit more elevated plasma LH levels in the afternoon than in the morning.
Early juvenile rats, on the other hand, fail to show such a difference.
Detailed analysis of the LH secretory profiles has revealed that the after¬
noon change in LH release is mostly due to an increase in trough values and
and overall greater secretory output.

We have also examined the effect that this peripubertal change in LH
release may have on ovarian function. Ovaries from peripubertal rats were
perfused with LH following a pattern that closely simulated either the
morning or afternoon pulsatile release of LH seen in vivo (Urbanski and
Ojeda, 1985a). The results indicate that the output of E2 increases signifi¬
cantly when the ovaries are exposed to "afternoon" LH pulses, but not when
they are presented with "morning" LH pulses. These data indicte that the
establishment of a diurnal change in LH release is an important factor
involved in stimulating the immature ovary to produce E2. By inference it
can be suggested that such a change in LH release plays a definitive role in
the control of ovarian maturation.

THE DEVELOPMENT OF THE LHRH-SECRETING SYSTEM

What are the central mechanisms by which the diurnal change in LH
release becomes established? A clear answer has not yet been forwarded. It
appears, however, that the intracellular machinery involved in transducing
the stimulatory signals to LHRH neurons is operative long before puberty.
For instance, exposure of median eminence (ME) terminals from juvenile rats
to prostaglandin E2 (PGE2) - an intracellular mediator implicated in the
process of norepinephrine (NE)-induced LHRH release - results in LHRH
release. This effect can be demonstrated early in juvenile development
(postnatal day 22, the earliest age studied) (Ojeda et al., 1986a). Recent
evidence implicates the involvement of protein kinase C (Ojeda et al.,
1986b). Median eminence nerve terminals from juvenile rats release LHRH in
response to substances such as diacylglycerol and phorbol esters vi-hich acti¬
vate PKC indicating that both the PGE2 and the PKC pathways are functional
during prepubertal development. Remarkably, not only these intracellular
mechanisms appear to be established long before puberty, but also the .capa¬
city of the preoptic area-medial basal hypothalamus (POA-MBH) to release LHRH
in a rhythmic, pulsatile fashion can be detected as early as the first week
of postnatal life (Urbanski and Ojeda, in preparation).

These observations suggest that the activation of the LHRH secreting
system at puberty depends upon the amplification of signals, which originate
outside the LHRH neuron. Whether these signals are only excitatory in nature
or they, in addition, involve the removal of an inhibitory component is
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nuclear at present. It does appear, however, that for the activity of LHRH
neurons to reach a pubertal level the neuronal circuitry that normally regu¬
lates their secretory function needs to become established. Indirect
evidence for this view comes from the recent observation made by Wray and
Hoffman (1986) that LHRH neurons exist in two forms: a "smooth" type, the
soma of which has an even membrane surface and a "spiny" type which is
characterized by an irregular surface. Most remarkably, the "smooth" neurons
are more abundant during infantile days, but during the days preceding
puberty the "spiny" neurons become predominant. These authors have inter¬
preted their findings as indicative of the establishment of synaptic connec¬
tions between LHRH neurons and other neural cells during the juvenile and
peripubertal phases of development. This may, in fact, be the case at it is
well established that a marked increase in hypothalamic synaptic contacts
occurs during prepubertal development (Matsumoto and Arai, 1976; Ruf, 1982;
Clough and Rodriguez-Sierra, 1983).

In recent experiments we have begun to examine the hypothesis that the
molecular mechanisms underlying these changes in synaptic circuitry involve
changes in the gene expression of cytoskeleton proteins. Indeed, initial
experiments have shown that two mRNAs (a 1.8 and a 2,9 kilobase species)
encoding for neural cell specific g-tubulins (Bond et al., 1984) are stri¬
kingly more abundant in the juvenile hypothalamus than in the cerebral cortex
or cerebellum of the same animals (Rogers and Ojeda, unpublished).

Intrinsic to the question of the mechanisms responsible for the pubertal
activation of LHRH neurons is the issue of the factors involved in control¬

ling the development and differentiation of LHRH neurons. Very recent
experiments in our laboratory (Gonzalez, Kozlowski, Costa and Ojeda, unpub¬
lished) have demonstrated that fetal LHRH neurons can be cultured in serum-

free medium. Although attachment of the cells to he culture well occurs
readily in the presence of a polyornithine-laminin matrix the cells differen¬
tiate little and after 4-6 days begin to die. Addition of E2 at physiolo¬
gical concentrations (10_11-10~9 M), however, results in an increased amount
of LHRH immunoreactivity within the cell and an increase in soma volume.
More LHRH-positive cells were also found, suggesting an improved survival
rate.

It thus appears that the maturation of both LHRH neurons themselves and
the neuronal circuitry associated with them may play a fundamental role in
the acquisition of female reproductive competence.

As indicated before, the CNS not only regulates ovarian development
through its control over anterior pituitary function, but also directly
through peripheral nerves.

THE DEVELOPMENT OF THE OVARY

In previous reviews we have discussed several aspects concerning the
regulation of ovarian development (Ojeda et al., 1984; Ojeda and Urbanski, in
press). In this context it is important to mention the fact that, in addi¬
tion to the well-established role of LH and FSH, two other pitutiary hormones
prolactin (Prl) and growth hormone (GH) appear to play an important suppor¬
tive role in ovarian maturation. While hyperprolactinemia advances the onset
of puberty and sensitizes the ovary to the stimulatory effect of gonado¬
tropins (Advis and Ojeda, 1978), .hypoprolactinemia produces the opposite
effects (Advis et al., 1981). On the other hand, GH deficiency delays
puberty and results in a decreased number of ovarian hCG-LH receptors (Advis
et al., 1981a), an effect that appears to be, to a significant extent, a
direct consequence of withdrawal of GH support to the ovary. Very recent
reports have revealed that GH enhances FSH-stimulated differentiation of
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granulosa cells (Jia et al., 1986), and that this effect may be exerted by
increasing the ovarian production of somatomedin C immunoreactive material
(Davoren and Hsueh, 1986).

It is evident, therefore, that several anterior pituitary hormones work
in concert to promote follicular maturation and hence the acquisition of-
ovulatory competence at puberty.

For many years it has been known that the ovary receives an adrenergic
innervation (for a review see Burden, 1985). The adrenergic nerves, which
essentially contain only NE reach the ovary via two routes: the superior
ovarian nerve (SON) and the plexus nerve (PN) (Lawrence and Burden, 1980).
Experiments conducted in our laboratory have revealed that section of SON
leads to a rapid drop (within 4 min) in E2 and progesterone (P) secretion
when the section is performed on the day of proestrus, but not on the day of
estrus (Aguado and Ojeda, 1934a). On a longer term basis (7 days), a compen¬
satory increase in (3-adrenergic receptor number is observed, a phenomenon
that is associated with hypersensitivity by denervation (Aguado and Ojeda,
1984). This hypersensitivity, detected using cultured granulosa cells, is
manifested as an increase in the capacity of the cells to produce P in
response to g2-adrenergic stimulation (Aguado and Ojeda, 1984). It is well
established that the predominant population of adrenergic receptors in the
rat ovary is of the 82-subtype (for a review see Ojeda and Aguado, 1985) and
that responsiveness of granulosa cells to 8-adrenergic stimulation is depen¬
dent on prior exposure to FSH (Adashi and Hsueh, 1981).

Circulating epinephrine of adrenomedullary origin also appears to affect
ovarian function since selective removal of the adrenal medulla depresses
circulating levels of epinephrine, blunts ovarian responsiveness to gonado¬
tropins and delays the onset of puberty (Aguado and Ojeda, 1984b).

Very recent experiments have revealed that in addition to noradrenergic
nerves the immature rat ovary receives peptidergic innervation. Such an
innervation includes fibers containing substance P (SP), vasoactive intes¬
tinal peptide (VIP) and neuropeptide Y (NPY) (Dees et al., 1985; Ojeda et
al., 1985; Ahmed et ai., 1986; McDonald et al., submitted).

While it appears that neither SP nor NPY can affect ovarian steroido¬
genesis (in granulosa cells) it is now clear that VIP is an effective
stimulus for E2, P and androgen secretion from the ovary (Davoren and Hseuh,
1985; Ahmed et al., 1986). This effect of VIP Is not reproduced by any of
the members of the VIP family (Fig. 2) with the exception of peptide histi-
dine isoleucine (PHI), which has 50% sequence homology to VIP.

VIP appears to act on a population of granulosa cells which is different
from that stimulated by FSH (Kasson et al., 1985). This observation and our
own findings that VIPergic fibers can be detected around small, preantral
follicles (Ahmed et al., 1986) and that VIP can induce aromatase activity
long before the ovary acquires responsiveness to FSH (i.e. during late fetal-
early perinatal life) (George and Ojeda, unpublished) strongly suggest that
VIP may act on a more immature population of ovarian (granulosa) cells than
FSH, and thus may represent one of the first stimulatory inputs to the deve¬
loping ovary.

That VIP may indeed play a hitherto unsuspected role in ovarian
maturation is suggested by the recent demonstration that th'e peptide acts on
granulosa cells to stimulate the synthesis of the cholesterol side chain
cleavage enzyme complex (SCC), the rate limiting step in the biosynthesis of
P (Trezeciak et al., in press). VIP can induce the synthesis of the three
components of SCC (cytochrome Pi,5o> iron sulphur protein and NADPH-
adrenodoxin reductase). This effect of VIP appears to be exerted at the gene
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Fig. 2. Specificity of the stimulatory effect of VIP on ovarian steroido¬
genesis. Ovaries from rats injected with 2 IU PMSG at 29 days of
age were obtained 24 h after the injection. Ovary halves were incu¬
bated as described (Ahmed et al., 1986), with one pair of halves
receiving no hormone (basal release) and the remaining contralateral
halves receiving VIP, PHI, glucagon (GLUC), gastric inhibitory poly¬
peptide (GIP) , motilin (MOT) or secretin (SECR) at 1 jjM each. The
mean ± SEM are shown. The number of ovaries per group is indicated
above each bar. *, p < 0.05; *''', p < 0.01 (vs. basal values).
A, change from basal values. (From Ahmed et al., 1986, with permis¬
sion .)

expression level as in very recent experiments we have been able to show that
VIP induces an increase in both translatable mRNA and the steady state level
of the mRNA encoding for the cytochrome Pi,50 component of SCC (Trzeciak et
al., unpublished). In regard to SP and NPY, we suspect that these peptides
may be involved in regulating ovarian blood flow. Other functions, however,
may be suspected.

The aforementioned observations strongly suggest that the capacity of
the ovary to produce preovulatory amounts of E2 is acquired under the
concerted influence of circulating hormones and the direct influence of
noradrenergic and peptidergic nerves.

THE ACTIVATION OF THE CENTRAL COMPONENT
OF ESTRADIOL (E2> POSITIVE FEEDBACK AT PUBERTY

Development of large, estrogen producing preovulatory follicles results
in an increase in circulating levels of E2 to levels 6-8 times greater than
in juvenile rats (Meijs-Roelofs et al., 1975; Parker and Mahesh, 1976).
Estradiol then acts at both the hypothalamic and pituitary levels to induce a
discharge of LHRH, on the. one hand, and to sensitize the pituitary gonado¬
trophs to the neuropeptide on the other.

119



320

, 240

o 160

80

E
o

12

• Control, Untreoted
o Eg-Treoted

i/ 4—r
-I—(

T"

Q006 0.06

NE ( )

0.6

Fig. 3. Effect of in vivo simulation of proestrous serum E2 levels on the in
vitro release of PGE2 (upper panel) and LHRH (lower panel) from the
ME of juvenile 28-day-old female rats in response to NE. was
provided in s.c. silastic capsules at a concentration (400 pg/ml
corn oil) that reproduces serum E2 levels on the day of first
proestrous. The E2-containing capsules were implanted 48 h before
the experiment. (From Ojeda et al., 1986a, with permission.)

At the hypothalamic level, E2 is known to increase the turnover of NE
(for a review see Ramirez et al., 1984) and to enhance the capacity of the
tissue to synthesize PGE2 from (exogenous) arachidonic acid (Ojeda and
Campbell, 1982). More recently, we have found that preovulatory levels of
serum E2 increase the capacity of ME nerve terminals to produce PGE2 in
response to NE and to release LHRH in response to PGE2 (Ojeda et al., 1986a)
(Fig. 3). Not surprisingly, E2 also enhances the LHRH response t.o NE.

.As mentioned earlier, the PGE2~dependent pathway is not the only
biochemical route involved in transducing the effect of excitatory signals
impinging on LHRH neurons. When ME terminals were exposed to phospholipase C
(PLC), the enzyme that catalyzes the hydrolysis of polyphosphoinositides into
inositol triphosphate and diacylglycerol, a marked increase in PGE2 produc¬
tion and LHPJi release was observed (Ojeda et al., 1986b). Suppression of
prostaglandin synthesis with indomethacin completely obliterated the PGE2
response, fcut reduced the LHRH response by only about 50%. This and other
observations described in the same report (Ojeda et al., 1986b) have led us
to conclude that the E2~dependent LHRH discharge which occurs in the after-
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Prepubertal Proeslrus LHRH Neuron

LHRH

Fig. 4. Postulated intracellular pathways involved in the transduction of
neurotransmitter signals leading to LHRH release during puberty in
the female rat. During prepubertal days both pathways may be opera¬
tive but the intensity of the extracellular inputs activating them
is low (thin arrows). In the afternoon of proestrus, an increased
activity (thick arrows) of NE neurons and of another neurotrans¬
mitter system (that presumably activates the PKC pathway) induces
the preovulatory discharge of LHRH. NE = norepinephrine; PKC =
protein kinase C; Ntr - unidentified neurotransmitter activating
PKC; PGE2 = prostaglandin E2; cAMP = cyclic AMP; Ca2+ = calcium.
(From Ojeda and Urbanski, in press.)

noon of first proestrus may depend on the simultaneous activation of two
independent, but complementary.mechanisms, i.e. a PGE2-cyclic AMP and a PKC
mediated pathway (Fig. 4).

While much more work is necessary to firmly substantiate this view, it
may be suggested that the expression of two key events determines the initia¬
tion of neuroendocrine reproductive competence in the female rat: an ovarian
ovarian-independent diurnal change in the pattern of LH release which initi¬
ates puberty, and an E2-induced surge of LHRH release that triggers the first
preovulatory surge of gonadotropins and hence represents the neuroendocrine
culmination of the pubertal process.

ACKNOWLEDGEMENTS

We thank Ms. Judy Scptt for typing the manuscript. This investigation
was supported by NIH grant HD-09988, Project IV and by NSF grant BNS-8318017.

121



REFERENCES

Adashi, E. Y., and Hsueh, A. J. W., 1981, Stimulation of 82~adrenergic
responsiveness by follicle-stimulating hormone in rat granulosa cells in
vitro and in vivo, Endocrinology, 108:2170.

Advis, J. P., and Ojeda, S. ft., 1978, Hyperprolactinemia induced precocious
puberty in the female rat: ovarian site- of actions, Endocrinology,
103:92'. .

Advis, J. P., Smith-White, S. S., and Ojeda, S. R., 1981, Delayed puberty
induced by chronic suppression of prolactin release in the female rat,
Endocrinology, 109:1321.

Advis, J. P., Smith-White, S. S., and Ojeda, S. R., 1981a, Activation of GH
short loop negative feedback delays puberty in the female rat,
Endocrinology, 108:1343.

Aguado, L. I., and Ojeda, S. R., 1984, Prepubertal ovarian function is finely
regulated by direct adrenergic influences. Role of the adrenergic
innervation, Endocrinology, 114:1845.

Aguado, L. I., and Ojeda, S. R., 1984a, Ovarian adrenergic nerves play a role
in maintaining preovulatory steroid production, Endocrinology, 114:1944.

Aguado, L. I., and Ojeda, S. R., 1984b, Effect of selective removal of the
adrenal medulla on female sexual development, Biol■ Reprod., 31:605.

Ahmed, C. E., Dees, W. L., and Ojeda, S. R., 1986, The immature rat ovary is
innervated by vasoactive intestinal peptide (VIP)-containing fibers and
responds to VIP with steroid secretion, Endocrinology, 118:1682.

Andrews, W. W,, and Ojeda, S. R., 1977, On the feedback actions of estrogen
on gonadotropins and prolactin release in infantile female rats,
Endocrinology, 101:1517.

Andrews, W. W., and Ojeda, S. R., 1981, A quantitative analysis of the matu¬
ration of steroid negative feedbacks controlling gonadotropin release in
the female rat: transition from an androgenic to a predominantly estro¬
genic control, Endocrinology, 108:1313.

Andrews, W. W., and-Ojeda, S. R., 1981a, A detailed analysis of the serum LH
secretory profiles of conscious, free-moving female rats during the time
of puberty, Endocrinology, 109:2032.

Andrews, W. W., Advis, J. P., and Ojeda, S. R., 1981, The maturation of
estradiol negative feedback in fmeale rats: evidence that the resetting
of the hypothalamic "gonadostat" does not precede the first preovulatory
surge of gonadotropins, Endocrinology, 109:2022.

Andrews, W. W., Mizejewski, G. J., and Ojeda, S. R., 1981a, Development of
estradiol positive feedback on LH release in the female rat: a quanti¬
tative study, Endocrinology, 109:1404.

Bond, J. F., Robinson, G. S., and Farmer, S. R., 1984, Differential expres¬
sion of two neural cell-specific 8-tubu.lin mRNAs during rat brain deve¬
lopment, Hoi. Cell. Biol., 4:1313.

Burden, H. W., 1985, The adrenergic innervation of mammalian ovaries, in:
"Catecholamines as Hormone Regulators," N. Ben-Jonathan, J. H. Bahr, and
R. I. Weiner, eds., p. 261, Raven Press, New York.

Caligaris, L., Astrada, J. J., and Taleisnik, S., 1972, Influence of age on
the release of luteinizing hormone induced by estrogen and progesterone
in immature rats, J■ Endocrinol■, 55:97.

Clough, R. W., and Rodriguez-Sierra, J. F., 1983, Synaptic changes in the
hypothalamus of the prepubertal female rat administered estrogen, Am. J.
Anat■, 167:205.

Davoren, J. B., and Hsueh, A. J. W., 1984, Vasoactive intestinal peptide: a
novel stimulator of steroidogenesis by cultured rat granulosa cells,
Biol, ^eprod., 33:37 .

Davoren, J. B., and Hsueh, A. J. W., 1986, Growth hormone increases ovarian
levels of immunoreactive somatomedin C/insulin-like growth factor I
in vivo, Endocrinology, 118:888.

Dees. W. L., Kozlowski, G. P., Dey, R., and Ojeda, S. R., 1985, Evidence for



the existence of substance P in the prepubertal rat ovary. II. Immuno-
cytochemical localization, Biol. Reprod., 33:471.

Docke, F., Rohde, W., Gerber, P., and Dorner, G., 1984, Evidence that desen-
sitization to the negative estrogen feedback is a prepubertal and not a

postpubertal event in female rats, Exp. Clin. Endocrinol., 84:1.
Eldridge, J. C., McPherson III, J. C.,and Mahesh, V. D., 1977, Maturation

of the negative feedback control of gonadotropin secretion in the female
rat, Endocrinology, 94:1536.

Germain, B. L., Campbell, P. S., and. Anderson, J. N., 1978, Role of the serum
estrogen-binding protein in the control of tissue estradiol levels
during postnatal development of the female rat, Endocrinology, 103:1401.

Hage, A. J., Groen-Klevant, A. C., and Weischen, R,, 1978, Follicle growth
in the immature rat ovary, Acta Endocrinol. (Copenh.), 88:375.

Jia, X-C., Kalmijn, J., and Hsueh, A. J. W., 1986, Growth hormone enhances
follicle-stimulating hormone induced differentiation of cultured rat
granulosa cells, Endocrinology, 118:1401.

Kasson, B. G., Meidan, R., Davoren, J. B., and Hsueh, A. J. W., 1985,
Identification of subpopulations of rat granulosa cells: sedimentation
properties and hormonal responsiveness, Endocrinology, 117:1027.

Kelch, R. P., Marshall, J. C., Saunder, S. E., Hopwood, N. J., and Reame,
N. E., 1983, Gonadotropin regulation during human puberty, jiri: "Neuro¬
endocrine Aspects of Reproduction," R. L. Norman, ed., p. 229, Academic
Press, New York.

Kimura, F., and Kawakami, M., 1982, Episodic LH secretion in the immature
male and female rat as assessed by sequential blood sampling, Neuro-
endocrinology, 35:128.

Kronibius, J., and Wuttke, W., 1977, Positive feedback action of estradiol on
gonadotropin release in 15 day old rats, Acta Endocrinol., 86:263.

Lawrence, I. E., and Burden, H. W. , 1980, The origin of the extrinsic adre¬
nergic innervation to the rat ovary, Anat. Rec■, 196:51.

Ling, N. Ying, S-Y., Ueno, N., Shimasaki, S., Esch, F., Hotta, M., and
Guillemin, R., 1986, Pituitary FSH is released by a hetero dimer of the
g-subunits from the two forms of inhibin, Nature (Lond■), 321:779.

Matsumoto, A., and Arai, Y., 1976, Developmental changes in synaptic forma¬
tion in the hypothalamic arcuate nucleus of female rats, Cell Tiss.
Res■, 169:143.

Matsumoto, A. M., Karpas, A. E., Southworth, M. B., Dorsa, D. M., and
Bremmer, W. J., 1986, Evidence for activation of the central nervous
system-pituitary mechanism for gonadotropin secretion at the time of
puberty in the male rat, Endocrinology, 119:362.

McCormack, C. E.,and Meyer, R. K., 1964, Minimal age for induction of ovula¬
tion with progesterone in rats: evidence for neural control, Endocrino¬
logy , 74 : 793.

McDonald, J. K., Dees, W. L., Ahmed, C. E., Noe, B. D., and Ojeda, S. R., in
preparation, Biochemical and immunocytochemical characterization of
Neuropeptide Y in the immature rat ovary.

Meijs-Roelofs, H. M. A., Uilenbroek, J. Th. J., de Greef, W. J., de Jong,
F. H., and Kramer, P., 1975, Gonadotropin and steroid levels around the
time of first ovulation in the rat, J. Endocrinol■, 67:275.

Meijs-Roelofs, H. M. A., and Kramer, P., 1979, Maturation of the inhibitory
feedback action of estrogen on follicle-stimulating hormone-secretion in
the immature female rat: 'a role for alpha fetoprotein, J. Endocrinol.,
81:199.

Ojeda, S. R., and Campbell, W. B., 1982, An increase in hypothalamic capacity
to synthesize PGE2 precedes the first preovulatory surge of gonadotro¬
pins, Endocrinology, 111:1031.

Ojeda, S. R., and Aguado, L. I., 1985, Adrenergic control of the prepubertal
ovary: involvement of local innervation and circulating catecholamines,
in: "Catecholamines as Hormone Regulators," N. Ben-Jonathan, J. M.
Bahr, and R. I. Weiner, eds., p. 293, Raven Press, New York.

1 23



Ojeda, S. R. , Costa, M. E., Katz, K. H., and Hersh, L. B., 1985, Evidence
for the existence of substance P in the prepubertal rat ovary. I.
Biochemical and physiological studies, Biol. Reprod■, 33 :471 .

Ojeda, S. R., Smith (White), S. S., Urbanski, H. F., and Aguado, L. X., 1984,
The onset of female puberty: underlying neuroendocrine mechanisms, in:
"Neuroendocrine Perspectives," vol. 3, p. 2.25, Elsevier., Amsterdam.

Ojeda, S. R., Urbanski, H. F., and Ahmed, C. E., 1986, The onset of female
puberty: studies- in the rat, in: "Recent Progress in Hormone
Research;" R. 0. Creep, ed., vol. 42, p. 385, Academic Press, New York.

Ojeda, S. R., Urbanski, H. F., Katz, K. H., and Costa, M. E., 1986a,. Activa¬
tion of estradiol-positive feedback at puberty: estradiol sensitizes
the LHRH-releasing system at two different biochemical steps, Neuro-
endocrinology, 43:259.

Ojeda, S. R. , Urbanski, H.' F., Katz, K. H., Costa, M. E., and Conn, P. M. ,

1986b, Activation of two different but complementary biochemical path¬
ways induces release of hypothalamic luteinizing hormone-releasing
hormone, Proc. Natl. Acad. Sci., 83:4932.

Ojeda, S. R., and Urbanski, H. R., in press, Puberty in the rat, in:
"Physiology of Reproduction," E. Knobil and J. D. Neill, eds, Raven
Press, New York.

Parker, C. R. Jr., and Mahesh, V. B., 1976, Hormonal events surrounding the
natural onset of puberty in female rats, Biol. Reprod■, 14:347.

Plant, T. M. , 1983, Ontogeny of gonadotropin secretion in the Rhesus macaque
(Macaca mulatta), Jn: "Neuroendocrine Aspects of Reproduction,"
R. L. Norman, ed., p. 133, Academic Press, New York.

Ramirez, V. D., and McCann, S. M., 1963, Comparison of the regulation of
luteinizing hormone (LH) secretion in immature and adult rats,
Endocrinology, 72:452.

Ramirez, V. D., Feder, H. H., and Sawyer, C. H., 1984, The role of brain
catecholamines in the regulation of LH secretion: a critical inquiry,
in: "Frontiers in Neuroendocrinology," L. Martini and W. F. Ganong,
eds., vol. 8, p. 27, .Raven Press, New York.

Raum, W. J., and Swerdloff, R. S., 1986, The effect of hypothalamic cate¬
cholamine synthesis inhibition by a-methyltyrosine on gonadotropin
secretion during sexual maturation in the male Wistar rat, Endocrino¬
logy, 119:168.

Ruf, K. B., 1982, Synaptogenesis and Puberty, Front. Horm. Res., 10:65.
Steele, R. E., and Weisz, J., 1974, Changes in sensitivity of the estradiol-

LH feedback system with puberty in the female rat, Endocrinology, 95:513.
Terasawa-, E., Nass, T. E., Yeoman, R. R., Loose, M. D., and Schultz, N. J.,

1983, Hypothalamic control of puberty in the female Rhesus macaque,
in: "Neuroendocrine Aspects of Reproduction," R. L. Norman, ed. ,

p. 149, Academic Press, New York.
Terasawa, E., Bridson, W. E., Nass, T. E., Noonan, J. J., and Dierschke,

D. J., 1986, Developmental changes in the luteinizing hormone secretory
pattern in peripubertal female Rhesus monkeys: comparisons between
gonadally intact and ovariectomzied animals, Endocrinology, 115:2233.

Trzeciak, W. H., Ahmed, C. E., Simpson, E., and Ojeda, S. R., in press,
Vasoactive intestinal peptide induces the synthesis of the cholesterol
side chain cleavage enzyme complex in cultured rat ovarian granulosa
cells, Proc. Natl. Acad. Sci.

Urbanski, H. F., and Ojeda, S. R., 1985, The juveni.le-peripubertal transition
period in the female rat: establishment of a diurnal pattern of pulsa¬
tile luteinizing hormone secretion, Endocrinology, 117:644.

Urbanski, H. F., and Ojeda, S. R., 1985a, In vitro stimulation of prepubertal
changes in pulsatil'e luteinizing hormone release enhances progesterone
and estradiol 176-secretion from immature rat ovaries, Endocrinology,
117:638.

Urbanski, H. F., and Ojeda, S. R., 1986, Development of afternoon minisurges
of LH secretion is ovarian-dependent, Endocrinology, 118:1187.

1 24



Urbanski, H. F., and Ojeda, S. R., submitted, Gonadal-independent activation
of enhanced afternoon luteinizing hormone release during pubertal deve¬
lopment in the female rat.

Vale, W.., Rivier, J., Vaugham, J., McClrntock, R., Corrigan, A, Woo, W.,
Carr, D., and Spiess, J., 1986, Purification and characterization of an
FSH-releasing protein from porcine ovarian follicular fluid, Nature
(Lond.), 321:776.

Wray, S., and Hoffman, G., 1986, Postnatal morphological changes in rat LHRH
neurons correlated with sexual maturation, Neuroendocrinology, 43:93.

1 25



PUBLICATION

22

ADVIS, J.P., CONTIJOCH, A.M., URBANSKI, H.F. & OJEDA, S.R. (1988).
N-tosyl-L-phenylalanine chloromethyl ketone (TPCK) inhibits LHRH-degrading activity and
increases in vitro LHRH release from the immature rat median eminence.
Neuroendocrinoloav. 47:102-108.



Neuroendocrinology
Editor-in-Chief: S.M. McCann, Dallas, Tex.

Reprint
Publisher: S.KargerAG, Basel
Printed in Switzerland

Neuroendocrinology 47: 102-108(1988)

N-Tosyl-L-Phenylalanine Chloromethyl Ketone Inhibits
LHRH-Degrading Activity and Increases in vitro LHRH Release
from the Immature Rat Median Eminence1

Juan P. Advisa, Ann M. Contijoch3, Henryk F. Urbanskib, Sergio R. Ojedab
a Department of Animal Sciences, Rutgers University, New Brunswick, N.J.;
bDepartment of Physiology, University of Texas Health Science Center, Dallas, Tex., USA

Key Words. TPCK • LHRH • Degradation ■ Peptidase

Abstract. Median eminence (ME) luteinizing-hormone-releasing hormone (LHRH)-degrading activity (LHRH-DA)
may play a role in regulating the availability of releasable LHRH. Incubation of LHRH with ME tissue supernatant yields
LHRH(i_5) and LHRH(6-k» degradation fragments, as detected by high-performance liquid chromatography (HPLC) anal¬
ysis, suggesting a 5-6 cleavage of the decapeptide. Since these fragments are also present after incubation of LHRH with
a-chymotrypsin (a-CH), we examined the possibility that the irreversible inhibitor of ot-CH, N-tosyl-Z^phenylalanine
chloromethyl ketone (TPCK), might inhibit LHRH-DA and affect LHRH release. Irreversible inhibitors of trypsin-like
proteases [N-alpha-p-tosyl-L-lysine chloromethyl ketone (TLCK), and phenylmethylsulfonylfluoride (PMSF)] were used
as controls. LHRH-DA was determined by HPLC estimation of the loss of synthetic LHRH incurred when the peptide was
incubated with aliquots of ME supernatant in the presence or absence of the inhibitors. LHRH release from ME fragments
was assessed by radioimmunoassay after incubating the tissue with the inhibitors in Krebs-Ringer bicarbonate buffer. The
LHRH-DA in both the incubation medium and the ME tissue was determined at the end of the incubation. TPCK (0.5-100
uM) added to ME tissue supernatant inhibited LHRH-DA in a dose-dependent manner. In contrast, when TPCK was
added to medium in which intact ME were being incubated to assess LHRH release, the LHRH-DA of these ME was
inhibited only at the 25-, 50- and 100-pMdoses of TPCK, suggesting a relative inability of the inhibitorto reach endopepti-
dase pools in intact tissue. These same doses of TPCK increased LHRH release from the incubated ME. The effect of
TPCK (at 50 or 100 uM) on prostaglandin E2 (PGE2) formation was abolished by indomethacin; however, indomethacin
blocked only the effect of 50 pA/TPCK, but not 100 pATTPCK, on LHRH release. This suggests that at high doses TPCK
increases LHRH release through a PGE2-independent mechanism. No evidence of tissue damage after 100 pMTPCK was
detected, as assessed by the absence of lactate dehydrogenase levels in the incubation medium. Neither LHRH-DA nor
LHRH release were affected by TLCK or PMSF. TPCK at either a low (12.5 \i.M) or a high (50 \iM) dose failed to enhance
the effect of norepinephrine on LHRH release, indicating that 5,6 endopeptidase activity may not act acutely to regulate
the pool of releasable LHRH. Our results indicate that (1) TPCK is a potent inhibitor of an endopeptidase which degrades
LHRH at its Tyr5-Gly6 bond, and (2) TPCK releases LHRH from the ME not by damaging the nerve terminals or by
inhibiting endopeptidase activity, but rather through activation of a cell-membrane-dependent signal transduction mecha¬
nism.

The presence in the central nervous system (CNS) of
peptidase activities capable of degrading luteinizing-hor¬
mone-releasing hormone (LHRH), as well as other peptides
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of CNS origin, has been known for over a decade [2, 10, 15,
16, 24, 25]. However, it is still unclear whether enzymatic
degradation of LHRH plays any role in regulating the
availability of LHRH for release.

In recent years, high-performance liquid chromatogra¬
phy (HPLC) assays coupled with amino acid analysis of
LHRH degradation fragments [3, 20, 23, 40] have been used
to assess the possible physiological role of LHRH-degrad-
ing activity (LHRH-DA). Using these techniques, it has
been reported that a direct correlation exists between
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LHRH-DA and LHRH content during the estrous cycle of
rats [4, 21, 30] and the anovulatory state of chickens [1]. An
exception to this occurs during late diestrus two [21] and
during the genesis of the preovulatory surge of LH in pro-
estrus [4, 5]. In these two instances, the median eminence
(ME) and hypothalamic LHRH-DA are depressed at a time
during which LHRH content in the same areas is increased
[4, 5, 21]. This pattern is not observed in the ME when the
LH surge is prevented by inhibition of norepinephrine
(NE) synthesis [5], In addition, there appears to be an ana¬
tomical specificity for the hypothalamic interaction
between LHRH-DA and LHRH [6], since both parameters
show a mediolateral gradient with higher levels found in
ME than in immediately adjacent areas [I, 16]. This is com¬

patible with reports indicating that LHRH-DA not only de¬
grades LHRH but also other peptides such as substance P,
angiotensin, bradykinin and neurotensin [8, 9, 13].

An important limitation in assessing a possible physio¬
logical role of LHRH-DA ist the relative lack of chemical
compounds that activate or inactivate specific functional
aspects of LHRH by influencing LHRH-DA [2, 16]. In the
present work we have examined the possibility that an irre¬
versible inhibitor of a-chymotrypsin (a-CH) might inhibit
LHRH-DA, and thus increase in vitro basal LHRH release
from ME neuronal terminals. An inhibitor of a-CH was

tested, since the main degradation fragments of LHRH gen¬
erated by incubation of ME tissue supernatant with synthe¬
tic LHRH were similar to those formed when LHRH was

incubated with purified a-CH [19]. In both cases a Tyr5-
Gly6 cleavage of the decapeptide occurs, since LHRH(i_5)
and LHRH(6-io) degradation fragments were harvested [1, 6,
19]. Furthermore, amino acid substitution at the 5-6 bond,
as for example in mammalian D-Ala6-LHRH or in chicken
c LHRH-II-(His5-Trp7-Tyr8), increases the resistance of the
decapeptide to enzymatic degradation by ME tissue super¬
natant [ 14], Conversely, amino acid substitution at positions
other than those involved in the 5-6 bond, as in Arg8-
LHRH or cLHRH I, did not affect the degradation rate of
the decapeptide [14]. Thus, we examined the possibility that
the irreversible inhibitor of a-CH [36, 38] N-tosyl-Dphenyl
alanine chloromethyl ketone (TPCK), might inhibit LHRH-
DA and affect LHRH release. Irreversible inhibitors of

trypsin-like proteases [N-alpha-p-tosyl-L-lysine chlorome¬
thyl ketone (TLCK), and phenyl-methylsulfonylfluoride
(PMSF)], were used as controls [27, 37].

Materials and Methods

Animals

Female Sprague-Dawley rats, maintained under a photoperiod
of 14 h of light/day (lights on 05.00-19.00 h) and at a room tem¬
perature of 23-25 °C, were killed by decapitation at 28 days of age.
The ME were microdissected as previously reported [7, 28].

Enzyme Inhibitors
TPCK, TLCK and PMSF were obtained from Sigma (St. Louis,

Mo.). TPCK and PMSF were initially dissolved in ethanol at 50
mil; TLCK was dissolved in distilled water also at 50 mM. Subse¬

quent dilutions were made in Krebs-Ringer bicarbonate buffer
when examining LHRH release, or in phosphate buffer when as¬

sessing LHRH-DA (vide infra). Indomethacin was obtained from
Merck, Sharp and Dohme (Rhaway, N.J.), and used at a 50-pM
concentration [31], Bacitracin was obtained from Sigma, and used
at a 20-pM concentration [26], Norepinephrine (Ne-HCl) was ob¬
tained from Regis Chemicals (Chicago, 111.).

LHRH-DA

ME were homogenized in 20 mMphosphate buffer, pH 7.4, im¬
mediately after microdissection, or after they were incubated for
LHRH release (vide infra). Homogenates were centrifuged at 14,
000 gfor 5 min in an Eppendorf microcentrifuge, and supernatants
stored frozen (-80 °C) until their LHRH-DA was determined. Pel¬
lets were resuspended in 1 ANaOH and allowed to dissolve over¬

night at 4 °C, before determination of their protein content by a

micro-Lowry procedure [22],
ME supernatant aliquots were incubated under optimized con¬

ditions (pH 7.4, 37 °C, for 1 h) with synthetic LHRH as substrate (5
(j.g/50 pi), at four increasing supernatant volumes (expressed as in¬
creasing micrograms protein/sample) and in a preboiled control in
which LHRH-DA was destroyed by heat (110 °C/10 min, expres¬
sed as 0 pg protein/sample). Incubations were stopped by heat
(110°C/10 min). LHRH-DA was estimated at initial velocities
after HPLC separation of LHRH(i-io) and its degradation
fragments, by assessing both disappearance of synthetic LHRH
substrate and appearance of its LHRH(i-j) degradation fragment,
as previously described [3,6], Elution peaks of LHRH and is degra¬
dation fragments were identified by comigration of the synthetic
LHRH peptide (Peninsula Laboratories, Belmont, Calif.) and
its main degradation fragments [LHRH(i-3>; LHRH(i_s), and
LHRH(6-io) were prepared by digesting synthetic LHRH with pan¬
creatic a-CH (Sigma)]. We have previously reported the isolation
and amino acid analysis of each of these degradation fragments
[19].

The effect of enzyme inhibitors on ME LHRH-DA was assess¬
ed in two different ways. In some experiments, enzyme inhibitors
were added directly to ME supernatant aliquots incubated with
synthetic LHRH in the LHRH-DA assay. In other experiments, en¬

zyme inhibitors were added to Krebs-Ringer bicarbonate buffer in
which microdissected ME were incubated to measure LHRH re¬

lease. At the end of this incubation, ME were homogenized in 20
mMphosphate buffer, pH 7.4, and processed as above for LHRH-
DA without further addition of inhibitors.

LHRH Release

Immediately after microdissection, ME were incubated (one
ME per flask) in 250 pi Krebs-Ringer bicarbonate buffer, pH 7.4,
containing 1 mg/ml D-dextrose (KRBG), as previously described
[28, 32], Tissues were preincubated for 15 min and then incubated
for 30 min in fresh KRBG. Subsequently, the KRBG was replaced
with fresh medium containing different concentrations of the en¬

zyme inhibitors to be tested. The incubation was continued for an
additional 30-min period after which the medium was removed
and assayed for LHRH. When the combined effect of NE and
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Table I. Effect of TPCK on NE-induced LHRH release from
ME terminals of juvenile female rats

Experimental Number LHRH released A LHRH pg

groups of flasks pg/mg ME/30 min

1 control 5 7.2 ± 1.7 0

NE, 60 pM 6 18.3 ± 1.8* 11.1 ]L
TPCK, 50 pM 5 24.3 ± 3.2* 17.1 ]1 28.2
NE + TPCK 6 31.5 ± 3.5* 24.3

2 control 3 5.0 ± 1.0 0

NE, 60 pM 5 15.4 ± 2.3* 10.4 :1
TPCK, 12.5 pM 5 6.5 ± 1.6 1.5 ]1 11.9
NE + TPCK 5 17.7 ± 3.1* 12.7

*p < 0.01 vs. control.

Concentration of inhibitors, pM

Fig. 1. Fraction of LHRH degraded by ME tissue supernatant
(16 pg protein) in the presence of increasing concentrations of an
irreversible inhibitor of a-CH(TPCK), two irreversible inhibitors
of trypsin-like proteases (TLCK and PMSF), a 1:1:1 mix of these
three inhibitors (Mix), or in the absence of inhibitors (Control).
TPCK and mix vs. PMSF, control and TLCK: p < 0.01.

TPCK on LHRH release was tested, ascorbic acid was added to the
incubation medium at 10 pg/ml to reduce oxidation of the cate¬
cholamines. TPCK was added concomitantly with NE (50 pAT), or
to both the preincubation and incubation periods (12.5 p-M).
LHRH was assayed by radioimmunoassay as previously described
[6, 28], utilizing a specific antiserum generously provided by Dr.
V.D. Ramirez (University of Illinois, Urbana, 111.). In addition,
prostaglandin E2 (PGE2) was determined in the incubation
medium of some experiments as previously reported [28, 33],
utilizing an antiserum kindly provided by Dr. W.B. Campbell
(Department of Pharmacology, UTHSCD). Finally, the concen¬
tration of the cytoplasmic enzyme lactate dehydrogenase (LDH), a
widely used marker of tissue damage, was measured at the end of
the incubation in both the ME and the incubation medium (vide
infra).

LDH Assay
LDH was assayed [41] in unfrozen aliquots of 14,000 g tissue

supernatant used to assess LHRH-DA, and in incubation medium
used to determine basal LHRH release. LDH recovery from 1-ml
incubation medium pools concentrated to 50 pi using an Amicon
B15 apparatus was 72 ± 3% (mean ± SEM, n = 4), and was
not affected by the presence of 100 pM TPCK. The sensitivity
of the LDH assay was 0.5% of the LDH content found in one
ME.

Statistical Analysis
Statistical differences for initial velocities of LHRH-DA among

different experimental groups were determined by comparing their
simple linear regression equations [42], Differences in LHRH re¬

lease of similar groups were assessed by analysis of variance for
repeated measurements. Correlation for LHRH release and
LHRH-DA for each homologous sample was assessed by regres¬
sion analysis. All calculations were performed in an Apple Macin¬
tosh computer.

Results

TPCK but not PMSF or TLCK decreased in a dose-de-

pendent manner (p < 0.01) the LHRH-DA of the 14,000 g
ME tissue supernatant (Fig. 1). The HPLC profile of LHRH
and its main degradation fragment was similar at all TPCK
concentrations used, being the relative peak area of
LHRH(i_io) and LHRH(us) inversely correlated (r = 0.93
for y = -0.56x + 100.71). Furthermore, the fraction of
LHRH degraded by increasing concentrations of TPCK,
was similar to that observed when a 1:1:1 ratio of all inhib¬
itors (TPCK:TLCK:PMSF) was used at the same concen¬
trations. In contrast, neither TLCK nor PMSF alone altered
LHRH-DA at any of the concentrations tested. In addition,
the cleavage of LHRH by ME LHRH-DA was identical to
that generated by a-CH, as assessed by amino acid analysis
and comigration of purified standard preparations [1, 6, 14,
19]. Finally, similar relative changes in the HPLC profile of
LHRH(i_io) and LHRHp-s) are generated by either ME su¬
pernatant or purified a-CH, in the presence of increasing
concentrations of TPCK.
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Fig. 2. LHRH degradation (□) and release (■) by ME tissue
incubated in the presence of different enzymatic inhibitors (a),
and in the presence of increasing TPCK concentrations (b). After
incubating individual ME to assess LHRH release, tissues were

homogenized and LHRH degradation was determined in the 15,
000 g supernatant, a *p < 0.01 vs. control (A). Inhibitors: B =

bacitracin (20 pAf); C = PMSF (100 pAf); D = TLCK (100 pM)\
E = TPCK (100 pAf); F = mix (100 pAf). b *p < 0.01 vs. 0 pM
TPCK.

Fig. 3. In vitro release of LHRH (■) and PGE2 (□) from indi¬
vidual ME incubated in the presence of TPCK. a Effect of in¬
creasing concentrations of TPCK. b Effect of indomethacin
(50 \iM) on the increase in PGE2 and LHRH induced by 50 and
100 pM of TPCK. *p < 0.05, **p < 0.01 vs. 0 pM; ***p < 0.01
vs. 50 pM control.

In vitro basal LHRH release from isolated ME was in¬
creased (p < 0.01) by 100 pMTPCK, either alone or in a
1:1:1 mix with TLCK and PMSF (fig. 2a, groups E and F).
In contrast, basal LHRH release was not altered by either
TLCK or PMSF alone at 100 pMeach (groups C and D), or
bacitracin at 20 pM (group B). Only the ME incubated in
the presence of TPCK had a decreased LHRH-DA (p <
0.01) at the end of the incubation period.

Both the decrease in LHRH-DA and the increase in
LHRH release induced by TPCK were dose-dependent
(fig. 2b). The minimum dose that induced LHRH release
and reduced T HRH-DA was 25 pM. This dose dependent
increase of basal LHRH release was also associated with a

dnse-Hependent release of PGEj to the incubation medium
(fig 3a). Although the PGE2 increase induced by the two
highest TPCK doses (50 and 100 pM) was blocked by in¬
domethacin, the cyclooxygenase inhibitor only prevented
the increase in LHRH release induced by 50 pM TPCK
(fig. 3b). No evidence of tissue damage after 100 pMTPCK

was detected, since the LDH content in ME and incubation
medium was the same with or without TPCK [1,217 ± 149
vs. 1,200 + 61 LDH units/ME; 3 ± 2 vs. 3 ± 2 LDH units/
ml incubation medium; mean ± SEMofTPCK(n = 5) vs.
control (n = 4)].

NE (60 pM) enhanced (p < 0.01) LHRH release from
the ME (table I). TPCK at either a low (12.5 pM) or a high
(50 pAf) concentration failed to potentiate this effect (table
I). Rather, the combined effect of TPCK and NE appeared
to be additive. Ascorbic acid and the low dose of TPCK
were present in the incubation medium during both prein¬
cubation and incubation periods. The high dose (50 pAf) of
TPCK, which as before stimulated LHRH release on its
own, was added to the medium only during the incubation
period, as was NE. Ascorbic acid by itself had no effect on
the TPCK-induced LHRH release [basal = 8.8 ± 3.3 vs.
7.5 ± 1.8; TPCK (100 pAO-induced release = 45 ± 8 vs. 49
+ 9 pg/mg ME/30 min; mean ± SEM of TPCK without
ascorbic acid vs. TPCK plus ascorbic acid, n = 5].
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Discussion

Our results demonstrate that TPCK is a potent inhibitor
of enzymatic degradation of hypothalamic LHRH. This ef¬
fect appears to be exerted by blocking an a-CH-like endo-
peptidase cleaving the Tyrs-Gly6 bond of LHRH.

Two cytoplasmic neutral endopeptidases cleaving pri¬
marily the Tyr5-Gly6 bond of LHRH have been isolated
from bovine anterior pituitary: a a-CH-like cation-sensitive
neutral endopeptidase [11, 18, 39] and a non-a-CH-like
thiol-activated neutral endopeptidase [17, 35], the latter
probably being the same as that isolated from rabbit brain
and called kininase A or endooligopeptidase [12]. Each of
these two enzymes has a different secondary cleavage site
on the LHRH molecule: the Trp^Ser4 bond in the case of
the a-CH-like endopeptidase [11, 18, 39], and the His2-Trp3
bond for the non-a-CH-like endopeptidase [12, 17, 35].

Under our assay conditions there are three very consis¬
tent, and one less consistent HPLC peaks. The first three
have been identified as the LHRH(i^), the LHRH(i_3), and
the LHRH(6-io) fragments. Of all degradation fragments,
LHRH(i-s) is by far the predominant one. Therefore, it is
possible that in ME tissue a cation-sensitive endopeptidase
with a cleavage pattern similar to that of a-CH [11, 18, 39]
may predominate. On the other hand, the less consistent
peak has a higher retention time than LHRH, and its area
tends to be larger at LHRH-DA values close to 50% than at
lower or higher degradation rates. Since we have previously
shown that this crude enzyme preparation has a postproline
cleavage endopeptidase, because it cleaves the fluorogenic
substrate Z-Gly-Pro-AMC [2, 4, 5], the less consistent
HPLC peak might be the LHRH(i_9) degradation fragment.
This additional fragment does not occur when LHRH is de¬
graded by a-CH or when ME LHRH-DA is inhibited by
TPCK, although it is present when tissue and low TPCK
concentrations are used. Thus, because of the use of a crude
enzyme preparation, we cannot be certain which enzymatic
pathway produces LHRH(i_s), the main degradation
fragment observed under the present experimental condi¬
tions, since it might be a 5-6 cleavage product of the LHRH
decapeptide, or of the LHRH(i_9) fragment. However, the
main LHRH-DA of our ME tissue supernatant is probably
similar to the a-CH-like enzyme described in bovine ante¬
rior pituitary [11, 18,39].

The obvservation that LHRH-DA is inhibited in a dose-

dependent fashion by TPCK further suggests that the main
activity in this crude enzyme preparation is an a-CH-like
enzyme. TPCK is known to irreversibly bind to the active
site of a-CH-like enzymes, preventing enzyme substrate in¬
teraction [36, 38]. In addition, neither trypsin-like activities
are affected by TPCK [36, 38]. In addition, neither trypsin-
like activities are affected by TPCK [36, 38], nor is the
LHRH-DA modified by inhibitors of trypsin-like proteases.
Finally, and as we have previously reported [2-4, 19], a

good correlation was observed in all experiments between
the disappearance of the LHRH substrate and the ap¬
pearance of the LHRH(i_5) degradation fragment, which
distinctly elutes immediately before the decapeptide in the
HPLC assay.

A relative inability of TPCK to penetrate into the ME
tissue probably explains the large difference in the mini¬
mum effective molar TPCK concentration needed to inhibit

LHRH-DA, when intact tissue or homogenates were used.
However, we cannot rule out the possibility that the inhib¬
ition of endopeptidase activity observed in tissue homoge¬
nized after incubation with TPCK is in fact caused by reac¬
tion of the absorbed inhibitor with the soluble enzyme dur¬
ing the preparation of the extract. If TPCK fails to
penetrate into the intact ME it may still inhibit soluble
LHRH-DA which may accumulate in the medium during
the incubation. Attempts to measure LHRH-DA in uncon-
centrated incubation medium were, however, unsuccessful.

Most importantly, our results demonstrate that TPCK
on its own can enhance LHRH release. This effect cannot

be attributed to its inhibitory action on LHRH-DA, but
rather to a direct action exerted on the cell membrane. Such
a view derives from the observation that both TPCK-stimu-
lated PGE2 release and the increase in LHRH induced by a

relatively high dose of TPCK (50 \iM) were blocked by in¬
hibition of PG synthesis. The fact that indomethacin
blocked the stimulatory effect of a higher (100 pM) dose of
TPCK on PGE2 formation but not on LHRH release im¬
plies that TPCK at this concentration is either damaging the
nerve terminals (which results in leakage of LHRH to the
incubation medium) or is activating a mechanism other
than PGE2 formation. The first explanation is not support¬
ed by the finding that LDH levels in TPCK (100 pM)-
treated incubation medium were the same as those of con¬

trols. Pertinent to the second possibility is the behavior of
TPCK which resembles results obtained when ME

fragments were incubated with exogenous phospholipase C
[34]. The endogenous membrane-bound enzyme catalyzes
the hydrolysis of polyphosphoinositides to yield diacyl-
glycerol which activates a protein kinase C, and inositol tri¬
phosphate which mobilizes Ca++ from intracellular stor¬
age sites [29]. While activation of ME protein kinase C by
diacylglycerol only results in LHRH release [34], exogenous
phospholipase C evokes both PGE2 and LHRH release.
Blockade of PG synthesis abolished the increase in PGE2
formation induced by phospholipase C but, as in the case of
TPCK, failed to prevent the increase in LHRH release [34].
It is tempting to speculate, therefore, that the direct effects
of TPCK on LHRH and PGE2 release are due to activation
of phospholipase C activity. This notion is supported by the
results obtained when the ME was exposed to both NE and
TPCK. As shown previously for NE and diacylglycerol [34],
the combined effect of NE and TPCK on LHRH was addi¬
tive rather than synergistic. Whether TPCK does indeed
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represent a novel stimulator of phospholipase C activity, as
the present experiments suggest, remains to be established.

The observation that TPCK failed to amplify the stimu¬
latory effect of NE on LHRH release suggests that endo-
peptidase activity may not play a role in determining the
availability of a releasable LHRH pool. This conclusion is,
however tempered by our inability to dissociate the effects
of TPCK on LHRH release due to its action on endopepti-
dase activity from those due to a direct action on the cell
membrane activity. Until this issue can be resolved satisfac¬
torily, a role for hypothalamic endopeptidase in the acute
regulation of LHRH release will remain speculative. The
very presence of this peptidase activity in hypothalamic tis¬
sue, as well as its fluctuations in relation to different repro¬
ductive conditions [1, 2, 4, 5, 10, 15, 16, 24, 25, 30], suggests
that an endopeptidase may be involved in regulating the
pool of stored LHRH rather than the relative amount re¬
leased in response to acute neurotransmitter stimulation.
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5
INTRACELLULAR REGULATORY MECHANISMS
OL LHRH SECRETION AND THE ONSET
OF FEMALE PUBERTY

SERGIO R. OJEDA AND HENRYK F. URBANSKI

Division of Neuroscience, Oregon Regional Primate Research Center, Beaverlon,
Oregon 97006, U.S.A.

During recent years considerable progress has been made towards the
elucidation of the intracellular mechanisms that underlie the secretion

of luteinizing hormone-releasing hormone (LHRH) from the hypo¬
thalamus. An important factor that has contributed to this change
in pace has been the development of specific radioimmunoassays for
LHRH, and in vitro systems for the study of LHRH release under
defined experimental conditions (7, 24). One of these in vilro systems
(24) takes advantage of the fact that the median eminence (ME) of the
hypothalamus contains all the LHRH nerve terminals that release the
decapeptide into the portal blood system. The ME can be microdis-
sected under a stereo-microscope and incubated for several hours under
appropriate conditions of pH, temperature, and oxygen availability
with changes of incubation medium at specific intervals. Our laboratory
has extensively used this technique. The other in vilro system that has
proven to be an invaluable tool for the study of LHRH release uses
fragments (7) or slices (5) of the entire medial basal hypothalamus and
preoptic area. The tissue is perifused in small chambers with an appro¬
priate medium under incubation conditions similar to those employed

49
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when using MEs. The main difference is that in the latter technique the
tissue is continuously bathed by a flowing medium that prevents accu¬
mulation of potentially interfering metabolites.

I. THE INVOLVEMENT OF ARACHIDONIC ACID METABOLITES
IN THE CONTROL OF LHRH RELEASE

Since the original demonstration that intracerebral administration of
prostaglandins of the E series (PGE! and PGE2) induces release of
luteinizing hormone (LH) from the pituitary gland (11, 42), substantial
evidence has accumulated in support of the concept that PGE2 is
physiologically involved in the process of LHRH release. For instance,
blockade of LHRH action by systemic administration of an LHRH
antiserum prevented the increase in plasma LH levels induced by PGE2
(3). In vivo inhibition of PG synthesis with either indomethacin or 5, 8,
II, 14-cicosatctraynoic acid (ETYA) decreased mean plasma LH levels,
inhibited pulsatile LH release, and blocked the LH discharge induced
by gonadal steroids in ovariectomized rats (28). In the female rabbit the
release of LH induced by cervical stimulation is preceded by an increase
in PGE2 levels in the cerebrospinal fluid (20); administration of mela¬
tonin abolished not only the increase in PGE2 formation but also the LH
surge, thus implicating PGE2 as an obligatory component in the sequence
of events by which cervical-vaginal stimulation induces reflex LH secre¬
tion in this species.

The development of the incubation system for ME nerve terminals
and the availability of PGE2 antibodies permitted assessment of the forma¬
tion of PGE2in the ME in response to neurotransmitters and establishment
of its relationship to LHRH release. Thus, exposure of ME fragments to
norepincphine (NE), a neurotransmitter known to be stimulatory to
gonadotropin release (16), induced a dose-related increase in PGE2
accumulation in the incubation medium and a concomitant increase in
LHRH release (30). Dopamine, which either stimulates or inhibits LH
release in vivo, was found to consistently stimulate LHRH release in
vitro, but to have little effect on PGE2 formation. That the stimulatory
effect of NE on LHRH release was PGE2-mediated was evidenced by
the finding that indomethacin prevented the LHRH response to NE,
but failed to alter the effect of PGE2 on LHRH release. Indeed, the
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first direct demonstration that PGE2 acts on the brain to induce LHRH
release was provided independently by two groups of investigators (6,
29) who measured plasma LHRH levels in either portal or jugular
blood following the third ventricular injection of the PG. Soon there¬
after, evidence was presented that PGE2 could induce LHRH release
in vitro from perifused hypothalamic fragments (7). In searching for the
type of receptor involved in mediating the stimulatory clfccl of NE on
LHRH secretion, experiments were conducted to examine the effect of
a- and /9-adrenergic receptor blockers on the NE-induced LHRH and
PGE2 release (32). The results demonstrated that the effect of NE is
mediated by a-adrenoreceptors because phentolamine, an a-adrcncrgic
receptor blocker, inhibited in a dosc-rclatcd manner the increase in
PGE2 (Fig. 1) and LHRH induced by NE. Blockade of /3-adrcnorcccp-
tors with propranolol was ineffective (Fig. 1). Other researchers have
pursued this further and demonstrated by using specific agonists and
antagonists to cr-adrenoreceptor subtypes that the effect of NE is me¬
diated by ay-receptors (13). Unpublished results from our laboratory,
however, have shown that stimulation of a2-adrcnoreccptors can also
evoke LHRH release.

240

200

160

120

80

40

H'

VA-
0 -9 -0 -7 -6 -5

PHENTOLAMINE (loqM)

I
C PROP NE NE

+

PROP

200

UJ
2

160 £
N
X>

<D
«/>

120 S
Ol

CT>
Q.

80 w
N

UJ
o
CL

40

Fig. I. Effect of phentolamine (Ph), an a-adrcncrgic rcccplor antagonist (left) and
propranolol (PROP), a /9-adrenergic receptor antagonist (right) on the basal and NE-
induced release of PGE2 from ME nerve terminals of male rats in vitro. The concentrations
used were: NE, 6x 10~* m; Ph, as indicated in the figure; PROP, 5 X 10~# m; C, control.
(From ref. 32, with permission).



52 s. r. ojeda and h. f. urbanski

There are three main pathways of arachidonic acid metabolism:
the PGH synthase or cyclooxygenase that catalyzes the first step in the
synthesis of PGs and thromboxanes, the lipoxygenase complex that
catalyzes the initial step in the synthesis of leukotrienes and hydroxy-
cicosatctracnoic acids (HETEs), and the recently described cpoxygc-
nase activity which oxygenates arachidonic acid to produce several
rcgioisomcric epoxycicosatrienoic acids (EETs). Evidence has recently
been presented (8, 9) that the lipoxygenase products leukotriene C4,
12-HETE, and to a lesser extent 5-HETE can stimulate LHRH release
under in vitro conditions. The physiological involvement of these ara¬
chidonic acid metabolites in NE-induced LHRH release is at present
unclear, especially because of the effectiveness of indomethacin, a cyclo-
oxygenase inhibitor, to suppress the NE effect, ft is important to realize,
however, that LHRH neurons are subjected to a variety of excitatory
and inhibitory inputs and thus the stimulatory effect of neurotransmit¬
ters other than NE may well be mediated by lipoxygenase products.
In regard to the epoxygenase pathway, results from our laboratory have
shown that LHRH release is not affected at all by two of the epoxyacids
(11,12 and 14,15-EET) and only slightly increased by 5,6-EET, at
micromolar concentrations (I). We cannot rule out the possibility that
the cpoxyacid 8,9-EET recently shown to be the predominant EET
produced in the hypothalamus and to release somatostatin with an EDM)
of 10~" m (/J) may also induce LHRH release. Such a stimulatory
elfcct, however, would necessarily imply that 8,9-EET mediates the
action of a neurotransmitter different than NE.

The LHRH releasing system can respond to PGE2 long before
the time of puberty, but the magnitude of the response is less in younger
animals than in those approaching sexual maturity (37). The fact that
MEs from early juvenile animals release LHRH in response to PGE2
indicates that the intraneuronal pathway involved in PGE2 action is
already operative at this time and thus emphasizes the physiological
involvement of the PG in the mechanism of LHRH release.

At puberty the increasing output of estradiol (E2) from the devel¬
oping ovary induces a preovulatory surge of gonadotropins which, as
in the adult, is the consequence of both a discharge of LHRH and an
increased pituitary response to the decapeptide. Examination of the
capacity of the medial basal hypothalamus to metabolize arachidonic
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Fig. 2. Upper: changes in hypothalamic production of PGs from 14C-arachidonic acid
during the time of puberty as assessed by HPLC analysis. For each PG the area under
the radioactive peak in the high performance liquid chromatography (HPLC) profile was
measured with a planimeter. The areas of the PG peaks of A rats were assigned a value of
I and the corresponding areas at the other phases of puberty were expressed in relation
to the A values. Each point represents the mean of three determinations dzSEM. Lower:
correlation between changes in uterine weight (an index of estrogen activity) and changes
in hypothalamic production of PGE2 during the time of puberty (for definition of phases
of puberty see rcf. 36). (From ref. .?/, with permission).

acid through the cyclooxygenase pathway at the time of puberty re¬
vealed an increased formation of PGE2 from 14C-arachidonic acid dur¬
ing the early proestrus, and particularly on the first procstrous phase
of puberty (Fig. 2) (31). (Early proestrus is the stage of puberty when
the increasing plasma levels of ovarian E2 arc sufficiently elevated to
induce accumulation of intrauterine fiuid and an increase in uterine

weight (36). The first proestrus corresponds to the day of the first pre¬
ovulatory surge of gonadotropins, which results from the stimulatory
effect of E2 on the LHRH-LH releasing system.) Interestingly, there
were no significant changes in the formation of PGF2„, PGI2, PGD2,
or thromboxane B2 from exogenous arachidonic acid at the time when
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PGE2 synthesis was increasing, suggesting that a specific increase in
PGE2 formation is an event directly associated with the peripubcrtal
activation of the reproductive hypothalamus. That such an event is an

Independent phenomenon was demonstrated by an experiment in
which juvenile animals were injected with E2 at a dose capable of
inducing a preovulatory surge of gonadotropins, and the formation of
PGs from exogenous arachidonic acid was analyzed in hypothalamic
homogenates (31). The results demonstrated that, resembling the nor¬
mal pcripubcrtal period, the capacity of the hypothalamus from E2-
treatcd rats to synthesize PGE2 was significantly increased over that of
untreated animals. As before, the synthesis of none of the other PGs or
thromboxane examined was affected by the E2 treatment.

Additional in vilro experiments performed with microdisscctcd MEs
(37) demonstrated that in vivo pretrcatment of the animals with E2, at
a dose and mode of administration that induce a proestrus-like surge of
LH, resulted in an enhanced PGE2 formation in response to NE, and a
greater release of LHRH in response to botli NE (Fig. 3) and PGE2.
These findings further strengthen the concept that PGE2 is a physio¬
logical component in the series of intracellular events that leads to
LHRH release. Furthermore, they suggest that activation of PGE2
synthesis in response to neurotransmitter stimulation is an intrinsic
component of the hypothalamic mechanism by which ovarian E2 evokes
the first preovulatory surge of LHRH. It is not clear, however, at which
biochemical site(s) E2 acts to modify the intracellular pathway that
transduces the noradrenergic stimulatory signal into LHRH release. A
potential candidate is the cyclooxygenase enzyme complex itself because
of the facilitatory effect of E2 on the synthesis of PGE2 from exogenous
arachidonic acid. Indeed, a precedent exists for this site of E2 action
(2). An increase in cyclooxygenase activity docs not explain, however,
the selective increase in PGE2 formation without significant alteration
in thromboxane B2 and in the other PGs examined. Hence, an effect
of E2 on PGH2 isomerase activity needs to be considered as a plausible
explanation for this phenomenon.

That the development of the capacity of LHRH neurons to respond
to PGE2 is, to a significant extent, regulated by the secretory activity
of the immature ovary is indicated by the finding that ovariectomy at
the beginning of the juvenile period results in almost complete obliter-
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of PGE2 (a) and LHRH (b) from the ME of juvenile 28-day-old female rats in response
to NE. (From ref. 37, with permission).

ation of the LHRH response to PGE2 measured 2 weeks later (37). In
adult female rats the steroidal control of LHR.H secretion is even more

complex due to the presence of progesterone produced by the corpora
lutea. During the estrous cycle the release of LHRH at procstrus
appears to depend upon a sequential increase in PGE2 response to NE
and in LHRH response to PGE2 (4). While the former event is asso¬
ciated with the beginning of the preovulatory LH surge, the latter
coincides with the peak of the LPI discharge. An involvement of pro¬
gesterone in determining the occurrence of this change is suggested by
the finding that progesterone administration in the morning of procslrus
significantly advanced the time of enhanced LHRH response to PGE2.
A working model designed to explain these interactions is presented in
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Fig. 4. Postulated sequence of neural events in the ME on the day of proestrus. P13,
pentobarbital; , inhibition. (From ref. 4, with permission).

Fig. 4, which also depicts the sites where pentobarbital (an anesthetic
that blocks the proestrous discharge of LHRII) appears to exert its
inhibitory influence.

The release of PGE2 and LHRH from ME nerve terminals in
response to depolarizing agents is completely dependent upon the ex¬
tracellular concentration of Ca2+. Removal of extracellular Ca2+ or

incubation of the nerve terminals witli verapamil, a blocker of voltage
sensitive Ca2+ channels, results in almost complete obliteration of the
increase in PGE2 and LHRH release induced by a depolarizing con¬
centration of K+ (5, 33). In contrast, the stimulatory effect of PGE2 on
LHRH is only partially dependent on extracellular Ca2+ (34, 41). Upon
removal of Ca2+ from the incubation medium and chelation of the remain¬

ing Ca2+ with EGTA, PGE2 is still able to elicit LHRH release, an effect
that persists even in the presence of sub-millimolar concentrations of
verapamil (34). When MEs were loaded with 45Ca and the release of
the isotope from the tissue was examined in a pcrifusion system, it was
found that PGE2 induced a consistent increase in Ca2+ efflux in the
presence or absence of extracellular Ca2+. This finding supports the
concept that the mechanism of PGE2 action on LHRH release involves
translocation of Ca2+ from intracellular stores. In very recent experi¬
ments we found that exposure of ME terminals to TMB-8 or dantrolene,
two blockers of intracellular Ca2+ mobilization from endoplasmic rctic-
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Fig. 5. Effect of blockers of intracellular Ca2+ mobilization on PGE2 (2.0 /fM)-induccd
LHRH release from the ME of juvenile female rats in vitro in the absence (upper) or

presence (lower) of Ca2+. In the upper panel each bar or point represents the mean of
6-12 MEs. In the lower panel numbers on top of bars indicate the number of MEs per

group. B, basal release; DAN, dantrolene. (From rcf. 39, with permission).

ulum stores abolished the LHRH response to PGE2 (Fig. 5) (39). This
inhibitory effect was counteracted by raising extracellular Ca2+ to nor¬
mal levels as one would expect if Ca2+ influx across the cell membrane
overwhelmed the fractional contribution of the endoplasmic reticulum
after a prolonged (>lmin) stimulation. Interestingly, the effect of
PGE2 on LHRH release appears to be independent of calmodulin.
Exposure of ME nerve terminals to any of five different inhibitors of
calmodulin activity or to an inhibitor of calmodulin-depcndcnt kinase
activity failed to affect the LHRH response to PGE2. This independence
was observed in both juvenile animals and rats exposed to preovulatory
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levels of E2. A similar response was observed when A-23187, a Ca2+
ionophorc was used instead of PGE2.

In marked contrast with these observations, stimulation of PGE2
formation by A-23187 was inhibited by blockers of calmodulin activity,
indicating that synthesis of PGE2 in ME nerve terminals depends on
both Ca2+ influx into the nerve terminal and binding of Ca2+ to cal¬
modulin. It is likely that the Ca2+-calmodulin interaction results in
activation of phospholipasc A2 (19, 22) which releases arachidonic acid
from membrane phospholipids and makes it available to the cyclo-
oxygenase.

II. THE INVOLVEMENT OF cAMP IN LHRH RELEASE

It has been known for several years that E2 increases the formation of
cAMP in the hypothalamus (10). While this early finding clearly im¬
plicated cAMP as a component of the regulatory circuits that control
the reproductive hypothalamus, evidence for an involvement of the
nucleotide in LHRH release was only indirectly provided by experi¬
ments in which a high dose of dibutiryl cAMP injected into the third
ventricle of ovariectomized, E2-treatcd rats induced LH release (27).
Very recently, Ramirez and his colleagues in a series of experiments
have demonstrated that cAMP can indeed elicit the release of LHRH
from hypothalamic tissue in vilro (12, 17). In our own experiments (35)
we found that activation of different components of the adenylate cy¬
clase complex resulted in LHRH release. For instance, forskolin which
directly stimulates the catalytic unit of adenylate cyclase produced a
distinct increase in LHRH release. This elfect was reproduced (how¬
ever, to a lesser extent) by cholera toxin, a bacterial agent that activates
the stimulatory guanine nucleotide binding regulatory protein of adenyl¬
ate cyclase (Gs), and pertussis toxin, the toxin of Borledella pertussis
which inhibits the inhibitory guanine nucleotide binding regulatory
protein of adenylate cyclase (Gi). None of these activators affected
PGE2 formation. Since NE induces both cAMP and PGE2 formation
(30, 40), and PGE2 is an effective stimulus for cAMP synthesis (17,
35), it is clear that the sequence of steps mediating NE-induccd LHRH
release is first activation of PGE2 synthesis, and then activation of cAMP
formation. That E2 may regulate this system at the cAMP level in
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addition to the PGE2 step can be inferred from the observation that
hypothalamic levels of cAMP vary in relation to the phase of the cs-
trous cycle {18), and E2 increases cAMP accumulation in hypothalamic
fragments in vitro {10).

In recent experiments {39) we have confirmed the capacity of
PGE2 to induce cAMP formation by ME nerve terminals in vitro, and
have found that activation of the nucleotide synthesis is not an obliga¬
tory component in the mechanism by which PGE2 induces LPIRH
release. Evidence for this notion stems from the observation that omit¬

ting Ca2+ from the incubation medium completely prevented the effect
of forskolin on LHRH release, but not that on cAMP accumulation.
This is in marked contrast to the effect of PGE2 on LHRH which is
not prevented by reducing extracellular Ca2+ levels. Moreover, inhibi¬
tion of calmodulin activity or of intracellular Ca2+ mobilization in the
presence of normal extracellular Ca2+ levels prevented the effect of
PGE2 on cAMP accumulation, but failed to affect the release of LHRH
induced by the PG. While these experiments demonstrate that PGE2
can evoke LHRH release in a cAMP-indcpendcnt manner, they also
indicate that the effect of PGE2 on cAMP formation involves calmodulin
activation and mobilization of Ca2+ from intracellular stores possibly
located in the cell membrane.

It thus appears that PGE2 can induce LHRH release from ME
nerve terminals through a mechanism that involves both translocation
of Ca2+ from possibly more than one intracellular storage site, and
stimulation of cAMP formation. An involvement of calmodulin in the

overall process is also evident, but it seems clear that participation of
this Ca2+-binding protein is limited to well-defined steps in the cascade
{i.e., formation of PGE2 from membrane phospholipids and PGE2-
induced activation of adenylate cyclase).

III. THE INVOLVEMENT OF A PROTEIN KINASE C-MEDIATED
PATHWAY IN LHRH RELEASE

The preceding considerations support the notion that the mechanisms
by which NE elicits LHRH release involves an increased formation of
both PGE2 and cAMP. More recently, we and others {25, 38) have
provided evidence for an involvement of protein kinase (PKC), a Ca2+-
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Fig. 6. Stimulatory cfTect of two activators of protein kinase C on in vitro LHRH release
from MEs ofjuvenile female rats. Dioctanolyglycerol (DiC8) and PMA stimulated LHRH
release. A DiC8 analog, 3-lhio-l,2-dioctanoyl glycerol (DiC8-SH) in which the 3'-hydroxyl
group was replaced by a sulfhydryl moiety was ineffective. Vertical lines represent SEM.
Each point is the mean of 5-10 MEs. (From ref. 38, with permission).

activated, phospholipid-dependent kinase (reviewed in ref. 26) in the
process of LHRH release.

Evidence for this involvement derives from several observations.
In our experiments carried out with ME nerve terminals of juvenile
female rats, it was found that two known stimulators of PKC activity,
dioctanolyglyccrol (Dic8) and the phorbol ester 4/3-phorbol 12/9-myri-
statc 13a-acctate (PMA) elicited LHRH release (Fig. 6). Exposure of
the MEs to PMA failed to enhance PGE2 release, indicating that the
effect of this agent on LHRH release was independent of PGE2. Inter¬
estingly, Ncgro-Vilar el al. (25) found in MEs from adult male rats
that activation of PKC activity by the diacyl glycerol analog didecanoyl-
glyccrol induced PGE2 formation through a phospholipase A2-mediated
mechanism, but failed to evoke LHRH release unless metabolism of
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arachidonic acid through the lipoxygenase pathway was prevented.
While this finding suggested an inhibitory involvement of lipoxygenase
metabolites in the process of PKC-induced LHRH release it is clear
from the results of both laboratories that the PKC pathway can induce
LHRH release independently from PGE2. Exposure of the MEs to
phospholipase G (PLC) markedly increased LHRH and PGE2 release;
however, when cyclooxygenase activity was blocked by indomcthacin only
the effect of PLC on PGE2 was abolished (Fig. 7) (25, 38). The release of
LHRH was reduced by about 50% suggesting that at least this fraction
represents the contribution of PGE2, whereas the rest can be attributed
to the independent action of PKC-mcdiated processes. Further support
for this view was provided by the observation that concomitant expo¬
sure of the MEs to PGE2 plus DiC8 or PMA, or forskolin plus DiC8 or
PMA resulted in an additive effect on LHRH release (38). In contrast,
simultaneous exposure to PGE2 and forskolin failed to increase LHRH
levels to values higher than those elicited by either PGE2 or forskolin
alone.

The nature of the neurotransmitter that activates PKC in LHRH

nerve terminals is unknown. Although there is evidence that NE, acting

C PLC PLC Id C PLC PLC Id
+ +

Id Id

Fig. 7. Inhibitory effect of in vitro blockade of cyclooxygenase activity with indomcthacin
(Id, 50/im) on phospholipase G (PLC, 0.25 units/ml)-induccd PGE2 and LHRH release
from MEs of juvenile rats. Numbers above bars indicate the number of MEs per group.
G, control-basal release; incomplete bar, undetectable PGE2 levels. (From ref. 38y with
permission).
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through aq-receplors, increases PLC activity (44) in our experiments
NE and DiC8 produced an additive efTect suggesting that a neurotrans¬
mitter other than NE may be the primary signal for PKC activation in
the ME. Nevertheless, the possibility needs to be considered that the
activation of PKC activity by NE is submaximal or compartmentalized
(43) and/or preferentially routed through the arachidonatc cascade
(14). The elevation in intracellular Caz+ levels induced first by the
interaction of NE with ai-adrcnorcccptors (44), and subsequently by
PGE2 may then, by increasing the binding of PKC to the plasma mem¬
brane (23), prime the LHRH terminal for the direct activation of DiC8
or PMA. Thus, activation of PKC by these agents would readily en¬
hance the LHRH response to NE. Alternatively, NE may be selectively
activating one of the PLCs recently found to be distributed in either
the neuronal cytosol or associated with the cell membrane (21).

The physiological implications of these observations are 3-fold: a)
that the release of LHRH is regulated by two complementary intra¬
cellular pathways, b) that the various neurotransmitter systems impli¬
cated in the regulation of LHRH release may preferentially use either
of these two biochemical routes, and c) that activation of both pathways
may be the mechanism of choice when a sustained increase in LHRH
output is required. The need for such a dual activation is likely to arise
on the day of first proestrus when an E2-induced LHRH release takes
place to initiate the final series of events that culminate with the first
ovulation.

SUMMARY

Fundamental for the orderly unfolding of events that underlie the
process of sexual development and the onset of puberty is the correct
functioning of the hypothalamic network of neurons that produce and
secrete LHRH. The release of this neuropeptide is influenced by various
neurotransmitters in both a stimulatory and inhibitory manner. One of
these substances, NE, releases LHRH by first binding to adrenergic
receptors of the subtype, an interaction that triggers the extracellular
Ca2+-dcpcndent formation of PGE2 and cAMP. PGE2 appears to be an
obligatory intermediate in the process of NE-induced LHRH release.
It acts by both inducing cAMP formation through a calmodulin-
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dependent process and by translocating Ca2+ from intracellular stoics.
The mode of action of Ca2+ to release LHRH is unknown, but it docs
not involve calmodulin. The hypothalamic synthesis of PGE2 increases
at the time of the first preovulatory surge of gonadotropins and its
production in response to NE is facilitated by estradiol. In addition to
the PGE2-cAMP system the release of LHRH is controlled by a protein
kinase C-dcpcndcnt pathway which functions independently, but com¬

plementary, to the PGE2 route. Simultaneous activation of the two
pathways may be an obligatory event for the first preovulatory surge
of LHRH to occur.
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NEUROENDOCRINE MECHANISMS CONTROLLING THE ONSET OF
FEMALE PUBERTY*
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Abstract — This article describes the major neuroendocrine developments that are associated with the normal
onset of puberty in the female rats. Although differences exist between rats and humans with regard to develop¬
ment and function of the reproductive system, there are major basic similarities. This makes the rat a valuable
laboratory model in which to evaluate the effects of potentially hazardous substances on normal sexual matura¬
tion. A systematic experimental approach is presented to show how the study of reproductive development in the
female rat can aid our understanding of the processes by which these substances could disturb normal puberty in
the human female.

Key Words: Sexual maturation, Puberty, Pituitary hormones, Brain function. Reproductive system, Biohazards,
Neurotoxins.

INTRODUCTION

From a contemporary viewpoint, puberty is gener¬
ally regarded as a culmination of several interre¬
lated neuroendocrine processes, rather than a single
event, and is considered to be complete when, in
the case of the female, regular ovulatory cycles be¬
come established. Although many of the outward
signs of puberty are rather dramatic and appear to
occur quite suddenly (e.g., first menstruation in
women or vaginal opening in female rodents), the
underlying biological processes begin early in life
and progress in an orderly manner throughout sex¬
ual development. Moreover, any chemicals or drugs
that disturb the delicate equilibrium of these devel¬
opmental processes will ultimately either advance
or retard the normal time of puberty or, in more
extreme cases, completely suppress the attainment
of the adult condition. Quite obviously, it would be

*This article is part of a series of articles sponsored by the
United States Environmental Protection Agency, Office of
Health and Environmental Assessment, Reproductive Effects
Assessment Group. The purpose of this series is to identify con¬
cepts related to end points and methodology potentially useful
for female reproductive risk assessment. The views expressed in
this article are those of the author(s) and do not necessarily re¬
flect the view or policy of the U. S. Environmental Protection
Agency. Mention of trade names of commercial products does
not necessarily constitute or imply endorsement or recom¬
mendations for use.

Address correspondence to: H. F. Urbanski, Oregon Re¬
gional Primate Research Center, Division of Neuroscience, 505
NW 185th Avenue, Beaverton, OR 97006.

desirable to know which of the countless substances
to which we are exposed in our environment pose
the greatest hazard for normal sexual development.
However, because of ethical and practical consid¬
erations it is rarely possible to perform such tox-
icological studies directly in humans. Instead, in¬
ferences have to be made from results obtained

using laboratory animals. Although the reproduc¬
tive endocrinology of the female rat is by no means
identical to that of the woman, the use of this in¬
valuable laboratory rodent as an experimental
model has significantly advanced our knowledge of
the pubertal processes. Features of this animal that
make it particularly suitable for study include its
manageable size, docile temperament, and above
all, its rapid rate of gestational and postnatal devel¬
opment. An additional practical consideration is
that opening of the vaginal tract in the rat, which
occurs predominantly at first proestrus, provides a
convenient and reliable external indicator that first
ovulation is imminent. The occurrence of vaginal
opening is a direct consequence of increased estro¬
gen secretion and it, therefore, has great potential
for use in the assessment of biochemical hazards
that threaten human reproduction. Substances that
advance or delay vaginal opening in the rat, can, in
general, be considered to act by disrupting the
ovary's capacity to produce estradiol. Adequate pro¬
duction and release of estradiol by the human ovary
is necessary for sexual maturation to occur; it is
essential for the development of secondary sex

129
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characters, such as the breasts, and also for the
menstrual and ovulatory cycles to begin.

As discussed later in the article, once vaginal
opening has occurred in the rat, ovulation can be
detected noninvasively through vaginal cytology.
The value that this rather simple procedure offers to
studies of human reproductive toxicology can be
appreciated when one considers that the ovulatory
mechanism is virtually identical in both rats and
humans. Substances that disrupt the normal cyclic
changes in the vaginal epithelium of rats are also
more than likely to disrupt the ovulatory process in
humans. In the present article, we will explore some
of the possible ways in which studies performed
using female rats may provide a practical means of
evaluating potentially toxic substances in terms of
their effects on normal sexual maturation in women.

First, a brief description will be presented of the
major neuroendocrine developments that are asso¬
ciated with the normal onset of puberty. Second, a

systematic experimental approach will be presented
as an aid to tracking down where the toxic sub¬
stances might be exerting their deleterious effect
within the hypothalamic-pituitary-ovarian axis.

NEUROENDOCRINOLOGY OF PUBERTY

Throughout the infantile-juvenile period of life
somatic growth proceeds at a steady pace but there
is little or no external indication that the reproduc¬
tive system is also maturing. Nevertheless, by the
time external signs such as thelarche, pubarche, and
menarche* become apparent all of the important re¬

productive neuroendocrine developments have al¬
ready been initiated and many of them have been
completed. Perhaps the most critical of these devel¬
opments is a change in the secretory pattern of the
anterior pituitary hormone, luteinizing hormone
(LH) (1,2). Both LH and follicle-stimulating hor¬
mone (FSH) are released from the pituitary gland
under the influence of luteinizing hormone-releasing
hormone (LH-RH), also referred to as gonado-
tropin-releasing hormone (Gn-RH) that is produced
and secreted by the hypothalamus. The gonado¬
tropins (LH and FSH) play a fundamental role in
regulating the development of the ovary not only in
terms of gamete production but also in terms of
endocrine secretions. Interestingly, most if not all
of the biological "circuitry" necessary for the pro¬

*Thelarche is defined as breast development; pubarche is
defined as the appearance of pubic hair; menarche is defined as
the first menstruation.

duction of adult gonadotropin levels is present and
operative very early in life. Indeed, the secretion of
LH-RH as well as LH and FSH is established be¬
fore birth and in the human female it reaches a peak
level at midgestation (120-150 days of pregnancy)
(3); in the case of the female rat, which is born at an

age equivalent to 100 gestational days in the human
(4), the highest gonadotropin levels are observed
during early (first two weeks) postnatal develop¬
ment (5,6). The reason for such high gonadotropin
levels at this early age seems to be, at least in part,
the lack of an effective ovarian negative feedback
system. Towards the end of human gestation the
capacity of estradiol to inhibit gonadotropin release
becomes established and LH and FSH levels de¬
cline to low values. Following removal of placental
steroids at birth, gonadotropin levels increase
again. This increase is particularly evident in the
case of FSH, which in girls remain elevated for at least
two years. The factors that determine this hyperse¬
cretion of FSH are unknown; they appear to oper¬
ate, however, not only in humans but also in sub¬
human primates (7). Gonadotropin secretion then
declines during late infancy and remains low for
several years. The ovary, which during neonatal
days shows clear signs of activity, including secre¬
tion of estradiol and advanced follicular develop¬
ment, falls into a semiquiescent state in which suc¬
cessive cycles of follicular development and atresia
still occur even though steroid output is low. Inter¬
estingly, this characteristically long childhood
period of attenuated gonadotropin secretion is also
observed in agonadal individuals indicating that it is
not caused by the ovary. During this period the
hypothalamic-pituitary unit is very sensitive to the
inhibitory feedback effect of ovarian steroids and
the pituitary response to LH-RH is low suggesting
decreased release of endogenous LH-RH. In spite
of the heightened sensitivity to the inhibitory influ¬
ence of estradiol, experiments using monkeys have
demonstrated that gonadotropin secretion fails to
increase following removal of the ovaries. This find¬
ing, therefore, reinforces the concept that the
juvenile hiatus in gonadotropin secretion is
ovarian-independent. Such decreased activity of the
gonadotropin releasing system is clearly the conse¬

quence of a developmental process that occurs
within the central nervous system. The nature or

identity of this process is, however, unknown (8).
Reproductive development in the female rat

differs in that an ovarian-independent juvenile at¬
tenuation of gonadotropin secretion is barely
noticeable; in marked contrast to the human, re¬
moval of the gonads during juvenile days produces
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Fig. 1. Possible sequence of events leading to the first preovulatory LH surge in humans. The numbers
indicate the sequence in which the events may occur. The nocturnal amplification of pulsatile release of LH
that heralds the onset of puberty may be caused by an increase in excitatory inputs to the LH-RH neurons or
a decrease in an inhibitory tone, the so-called "central restraint," which has been postulated to suppress
LH-RH release during childhood. Present evidence does not permit a firm conclusion as to the time when the
gonadotropin releasing system becomes less sensitive to the inhibitory effect of ovarian steroids. This
change in sensitivity is commonly known as the "resetting" of the "gonadostat" and it may occur shortly
before or after the first ovulation. There is conflicting evidence as to whether a preovulatory LH-RH surge is
necessary for the first preovulatory gonadotropin surge to occur. E2 = estradiol; LH = luteinizing hormone;
LH-RH = luteinizing hormone-releasing hormone. (From Ojeda, et al. In: Miiller EE, MacLeod RM, eds.
Neuroendocrine perspectives, Vol 3. Amsterdam: Elsevier, 1984, with permission.)

an immediate and sustained increase in gonadotro¬
pin secretion. In both species, however, the adoles¬
cent or peripubertal period is associated with en¬
hanced LH output. FSH secretion on the other
hand, differs between the two species because it
increases throughout human puberty, whereas in
the rat it does not increase until the day of the first
proestrus, when puberty is almost complete. The
actual model of release of the gonadotropins is
episodic, rather than continuous, (resulting from
pulsatile discharges of LH-RH) (9,10) and it is a

change in the pulse pattern of LH release that pro¬
vides one of the earliest, if not the earliest,
neuroendocrine manifestation that puberty is under
way; in prepubertal children the magnitude of LH
secretory pulses is most pronounced during sleep
and as puberty progresses the amplitude of the noc¬
turnal LH pulses becomes even greater (Figure 1)
(11). An analogous situation exists in the female rat

that shows enhancement of the afternoon LH pulses
(Figure 2) (12). It should be noted that the rat is a
nocturnal animal sleeping during the light phase of
the day.

With respect to the ovary, it is well established
that gonadotropins are essential for normal follicu¬
lar development and also for the maintenance of
steroidogenesis. It is the enhanced production of
estradiol that provides the stimulus for the initiation
and maintenance of many of the metabolic and
morphological changes commonly associated with
puberty. Furthermore, through its involvement in
the generation of the preovulatory gonadotropin
surge (13, and references therein) ovarian estradiol
provides one of the final and most critical stimuli for
the neuroendocrine completion of puberty.

Two other hormones of anterior pituitary ori¬
gin, namely prolactin and growth hormone (GH),
appear to play a supportive role in ovarian devel-



132 Reproductive Toxicology Volume 1, Number 2, 1987

t Response to Maximal Response
Gonadotropins to Gonadotropins

PER1PUBERTAL

Fig. 2. Proposed sequence of developmental events leading to the first preovulatory LH surge in the female
rat. The Roman numerals represent the three major activational periods identified during prepubertal
postnatal development. The numbers inside the circles indicate the sequence in which the events may occur.
The vertical dotted line represents 1200 h on the day of the first preovulatory gonadotropin surge (first
proestrus). It is proposed that during infantile development the activity of LH-RH neurons is disorganized
and so the frequency of functional pulses remains low. This results in high FSH levels and sporadically
elevated LH levels. At the end of juvenile development (Phase II) the LH-RH system is activated by either an
increase in excitatory neurotransmitter inputs or a decrease in an inhibitory tone ("central restraint"). The
activation is manifested as an increase in the pulsatility of LH secretion in the afternoon. P = progesterone;
E2 = estradiol: 3a-diol = 3a-androstenediol; VIP = vasoactive intestinal peptide; PRL = prolactin; GH =

growth hormone; LH = luteinizing hormone; FSH = follicle-stimulating hormone; LH-RH = luteinizing
hormone-releasing hormone. (From Ojeda, et al. In: Midler, EE, MacLeod RM, eds. Neuroendocrine per¬
spectives, Vol 3. Amsterdam: Elsevier, 1984, with permission.)

opment. In humans, as well as rats, serum levels of
these hormones increase during peripubertal devel¬
opment. In the case of the human female, the in¬
crease in GH levels is more noticeable than that of

prolactin; characteristically, pulsatile release of GH
is more pronounced during sleep. Based on studies
performed in the rat, GH appears to facilitate the
stimulatory effects of FSH on the ovary. Prolactin,
on the other hand, may either facilitate or inhibit the
effect of gonadotropins depending on the level of
hormone attained in plasma, the degree of follicular
maturation and the presence of functional corpora
lutea. The facilitatory actions of prolactin are more

clearly observed in prepubertal animals; they ap¬
pear to be exerted through maintenance of LH re¬

ceptors and increased synthesis of steroidogenic
enzymes. Whether prolactin exerts similar effects in

humans is not known at present.
In addition to these direct actions, some of the

effects of prolactin and GH on facilitating the pro¬
gression of puberty may be mediated through
metabolic changes, particularly in the case of the
latter. It is noteworthy that children with isolated
GH deficiency fail to reach puberty at the normal
age, and that this can be corrected by administra¬
tion of GH, which also enhances the rate of growth.

Recently, evidence has been presented dem¬
onstrating that in addition to anterior pituitary hor¬
mones ovarian development in the rat may be regu¬
lated more directly through the gonad's extrinsic
innervation (Figure 2) (14). Two types of ovarian
nerves have been identified: adrenergic, which con¬
tains norepinephrine, and peptidergic, which con¬
tains peptides such as substance P, neuropeptide Y,
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or vasoactive intestinal peptide (VIP). The latter
has been shown to stimulate the secretion of es¬

tradiol (E2), progesterone (P), and androgens from
the ovary and to induce the synthesis of specific
enzymes involved in steroid biosynthesis (15).

Changes in an individual's metabolism are
known to have profound effects on the timing of
puberty (16-18). In 1970, Frisch and Revelle (19)
proposed that attainment of a critical body weight
might provide an important stimulus for initiating
pubertal development. This hypothesis was subse¬
quently modified to suggest that the critical factor
might be a particular ratio of an individual's fat-to-
lean mass (16). Although no direct relationship be¬
tween metabolic activity and the time of puberty
has been established, numerous clinical observa¬
tions support the view that changes in metabolic
activity may indeed affect the secretion of gonado¬
tropins. For example, both early and late maturing
girls gain the same amoung of fat from the time of
menarche up to 18 years of age and in both groups
the greatest change in body composition during the
adolescent growth spurt is a 120% increase in body
fat (16). Metabolic changes, other than fat-to-lean
ratio can also alter reproduction function. The most
classical example is that of ballet dancers in whom
the metabolic stress of extreme leanness and
strenuous physical exercise often produces
amenorrhea.! When affected individuals stop train¬
ing they soon begin to show normal menstrual cy¬
cles (20). Remarkably, normal cyclicity can be at¬
tained before body weight or composition return to
normal values.

In general, it can be stated that body weight,
growth rate, total fat content, and fat-to-lean ratio
all appear to play a role in regulating puberty onset.
Other potential metabolic factors include the at¬
tainment of a certain percentage of body protein and
the availablity of essential fatty acids that are
known to be required for neurotransmitter and
arachidonic acid metabolite synthesis. Although the
exact mechanism by which metabolic cues influ¬
ence sexual development is unknown, they appear
to exert this influence through the gonadotropin re¬

leasing system. For example, food restriction has
repeatedly been shown to depress the output of FH.
On the other hand, the pulsatile infusion of
exogeneous LH-RFI to food-restricted prepubertal
rats or anorexic women restores the normal pul¬

satile FH pattern and leads, in the former case, to
the complete recovery of pubertal development (21)
and in the latter, to normal menstrual cyclicity (18).

Once the initial change in pulsatile LH release
becomes established, puberty progresses rapidly. In
girls, the rising plasma FSH and LH levels increase
estrogen output that stimulates both the growth of
the accessory sex organs and induces morphologi¬
cal changes such as breast budding, widening of the
hips, etc. As plasma estrogen levels increase, they
show wide fluctuations that cause the uterine mu¬

cosa to wax and wane. Eventually, withdrawal of
the steroidal support to the uterine mucosa results
in its necrosis and exfoliation and the first
menstruation takes place. The first ovulation occurs
6 to 9 months after menarche essentially because
the estrogen positive feedback mechanism is still
immature (Figure 1). It is well established that es¬

trogen, in addition to inhibiting gonadotropin re¬

lease, can also stimulate it, provided that the steroid
is present in the plasma at high enough levels and
for a sufficient period of time. When this occurs,
there is an associated large and abrupt increase in
gonadotropin secretion (Figure 1). This is called the
first preovulatory gonadotropin surge because, as
the name implies, it induces the first ovulation.

For the ovary to become capable of secreting
preovulatory levels of estrogen, follicular develop¬
ment must be completed. In the human female only
one follicle normally attains this condition at pu¬
berty and in each subsequent menstrual cycle. In
the rat it is usual for 9 to 12 follicles to reach the

ovulatory stage in each case. Data collected from
rats show that the peripubertal development of the
ovary is regulated by the concerted action of
gonadotropins, prolactin, GH, and direct neural in¬
fluences (Figure 2). As the first ovulation ap¬
proaches, the responsiveness of the ovary to these
stimulatory influences is greatly enhanced, and es¬
trogen secretion begins to increase more rapidly
until it becomes sufficiently elevated to evoke the
first gonadotropin surge (Figure 2).

For many years it was believed that the pri¬
mary event responsible for the initiation of puberty
was a gradual change (decrease) in the sensitivity of
the hypothalamic-pituitary unit to the inhibitory ef¬
fect of ovarian steroids (1,2). The hypothesis states
that a decrease in the sensitivity of the "gonado-
staf'i to estradiol negative feedback would allow
plasma LH and FSH levels to increase and, in turn,

tAmenorrhea is defined as the absence of menstruation (for
more than six months) in women that have previously
menstruated.

f'Gonadostat" is the term commonly used for the
hypothetical hypothalamic sensor.
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stimulate the ovaries to grow and produce more
steroids. Recent evidence collected in both rats and

humans, however, has challenged this concept and
contends that "resetting of the gonadostat" is an
event that occurs late in puberty (Figure 1), and is a
consequence rather than a cause of the pubertal
process. Based on several observations made in
rats, subhuman primates, and humans the concept
has emerged that the onset of puberty is determined
by the activation of a mechanism within the brain
that can become functional even in the absence of
the ovaries.

USE OF THE RAT TO EVALUATE
POTENTIALLY HAZARDOUS SUBSTANCES

As previously indicated the rat has been the
most extensively used laboratory animal to examine
the factors involved in the control of sexual devel¬

opment and the onset of puberty. Because of this it
may be considered to be an excellent model for
assessing the influence of various environmental
substances on normal sexual maturation.

One extremely valuable feature of rodent pu¬

berty is that the first ovulation is usually accom¬

panied by opening of the vaginal tract, an easily
detectable event. In most cases, vaginal opening in
the rat occurs on the day after the first preovulatory
gonadotropin surge (i.e., on the first estrus) but oc¬

casionally on the day of the surge itself (first
proestrus). In spite of the obvious appeal of this
criterion for predicting successful sexual develop¬
ment, some caution needs to be exercised since vag¬
inal opening per se really only indicates that the
tissue is responding to elevated estrogen levels. In
some rats, the output of estrogen may be suffi¬
ciently high to cause vaginal opening but not to
trigger-off the preovulatory gonadotropin surge. In
other cases, circulating androgen levels may be suf¬
ficiently elevated to serve as a substrate for local
(vaginal) conversion to estrogens. Therefore, vagi¬
nal opening should be treated only as a first step in
identifying the onset of puberty. The simplest
follow-up examination involves vaginal cytology, in
which daily smears are made from the vaginal
epithelium and examined microscopically. The cell
types found in these preparations should show a
clear change with 1 to 3 days of vaginal opening;
initially large nucleated epithelial cells are present
at proestrus, they become cornified at estrus, and at
diestrus the majority of cells are leukocytes. If the
animal's ovaries are examined at first diestrus they
should contain several pink corpora lutea at their
surface; this is the most direct way of confirming

predictions, based on vaginal opening, that the
animal ovulated on the day of the first estrus. Sub¬
sequent examination of vaginal smears on a daily
basis will provide information about the regularity
of the estrous cycle.

In women, true precocious puberty occurs
when a normal progression of pubertal events oc¬
curs before seven years of age (Note, in pseudo-
precocious puberty an excessive production of sex
steroids results in physical changes associated with
puberty but gonadotropin secretion is suppressed).
Delayed puberty is generally defined by the absence
of early pubertal changes (e.g., thelarche) by 16
years of age. As outlined above, in the female rat it
is more common to assess the onset of puberty in
terms of the time of vaginal opening that in our lab¬
oratory stock (Sprague-Dawley) occurs at approx¬

imately 38 days of age; vaginal opening before 34
days being regarded as precocious and after 43 as

delayed. Experimental or environmental factors
that alter the normal time of puberty can usually be
found to disrupt some aspect of the hypothalamic-
pituitary-ovarian axis. For instance, let us consider
the case of a hypothetical substance suspected of
delaying the onset and progression of puberty.
First, the substance should be administered to de¬
veloping rats using a route commensurate with that
by which it will reach the human population.
Thereafter, the following systematic tests, which
utilize standard methodologies, may be used to
trace the disruption to a particular region of the
neuroendocrine reproductive axis§ (Figure 3).

The first parameter to be examined is the
animal's age at vaginal opening. This is done by
daily inspecting the genital area for signs of vaginal
canalization. If for instance vaginal opening is de¬
layed, successive vaginal smears (vaginal cytology)
need to be taken to determine whether the animal
ovulated. An estrus condition followed by the typ¬
ical diestrous type of cytology is a good index that
ovulation had indeed occurred. Should this be the
case then estrus cyclicity needs to be monitored
for several weeks to determine whether the test

substance has produced an abnormality after a de¬
layed, but otherwise normal puberty. Regardless of
the condition of the estrous cycles, it is advisable to
allow the animals to mate and determine their ca¬

pacity to maintain a pregnancy, deliver, and rear

healthy offspring (i.e., assess reproductive per-

§Where appropriate, references have been made to articles
which provide detailed descriptions of the advocated
methodologies.
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Fig. 3. Flow chart of common systematic tests that may be used to trace a pubertal disruption to a particular
region of the neuroendocrine reproductive axis.

formance). If persistent diestrous or estrus smears
are observed after vaginal opening one must suspect
that ovulation has not occurred. Visual examination

of the ovaries should then be performed. Small
ovaries with undeveloped follicles would suggest
lack of gonadotropin support, (i.e., a deficiency in
gonadotropin secretion). However, a depressed
ovarian responsiveness to gonadotropins needs also
to be considered. Ovaries of a normal or enlarged
size showing large, cystic follicles may be due to (a)

inability of the ovary to ovulate in response to the
preovulatory surge of gonadotropins or (b) inability
of the hypothalamic-pituitary unit to release a surge
of gonadotropins in response to a normal increase
in the secretion of ovarian estradiol. These
possibilities need to be evaluated next (see below),
but first it might be advisable to examine the ovaries
histologically to confirm the visual diagnosis.

Before initiating more extensive neuroendo¬
crine evaluation an assessment of the rate of body
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weight increase and body weight at vaginal opening
needs to be performed. 11 Developing rats have a
predictable rate of increase in body weight (22) and
puberty does not usually occur until the animal's
weight exceeds 100 g. In general, an abnormal
growth pattern would be indicative of metabolic
disorders rather than specific perturbation of the
reproductive neuroendocrine axis. A suspected de¬
ficiency in the output of GH around the normal time
of puberty can nevertheless be readily confirmed or
denied by radioimmunological measurement of
plasma GH levels.

Evaluation of ovarian function can be per¬
formed both in vivo and in vitro. If examination of
the ovaries reveals that they are small and, by infer¬
ence, unstimulated the animals can be injected sub-
cutaneously with a low dose (1-2 IU) of pregnant
mare serum gonadotropin (PMSG) for 3 to 4 days;
the ovaries can then be removed and their increase
in weight compared to that of normal controls. Al¬
ternatively a single subcutaneous (S.C.) injection of
PMSG at different dose levels (1,2,4, and 8 IU) can be
administered to different groups of rats and the ovar¬
ian weight response examined 24 to 48 h later (23).

If, on the contrary, the ovaries are large and
exhibit cystic follicles one must evaluate the
possibility that they are unable to ovulate in re¬
sponse to gonadotropins. A sequential treatment
with PMSG (7-8 lU/rat) on day 0 and human
chorionic gonadotropin (hCG) at several dose levels
(5, 10, and 25 IU) 48 h later can be used (24). The
ovarian response, expressed as the presence of cor¬

pora lutea on the day after hCG injection, can then
be evaluated.

In vitro assessment of ovarian function can be

performed by placing ovarian fragments in incuba¬
tion chambers and exposing them to different doses
of hCG (0.5-50 ng/ml) (25). The response of normal
and treated animals (age matched) can then be com¬

pared by measuring the release of estradiol and
progesterone into the incubation medium.

Let us assume that up to this point we have
found the following: delayed vaginal opening, a
normal body weight for the age at vaginal opening,
persistent diestrous-like vaginal cytology, small
ovaries with no sign of ovulation, normal ovarian
weight response to in vivo treatment with PMSG,
normal ovulatory response to in vivo treatment with
PMSG and hCG, but diminished in vitro
steroidogenic response to hCG.

liThis assessment should be carried out simultaneously with
the inspection of vaginal opening.

These observations would suggest that the pri¬
mary cause of the delay in puberty does not reside
within the ovary but rather needs to be sought at the
hypothalamic-pituitary level. The finding that the in
vitro response of the ovary to hCG is diminished
can be explained in terms of the previous in vivo
exposure to inadequate gonadotropin levels. Under
such a condition the development of the ovary is
stunted and a low responsiveness to an acute chal¬
lenge with gonadotropins is to be expected.

The next step in the follow-up procedure would
be to determine the plasma levels of LH and FSH.
They can be measured in single blood samples or
their pattern of release can be examined in sequen¬
tial samples obtained every 5 to 30 min via indwell¬
ing vascular catheters (12,13). If, for example, mean
plasma levels of LH are found to be low and LH
pulsatile release is disrupted it can be concluded
that inadequate basal release of the gonadotropin is
at least in part responsible for the delayed puberty.
To be certain that the defect occurs within the cen¬

tral nervous system and/or pituitary gland one must
first exclude the possibility that LH levels are not
depressed because of excessive production of
gonadotropin-inhibitory steroids by the ovary
and/or adrenal gland. Plasma levels ofestradiol and
androgens must then be measured. Should they be
normal or low, the capacity of the LH secreting
system to respond to loss of ovarian steroid nega¬
tive feedback needs to be evaluated. This is done by
measuring the change in plasma LH levels at var¬
ious intervals following ovariectomy (8,24,48, and
96 h) (27). If LH fails to increase as much as in
control rats, the conclusion can be drawn that the
defect resides at a central and not ovarian level.

EVALUATION OF HYPOTHALAMIC-
PITUITARY FUNCTION

We need to know whether the defect occurs at

the pituitary or hypothalamic level. In addition we
need to know whether only the mechanism control¬
ling basal LH release is affected or also the capacity
of the system to release LH in response to estradiol
is impaired. Testing of this possibility may be an
initial step in the evaluation of hypothalamic-
pituitary function. It is simply done by injecting rats
with estradiol benzoate (10-25 /xg, s.c.) as a single
injection or implanting a s.c. elastomer capsule
containing estradiol dissolved in corn oil (13). Two
days later, blood samples are removed in the after¬
noon either every hour (by venous puncture) or at
1600 to 1700 h, and plasma LH levels are measured
by radioimmunoassay (RIA). Should an increase in
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LH fail to occur it will indicate that, in addition to
an alteration in basal LH release, the surge mech¬
anism is also affected.

One may then try to identify whether the defect
is primarily hypothalamic or adenohypophyseal
(i.e., located in the anterior pituitary gland). The
latter can be assessed by administering LH-RH
intravenously and measuring the increase in
plasma LH levels 15 min later. It is advisable to test
different doses of LH-RH so that, on the one hand,
the LH response to the lower doses will provide
information about the sensitivity of the LH produc¬
ing cells to LH-RH, and, on the other hand, the
response to the highest dose will provide informa¬
tion about the responsiveness of the pituitary cells
to the releasing hormone.

In most cases an attenuated response would
imply defects within the pituitary gland, either with
the LH-RH receptors or with the gonadotropin-
producing cells themselves. In contrast, a normal
response would be indicative of defects within the
LH-RH releasing system. Should a more precise
assessment be required (especially if the number of
test animals is limited) the LH response to LH-RH
can be assessed in vitro. Fragments of anterior pi¬
tuitary gland, or dispersed pituitary cells, may be
superfused with medium containing LH-RH (28).
Alternatively, a static incubation system may be
used. Failure to detect a normal LH and FSH re¬

sponse to LH-RH would imply defects of the
gonadotropes while a normal response would indi¬
cate defects within the animal's LH-RH releasing
system.

Nevertheless, even if the LH response is
blunted a hypothalamic defect may still be sus¬

pected because normal pituitary responsiveness to
subsequent LH-RH exposures depends on a normal
LH-RH releasing system. Thus, the further step of
measuring LH-RH content can be taken; a reduc¬
tion would suggest that synthesis of the decapeptide
is decreased. Additionally, one can measure
LH-RH release.

The small ventral projection of the hypothala¬
mus known as the median eminence contains an

abundance of LH-RH nerve terminals. Incubation
of this nervous tissue in vitro, therefore, provides a
simple method for assessing the function of the
LH-RH releasing system. Exposure of the nerve
terminals to either neurotransmitters or intracellular
second messengers that are known to be involved in
LH-RH release (e.g., norepinephrine or prosta¬
glandin E2, respectively) results in stimulation of
LH-RH release; this can be measured in the incu¬
bation medium by RIA. As an alternative to using

median eminences in a static incubation system
(26,29) anterior medial basal hypothalamic explants
can be superfused with medium, at a constant rate,
and the effluent collected at predetermined intervals
(30). The latter of these methodologies is clearly
more laborious but offers the advantage of allowing
alterations of the LH-RH secrptory pulse pattern to
be detected.

Once this stage of the evaluation course has
been reached the primary neuroendocrine site af¬
fected by the putative toxic substance would have
been pinpointed. A similar work-up can be followed
if other abnormalities of puberty or sexual devel¬
opment need to be scrutinized.

CONCLUSION

From a neuroendocrine point of view, puberty
in all mammals including the human is said to occur
when the various developmental processes of the
reproductive system become functionally inte¬
grated. This occurs when the gonadotropic hor¬
mones are secreted in sufficient quantity to cause
ovulation. Generation of such a preovulatory
gonadotropin surge occurs only when the ovaries
are mature enough to secrete large amounts of es¬
tradiol and then only when the gonadotropin releas¬
ing system of the hypothalamic-pituitary unit is suf¬
ficiently mature to respond to estradiol feedback in
a positive manner.

While laboratory rodents, including the rat, are
far from being perfect models for human sexual de¬
velopment it is evident that the basic functions of
the hypothalamic-pituitary-gonadal axis have simi¬
lar underlying mechanisms. This concept, when
rightly applied, permits potential reproductive
toxins to be evaluated in rodents and inferences to

be made about their deleterious actions in humans.
For instances if alterations in ovarian steroid secre¬

tion, pituitary responsiveness to LHRH, and
ovulatory capacity are induced in rats by adminis¬
tration of environmental toxins, they are likely to
affect the human reproductive system in similar
ways. The fine tuning of reproductive processes is
very precise so that, once under way, a chain of
interrelated events is likely to occur in a timely and
predictable manner. By the same token, the delicate
equilibrium of these integrated events is particularly
susceptible to numerous adverse environmental in¬
fluences. These include a wide range of naturally
occurring substances such as cannabis (31), food
additives such as monosodium glutamate (32), and
also synthetic compounds such as pentobarbital
sodium (33). With the ever-increasing number of
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new chemicals to which humans are being exposed,
it is clearly desirable to know which are potentially
damaging to normal reproductive function. After
all, successful reproduction represents our only
biological link with the future and is the essence of
our survival as a species.
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Prostaglandin E2 (PGE2) has been implicated as a mediator of norepinephrine-induced luteinizing hormone-releasing hormone
(LHRH) release from the hypothalamus. The present experiments were undertaken to examine the hypothesis that mobilization of
Ca2+ from intracellular stores and cyclic AMP (cAMP) formation are involved in this effect. Incubation of median eminence (ME)
nerve terminals from juvenile rats in Ca2+-free Krebs-Ringer bicarbonate buffer reduced, but failed to prevent the stimulatory effect
of PGE2 on LHRH release. None of 5 calmodulin antagonists or a blocker of calmodulin-dependent kinase affected the LHRH re¬
sponse to PGE2. In contrast, inhibition of intracellular Ca2+ mobilization with TMB-8 or dantrolene in Ca2+-free medium prevented
the LHRH releasing effect of PGE2. Similarly to PGE2, the stimulatory effect of the Ca2+ ionophore A 23187 on LHRH release was
not affected by inhibition of calmodulin activity. This, however, blocked the increase in PGE2 formation induced by the ionophore.
PGE2 evoked a dose-related increase in cAMP accumulation in Ca2+-containing medium and this effect was inhibited both by blockers
of intracellular Ca2+ mobilization and by calmodulin antagonists. Surprisingly, removal of extracellular Ca2+ increased basal cAMP
levels in the incubation medium without affecting LHRH release; PGEj induced a further increase in cAMP which was prevented by
inhibition of intracellular Ca2+ translocation. Stimulation of adenylate cyclase activity with forskolin (F) resulted in similar increases in
cAMP levels both in the presence and absence of extracellular Ca2+. However, F failed to evoke LHRH release in Ca2+-free medium.
The results indicate that: (a) the stimulatory effect of PGEj on LHRH release involves mobilization of intracellular Ca2+ but not the
participation of calmodulin; (b) the formation of PGE2 itself is calmodulin-dependent; (c) PGE2 stimulates cAMP formation through a
calmodulin-dependent mechanism that requires translocation of intracellular (membrane?) Ca2+; (d) the cAMP system of a popula¬
tion of nerve terminals different from that responsive to PGE2 is normally subjected to a Ca2+-dependent inhibitory control; and (e)
although PGE2 is a potent stimulator of cAMP formation in the ME and endogenously produced cAMP can induce LHRH release, in
the absence of extracellular Ca2+ PGE2 stimulates LHRH release in a cAMP-independent manner.

INTRODUCTION

Following the demonstration that intraventricular
administration of prostaglandin E2 (PGE2) to female
rats evoked release of LH17 substantial evidence has
accumulated in support of the view that PGE2 is
physiologically involved in the process of luteinizing
hormone-releasing hormone (LHRH) release13 23 -"'-
36.J7 ^Qr revjew see refs 33^ 46) Evidence has been
presented39 47 that the effect of PGE2 on LHRH re¬
lease can be expressed in the absence of extracellular
Ca2+, and it has been suggested that PGE2 acts by

mobilizing Ca2+ from intracellular storage sites39.
Substantial evidence also exist indicating that activa¬
tion of the cyclic AMP (cAMP) generating system
leads to an enhancement of LHRH release218-22-41.
Since activation of adenylate cyclase does not in¬
crease PGE2 formation41 but PGE2 increases cAMP
production22 the inference has been made that at
least part of the mechanism by which PGE2 stimu¬
lates LHRH release from the median eminence

(ME) of the hypothalamus involves cAMP22-41.
The present experiments were undertaken to ex¬

amine these hypotheses and to determine whether
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calmodulin, an ubiquitous intracellular Ca2+ binding
protein9,30-32 mediates the effect of PGE2 on cAMP
formation and LHRH release in ME nerve terminals
of juvenile female rats.

MATERIALS AND METHODS

Animals

Immature Sprague-Dawley female rats of the
Holtzman stock (Holtzman Co., Madison, WI) were
used. They were housed under controlled conditions
of lighting (14 h light, 10 h darkness; lights on from
05.00 to 19.00 h) and temperature (23 °C). The ani¬
mals had free access to pelleted food (Teklad diet)
and tap water; they were used in the experiments
when 28 days old.

Materials

Prostaglandin E2 was purchased from Upjohn (Ka¬
lamazoo, MI). Dantrolene, an inhibitor of intracellu¬
lar Ca2+ mobilization16,59 was a gift from Dr. P.M.
Conn (Department of Pharmacology, Iowa State
University, Iowa City, IA). 3,4,5-trimethoxybenzoic
acid 8-(diethylamino) octyl ester (TMB-8), another
inhibitor of intracellular Ca2+ mobilization8,29 was

purchased from Sigma (St. Louis, MO). Penfluridol
(PFL) and Pimozide (PM), two inhibitors of calmo¬
dulin activity61, were a gift from Janssen Pharmaceu-
tica (New Brunswick, NJ). Trifluopromazine HC1
(TFPR) and trifluoperazine HC1 (TFPE), also in¬
hibitors of calmodulin activity21,24,61, were gifts from
Squibb and Sons (Princeton, NJ) and Smith, Kline
and French Labs. (Philadelphia, PA), respectively.
Calmidazolium (Cz), a recently developed inhibitor
of calmodulin activity15,58; A 23187, a Ca2+ iono-
phore; and forskolin (F), a diterpene of the labdane
family which activates adenylate cyclase by inter¬
acting with the catalytic subunit of the enzyme53 were
obtained from Calbiochem (Behring Diagnostics, La
Jolla, CA). Phenytoin (5,5-diphenyl hydantoin), an
anti-convulsant drug which blocks synaptosomal
Ca2+-calmodulin regulated protein kinase6 was pur¬
chased from Sigma. Dimethyl sulfoxide (DMSO)
used to dissolve A 23187 was purchased from Baker
Chemical Co. (Phillipsburg, NJ).

Procedures

In all experiments the MEs were microdissected

and incubated (one ME per flask) in 250 fA Krebs-
Ringer bicarbonate buffer, pH 7.4, containing 1
mg/ml D-dextrose (KRBG) as described40,41. Two in¬
cubation protocols were used. When testing the ef¬
fect of calmodulin antagonists on PGE2 or A 23187-
induced LHRH release the MEs were First preincu-
bated for 15 min, the medium was then replaced by
fresh KRBG and a second 30 min incubation period
followed, this time in the presence of the inhibitors.
At the end of this period, the medium was replaced
with fresh KRBG containing PGE2 or A 23187 and
the inhibitors. When examining the effect of omitting
Ca2+ from the incubation medium and of inhibitors of

intracellular Ca2+ mobilization on PGE2 or F-in-
duced LHRH release the MEs were preincubated for
15 min in the absence of Ca2+, with or without the in¬
hibitors and the effect of PGE2 or F was tested imme¬
diately thereafter in a second 30 min incubation
period, again in the presence or absence of the in¬
hibitors.

In some experiments the possibility was con¬
sidered that a calmodulin role in PGE2-induced
LHRH release could be uncovered by first exposing
the animals to proestrous levels of plasma estradiol
(E2). On day 26 the animals were given s.c. Silastic
capsules (Dow Corning Co., Midland, MI; 20 mm in
length/100 g b. wt., o.d. = 2.16 mm, i.d. = 1 mm)
containing E2 dissolved in corn oil at 400 ^g/ml.
These capsules have been previously shown to pro¬
duce serum E2 levels similar to those found on the
day of the fist proestrus and to induce in juvenile rats
a preovulatory surge of LH comparable to that seen
at the normal time of puberty1.

PGE2 and F were initially diluted in ethanol at 1
mg/ml and 20 mg/ml, respectively. TMB-8 was ini¬
tially dissolved in saline (1 mg/ml) and dantrolene in
DMSO (2 mg'ml). Pimozide, penfluridol and calmi¬
dazolium were dissolved in ethanol at 4.62 mg/ml,
5.24 mg/ml and 688 /rg/ml, respectively. Trifluopro¬
mazine and trifluoperazine were dissolved in saline at
4.25 and 5.09 mg/ml, respectively. Phenytoin was di¬
rectly dissolved in KRBG at 13.72 mg/ml and A
23187 was dissolved in DMSO at 2.62 mg/ml.

Radioimmunoassays
LHRH and PGE2 were assayed as previously de¬

scribed0,40,42 utilizing specific antisera kindly pro¬
vided by Dr. V.D. Ramirez (University of Illinois,
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Urbana, IL) and Dr. W.B. Campbell (Department of
Pharmacology, UTHSCD, Dallas, TX) respectively.
Cyclic AMP was measured as reported57-62 utilizing
acetylated samples4. The antiserum employed (anti
2', O succinyl-cAMP-BSA) was purchased from ICN
Immunobiological (Lisle, IL); each aliquot provided
by the manufacturer was further diluted 1:20 to pro¬
vide a 35% binding of iodinated cAMP in the absence
of unlabeled nucleotide in the RIA.. Sample volume
was adjusted so that values fell on the linear part of
the standard curve (4-500 fmol/tube). The antigen-
antibody complexes were precipitated with a 2% sus¬
pension of Staphylococcus aureus cells (Pansorbin,
Calbiochem, La Jolla, CA). Inter- and intra-assay
coefficients of variation were less than 14% at 50%
inhibition of binding.

Statistical analysis
Differences between two groups were analyzed by

the Student's /-test. Differences between several

groups were analyzed by a one-way analysis of vari¬
ance followed by the Student-Newman-Keuls
multiple range comparison test for unequal repli¬
cations.
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Fig. 1. Effect of different concentrations of PGE-, on LHRH re¬
lease from the ME of juvenile female rats in vitro in the pres¬
ence or absence of Ca2+. Each point represents the mean of
7-10 MEs. In this and subsequent figures vertical lines repre¬
sent the S.E.M.
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Fig. 2. Effect of blockers of intracellular Ca2+ mobilization on
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nile female rats in vitro in the absence (upper panel) of pres¬
ence (lower panel) of Ca2+. In the upper panel each bar or
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numbers on top of the bars indicate the number of MEs per
group. B, basal release; DAN, dantrolene.

RESULTS

Effect of removal of extracellular Ca2+ on PGE2-in-
duced LHRH release

Removal of Ca2+ from the incubation medium
blunted the LHRH response to PGE2, but in agree-
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ment with previous reports39-47 it did not prevent the
stimulatory effect of the prostaglandin, which at 2.8
/zM was still effective (P < 0.05) in evoking LHRH
release (Fig. 1).

Effect of blockers of intracellular Caf+ mobilization
on PGE2-induced LHRH release

As before, PGE2 at 2.8 /zM increased LHRH re¬
lease in Ca2+-free medium (Fig. 2, upper panel).
Both TMB-8 and dantrolene blocked the PGE2 effect
in a dose-related manner. In contrast, when the incu¬
bation medium had a normal (2.5 mM) concentration
of Ca2+ the blockers failed to alter the PGE2 effect
even with a 50/zM dose (Fig. 2, lower panel).

Fig. 4. Effect of phenytoin, a blocker of calmodulin-dependent
kinase on PGE-, (2.8/zM)-induced LHRH release from the ME
of juvenile rats in vitro. Numbers above bars or next to points
represent number of MEs per group.
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Effect of calmodulin antagonists on PGE2-induced
LHRH release

Neither PFL, Cz, TFPE, TFPR nor PM were able
to alter the stimulatory effect of PGE2 on LHRH re¬
lease (Fig. 3). This lack of effect was observed in both
untreated juvenile rats (left panel) and animals that
had been exposed in vivo to proestrous levels of se¬
rum E2 (right panel). In harmony with previous ob¬
servations42 the LHRH response from MEs of E2-
treated animals was significantly greater than that of
untreated controls.

Effect of inhibition of calmodulin-dependent kinase
on PGE2-induced LHRH release

Consistent with the failure of calmodulin antago¬
nists to affect the stimulatory effect of PGE2 on
LHRH, inhibition of calmodulin-dependent kinase
with phenytoin failed to affect the LHRH response to
PGE2(Fig.4).

Effect ofcalmodulin antagonists on A 23187-induced
PGE2 and LHRH release

A 23187, a Ca2+ ionophore, at 10 /zM induced a

striking increase in PGE2 release from the ME (Fig.
5, left panel); this effect was significantly reduced by
PM, PFL, TFPE and TFPR, the latter two blockers

being the most effective. In contrast, and in agree¬
ment with the failure of these inhibitors to affect

PGE2-induced LHRH release, they also failed to af¬
fect the increase in LHRH secretion induced by A
23187 (Fig. 5, right panel).

Effect of PGE2 and inhibitors of intracellular Ca2+
mobilization on cAMP formation

PGE2 induced a dose-related increase in cAMP
formation by the ME, the lowest dose used (0.11 /zM)
already producing a 10-fold increase in the nucleo¬
tide levels (Fig. 6, left panel). Surprisingly, removal
of Ca2+ from the incubation medium resulted in a

marked increase in basal cAMP levels (Fig. 6, right
panel). PGE^ induced a further (P < 0.02) increase
in cAMP levels, an effect that was completely oblit¬
erated by both TMB-8 and dantrolene. Neither in¬
hibitor reduced the elevation in cAMP levels caused

by removal of the extracellular Ca2+.
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Fig. 5. Effect of calmodulin antagonists on the PGE, and LHRH release induced from the ME of juvenile rats in vitro by a Ca2'1 iono¬
phore (A 23187, 10 /zM). B, basal release; PM, pimozide; PFL, penfluridol; TEPE, trifluoperazine; TFPR, trifluopromazine. Num¬
bers above bars indicate the number of MEs per group.
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Effect of removing and replacing extracellular Ca2+
on cAMP formation and LHRH release

Incubation of MEs for 30 min in the absence of
Ca2+ resulted in a marked increase in cAMP levels in
the incubation medium (Fig. 7, left panel). Restora¬
tion of normal Ca2+ levels significantly reduced
cAMP levels within 30 min and normalized them

completely in 1 h. In contrast to the increase in cAMP
levels triggered by the absence of extracellular Ca2+
basal LHRH release remained essentially unchanged
throughout the experimental procedure (Fig. 7, right
panel).

Effect of removal of extracellular Ca2+ on forskolin-
induced cAMP formation and LHRH release

The previous two experiments suggested that
cAMP cannot stimulate LHRH release in the ab¬

sence of extracellular Ca2+. To test this inference
MEs were exposed to F in the presence or absence of

intracellular Ca2+. As depicted in Fig. 8 (left panel) F
induced a significant (P < 0.01) increase in LHRH
release in the presence of Ca2+ but failed to do so in
the absence of Ca2+. In marked contrast, F induced a

dramatic increase in cAMP formation both in the

presence and absence of extracellular Ca2+ (Fig. 8,
right panel). As before, removal of extracellular
Ca2+ by itself increased cAMP levels; however, this
increase was approximately l/22th of that induced
by F.

Effect of blockers of intracellular Ca2+ mobilization
and of calmodulin antagonists on PGE2-induced
cAMP accumulation

In the presence of normal extracellular Ca2+ levels
dantrolene, and particularly TMB-8, prevented the
increase in cAMP levels induced by PGE2 (Fig. 9, left
panel). Likewise, all 4 calmodulin antagonists tested
(PFL, Cz, TFPE and TFPR) significantly reduced
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the cAMP response to PGE2 (Fig. 9, right panel).

DISCUSSION

The present experiments support the view that the
mechanism by which PGE2 releases LHRH from ME
nerve terminals involves translocation of Ca2+ from

intracellular stores. Removal of Ca2+ from the incu¬

bation medium attenuated but failed to prevent the
stimulatory effect of PGE2 (refs. 39, 47 and this
paper). In contrast, exposure of the nerve terminals
to TMB-8 or dantrolene, two putative inhibitors of
intracellular Ca2+ mobilization81629'59, completely
obliterated the LHRH response to PGE2 in Ca2+-
free medium. Restoration of normal extracellular

Ca2+ concentrations prevented the suppressive effect
of both inhibitors. This is in harmony with earlier
findings showing that the action of TMB-8 and
dantrolene occurs only when Ca2+ levels in the incu¬
bation medium are lowered to the micro- or sub-

micromolar range8'29,55, and is prevented by raising
the Ca2+ levels to normal or supraphysiological
values8-55,56.

There are 3 sources of intracellular Ca2+ that may
be targets for PGE2 action: the cell membrane, the
mitochondria and the endoplasmic reticulum48. The
mitochondria have a high storage capacity for Ca2+,
and do not appear to be involved in the acute mecha¬
nism of intracellular Ca2+ mobilization. The endo¬

plasmic reticulum has a low storage capacity for
Ca2+, and represents the primary source of Ca2+ dur¬
ing the acute phase of secretagogue-induced intracel¬
lular Ca2+ mobilization. This and the observation

that TMB-8 inhibits Ca2+ efflux from the endoplas¬
mic reticulum and not from the mitochondria26 sug¬

gest that PGE2 utilizes the endoplasmic reticulum as
a source of intracellular Ca2+. In addition, dantro¬
lene binds to endoplasmic reticulum membranes and
not to the mitochondria54. Other potential sites, par¬
ticularly the plasma membrane, may also be involved



346

32

24

16

8

B

+ Ca2 +

B

~Ca2+

5

B

I
i

i 6

l±]
B

A
-Co2*

c.

E
O
ro

24,000 lu

^6,000

8,000

CP

E

~o
E

TD
CD

a

3

E
3
O
o
<

<
o

+ Ca2+
Fig. 8. Effect of removing Ca2+ from the extracellular medium on forskolin (F, 50/rM)-induced LHRH release (left panel) and cAMP
formation (right panel) by the ME of juvenile rats. Numbers above bars indicate the number of MEs per group.

because of the ability of TMB-8 to block PGE2-in-
duced cAMP formation (see below).

Non-specific effects of TMB-8 and dantrolene un¬
related to Ca2+ metabolism34 appear unlikely both
because of the effectiveness of these inhibitors at mi-
cromolar concentrations in Ca2+-free medium, and
because their suppressive effect on PGE2-induced
LHRH release was prevented by the presence of nor¬
mal extracellular Ca2+ concentrations.

Substantial evidence exists implicating the Ca2+-
binding protein, calmodulin, in the process of neuro¬
transmitter release and synaptic function9,11,30.
Moreover, calmodulin appears to be involved in the
mechanism by which K+ and A 23187, a Ca2+ iono-
phore, evoke release of LHRH and somatostatin
from hypothalamic tissue12. The present results per¬
mit the conclusion that calmodulin does not mediate

PGE2-induced LHRH release. None of 5 calmodulin
antagonists15,21'24'58,61 nor an inhibitor of calmodulin-
dependent protein kinase6 was able to alter the stim¬
ulatory effect of PGE2 on LHRH secretion. More¬
over, when PGE2 was substituted with A 23187 to in¬

crease cytosolic Ca2+ levels, the calmodulin antago¬
nists failed to affect the increase in LHRH release in¬
duced by A 23187. They did, however, block the ion-
ophore-induced increase in PGE2 formation, an ob¬
servation that is in keeping with the view that phos-
pholipase A2, the enzyme that catalyzes the hydroly¬
sis of arachidonic acid from membrane phospholip¬
ids, is activated by Ca2+ in a calmodulin-dependent
manner9,30,51.

We do not have a compelling explanation for the
descrepancy between the present results and those of
Drouva et al.12, who reported an involvement of cal¬
modulin in A 23187-induced LHRH release. It must

be pointed out, however, that while these authors
used slices of the entire medial basal hypothalamus in
the present study only the nerve terminals of the ME
were utilized.

The doses of calmodulin antagonists used in these
experiments are well within the range reported to be
effective in blocking calmodulin activity in a variety
of other systems6,12,J5-21-24-49-50-1-38-61. Moreover, their
chemical nature is different enough6,12,21,24,28,61 to
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rule out common non-specific effects3,61 that may be
masking a potential inhibitory effect on LHRH re¬
lease. In addition they were ineffective in the ME of
both untreated juvenile rats and that of animals ex¬

posed in vivo to proestrous levels of serum E2; such a
treatment has been shown to increase the effective¬

ness of PGE2 in releasing LHRH42 and it was thought
that it would increase our chances of detecting block¬
ade of the PGE2 effect caused by inhibition of calmo¬
dulin activity. Of particular interest was the failure of
PFL and Cz, the two most potent calmodulin antago¬
nists so far described15,58-61, to block PGE2-induced
LHRH release. A precedent for this, indeed, exists
as both TFPE and Cz have been shown to be ineffec¬
tive in preventing evoked release of neurotransmit¬
ter at the neuromuscular junction7,50.

Although at the highest doses used (50 ^M) TFPR
and TFPE may be inhibiting protein kinase C, a phos-
pholipid-dependent, Ca2+-activated protein ki-
nase-'O'52, js unijkeiy that this is an explanation for
their failure to block PGE,-evoked LHRH release.

Protein kinase C appears to be involved in a stimula¬
tory manner in the process of neurotransmitter-in-
duced LHRH secretion43.

While the present results do not support a role for
calmodulin in the LHRH response to PGE2 the possi¬
bility needs to be considered that the Ca2+ mobilized
by PGE2 binds to a different Ca2+-binding protein
which may be present in ME nerve terminals and that
appears to be brain-specific31,60.

In previous reports18,22,41 evidence has been pro¬
vided that activation of cAMP formation by either
hypothalamic tissue46 of ME nerve terminals22,41
leads to LHRH release. The hypothesis has been ad¬
vanced that cAMP is a mediator in the process by
which PGE2 stimulates LHRH release22,41. Confirm¬
ing the recent report of Kim and Ramirez22 the pres¬
ent results demonstrate that PGE2 is a potent stimu¬
lator of cAMP formation by ME nerve terminals of
immature female rats. Surprisingly, removal of Ca2+
from the incubation medium led to a substantial in¬
crease in cAMP accumulation suggesting that the ad-



348

enylate cyclase of ME nerve terminals is subjected to
a Ca2+-dependent inhibitory control. This inhibition
is probably similar to that shown to regulate adenyl¬
ate cyclase in other brain areas5 45 since it can be re¬
lieved by omitting Ca2+ from the incubation medium
and brought about by restoring Ca2+ levels to the mil-,
limolar range. That only a fraction of the ME nerve
terminals is involved can be inferred from the fact
that cAMr levels resulting from Ca2+ removal were
less than l/20th of those seen after exposure of the
ME to F. This agent would be expected to stimulate
all available adenylate cycalse systems in the tissue.
That the terminals involved are not those responsive
to PGE2 is suggested by the observation that in Ca2+-
free medium PGE2 induced a further increase in
cAMP levels, which was similar in magnitude to that
typically evoked in the presence of normal Ca2+
levels.

Since both TMB-8 and dantrolene prevented the
effect of PGE2 on cAMP in Ca2+-free medium, to the
same extent as they blocked the LHRH response to
the PG, it may be concluded that (a) stimulation of
cAMP formation by PGE2 requires Ca2+ transloca¬
tion within the nerve terminal, and (b) PGE2 fails to
stimulate LHRH release in the presence of these in¬
hibitors because cAMP formation is suppressed.

Conclusion a receives support from the finding
that inhibition of calmodulin activity also suppressed
PGE2-induced cAMP formation. This further sug¬

gests that Ca2+ translocated by PGE2 must bind to
calmodulin in order to activate adenylate cyclase.
Ample evidence indeed exists that brain adenylate
cyclase is activated by a calmodulin-dependent
mechanism5-28. Mechanistically, PGE2 may induce
Ca2+ efflux from the endoplasmic reticulum and the
Ca2+ so released could bind to cell membrane-lo¬

cated calmodulin30-48 to activate adenylate cyclase.
The fact that TMB-8 and dantrolene blocked PGE2-
induced cAMP accumulation in both Ca2+-free and

Ca2+-containing medium, however, argues against
such a possibility. The suppressive efffect of these in¬
hibitors on cell secretory activity is prevented by nor¬
mal extracellular Ca2+ levels, as previously shown by
others8 16-29-59 and also in the present report. More
likely, therefore, PGE2 acts on a cell membrane-lo¬
cated Ca2+ pool48 to make Ca2+ available to neigh¬
boring calmodulin-adenylate cyclase complexes.
Such a Ca:+ pool would appear to be responsive to

TMB-8 and dantrolene, a possibility previously dis¬
cussed49 but never examined in detail.

Conclusion b regarding a mandatory involvement
of cAMP in PGE2-induced LHRH release in Ca2+-
free medium is not supported by the finding that
PGE2 evoked LHRH release in the absence of Ca2+
whereas F failed to do so in spite of inducing a strik¬
ing increase in cAMP accumulation. Important in
this context is the observation that blockade of

PGEj-induced cAMP in Ca2+-containing medium by
either calmodulin antagonists or inhibitors of Ca2+
mobilization failed to diminish the LHRH response
to PGE2. This may indicate that even in the presence
of normal Ca2+ levels, cAMP is not involved in the
mechanism of PGE2-induced LHRH release. Cau¬
tion should be exercised, however, in the interpreta¬
tion of this latter finding because the decrease in
cAMP accumulation observed may have been due to
a reduction in cAMP efflux from the nerve terminals

rather than to a decrease in cAMP formation. If, on

the other hand, cAMP formation was indeed blocked
the ability of PGE2 to produce a full LHRH response
under these experimental conditions remains to be
clarified. Perhaps in the presence of normal Ca2+ lev¬
els PGE2 increases Ca2+ influx into the nerve termi¬
nals in a cAMP-independent manner as reported in
other systems14'20. Further experimentation is
needed to verify this view.

The failure of F to induce LHRH release in Ca2+-
free medium (ref. 22 and this paper) indicates that
for cAMP to release LHRH influx of Ca2+ across the

nerve terminal membrane must occur. In fact, strong
evidence exists that cAMP itself is responsible for
this Ca2+ influx27-48, an effect exerted by an action of
a cAMP protein kinase on voltage-sensitive Ca2+
channels10.

Viewed in the light of these observations the fol¬
lowing interpretation can be offered to explain the
events leading to PGE2-induced LHRH release: in¬
teraction of the neurotransmitter norepinephrine to
a-receptors44, possibly of the a [-subtype19, leads to a
Ca2+, calmodulin-dependent formation of PGE2,
likely via activation of phospholipase A2 (refs. 30,
48). PGE2 then induces (a) translocation of Ca2+
within or near the plasma membrane, and (b) mobili¬
zation of Ca2+ from intracellular stores, most proba¬
bly the endoplasmic reticulum, into the cytosol. The
former effect results in a Ca2+-calmodulin-depen-
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dent activation of adenylate cyclase; the latter
evokes LHRH release by a calmodulin-independent
mechanism which, however, may be mediated by al¬
ternative Ca2+ binding proteins. The PGE2-induced
rise in cAMP causes LHRH release by enhancing
Ca2+ influx from the extracellular medium; in the ab¬
sence of extracellular Ca2+ even large increases in
cAMP levels fail to evoke LHRH secretion. In con¬

trast, PGE2can release LHRH in Ca2+-free medium.
Exposure of MEs to maximally effective doses of F
and PGE2 does not result in an additive effect on
LHRH release2'41 probably because in each case cy-
tosolic levels of Ca2+ become sufficiently elevated to
trigger a maximal LHRH response.

The contribution of extracellular Ca2+ and hence
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I. INTRODUCTION

During recent years a renewed interest in studying the
neuroendocrine control of sexual development has arisen.
Several investigators using different animal models and
various contemporary techniques have begun to explore in
great depth the mysteries of the central nervous system
(CNS) in an attempt to disclose how the brain may influence
reproductive development. This is indeed a formidable and
exciting task, particularly in our times when new and
powerful methodologies are being added to our scientific
arsenal.

A simple, and perhaps correct view is that the basic
mechanisms which underlie the acquisition of reproductive
capacity are the same in all eutherian mammals. Some may
not be expressed as clearly, and for as long a duration, in
one species as compared to another but they may still occur
as an integral part of the cascade of developmental events
that lead to the attainment of puberty. This seemingly
naive assumption provides the basis for the view that some
animal models can be of a greater value than others when
trying to unravel the mechanisms underlying different
physiological events. For example, the juvenile hiatus of
gonadotropin secretion can be best studied in sub-human

1Supported by grants from the NIH (HD-09988, Project
JV) and the NSF (BNS 831807).
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primates; the pubertal activation of estradiol positive
feedback, even though it occurs in all species, can be
examined more readily and in greater detail in the labora¬
tory rat than in larger animals. The developing lamb offers
an excellent model to study the effect of photoperiod and
nutrition on sexual maturation.

The present article will not attempt to provide a
comprehensive account of all that is known about the process
of puberty in different species. Instead, it will discuss
the progress made in this field based on data collected from
the human and from three select animal models: the rat, the
sheep, and the rhesus macaque. The resemblances and differ¬
ences between these models and humans will be stressed and

interesting aspects concerning the sexual development of
other species will also be mentioned. For a more detailed
account the interested reader is referred to several recent
reviews (Bronson and Rissman, 1986; Plant, 1987; Foster,
1987; Ojeda and Urbanski, 1987).

II. THE IMMATURE STAGE

During the interval between birth and the attainment of
sexual maturity, the neuroendocrine reproductive system
undergoes a series of developmental changes which unfold at
a pace much slower than during the actual transition to
sexual maturity. More importantly, however, it is during
this time that the basic regulatory mechanisms governing
neuroendocrine reproductive competence become firmly
established

A. Length of Prepubertal Development and Life Expectancy

The temporal pattern of sexual development varies
considerably between species, and within the same species it
may show considerable individual variation (Ramirez, 1973).
Although there is little doubt that the primary factors
controlling the length of prepubertal development are
genetic (Land 1978), a variety of environmental,
nutritional and social factors are powerful supplementary
determinants of the timing of puberty (Bronson and Rissman,
1986). In general, a correlation appears to exist between
the life expectancy of a particular species and the rate of
sexual development. Thus, female rats which in the wild
have a life expectancy of no longer than 1-2 years, reach
puberty within 5 to 6 weeks after birth. Ewes have a life
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span of several years with spring-born lambs reaching
puberty between 8-9 months of age. Female rhesus macaques
(Macaca mulatta) which may live for several decades reach
maturity between 3-4 years of age. The human female, on the
other hand, lives much longer (an average life expectancy of
70 years), and does not normally become sexually mature
before the age of 10. The marked differences in the timing
of puberty of several mammalian species are demonstrated in
Table I.

TABLE I. Differences in the timing of puberty of several
mammalian species

Species
Gestation,

days Puberty a

Primates
man

chimpanzee
macaque

270
238
168

12-13 yr
8 yr

3- 4 yr

Farm animals
horse
cattle

goat
sheep
swine

336
280
151
150
112

12-15
8-12
4- 8
5- 7
4- 7

Small laboratory animals
hamster
mouse

rat

rabbit
ferret

dog
guinea pig
cat

16
20
21
30
42
60
63
63

1, 2
1. 3
5- 6

1. 3
8-24
2- 3
7-12

1

aMonths unless otherwise indicated. Modified from;
Ramirez, 1973 (with permission).
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B. The Hypothalamic-Pituitary Unit

Measurement of circulating gonadotropin levels has been
extensively used to estimate the activity of the luteinizing
hormone-releasing hormone (LHRH) secretory system during
both sexual maturation and adulthood. In the four major
species considered in this article there exists a period
during postnatal development in which gonadotropin secretion
appears to proceed independently from the presence of the
ovary. In the laboratory rat, such a period is very short
and limited to the first few days after birth (Goldman et
al. , 1971). A similar situation exists in the female lamb
(Foster et al. , 1975) in which luteinizing hormone (LH)
secretion fails to increase in response to ovariectomy for
the first 4 weeks after birth (first ovulation; 26-50 weeks
of age). A different picture emerges in the case of the
human and rhesus monkey in which a transient postnatal
period of LH response to gonadectomy is followed by a
prolonged phase of insensitivity which extends throughout
most of the infantile-juvenile phases of development (Winter
and Faiman, 1972; Plant et al., 1974). A similar prolonged
period of unresponsiveness has been described in the guinea
pig (first ovulation: 60 days of age) which fails, for up to
two weeks, to respond with an increase in plasma LH when the
ovaries are removed on postnatal day 10, but responds
readily if ovariectomy is performed on day 30 (Nass et al. ,

1984). These data, though interesting because they suggest
that the guinea pig could be a viable animal model in which
to examine the juvenile hiatus in gonadotropin secretion
seen in humans, have been recently questioned (Fraser and
Plant, 1987). These latter authors found that if guinea
pigs were kept with their mothers beyond day 10 instead of
being weaned as Nass et al. (1984) did, the animals
responded to ovariectomy with a vigorous increase in LH
secretion. The issue is, however, still unsettled because
maintaining the animals with their mothers may have allowed
for maternal milk LHRH to stimulate LH secretion from the

offspring's pituitary (for review see Smith and Ojeda,
1986).

Elucidation of the mechanisms underlying the juvenile
reduction in gonadotropin secretion in humans and sub-human
primates is of considerable importance, because of the pro¬
found repercussions it will have on current efforts to
understand the pubertal process. Of potential importance in
this regard is the recent finding (Plant, 1986a) that neo¬
natal ovariectomy of rhesus monkeys results in a sustained
hypersecretion of follicle-stimulating hormone (FSH), a
pattern of response that is in marked contrast to the



Comparative Aspects of Female Puberty 199

biphasic profile normally observed in males (Plant, 1986),
i. e. , an initial, marked infantile increase in FSH followed
by a decrease to basal levels throughout juvenile
development (Fig. 1). Interestingly, the LH response to
ovariectomy, though truncated in females, shows a pattern
that is basically similar in both sexes. These findings and
the observation that the frequency of pulsatile LH release
is slower in females than in males have led to the conclu¬
sion that the so-called hypothalamic GnRH pulse generator is
not fully operative in immature female monkeys (Plant, 1986a).

Fig. 1. A comparison of the time courses of circulat¬
ing concentrations (mean + SEM) of LH (top panel) and FSH
(bottom panel) in agonadal male (n=4; 0-0) and female (n=6;
•-•) rhesus monkeys during the first 40 weeks of postnatal
life. Gonadectomy in both sexes was performed between 1-2
weeks of age. From: Plant {1986). Endocrinology 119: 539
(with permission).



200 Ojeda and Urbanski

If this is the case, it would also suggest that the
frequency of LHRH discharges in juvenile ovariectomized
animals is too slow for LH release to be sustained, but
sufficiently fast for FSH secretion to be maintained at a
high rate.

For many years the view has been maintained that the
reduced rate of gonadotropin secretion seen in juvenile
primates is due to the predominance of inhibitory tone(s) on
LHRH secretion, a phenomenon known as the "central
restraint" (for a review see Reiter and Grumbach, 1982).
While it is entirely possible that maturation of excitatory
and inhibitory inputs may occur at different postnatal
stages there is no experimental evidence that supports the
concept of a central restraint operating during juvenile
development other than the findings that hypothalamic
lesions, of experimental or pathological nature, in rats and
humans, respectively, can advance the onset of puberty
(Donovan and Van der Werff ten Bosch, 1956; Gellert and
Ganong, I960; Marks and Elders, 1979). Experimental lesions
of the monkey hypothalamus (Norman and Spies, 1981; Terasawa
et al., 1984a), however, have failed to advance puberty as
dramatically as seen in human females with idiopathic
precocious puberty. Indeed, the lesion of certain hypothal¬
amic regions rather than removing an inhibitory tone may set
in motion repair or compensatory mechanisms which may
activate, rather than depress, the secretory activity of
LHRH neurons. Clearly, much more research is needed to
resolve this issue, but it is revealing that pharmacological
removal of a potential inhibitory component such as the
opioid system has failed to revert the quiescent mode of
LHRH secretion in children (Fraioli et al. , 1984; Sander et
al. , 1984). In contrast, pulsatile administration of the
excitatory amino acid analog N-methyl-D-aspartic acid to
juvenile male rhesus monkeys has been shown to elicit
rhythmic discharges of LH release and to induce precocious
puberty (Plant et al., 1987).

As indicated before, ovariectomy of juvenile rats or
sheep results in a prompt increase in plasma gonadotropins
indicating that the LHRH-LH secreting system is under strong
gonadal inhibitory control, but that once this is removed
LHRH secretion can increase without central restraint. It
must be pointed out, however, that neonatal ovariectomy of
rats produces a biphasic pattern of FSH release, levels
first increasing for about 2 weeks and then decreasing
during the juvenile period to intermediate values (Urbanski
and Ojeda, unpublished). This pattern may reflect a
changing frequency of pulsatile LHRH release.
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C. The Ovaries

Although formation of ovulatory follicles fails to
occur during prepubertal development, follicular growth and
atresia are ongoing processes throughout prepubertal years.
The human ovary undergoes cycles of follicular growth that
appear to occur every 28-40 days (Winter et al. . 1978).
That, indeed, the primate ovary is steroidogenically active
is demonstrated by the finding that concentrations of estra¬
diol in the ovarian vein of juvenile rhesus monkeys is 3- to
4-fold greater than peripheral levels (Williams et al. ,

1982). Moreover, ovariectomy is followed by a decrease in
circulating estradiol levels in these animals (Winter et
al. , 1977). The sheep ovary becomes responsive to gonado¬
tropins between the 2nd to 4th week of postnatal life and
can ovulate by 5 to 6 weeks of age when challenged with a
large dose of gonadotropin (Worthington and Kennedy, 1979).
Little is known, however, regarding the normal developmental
changes in steroidogenic capacity and ovarian morphology
that occurs during the prepubertal period of the female
lamb.

In contrast to this sparcity of information, a wealth
of information exists concerning the juvenile rat ovary
(Schwartz, 1974; Richards, 1980; Ojeda et al. , 1984). The
responsiveness of the ovary to gonadotropins increases
gradually during juvenile days (Advis and Ojeda, 1978) a
phenomenon that appears to be related to an increase in LH
(hCG) receptors. The actions of gonadotropins on the rat
ovary are facilitated by prolactin and growth hormone which
contribute to the maintenance of LH receptors (for a review
see Ojeda et al. , 1984). An intriguing aspect of ovarian
development which has only recently been explored in more
detail, concerns the possibility that in addition to the
well characterized hormonal control, the central nervous

system regulates the development of ovarian production via
direct neural connections. Thus, evidence now exists that
the immature ovary is innervated by noradrenergic nerve
fibers (Burden, 1985) and by nerves containing vasoactive
intestinal peptide (VIP), substance P (SP), neuropeptide Y
(NPY) and calcitonin-gene related peptide (CGRP) (Ahmed et
al. , 1985; Dees et al. , 1985; McDonald et al., 1987; Calka
et al. , 1987). While VIP reaches the ovary via the superior
ovarian nerve NPY, SP and CGRP fibers are contained in the
plexus nerve. Of these peptides only VIP was found to
affect ovarian steroidogenesis. It stimulates the secretion
of progesterone, estradiol, and androgens (Davoren and
Hsueh, 1984; Ahmed et al. , 1985), an effect that appears to
be at least in part due to the capacity of VIP to induce the
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synthesis of two key enzyme complexes in the steroidogenic
pathway, namely the cholesterol side chain cleavage enzyme
and the aromatase enzyme (Trzeciak et al. , 1986; George and
Ojeda, 1987). Since VIP can induce aromatase enzyme
activity before the development of primordial follicles and
prior to the acquisition of ovarian responsiveness to FSH
(George and Ojeda, 1987), it appears that VIP may represent
an early neuroendocrine signal controlling the initial
phases of ovarian development.

III. THE ONSET OF PUBERTY

A. The Initiating Events

Although the first cellular manifestations of puberty
are likely to occur well before the first changes in plasma
hormone levels no specific markers for such early events
have been identified that may permit an accurate prediction
of the onset of puberty. It is clear, however, that in most
species the earliest manifestation of the advent of sexual
maturity is a change in the mode of LH release.

1. The First Overt Hormonal Changes

In all four species considered herein, the onset of
puberty is characterized by the appearance of changes in
pulsatile LH release. In humans, rhesus monkeys, and rats,
the predominant change observed is an increase in LH pulse
amplitude, although an acceleration of pulse frequency is tc
be suspected because basal LH levels increase concomitantly
(Boyar et al., 1972; Terasawa et al. , 1984; Urbanski and
Ojeda, 1985). In female sheep an increase in LH pulse
frequency is more readily apparent (Foster et al. , 1985)
(Fig. 2), perhaps because of the prior (juvenile) slow
frequency of the LHRH pulse generator.

In both the human and rhesus monkey, the augmentation
of LH release occurs during sleep (human) or at night
(monkey). In rats the change is observed in the afternoon
(Fig. 3) and in sheep it does not appear to be related to
the time of day. Although changes in pituitary responsive¬
ness to LHRH may contribute to modulating these changes in
LH release, there is little doubt that they are ultimately
determined by changes in the secretion of LHRH from the
hypothalamus. Indeed, recent evidence has established
conclusively that the onset of female puberty in the rhesus
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monkey is characterized by a gradual increase in LHRH pulse
amplitude as measured in push-pull cannula perfusates of the
medial basal hypothalamus (Watanabe et al. , 1987).

2. The Activation of LHRH-Secreting Neurons

The mechanisms underlying the activation of LHRH secre¬
tion at puberty are poorly understood. For many years the
hypothesis was accepted that an age-related decrease in
sensitivity to gonadal steroid negative feedback was
responsible for the pubertal rise in circulating gonadotro¬
pins. This, however, can no longer be accepted as a tenable
explanation as experiments performed in both rats and
primates, and clinical data obtained in humans, indicate
that a gonadal-independent change in "central drive" is most

high
decreasing

% SENSITIVITY TO ESTRADIOL INHIBITION £
H OF TONIC LH SECRETION

f LH (^) |LH
V y

*E2

LH
y surge

1 I M:

ESTRADIOL
PROGESTERONE - '

Estrus

follicular

PREPUBERTAL POSTPU8ERTAL

Fig. 2. Schematic hypothesis for the initiation of the
gonadotropin surge in the female lamb. Changing baseline of
LH and estradiol reflects their discontinuous secretion
Insets depict detailed patterns of LH and estradiol over a
6-hour period. From: Foster (1987). In "The Physiology of
Reproduction" (K Knobil and J. D. Neill, eds. ). p 1737,
Raven Press, New York (with permission).
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Fig. 3. Postulated sequence of changes in the mode of
LH release during the onset of puberty in the female rat.
Roman numerals indicate the phases in which different
afternoon patterns of LH release were observed in conscious
free-moving peripubertal animals, bled every 5 minutes usii
an automated bleeding technique. Each profile is derived
from a different animal. I, Low amplitude pulses similar t
those seen in the morning, II, increased basal LH release
and LH pulse amplitude; III, minisurge of LH secretion; IV,
proper, proestrous surge of LH. From: Ojeda et a1. (.1986).
Rec. Prog. Horm. Res. 42, 434 (.with permission.).

likely responsible for the initiation of puberty in these
species (Fig. 4) (for a review see Plant, 1987; Ojeda et
al. , 1984). In contrast, attempts to demonstrate a gonadal
independent activation of gonadotropin release in the
pubertal sheep have failed (Foster and Yellon, 1987),
suggesting that a decreased sensitivity to steroid negativ
feedback (Fig. 2) may indeed be the principal determinant
for the initiation of puberty in this species (Foster,
1987).

Studies in monkeys have shown that the content of LHR
in the hypothalamus is not different between juvenile and
peripubertal animals (for references see Plant, 1987), so
that reduced stores of this decapeptide cannot be respons¬
ible for the failure of LHRH to be released in a pubertal
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Fig. 4. Developmental changes in the basal level of LH
{mean + SEM) in intact and neonatally ovariectomized female
rhesus monkeys. From: Terasawa et al. {1984). Endocrinology
115, 223 {with permission).

manner earlier in development. Studies in the rat, on the
other hand, have revealed that the capacity of LHRH neurons
to release LHRH in response to intracellular probes such as
prostaglandin E2 (PGE2), stimulators of cyclic-AMP formation
or activatorsvof protein kinase C is already developed
before puberty (for a review see Ojeda and Urbanski, 1988).
These observations and the finding that, in both rhesus
monkeys and female rats, precocious puberty can be induced
by pulsatile administration of the excitatory amino acid
analog N-methyl-D-aspartic acid (Urbanski and Ojeda, 1987;
Plant et al. , 1987), permit the conclusion that immaturity
of the intracellular machinery responsible for LHRH release
is not the limiting factor for puberty to occur. Rather,
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the initiation of puberty depends on the development of
components located beyond these intracellular pathways.

3. The Change in Neural Inputs to the LHRH Secreting Cells

Such a change may involve several components including
the appearance of specific receptors on the LHRH cell
membrane, the establishment of the proper synaptic circuitry
connecting the LHRH neurons to relevant neurotransmitter
systems, or a change in excitatory/inhibitory inputs
normally involved in regulation of the secretion activity of
the LHRH neurons.

While very little is known about this entire issue
there is now convincing evidence that LHRH neurons receive
synaptic contacts from other LHRH neurons (Leranth et al.,
1985a; Pelletier, 1987; Thind and Goldsmith, in press),
GABAergic neurons (Leranth et al., 1985), and opioid neurons
(Thind and Goldsmith, in press). Whether functional comple¬
tion of these synaptic contacts is causally related to the
time of puberty is unknown. Of interest in this regard,
however, is a recent finding that in rats, and rhesus
monkeys, the morphological characteristics of LHRH neurons
change during postnatal development (Steiner et al., 1983;
Wray and Hoffman, 1986) in a gonadal-independent manner
(Wray and Gainer, 1987). In the rat there exists two types
of LHRH neurons: "irregular" that have spine-like processes
on their surface, and "smooth" which lack these processes.
While the number of smooth cells decreases during prepu¬
bertal development, there is a proportional increase in the
number of irregular cells (Wray and Hoffman, 1986). This
has been interpreted as indicating a greater number of
synaptic contacts being established during sexual develop¬
ment, a concept that would fit well with the possibility
that completion of the synaptic circuitry to LHRH neurons is
a prerequisite for the pubertal increase in LHRH release to
occur. Of considerable interest in this regard is the
recent demonstration that the number of irregular LHRH
neurons contacted by catecholaminergic nerve fibers
increases during sexual development while the catechola¬
minergic contacts with smooth cells remain unaltered (Wray
and Hoffman, 1986). This suggests that a subpopulation of
LHRH neurons becomes more densely connected to specific
neurotransmitter circuitries in the hypothalamus and there¬
fore is subjected to the attending changes in incoming
information associated with a greater synaptic density.
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B. The Ovarian Response

1. Gonadotropin Control

There is no doubt that ovarian development is under the
firm control of circulating gonadotropins. Recent
experiments in sheep, monkeys, and rats have revealed that
experimental simulation in juvenile individuals of the
plasma pattern of LH levels observed in peripubertal animals
is an effective stimulus for the activation of ovarian

secretory activity. When 20-week-old juvenile lambs were
injected hourly for 48 h with LH, simulating the high
frequency LH pulses observed during the follicular phase of
the estrous cycle, plasma estradiol levels increased to
follicular phase levels and a pre-ovulatory surge of gonado¬
tropins occurred followed by the formation of an active
corpus luteum (Foster et al. , 1984). High amplitude, low
frequency pulses of exogenous LH were ineffective. Adminis¬
tration of LHRH to rhesus monkeys in a pulsatile pattern at
hourly intervals was also effective in activating the ovary
and inducing precocious puberty (Wildt et al. , 1980). A
similar result was obtained when the release of LHRH was

directly stimulated by the pulsatile administration of N-
methyl-D-aspartic acid at intervals that mimicked the
pattern of LH release in adult animals (Plant, 1987). In
rats, the simulation of the afternoon peripubertal pattern
of LH pulses, in an in vitro perfusion system, resulted in a
significant enhancement of both estradiol and progesterone
secretion from immature ovaries (Urbanski and Ojeda, 1985a).
More remarkably, reproducing the pattern of LH release in
vivo, via stimulation of LHRH release with N-methyl-D-
aspartic acid markedly advanced the onset of puberty after
only 4 days of treatment (Urbanski and Ojeda, 1987).

It is obvious, therefore, that if the juvenile ovary is
physiologically stimulated it will produce a pattern of
steroid secretion adequate to trigger a pre-ovulatory surge
of gonadotropins. It is also clear that once the pubertal
process is initiated by the neural mechanisms directly
regulating the activity of LHRH neurons, the most important
endocrine component that determines the timing of puberty is
the ovary.

Only when the ovary has become able to produce estra¬
diol in sufficient amounts to exert a pre-ovulatory surge of
gonadotropin and can respond to this surge with ovulation,
will puberty occur. In fact, the completion of puberty in
monkeys and sheep does not occur at the time of the first
pre-ovulatory surge of gonadotropins (Foster, 1987; Plant,
1987), in part because the ovary is still insufficiently



208 Ojeda and Urbanski

mature to form an active, functionally competent corpus
luteum.

2. Direct Neural Control

As indicated before, the mammalian ovary is innervated
by extrinsic nerves of noradrenergic and peptidergic nature.
WMle most of these studies have been performed in the rat
there is immunocytochemical and morphological evidence that
the ovary of other species, including the human, is also
innervated (for a review see Burden, 1985). Little is known
regarding alterations in activity of ovarian nerves during
the time when the pattern of LH release begins to change.
That an increase in impulse traffic through these nerve
fibers may occur is suggested by the observation that the
ovarian content of norepinephrine as well as tyrosine
hydroxylase activity, the rate limiting step in catechola¬
mine synthesis, increase as puberty approaches (Ben-
Jonathan, 1984). More recently, it has been observed that
the ovarian content of VIP, which remains fairly stable
throughout neonatal, infantile and juvenile development
increases significantly around day 30 (Ahmed et al. , 1986),
i. e., coinciding with the initiation of the diurnal pattern
of LH secretion. This change, however, cannot be attributed
to gonadotropins because neither LH nor FSH can induce it in
hypophysectomized rats. Intriguingly, a unilateral lesion
in the anterior hypothalamic area of hypophysectomized
immature rats resulted in an increase of VIP content in the

ovary ipsilateral to the lesion, suggesting that VIP levels
in the ovary are regulated by a direct CNS-ovarian pathway
(Ahmed et al., unpublished).

IV. THE TIMING OF PUBERTY

A Influence of Nutritional Factors

From a survival point of view it makes sense for a
female mammal not to breed until she is sufficiently mature
somatically to be able to maintain a pregnancy and give
birth to viable offspring. It is therefore not surprising
that undernutrition will severely retard sexual maturation.
For example, whereas ewe lambs with ad libitum feeding show
signs of first ovulation at about 30 weeks of age, their
feed-restricted counterparts are still anovulatory after 48
weeks. This suppressive effect of severe undernutrition
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appears to be exerted through a decrease in LH pulse
frequency which in turn fails to support the high level of
estradiol secretion that is necessary for the production of
a normal pre-ovulatory LH surge (Foster et al. , 1985). In
the female rat the effects of food restriction on gonado¬
tropin secretion and the onset of puberty are equally
impressive. When prepubertal females were maintained at 45%
of their expected 50-day body weight pulsatile LH release
was completely suppressed and the animals failed to reach
sexual maturity. Interestingly, complete sexual development
could be rapidly resumed in these animals either by
providing them with unlimited access to food or by adminis¬
tering LHRH in a pulsatile manner (Bronson, 1986). It
remains to be determined exactly how undernutrition affects
LHRH release and the function of the hypothalamic pulse
generator during puberty. However, based on studies
performed using crab-eating macaques (Macaca fascicularis),
one possibility is that humoral metabolic signals may play a
significant role (Steiner et al. , 1983).

B. Environmental Regulation

Most vertebrate species breed only during certain times
of the year, especially in non-tropical latitudes where
environmental conditions show marked seasonal changes.
These breeding cycles usually display a particular phase
relationship with a reliable seasonal cue, such as changing
day-length, so that pregnancy and subsequent parturition
occur at the most optimum time for survival of the species.
It is not surprising, therefore, that in many animals the
onset of puberty is also influenced by seasonal environ¬
mental signals, a subject that has been studied most exten¬
sively in the ewe ( Dyrmundsson, 1973; Foster et al. , 1985).

In general, sheep are described as being short-day
breeders because they become sexually active in the autumn,
when day-length is decreasing; the lambs are subsequently
born 5 months later, in the spring. As indicated before,
when spring-born lambs are raised outdoors they become
sexually mature by about 30 weeks of age. However, autumn-
born lambs do not, despite having achieved somatic maturity.
Instead, first ovulation in these animals is delayed until
the following autumn (i.e., the time of the adult breeding
season). More importantly, when autumn-born lambs are
reared under artificial photoperiods, which mimic the
natural light cycles perceived by lambs born in the spring,
puberty is not delayed. This finding supports the view that
it is the photoperiod itself, rather than some other
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environmental variable, that exerts the suppressive effect
on the developing reproductive system. Also, as with under¬
nutrition, the suppressive effect of photoperiod on the
timing of puberty is mediated through the gonadotropin-
releasing system

Female rhesus monkeys, like most breeds of sheep, breed
only during the autumn and winter, when reared in their
natural environment. Likewise, the timing of puberty in the
rhesus monkey is also under environmental control (Wilson et
al. , 1984, 1986). Normally the ovaries do not appear to
reach full maturity until several months after menarche
(first menstruation). Thus menarche is usually followed by
a period of "adolescent sterility, " lasting for 3-15 months,
which is typically characterized by anovulatory cycles with
extended periods of amenorrhea. It is during this adoles¬
cent period that sexual maturation is most susceptible to
seasonal environmental influences which may suppress ovula¬
tion despite a sufficiently mature gonadotropin-releasing
system It has been observed that when female rhesus
monkeys are reared outdoors they will ovulate for the first
time either in the autumn-winter immediately following
menarche or in the following autumn, but not in the inter¬
vening spring-summer period. In contrast, when adolescent
monkeys are housed indoors first ovulation will occur at any
time between 31-50 months of age. Therefore, development of
the reproductive system of the rhesus monkey, like the lamb,
appears to be environmentally suppressed during the spring
and summer. As outlined above, in the lamb this environ¬
mental suppression is exerted primarily by the photoperiod,
but it has yet to be determined whether the same is also
true for the rhesus monkey, or whether in fact some other
seasonal environmental cues are involved.

In contrast, the rat is typically considered to be a
non-seasonal breeder even in the feral condition. Further¬
more. reproductive development in this species is not
influenced by the seasonal changes in day-length. Surpris¬
ingly, the same is also true for the prepubertal golden
hamster even though the reproductive system of the adult is
profoundly affected by the photoperiod (Darrow et al. ,

1980). However, in another long-day breeding rodent, the
Djungarian hamster, sexual maturation can be delayed by
about 10 weeks by rearing the animals under short, as
opposed to long, days (Hoffman, 1978). A similar situation
exists in the ferret where animals reared under long or
short days will become sexually mature by 20-22 weeks and
30-50 weeks, respectively (Ryan and Robinson, 1987). The
mechanism by which photoperiodic information is transduced
into a particular pattern of gonadotropin secretion has not
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been completely elucidated. However, there is good evidence
to suggest that in mammals the neural circuitry involves the
eyes, the retinohypothalamic tract, the suprachiasmatic
nuclei, hypothalamospinal fibers, the peripheral sympathetic
nervous system, the pineal gland, and more than likely
melatonin (a pineal hormone) (Reiter, 1980).

V. THE FIRST PRE-OVULATORY SURGE OF GONADOTROPINS

In both sheep and rats the capacity of the LHRH-LH
releasing system to respond to estradiol with a pre¬
ovulatory surge of secretion develops long before puberty
(for review see Ojeda et al. , 1986; Foster, 1987). However,
the surge does not occur because the immature ovary has not
reached a developmental state at which it can secrete
sufficiently elevated levels of estradiol.

In contrast, humans and rhesus monkeys undergo menarche
several months before their LHRH-LH releasing system becomes
responsive to estradiol positive feedback. Since by the
time of menarche the levels of estradiol produced by the
ovary are sufficiently elevated to support growth of the
uterine endometrium, the conclusion may be reached that the
failure of an LH surge to occur in early puberty is exclu¬
sively due to a central inability to respond to estradiol.
This is supported by the observation that circulating
estradiol levels in human females wax and wane throughout
the pre- and post-menarcheal period (Faiman and Winter,
1974) probably reflecting consecutive waves of follicular
development in the absence of ovulation. That the central
component of estradiol positive feedback could indeed be
activated earlier if the ovary had the capacity to produce
adequate levels of estradiol is demonstrated by the finding
that exogenous administration of estradiol to juvenile
ovariectomized monkeys evokes a pre-ovulatory surge of LH by
the time of the expected menarche (Terasawa, 1985).

A. The Acquisition of Ovarian Pre-Ovulatory Competence

Most of the information regarding the peripubertal
development of ovarian function derives from the rat and has
been reviewed earlier (Ojeda and Urbanski, 1987).

Several maturational changes are involved in hastening
the acquisition of pre-ovulatory competence by the rat
ovary. While FSH receptor content is already maximal by the
end of juvenile development, the number of LH receptors in
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granulosa cells increases dramatically during the days
preceding the first pre-ovulatory surge of gonadotropins
(Smith-White and Ojeda, 1981). Concomitant with this
increase, a decline in LHRH receptor content occurs (Smith-
White and Ojeda, 1983), suggesting a reduction of an inhibi¬
tory tone. The relevance of these changes for the pubertal
activation of ovarian function is suggested by the fact that
the steroidal responsiveness of the ovary to gonadotropins
increases dramatically at this time (Advis et al. , 1979),
reflecting the development of follicles destined to ovulate
at the first estrus.

The neurogenic component of the ovary also undergoes
changes. The content of /?-adrenergic receptors increases
before the LH surge (Aguado et al. , 1982). Paralleling the
increase in receptor content, the release of progesterone in
response to /^-adrenergic stimulation also becomes more
prominent.

In addition, the steroidogenic response to VIP under¬
goes profound changes at the time of puberty (Ahmed et al. .

1985). The estradiol response to VIP, already distinct in
juvenile rats, increases noticeably before the LH surge.
The progesterone response to the peptide increases only
moderately at this time, and then strikingly after ovula¬
tion. Radioimmunoassayable SP content in the ovary also
increases before the LH surge (Ojeda et al. , 1985).
Although the role that SP may play in the ovary is not known
it is tempting to speculate that it may be involved in the
regulation of blood flow.

The net outcome of these developmental changes is an
increased production of estradiol from the ovary. The
strength and duration of this increase is decisive for the
central component of estradiol positive feedback to be
activated in all species so far examined.

B. The Activation of Estradiol Positive Feedback

It has been demonstrated that the treatment of immature
rats with a dose of estradiol (via Silastic capsules) that
produces pre-ovulatory serum levels can induce an LH surge
as early as day 22 of postnatal life, i. e., at the beginning
of the juvenile period (Andrews et al. , 1981). Greater
estradiol levels are needed to induce LH release in younger
rats, but no response can be obtained before postnatal day
16. A similar early development of the central-component of
estradiol positive feedback is observed in sheep which are
able to respond to exceedingly small doses of estradiol as
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early as 19 weeks of age, i.e., 10-12 weeks before spontan¬
eous puberty (Foster, 1984).

The inability of estradiol to elicit an LH surge before
menarche in humans and rhesus monkeys has been attributed to
a strong inhibitory control exerted by estradiol at this
time of development (Foster et al. , 1983). This idea, how¬
ever, has been contested by Terasawa (1985) who demonstrated
that neonatal removal of the ovaries followed by administra¬
tion of estradiol during the juvenile period results in an
LH surge at around the time of expected menarche, i.e., much
earlier than in intact animals. The expression of this LH
surge correlates well with the basal levels of LH; animals
with the highest basal LH levels respond more effectively to
the stimulatory effect of estradiol. Since the decrease in
sensitivity to estradiol negative feedback takes place after
menarche, and because an age-related increase rather than
decrease in estradiol negative feedback effectiveness was
observed in these experiments, the conclusion was reached
that a gonadal-independent maturation of the LHRH system
rather than a "resetting of the gonadostat" underlies the
development of estradiol positive feedback.

The sites where estradiol acts to induce the first pre¬
ovulatory surge of gonadotropins are well documented in the
rat. However, in monkeys (and by inference humans) a
controversy exists as to whether or not estradiol acts on
the hypothalamus to stimulate LHRH release or only on the
pituitary to increase the gonadotropin responsiveness to an
invariable pattern of LHRH secretory episodes. While Knobil
and his associates provided evidence for this latter concept
in a series of elegant experiments (review by Pohl and
Knobil, 1982), other investigators have demonstrated that
estradiol increases LHRH release under both in vivo and in
vitro conditions (Levine et al. , 1985, 1985a) Recent data
obtained in the sheep are also supportive of the view that,
like the rat, estradiol in this spiecies acts on both the
hypothalamus to enhance LHRH release and on the pituitary to
enhance the LH response to LHRH (Clarke et al. , 1987). The
sequence of events leading to the first pre-ovulatory surge
of gonadotropin in the female rat and human (primate)
female, is represented in Figs. 5 and 6, respectively.

During the last few years efforts to elucidate the
cellular and molecular mechanisms underlying the effect of
estradiol on the hypothalamus have been intensified. A
detailed discussion of this subject is beyond the scope of
this article, but it is important to mention some of the
most relevant aspiects. The interested reader is referred to
two recent reviews of the matter (Ojeda et al. , 1986; Ojeda
and Urbanski, 1988).
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Fig. 5. Proposed sequence of developmental events
leading to the first pre-ovulatory LH surge in the female
rat. The numbers indicate the sequence in which the events
may occur. The dotted line represents 1200 hours on the daj
of first proestrus. The box outlined by interrupted lines
indicates that a loss in central restraint may not be a
predominant factor for the synchronized activation of LHRH-
secreting neurons. From: Ojeda and Urbanski {.1987). In "The
Physiology of Reproduction (£ Knobil and J. D. Neill, eds. ),
p 1697. Raven Press. New York {with permission).

Immunohistochemical evidence exists that LHRH neurons

do not contain nuclear estrogen receptors (Shivers et al.,
1984). Therefore, most of the effects of estradiol on LHRH
secretion may be exerted on neuronal or glial populations
associated with LHRH neurons. There is, however, evidence
that estradiol can facilitate LHRH release by acting at a
non-genomic site(s) (Drouva et al. , 1984). Whether this
(presumably) membrane effect is exerted directly on the LHR1
neuron itself is unknown.

The facilitatory effect of estradiol on LHRH release
appears to involve an increased trans-synaptic flow of
neurotransmitters known to be excitatory for LHRH release,
such as norepinephrine (Paul et al. , 1979), increased
synthesis of the neuropeptide, non-genomic membrane effects,
and activation of processing enzymes that yield the mature
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PERIPUBERTAL

Fig. 6. Proposed sequence of events leading to the
first pre-ovulatory LH surge in primates. The numbers
indicate the sequence in which the events may occur.
Present evidence does not permit a firm conclusion as to the
timing of gonadostat resetting. It may occur shortly before
the first ovulation or after it. A pre-ovulatory LHRH surge
may {Norman et al. , 1982), or may not {Knobil, 1980), be
necessary for the pre-ovulatory gonadotropin surge to occur.
Although the magnitude of LHRH pulses may increase during
development an increase in baseline is not necessary. From:
Ojeda et al. {1984). In "Neuroendocrine Perspectives," Vol.
3 {K E Miller, and R M MacLeod, eds. ). p. 264. Elsevier,
Amsterdam and New York {with permission).

peptide (for references see Drouva et al. , 1986). The
intracellular mechanisms leading to LHRH release appear to
depend on the activation of two independent, but complemen¬
tary, pathways; a prostaglandin E2 (PGE2)-cyclic AMP (cAMP)-
mediated route and a protein kinase C-dependent pathway
(Ojeda and Urbanski, 1987). Estradiol increases the LHRH
response to both PGE2 and cAMP and to the neurotransmitter
norepineprine which activates the PGE2~cAMP signal
transduction mechanism. Whether estradiol also facilitates
the effect of protein kinase C activators is not yet known,
but is very likely, because the facilitatory actions of the
steroid appears to affect the overall responsiveness of the
LHRH neurons to stimulatory inputs.
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The mechanisms by which a major discharge of LHRH
occurs at puberty are poorly understood, but it would not be
unreasonable to speculate that they involve a direct syn¬
chronization between LHRH neurons through their anatomical
connections (Leranth et al. , 1985; Pelletier, 1987) and
simultaneous activation of the two above mentioned intra¬
cellular signal-transduction pathways.

VI. THE SEARCH FOR THE "PRIMJS MOVENS"

Elucidation of the mechanism(s) responsible for the
activation of LHRH release at puberty remains a fundamental
challenge to developmental neuroendocrinologists. Even in
sheep that appear to enter puberty in the absence of a
gonadal-independent change in "central drive, " LHRH secre¬
tion increases at puberty apparently as a consequence of a
still poorly understood change in "sensitivity" to estradiol
negative feedback. One may suspect that the basis of this
change is very similar to those underlying the change in
"central drive" observed in species such as the human,
rhesus monkey and rats.

Just as important as the issue of the pubertal activa¬
tion of LHRH release, is that of the juvenile hiatus of
gonadotropin secretion that characterizes sexual development
of primates. Why is the LHRH-secreting system shut off
after the initial, neonatal period of enhanced activity?
Why is it reactivated at puberty? In a more general sense
if the peculiarities of each species are not considered then
one is left with three fundamental questions; a) Is the LHRH
neuron itself the most decisive limiting factor for puberty
to occur? b) If not, what is the nature of the inputs to
these neurosecretory cells that determine the increase in
LHRH secretory activity? c) If the brain substance(s)
responsible for activating the LHRH network are identified,
what factor(s) determine the enhancement of their opera-
tivity at the end of juvenile development and not before?

A partial answer to the first question is already at
hand. The LHRH neurons of both rats and monkeys can be
prematurely activated to cause puberty if challenged with ai
excitatory neurotransmitter/neuromodulatory substance.
Whether the anatomical and biochemical substrates underlying
the action of other neurotransmitters on LHRH secretion are
also operative during juvenile development is not known.

Since immaturity of the LHRH neurons does not appear tc
be the limiting factor for puberty to occur, such limitatioi
must reside on the neuronal circuitries impinging upon the
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LHRH network. It now seems certain that removal of an

inhibitory opioid tone is not the cause of the pubertal
activation of LHRH release. That activation of an excita¬
tory tone may play a role is suggested by the above
mentioned observation that an excitatory amino acid adminis¬
tered in a pulsatile fashion can induce precocious puberty.
Though of potential importance, this is an initial finding
that does not preclude the involvement of other inhibitory
or excitatory systems in the process.

Even if excitatory amino acids are the physiological
activators of LHRH release at puberty the question of what
determines their operativity remains to be answered. At
this point the long-recognized possibility that the states
of somatic growth are monitored by a brain "somatometer"
(Steiner et al. , 1983; Plant, 1987) which is responsible for
the activation of excitatory circuits associated with LHRH
cells should be given proper consideration. Future work
along these lines should prove fruitful for the under¬
standing of female mammalian puberty.
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ABSTRACT. In the present study two recently developed
techniques have been combined to enable the simultaneous in
vivo determination of pulsatile release of GnRH, LH, and FSH
in the orchidectomized rat. The first of these techniques involves
the implantation of two vascular catheters and collecting serial
blood samples through one while simultaneously infusing a
replacement blood mixture through the other; consequently,
blood samples can be collected for an extended period of time,
and detailed plasma LH and FSH release profiles can be estab¬
lished for individual animals. The second technique involves
push-pull perfusion of the pituitary gland to determine changes
in GnRH concentration as might be perceived by the gonado-
tropes. For each animal (n = 6), blood (150 H) and push-pull
perfusate (200 /xl) samples were collected at 5- and 10-min
intervals, respectively, for approximately 6 h, and the hormone
release profiles were determined by RIA. All of the rats showed
a clear pulsatile release pattern for GnRH, LH, and FSH.

Moreover, the interpulse interval was remarkably similar for
each of these hormones (36.9, 41.5, and 43.5 min, respectively,
as determined by PULSAR). The percentage of GnRH pulses
associated with a gonadotropin pulse was 72% for LH and 76%
for FSH; only 14% of the pulses were silent for both gonadotro¬
pins. These results demonstrate that in the orchidectomized rat
the pulsatile pattern of GnRH release is reflected in the pulsatile
pattern of not only LH but also FSH. They may, therefore, be
construed to support the concept that the pulsatile secretion of
both gonadotropins is primarily orchestrated by a single hypo¬
thalamic releasing hormone. Alternatively, if two separate hy¬
pothalamic releasing hormones do indeed exist (LHRH and
FSH-releasing hormone), it would appear that in the orchidec¬
tomized rat their episodic release is tightly coupled to the same
hypothalamic pulse generator. (Endocrinology 123: 413-419,
1988)

IT IS WELL established that the gonadotropins LHand FSH as well as GnRH are secreted in a pulsatile
manner. Furthermore, simultaneous measurements of
the release of GnRH and LH in the ewe (1, 2), rabbit
(3), mare (4), rhesus monkey (5, 6), and more recently in
the rat (7) have revealed that a strong correlation exists
aetween the pulse pattern of this releasing hormone and
;hat of the gonadotropin, suggesting a functional rela-
honship. It is less well established, however, whether a
similar relationship does (4) or does not (7) exist between
tinRH and FSH, and whether in fact the pulsatile release
if each gonadotropin is primarily modulated by a sepa-
*ate hypothalamic releasing hormone, LHRH and FSH-
•eleasing hormone (FSHRH) (8, 9). This latter issue has
continued to be a point of contention among endocrinol-
igists for over a decade. On the one hand, the chemical

Received December 3, 1987.
Address all correspondence and requests for reprints to: Dr. Henryk

L Urbanski, Division of Neuroscience, Oregon Regional Primate Re-
earch Center, 505 NW 185th Avenue, Beaverton, Oregon 97006.

* This work was supported by NIH Grants HD-09988 (Project IV),
iR-00163, and NSF Grant DCB-85-09004.

structure of LHRH has been known for several years,
and it has been demonstrated that this decapeptide can
cause the in vivo and in vitro release of both LH and
FSH (10-15); hence, the term GnRH is often used syn¬
onymously with LHRH. On the other hand, some situa¬
tions exist in the rat, such as after the administration of
alcohol or phenobarbital, immunoneutralization of
GnRH, or destruction of the dorsal anterior hypothala¬
mus, in which there appears to be a dissociation between
the pulsatile secretion of LH and FSH (16-20). While
such findings might be indicative of GnRH-independent
FSHRH activity, they do not eliminate the possibility
that a particular pattern of GnRH secretion causes pref¬
erential stimulation of one gonadotropin over the other,
as has been demonstrated in the monkey (21) or that the
responsiveness of the LH- and FSH-releasing cells to
GnRH stimulation is modulated differentially (22).
Moreover, although a FSH-specific releasing protein of
ovarian origin has recently been characterized (23, 24),
the structure of a hypothalamic FSHRH remains to be
determined (25).

The present study addresses the issue of whether the

413
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pulsatile release pattern of GnRH in the orchidectomized
rat is accurately reflected by the release pattern of not
only LH but also FSH. Two recently developed tech¬
niques have been combined to permit the simultaneous
determination of pulsatile GnRH, LH, and FSH release
in this relatively small rodent. The first of these, contin¬
uous exchange transfusion, allows serial blood samples
to be automatically collected every 5 min for up to 7 h
from conscious unrestrained animals (26). The second
technique involves implanting the tip of a fine push-pull
cannula (PPC) assembly (27) into the anterior pituitary
gland and perfusing a small area of adenohypophyseal
tissue with PBS (28, 29). The measurement of LH and
FSH in the plasma samples and GnRH in the pituitary
perfusate by RIA has enabled us to obtain individual
pulsatile release profdes for each of the hormones and to
evaluate the phase relationships between them. Contrary
to previous reports in the rat (7, 30, 31), the present
results show a very similar pulse frequency for LH and
FSH, and moreover, the release of both gonadotropins
appears to be synchronous with that of GnRH. Prelimi¬
nary Findings from this study have been reported (32).

Materials and Methods

Animals

Six male Sprague-Dawley rats were used when approxi¬
mately 90 days old (300-400 g). They were caged singly and
maintained in a temperature-controlled room (23-24 C) with a

photoperiod of 14 h of light, 10 h of darkness (lights on at 0500
h). Food (Teklad rat diet) and water were available ad libitum.

Implantation of PPC

Seven to 10 days before use in the study the rats were
anesthetized with ketamine hydrochloride-acepromazine ma-
leate [10 mg/kg; 10:1 ratio of Ketaset-Prom Ace, Bristol Lab¬
oratories (Syracuse, NY) and Fort Dodge Laboratories (Fort
Dodge, IA)] and bilaterally orchidectomized. While still under
anesthesia, a miniature PPC (27) was implanted into each rat
directed toward the rostral portion of the anterior pituitary
gland (28, 29). Details of cannula construction, implantation,
and technical validation have been previously reported (2, 27,
28). In essence, the outer cannulae (24 gauge X 12 mm) were

stereotaxically implanted along the midline 3 mm posterior to
bregma. The outer cannula and protruding stylet (0.5 mm) were
lowered through the brain down to the base of the skull, raised
0.5 mm, and then secured to the cranium with dental acrylic.
During the subsequent perfusion procedure the push cannula
(33 gauge) protruded less than 0.5 mm (—0.2-0.4 mm) beyond
the permanently implanted outer cannula.

Implantation of jugular catheters

One day before use in the study animals were anesthetized
with methohexital sodium (Brevital sodium; 60 mg/kg BW ip;
Lilly Co., Indianapolis, IN), a rapid ultrashort-acting barbitu¬

rate, and fitted with two vascular catheters. The first of these
was constructed from Silastic medical grade tubing (Dow-
Corning, Midland, MI: id, 0.50 mm; od, 0.90 mm) following the
procedure of Harms and Ojeda (33) and implanted into the
right external jugular vein. The second was constructed from
two pieces of intramedic polyethelyne tubing [PE 10 (id, 0.28
mm; od, 0.61 mm) and PE 50 (id, 0.58 mm; od, 0.97 mm), Clay
Adams, Parsippany, NJ] and implanted into the right external
iliac vein, as described previously (26). Both catheters were
channeled sc and exteriorized at the nape of the neck. They
were filled with physiological saline and plugged with a 23-
gauge stylet. The animals were given an injection of Gentamicin
sulfate (2 mg/kg BW, im; Carter-Glogau Laboratories, Inc.,
Glendale, AZ) and allowed to recover from anesthesia under a
heat lamp.

Push-pull perfusion medium and blood replacement mixture

The medium used to perfuse the anterior pituitary gland was
similar to that previously reported by Dluzen and Ramirez (27)
and consisted of 123 mM NaCl, 4.8 mM KC1, 0.8 mM CaCl2, 1.2
mM MgS04, 10.2 mM NaHP04, and 1.8 mM NaH2P04 with 0.1
mM bacitracin (pH 7.4). The blood replacement mixture was
similar to that previously reported by Urbanski et al. (26) Red
blood cells were collected from donor male rats which were

otherwise not used in the experiments. The cells were washed
several times in physiological saline and finally resuspended in
a human plasma protein fraction (Plasmanate, Cutter Labora¬
tories, Berkley, CA) to which were added sodium heparin (10
USP units/ml) and dextrose (0.5 mg/ml). The reconstituted
blood was adjusted to a 40% hematocrit and stored at 4 C for
up to 24 h before use.

Push-pull perfusion and blood collection

The apparatus used for the push-pull perfusion of the ante¬
rior pituitary gland and the continuous exchange transfusion
is illustrated in Fig. 1. Before the start of each experiment the
speed settings of the two push-pull peristaltic pumps (Minipuls
2, Gilson Medical Electronics, Middleton, WI) were carefully
adjusted so that the flow of the medium through the push pump
was exactly balanced by the flow of the medium through the
pull pump. In the case of exchange transfusion such fine
balancing of the push and pull forces is less critical, and so two
channels of the same peristaltic pump (Gilson Minipuls 2) were
used.

Push-pull perfusion. At the beginning of each experiment the
stylet was removed from the outer guide cannula and replaced
with an inner cannula assembly. The inner and outer cannulae
were connected to the push and pull pumps, respectively, using
intramedic polyethylene tubing (PE 20). Thus, perfusion me¬
dium was pushed through the inner cannula and pulled up
between the inner and outer cannulae at a flow rate of 20 g\f
min, effectively perfusing a small area of adenohypophyseal
tissue (—0.2 mm in diameter and 0.5 mm in depth). Perfusate
samples were collected at 10-min intervals using an automatic
fraction collector (Gilson Microfractionator model FC-80). Pe¬
riodically (every 15-20 min) the samples were removed from
the fraction collector, and they were subsequently heated to 80
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Fig. 1. Setup of apparatus used for the simultaneous push-pull perfusion of anterior pituitary tissue and collection of serial blood samples. The
push-pull assembly (left) consists of a peristaltic pump which delivers medium (20 ^1/min) to the anterior pituitary gland through an indwelling
stainless steel cannula; the perfused medium is withdrawn through a second, concentric cannula using another peristaltic pump (set at exactly the
same speed as the push pump) and is dispensed as 10-min fractions by an automatic fraction collector. The blood collection assembly (right)
consists of a peristaltic pump which continuously withdraws blood from a jugular venous catheter (30 ;d/min) and dispenses it as 5-min fractions
using an automatic fraction collector; a heparinized artificial plasma-erythrocyte mixture is warmed to 37 C and infused (using a second channel
of the peristaltic pump) back into the animal through an indwelling external iliac venous catheter. Direction of perfusion medium and blood flow
is shown by arrows.

C for 10 min to further reduce possible GnRH degradation by
endogenous peptidases. The samples were stored frozen and
subsequently assayed for GnRH.

Continuous exchange transfusion. Approximately 10 min before
the start of an experiment the two vascular catheters were

unplugged, flushed with a total volume of 0.5 ml heparinized
saline (250 USP units/ml), and then connected to the sampling
apparatus using intramedic polyethelyne tubing (PE 50). One
channel of the peristaltic pump (Gilson Minipuls 2) was used
to continuously withdraw blood from the jugular vein at a rate
of 30 pl/min, and this was dispensed as 5-min fractions by the
automatic fraction collector (Gilson Microfractionator model
FC-80). Approximately every 90 min the blood samples were

centrifuged, and the plasma was stored frozen until assayed for
LH and FSH. Concomitant with the continuous withdrawal of

blood, a second channel of the same peristaltic pump was used
to continuously infuse the warmed (37 C) blood replacement
mixture into the external iliac vein.

Experiments lasted for approximately 6 h, during which time
the animals were free to move around, eat, drink, and sleep,
with no overt indication of being stressed. The animals' unre¬
strained movements occasionally led to twisting of the sampling
and delivery tubing. To remedy this problem the animals' cages
were mounted on plastic turntables which could be readily
rotated in the appropriate direction without disturbing the
animal.

RIA

The concentration of GnRH in the perfusion samples was
measured in a single RIA employing the Chen-Ramirez anti¬
body R11B73 (34). Results are expressed as picograms of
LHRH released per 10 min. Both plasma LH and FSH were
measured using RIA kits provided by the NIDDK. For each
gonadotropin the plasma samples were assayed in duplicate,
and the mean determinations are expressed in terms of the rat
LH RP-1 and FSH RP-1 standards. The intraassay coefficients

of variation (CV) for the three hormone assays were all less
than 10%.

Pulse analysis

There is yet no general consensus as to how to best analyze
pulsatile hormone release profiles. The data from the present
study have, therefore, been analyzed using two different, widely
accepted methods. The first of these (the CV method) defines
hormone pulses as an increase in concentration that is greater
than twice the intraassay CV at a comparable mean level, and
which is followed by a trough (18, 19); a CV of 10% was used
in the present calculations. The second, more sophisticated,
method uses the PULSAR algorithm of Merriam and Wachter
(35, 36). In the present application of the program the various
cut-off criteria for one-, two-, three-, four-, and five-point peaks
were set at 15, 2.5, 2.3, 2.1, and 1.9 (for GnRH); 50, 5.0, 4.0,
2.1, and 2.0 (for LH); and 50, 2.2, 2.1, 2.0, and 1.9 (for FSH)
sd units above the baseline. The peak-splitting cut-off values
were 6.0 (for GnRH and LH) and 4.5 (for FSH). In selecting
these particular values consideration has been made of differ¬
ences in sampling frequency between the blood and push-pull
perfusate (5 and 10 min, respectively) and of differences in the
clearance rates of LH and FSH. Additionally, the cut-off cri¬
teria for one-point pulses has been set very high to filter out
spurious peaks; the fact that samples were collected very fre¬
quently means that the likelihood of accidentally filtering out
real pulses is quite small. The parameters of mean plasma
concentration (or mean amount of GnRH release), mean pulse
amplitude, and mean interpulse interval were determined for
each of the release profiles obtained. Student's t test was used
to assess differences between the CV- and PULSAR-analyzed
sets of data and to compare the interpulse intervals of GnRH
and the gonadotropins.

Results

The individual hormone profiles from all six rats are

depicted in Fig. 2; the GnRH profdes have been posi-
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tioned between those for LH and FSH to clarify the
temporal relationship of the releasing hormone with each
of the gonadotropins. All of the animals showed a clear
pulsatile pattern of release for each of the hormones, and
a summary of the overall mean data (as assessed by the
CV and PULSAR methods) is presented in Table 1. The
hormone profiles from individual animals were also ana¬

lyzed for coincidence between the GnRH and gonadotro¬
pin pulses; only the more conservative PULSAR-ana-
lyzed data were used. Plasma samples collected contin¬

uously using a peristaltic pump typically show hormone
pulses in which the envelope has a slow attack. There¬
fore, pulses were considered coincident if a gonadotropin
pulse was initiated (i.e. ascending phase of pulse) at any
time during one sampling interval after a GnRH peak.
Using this criterion it was found that 72% of the LH
pulses and 76% of the FSH pulses were synchronous
with the GnRH pulses. Only 14% of the GnRH pulses
were silent for both gonadotropins. Clifton et al. (37)
have recently developed a statistical method, based on

RAT 1 RAT 2 RAT 3

Fig. 2. Individual in vivo release profiles
of LH, GnRH, and FSH for each of the
six orchidectomized rats used in the

study. GnRH was measured in push-pull
perfusate samples, collected at 10-min
intervals from the anterior pituitary
gland. LH and FSH were measured in
plasma samples obtained every 5 min by
continuous exchange transfusion. Aster¬
isks and vertical lines indicate hormone

peaks identified as significant pulses us¬

ing the CV and PULSAR methods for
pulse detection, respectively. Insets in
the GnRH panels illustrate the approx¬
imate site of perfusion in the anterior
pituitary for each animal (revealed by
macroscopic examination at the time of
death).
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Table 1. Summary of mean results (±sem) for GnRH, LH, and FSH obtained from push-pull perfusion of the anterior pituitary gland coupled
with exchange blood transfusion

CV analysis PULSAR analysis
Mean level of release

Amplitude Interpulse
interval Amplitude Interpulse

interval

GnRH 2.53 ± 0.32 pg/10 min
LH 497.73 ± 75.07 ng/ml
FSH 1347.47 ± 97.99 ng/ml

3.41 ± 0.42 pg/10 min
484.38 ± 43.08 ng/ml
468.46 ± 66.22 ng/ml

33.96 ± 1.71 min

42.55 ± 4.52 min
39.13 ± 3.69 min

3.91 ± 0.50 pg/10 min
563.5 ± 67.00 ng/ml
451.2 ± 76.23 ng/ml

36.88 ± 1.45 min

41.47 ± 3.55 min
43.47 ± 3.60 min

The data were obtained from six orchidectomized adult rats and analyzed using the CV method for pulse detection and the PULSAR algorithm.
Data analyzed using these two different methods were not significantly different, nor was there a significant difference between the interpulse
intervals of GnRH, LH, and FSH (by Student's t test).

Monte Carlo simulations, which can be used to evaluate
whether the degree of coincidence shown by two pulsatile
hormone patterns is greater than that which would occur

by chance. Using this approach it was found that five of
the six animals showed a significant (P < 0.05) coinci¬
dence between pulses of GnRH and both gonadotropins.
In animal 5, however, no significant coincidence was
found for either LH or FSH. The GnRH profiles were
further analyzed to see if the magnitude of the individual
pulses might have determined whether they were trans¬
duced into pulses of LH and/or FSH, but no correlation
was found.

Discussion

The application of in vivo push-pull perfusion (38, 39)
to areas of the hypothalamus opened up a new avenue
for the study of neuroendocrine secretion. Numerous
studies have now exploited this technology to show that
the release of GnRH in several different species is pul¬
satile (2, 3, 5, 6, 40). Although we ourselves have used
this technique in the past, we recently wondered whether
the pituitary gland might provide a more suitable loca¬
tion for cannula placement than the hypothalamus.
Firstly, there is a possibility that in the hypothalamic
perfusion one might be sampling from a subpopulation
of GnRH neurons in which GnRH-releasing activity
bears little or no resemblance to the overall hypothalamic
GnRH release pattern. It has, for example, been dem¬
onstrated that the amount of GnRH released depends on
the position of the PPC in the hypothalamus (41). Sec¬
ondly, it is difficult to be completely sure that all of the
detected GnRH has actually been secreted; some of it
may have been passively tapped from a hormonal pool.
By perfusing the anterior pituitary gland, rather than
the hypothalamus, both of these potential problems were
avoided in the present study. Assuming that the GnRH
measured in the pituitary gland was of hypothalamic
origin and not produced locally (42), it is reasonable to
assume that the observed pulsatile patterns are repre¬
sentative of those perceived by the gonadotropes. The
present findings that episodic release profiles can be

obtained through push-pull perfusion of the anterior
pituitary gland, therefore, confirm those of Dluzen and
Ramirez (28) and underscore the practicality of this
technique.

In the present study the adenohypophyseal push-pull
technique was coupled with continuous exchange trans¬
fusion to permit the simultaneous determination of pul¬
satile release patterns for GnRH, LH, and FSH. Both of
these techniques have been extensively used independ¬
ently to obtain detailed release profiles for GnRH and
pituitary hormones without producing obvious signs of
stress (2, 26-29, 43-46).

Pulsatile LH secretion has now been demonstrated not

only in rats but in numerous other mammalian species
and also in birds (47, 48), suggesting that this mode of
hormone release is the rule rather than the exception.
Attempts to explain this endocrine phenomenon led to
the concept of a hypothalamic pulse generator in which
rhythmic neural discharges are transduced into a pulsa¬
tile pattern of GnRH release and thereby produce a

pulsatile pattern of gonadotropin release (49, 50). Sup¬
port for this hypothesis increased dramatically after it
was demonstrated, initially in the ewe (1, 2), that GnRH
and LH pulses show a high degree of synchrony. The
present findings indicate that the same is also true for
the orchidectomized rat. Moreover, since both LH and
FSH were measured in the plasma samples the temporal
association of the two gonadotropins could be deter¬
mined. The results demonstrate that the interpulse in¬
tervals for GnRH, LH, and FSH are remarkably similar.
Moreover, the pulsatile release of both gonadotropins
appears to be synchronous with that of GnRH, suggest¬
ing that the pulsatile release of LH and FSH is regulated
by the same hypothalamic pulse generator. Whether the
rhythmic neural signal is transduced into a particular
pattern of FSH release using GnRH as the intermediary
is not clear. The temporal association between FSH and
GnRH, shown previously in the mare (4) and now also
in the rat, supports the concept of a single hypothalamic
releasing hormone for both gonadotropins (10-15). It
should be acknowledged, however, that a recent report
has appeared showing a temporal association in the rat
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between GnRH and LH, but not FSH (7); the reason for
the discrepancy between these findings and our own is
not clear, but most likely arises because of the numerous
differences between the two experimental protocols (e.g.
placement of the PPC, postcastration interval, LHRH
RIA, frequency and method of collecting blood samples,
and the identification of hormonal pulses).

It is clear from the hormone profiles depicted in Fig. 2
that not all of the GnRH pulses appeared to be trans¬
duced into pulses of gonadotropin release. Silent GnRH
pulses have previously been observed in the ewe, and it
has been suggested that the pituitary gonadotropes re¬

spond only to LHRH stimuli that have attained a thresh¬
old level, beyond which the size of the resultant gonad¬
otropin pulse is proportional to the amplitude of the
GnRH pulse (2). In the present study, silent GnRH
pulses were also detected (predominantly in animal 5,
which failed to show a significant degree of synchrony
between the GnRH and gonadotropin pulses). They did
not, however, have a smaller amplitude than those coding
for gonadotropin release. Many of the GnRH pulses
coded for only one of the gonadotropins, implying differ¬
ential responsiveness of the gonadotropes to a particular
pattern of GnRH stimulation. That a particular pattern
of GnRH release can indeed cause preferential secretion
of one gonadotropin over the other has been demon¬
strated in the rhesus macaque (21). Thus, many of the
situations in which the pulsatile patterns of LH and FSH
release become noticeably desynchronized (16, 17, 20)
may be manifestations of this phenomenon rather than
evidence for a separate LHRH and FSHRH; in intact
animals the feedback action of inhibin at the pituitary
level (22) would further modulate the secretory profiles
of FSH. On the other hand, recent studies have shown
that when GnRH is immunoneutralized, pulsatile LH
release becomes completely suppressed, whereas FSH
pulse frequency and amplitude remain unchanged (18,
19). While such findings clearly support the concept of a

separate hypothalamic FSHRH it is interesting that in
these studies FSH pulse frequency did not decrease after
immunoneutralization; some decrease might have been
expected given that injections of GnRH will produce
pulses of both gonadotropins (10-15). Consequently, if a

separate FSHRH is implicated in producing pulses of
FSH release its secretion is likely to be very closely
synchronized with that of GnRH, presumably by a com¬
mon hypothalamic pulse generator. The combined stim¬
ulatory action of GnRH (LHRH) and FSHRH may be
important in maintaining the typically very high basal
level of FSH (18, 19) and in determining the relative
proportions of heterogenous FSH molecules (51) that are
released.

In summary, the results of the present study demon¬
strate that in orchidectomized adult rats the pulse fre¬

quencies of GnRH, LH, and FSH are remarkably similar.
Moreover, the temporal release of both gonadotropins
appears to be closely associated with the episodic release
of GnRH. These findings may be construed to support
the concept of a single hypothalamic releasing hormone
controlling the pulsatile secretion of not only LH but
also FSH. Alternatively, if a separate hypothalamic
FSHRH does indeed exist it would appear that its pul¬
satile secretion is driven by the same pulse generator
that modulates GnRH release.
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INTRODUCTION

During recent years the study of the neuroendocrine
control of sexual development has received renewed
attention. Different animal models and various con¬

temporary techniques are being used to explore the
mysteries of the central nervous system (CNS) in an
attempt to disclose how the brain may influence
reproductive development. This is indeed an exciting task,
especially now when new and powerful methodologies are
being added to our scientific arsenal. In the present article
we will mainly discuss results from our current efforts to
understand the mechanisms that underlie the onset of female

puberty. The rat has been the animal model used in these
studies. The interested reader is referred to several recent

reviews from our own laboratory and that of other
researchers, in which particular topics are dealt with in
more detail (Ojeda et al., 1986; Ojeda and Urbanski, 1988),
and results obtained with other animal models are discussed

(Foster, 1988; Plant, 1988).

The Initiation and Timing of Puberty

It is not unreasonable to assume that the first cellular
manifestations of puberty precede the appearance of changes
in circulating hormone levels. At present, these early events
cannot be easily identified because of the lack of specific
markers that denote their occurrence. It is clear, however,
that in most mammalian species studied, the earliest
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manifestation of the advent of sexual maturity is a diurnal
change in the mode of LH release (Boyar et al., 1972;
Terasawa et al., 1984; Urbanski and Ojeda, 1985).

The existence of this change in the female rat escaped
detection for many years, because of its subtleness and the
lack of adequate methodology to assess episodic changes in
plasma hormone levels in immature animals. Utilizing an
automated technique, designed to remove blood samples on a
continuous basis with simultaneous replacement of red cells
(Urbanski et al., 1984), it was shown that in juvenile rats
LH release occurs in pulses with a periodicity of about 30
minutes. Around the 5 th week of postnatal life the
magnitude of the pulses, as well as the basal release of LH,
increase in the afternoon (Urbanski and Ojeda, 1985), a
change that results in the activation of steroid secretion
from the developing ovaries. This conclusion derives from
experiments in which immature ovaries were perfused in
vitro with a hormonal regime consisting in a tonic level of
FSH, and LH pulses which had an amplitude similar to that
seen in intact animals, in the morning or the afternoon of
the peripubertal period. Under these conditions, the ovaries
responded to the afternoon type of LH pulses with increased
secretion of both estradiol and progesterone (Urbanski and
Ojeda, 1985a).

An additional change in LH release can also be detected
in peripubertal animals in the form of a more sustained
episode of secretion that lasts 1-2 hours, and that has been
termed "minisurge. " Occurrence of these minisurges of LH
secretion is an estrogen - dependent phenomenon as it is
abolished by ovariectomy, and restored by the administration
of estradiol in Silastic capsules at concentrations that
produce very small increases in circulating estradiol levels
(Urbanski and Ojeda, 1986). Since the LH minisurges can, in
turn, further stimulate the ovary to produce estradiol, it
appears that the sequence of hormonal events leading to the
first preovulatory surge of gonadotropins is initiated by the
afternoon change in pulsatile LH release; this increase in LH
level stimulates the ovary to produce more estradiol which,
in turn, evokes the minisurges of LH secretion. Further
stimulation of the ovary by the combined effect of
increased afternoon LH pulses and LH minisurges finally
results in estradiol levels of sufficient magnitude and
duration to evoke the first preovulatory surge of gonado¬
tropins .
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Since estradiol at preovulatory levels can elicit an LH
surge as early as the beginning of the juvenile period,
postnatal day 21 (Andrews et al., 1981), it is clear that the
timing of puberty depends on the acquisition by the ovary
of the capacity to produce estradiol levels of preovulatory
magnitude. In contrast, the change in pulsatile LH release,
which signals the initiation of puberty, is a centrally-
originated, gonadal - independent event (Urbanski and Ojeda,
1987). This is a conclusion derived from the examination of
pulsatile LH profiles in animals ovariectomized during either
the juvenile or the peripubertal phases of development. In
these experiments a greater increase in total LH secretory
output was observed in the older animals in response to
ovariectomy. Since these differences occurred in the
absence of the ovaries, the conclusion was reached that the
greater increase in LH secretion observed in the more
mature rats reflects an increase in "central drive," which in
the intact animal is likely to be responsible for the
afternoon increase in LH pulsatility.

The central origin of the peripubertal increase in LH
release has been difficult to demonstrate in the rat because,
in this species, gonadotropin release is under tight steroid
negative feedback control throughout most of postnatal
development. In human and subhuman primates, however,
gonadotropin levels are very low in juvenile individuals,
even in the absence of the gonads, and increase at the time
of puberty in both agonadal and intact subjects, clearly
demonstrating that the gonads are not necessary for the
activation of LH release to occur (for a review, see Plant,
1988).

Although changes in pituitary responsiveness to LHRH
may contribute to modulating these changes in LH release,
there is little doubt that they are ultimately determined by
changes in the secretion of LHRH from the hypothalamus.
Indeed, recent evidence has established conclusively that the
onset of female puberty in the rhesus monkey is charac¬
terized by a gradual increase in LHRH pulse amplitude as
measured in push-pull cannula perfusates of the medial basal
hypothalamus (Watanabe et al., 1987).

The Activation of LHRH - Secreting Neurons

The mechanisms underlying the activation of LHRH
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secretion at puberty are poorly understood. For many years,
the hypothesis was accepted that an age-related decrease in
sensitivity to gonadal steroid negative feedback was
responsible for the pubertal rise in circulating gonado¬
tropins. This, however, can no longer be accepted as a
tenable explanation as experiments performed in both rats
and primates, and clinical data obtained in humans, indicate
that a gonadal - independent change in "central drive" is
most likely responsible for the initiation of puberty in these
species (for reviews, see Ojeda and Urbanski, 1988; Plant,
1988).

In a general sense, and if the peculiarities of different
species are not considered, elucidation of the mechanisms
responsible for the activation of LHRH release at puberty
may necessitate answering three important questions: a) Is
the LHRH neuron itself the most decisive limiting factor for
puberty to occur? b) If not, what is the nature of the
inputs to these neurosecretory cells that determines the
increase in LHRH secretory activity? c) If the brain
substance(s) responsible for activating the LHRH network
are identified, what factor(s) determine the enhancement of
their operativity at the end of the juvenile development and
not before?

Regarding the first question, there is no doubt that
LHRH secretion is already established during fetal develop¬
ment, and that throughout postnatal maturation the
secretion of gonadotropins is under LHRH control. It is
possible, however, that the pubertal activation of LHRH
secretion does not occur earlier because: 1) the intracellular
pathways that mediate the effect of stimulatory neurotrans¬
mitters on LHRH release are not fully developed, 2) the
LHRH neurons are unable to secrete LHRH in a pulsatile
pattern, and 3) the membrane receptors that mediate the
effect of stimulatory neurotransmitters on LHRH release are
not yet expressed.

In regard to 1), a series of in vitro experiments has
demonstrated that the release of LHRH is regulated by two
independent, but complementary, pathways (for review, see
Ojeda and Urbanski, 1988). One of them involves prosta¬
glandin Ej (PGE2) and cAMP and mediates the stimulatory
effect of norepinephrine (NE) on LHRH release; the °^her
depends on the activation of protein kinase C, a Ca
activated, phospholipid - dependent kinase. The primary
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neurotransmitter responsible for the activation of this
pathway is not known, but it does not appear to be NE,
because simultaneous exposure of median eminence nerve
terminals to NE and dioctanoylglycerol, an activator of
protein kinase C, resulted in an additive effect on LHRH
release (Ojeda et al., 1986). Both the PGE2 and the protein
kinase C pathways have been shown to be operative long
before puberty, as evidenced by the effectiveness of PGE2,
and activators of adenylate cyclase and protein kinase C to
evoke LHRH release from median eminence nerve terminals
of juvenile animals in vitro (for review, see Ojeda and
Urbanski, 1988).

An important component in the transduction mechanism
that regulates LHRH release is the calcium ion, which
evokes secretion of LHRH not only after its mobilization
from the extracellular fluid (Drouva et al. , 1981) but,
apparently, also upon translocation from intracellular stores
(Ojeda and Negro -Vilar, 1985). Indeed, there is now evidence
that a substantial portion of the PGE2 effect on LHRH is
mediated by mobilization of calcium from intracellular
storage sites (Ojeda et al., 1988). The operativity of Ca +-
dependent mechanisms involved in LHRH secretion has been
demonstrated not only in prepubertal rats, but also in fetal
hypothalamic cells in culture, which release LHRH in
response to the calcium ionophore A-23187 (Gonzalez and
Ojeda, unpublished). It is clear, therefore, that the
intracellular pathways mediating LHRH release do not
represent the limiting factor for puberty to occur.

2) Are the LHRH neurons unable to release LHRH in a
pulsatile fashion before puberty? The fact that LH is
secreted episodically long before puberty, and even during
fetal life (Clark et al., 1984), constitutes by itself suggestive
evidence that LHRH release is pulsatile from the outset.
Direct evidence that this is, indeed, the case has been
provided by in vitro experiments in which the preoptic area-
medial basal hypothalamic region has been found to release
LHRH in a pulsatile fashion throughout postnatal develop¬
ment (Bourguinon and Franchimont, 1984). Recent experi¬
ments in our laboratory (Urbanski and Ojeda, 1988), indicate
that even the neonatal hypothalamus releases LHRH episod¬
ically in vitro, with an interpulse frequency similar to that
observed in juvenile animals. This seemingly invariable
frequency found when the hypothalamus is isolated in vitro-
suggests that changes in pulse frequency that may accomp-
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any physiological events, such as the preovulatory surge, are
determined by extrahypothalamic influences. More work is
necessary to substantiate this hypothesis.

3) It is possible that the onset of puberty fails to occur
because those membrane receptors that mediate excitatory
influences on LHRH neurons are insufficiently developed.
Although this has not been directly examined, recent
evidence has been presented in both monkeys and rats that
pulsatile administration of the excitatory amino acid N-
methyl -D - aspartic acid (NMDA) to juvenile subjects induces
LH release and advances the onset of puberty (Plant et al.,
1987; Urbanski and Ojeda, 1987). While this finding does not
prove that NMDA - preferred receptors are functionally
coupled to LHRH release during juvenile development, it
strongly suggests that such is the case. Whether the
receptors for other neurotransmitters able to induce LHRH
release are also coupled to the LHRH - releasing neuronal
network long before puberty has not been demonstrated, but
there is little reason to believe otherwise.

Thus, the conclusion that the initiation of puberty
depends on the development of components located beyond
the receptor - signal transduction systems normally involved
in LHRH release appears almost inescapable. These com¬
ponents may include the synaptic circuitry connecting LHRH
neurons to each other and to the relevant neurotransmitter

systems, and quantitative alterations in the
excitatory / inhibitory inputs normally involved in the
regulation of LHRH neuronal activity. Resolution of the
questions posed earlier regarding the nature of the inputs
that determine the pubertal increase in LHRH secretory
activity, and the identity of the factors that determine the
increased strength of these inputs, appear essential to
identify the neural components that initiate puberty. In an
attempt to begin answering these questions, we have focused
part of our research efforts on the concept that maturation
of the reproductive hypothalamus involves completion of
neuronal circuitries that directly, or indirectly, may affect
LHRH cell function.

The Remodeling of Hypothalamic Neuronal Circuitries

Although very little is known about this entire issue,
there is now convincing evidence that LHRH neurons receive
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synaptic contacts from other LHRH neurons (Leranth et al.,
1985; Pelletier, 1987; Thind and Goldsmith, 1988), GABAergic
neurons (Leranth et al., 1985a), and opioid neurons (Thind
and Goldsmith, 1988). Whether functional completion of these
synaptic contacts is causally related to the time of puberty
is unknown. Of interest in this regard, however, is a recent
finding that in rats and rhesus monkeys, the morphological
characteristics of LHRH neurons change during postnatal
development (Steiner et al., 1983; Wray and Hoffman, 1986)
in a gonadal - independent manner (Wray and Gainer, 1987). In
the rat, two types of LHRH neurons exist; "irregular", that
have spine-like processes on their surface, and "smooth",
which lack these processes. While the number of smooth
cells decreases during prepubertal development, there is a
proportional increase in the number of irregular cells (Wray
and Hoffman, 1986). This has been interpreted as indicating
a greater number of synaptic contacts being established
during sexual development, a concept that would fit well
with the possibility that completion of the synaptic circuitry
to LHRH neurons is a prerequisite for the pubertal increase
in LHRH release to occur. Supporting this notion is the
recent demonstration that the number of irregular LHRH
neurons contacted by catecholaminergic nerve fibers
increases during sexual development while the catechol¬
aminergic contacts with smooth cells remain unaltered (Wray
and Hoffman, 1986). This suggests that a subpopulation of
LHRH neurons becomes more densely connected to specific
neurotransmitter circuitries in the hypothalamus and
therefore, is subjected to the attending changes in incoming
information associated with a greater synaptic density.

That the neuronal circuitry of this hypothalamus
changes during postnatal development is demonstrated by the
increased formation of synapses observed in the arcuate
nucleus during the first 6 weeks of life (Matsumoto and
Arai, 1976). Although the rate of synaptogenesis decreases as
the animal progresses through the juvenile - peripubertal
periods, the capacity for remodeling persists during this
phase of development as evidenced by the capacity of
estradiol to increase the number of synaptic contacts in the
arcuate nucleus of juvenile rats (Clough and Rodriguez -

Sierra, 1983) .

Neuronal growth is accomplished through both axonal '
elongation and dendritic arborization. Functional relation¬
ships with other neurons are established through the
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formation of appropriate synaptic contacts. The expression
of these morphological events depends on the presence of
well-defined cytoskeletal structures, such as microtubules
and neurofilaments. In turn, these structures are made up of
specific proteins, the synthesis of which is essential for the
morphological maturation of neurons.

The Ontogeny of mRNAs Encoding Cytoskeletal Proteins

For a better understanding of the molecular basis for
these morphological changes, we studied (Rogers et al., 1988)
the ontogeny of messenger RNAs encoding some of these
cytoskeletal proteins. Because dendrite arborization and
sy naptogenesis appear to involve formation of microtubules
(Stephens and Edds, 1976), we have examined the develop¬
mental profile of two mRNAs encoding neural specific 0-
tubulins (Bond et al., 1984; Ginzburg et al. , 1985). One of
them, a 1.8 kilobase (kb) mRNA species, is thought to
encode 0-tubulins directly involved in synaptogenesis
(Ginzburg et al., 1985; Bond et al., 1984); the other, a 2.5 kb
species, is involved in still unidentified neuronal functions
(Bond et al., 1984). Since the 1.8 kb mRNA has a molecular
size similar to a 0-tubulin mRNA that is ubiquitously
expressed, a cDNA complementary to the 3' untranslated
region of the neural - specific 0- tubulin mRNA (Bond et al.,
1984) was used to detect by Northern analysis the develop¬
mental changes in this mRNA. The results demonstrated that
the 1.8 kb mRNA was already highly expressed in the
hypothalamus by fetal day 16 (the earliest age studied)
(Rogers et al., 1988). Levels reached maximal values during
the first 5 days after birth to decline thereafter, coinciding
with the phase of more intense synaptogenesis previously
described by others (Matsumoto and Arai, 1976).

The steady state levels of tubulin mRNAs appears to be
subjected to a negative feedback control exerted by
unpolymerized tubulin levels (Cleveland et al., 1981). This
control is exerted by regulating mRNA stability rather than
by affecting mRNA transcription (Caron et al., 1985;
Pittenger and Cleveland, 1985). Since the 1.8 kb ^-tubulin
mRNA decreases at the time of increased synaptic formation,
it is reasonable to hypothesize that the increased amounts
of free, unpolymerized 0- tubulins present in high levels in
developing synapses (Burke and DeLorenzo, 1982), are
responsible for the decrease in 1.8 kb mRNA levels. The



Development of Female Reproductive Hypothalamus / 69

developmental pattern of this mRNA in the hypothalamus is
similar to that previously observed in other brain regions
(Bond and Farmer, 1983; Bond et al., 1984; Ginzburg et al.,
1985), and correlates well with the morphological maturation
of the neuronal population of these regions.

Experiments have been initiated (Rogers et al., 1988) to
determine if the steady state levels of the 1.8 kb mRNA are
under estrogenic regulation. The results of such experiments
indicate that estradiol has little effect during either the late
fetal or neonatal phases of development, but appear to
enhance the afternoon levels of the 1.8 kb mRNA during
juvenile days. Further in vivo and in vitro experiments are,
however, necessary to substantiate these initial observations.

In regard to the hypothalamic 2.5 kb mRNA species, its
steady state levels are low and vary little before the third
week of postnatal life. After this time, the levels increase
markedly in a manner similar to that previously observed for
the whole brain and cerebellum (Bond et al., 1984; Ginzburg
et al. , 1985).

To gain insight into the molecular mechanisms under¬
lying axonal elongation in the hypothalamus, we have
examined (Rogers et al., 1988) the ontogenic pattern of two
mRNAs encoding the 68,000 - dalton (68 k) protein of neuro¬
filaments (Lewis and Cowan, 1985). This is the smallest of
all neurofilament proteins and is considered to be the core
protein of neurofilaments. The results obtained using a
mouse cDNA complementary to the coding region of the 68
k neurofilament protein mRNA (Lewis and Cowan, 1985),
revealed that both the 3.5 and the 2.5 kb mRNAs encoding
this protein can be readily detected by fetal day 16. Levels
increased moderately thereafter to reach maximal values
around the time of birth, declining to intermediate values
after the second week of postnatal life. Whether the
expression of these mRNAs is regulated by gonadal steroids
is not yet known.

The Potential Role of Growth Factors in the Development
of the Reproductive Hypothalamus

Remodeling of neuronal circuitries and the glial
component of different brain regions is likely to depend on
the concerted action of various growth factors produced-
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locally (Berg, 1984). Recently, we have initiated a series of
experiments aimed at elucidating the role that some of these
growth factors may play in the development of the
reproductive hypothalamus. Using a cRNA that recognizes
most of the coding region of nerve growth factor (NGF)
mRNA that we obtained by subcloning an NGF cDNA
(Ullrich et al., 1983) into a riboprobe vector, evidence was
obtained that the NGF gene is expressed in the maturing
hypothalamus during the juvenile - peripubertal phase of
development (Ojeda et al., unpublished). Although this mRNA
may be present at earlier times, we have not detected it as
yet, perhaps because it may be present at very low levels or
only in a few cells. In this regard, we have obtained
evidence from immunocy tofluorescence analysis of primary
cultures, of hypothalamic cells that NGF is present in cells
of the oligodendroglial lineage (Gonzalez et al., 1987). This
observation is consistent with the recent finding that
oligodendrocytes, isolated from the cerebral cortex of
neonatal rats, contain and secrete an NGF-like material
which is able to induce neuronal differentiation of PC-12
cells in culture (Saneto RP, personal communication). The
differentiating activity of this material was blocked by an
anti-NGF serum.

Very recently, we obtained evidence that NGF indeed
plays a role in the developmental process that leads to the
acquisition of hypothalamic reproductive competence (Lara
et al., 1988). Treatment of neonatal female rats with high-
titer polyclonal antibodies to NGF delayed the age at first
ovulation, disrupted subsequent estrous cyclicity and
diminished reproductive performance as determined by the
failure of 50% of the treated rats to sustain pregnancy.
That these alterations may be due to a central dysfunction
was indicated by the finding that both hypothalamic LHRH
content and the LHRH response to stimulation with PGE2
were decreased in anti - NGF - treated rats.

An excellent in vitro system in which to examine the
effect of growth factors on neuronal cell differentiation is a
primary culture of fetal brain cells (Adler, 1987). During the
last year, we have extensively tested different culture
conditions that allow the growth of LHRH neurons. We have
also validated the immunocy tochemical procedure for
detection of these neurons and performed all necessary
controls to ensure the specificity of the immunocy tochemical
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Fig. 1. (A) Photomicrograph of LHRH neurons cultured for 4
days in a medium containing 0.7% fetal bovine serum and for
an additional 2 days in a chemically defined medium. The
culture was stained with PAP immunocytochemistry. The-
arrowhead serves as reference marker for the same cell in'
the next two pictures (X220). (B) Low power scanning
electron micrograph of the identical region shown in the top
picture (X220). (C) High power scanning micrograph of the
PAP-positive cell arrowed in the above picture (X3000).
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reaction. Two culture media are being used: a) a serum -

containing medium that favors the growth of neurons over
fibroblasts and glial cells (used in attempts to induce LHRH
release), and b) a serum-free medium used to study the
differentiation of LHRH neurons. Additionally, a procedure
has been developed to analyze, by scanning electron
microscopy, cultured cells previously identified as LHRH
neurons by regular PAP immunocytochemistry. An example of
the capabilities of this procedure is depicted in Figure 1,
which shows the tridimensional appearance of an LHRH
neuron after 6 days of culture in serum-free medium.

Evidence has been obtained that laminin, a component
of the extracellular matrix, increases the number of
differentiated LHRH neurons (as defined by their capacity to
form neurites and the length of the neurites) when assessed
48 hours after seeding (Gonzalez et al., unpublished).
Neurite extension factor (NEF), a protein homologous to the
S -100/3 protein found in the brain (Klingman and Marshak,
1985), was also effective in enhancing this process. Basic
fibroblast growth factor (b-FGF), on the other hand,
induced neurite extension and increased the survival rate of
the neurons at picogram concentrations. bFGF has been
isolated from brain tissue and found to be present in
significant amounts in the hypothalamus (Thomas, 1987). Of
considerable interest is the observation that /3- transforming
growth factor-1 (j8-TGF) inhibited the differentiation of
LHRH neurons at doses as low as 1 ng/ml, suggesting that
this factor may have a modulatory role on the differentia¬
tion of the LHRH - secreting system. The production of /3-
TGF by brain cells, however, remains to be established.

CONCLUSION

Although still very preliminary, these observations and
those previously reported by other authors suggest that
maturation of the reproductive hypothalamus may depend on
the establishment of relevant neuronal circuitry. Such a
complex maturational process is likely to be mediated by
cytoskeletal proteins, the synthesis of which is develop-
mentally regulated and controlled by a myriad of growth
factors which may differentially affect specific phases of
the developmental sequence.
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In the present article we will briefly discuss results from our current

efforts to understand the mechanisms that underlie the onset of female puberty.
The rat has been the animal model used. The interested reader is referred to

1 -3
recent reviews for additional information.

The Initiation and Timing of Puberty
In most mammalian species studied, the earliest manifestation of the advent of

sexual maturity is a diurnal change in the mode of LH release.^ ® In juvenile
rats LH release occurs in pulses with a periodicity of about 30 minutes.
Around the 5th week of postnatal life the magnitude of the pulses, as well as

the basal release of LH. increase in the afternoon, a change that results in the
7activation of steroid secretion from the developing ovaries.

An additional change in LH release can also be detected in peripubertal
animals in the form of a more sustained episode of secretion that lasts 1-2
hours, and that has been termed "minisurge." These minisurges of LH secretion
are estrogen-dependent as they are abolished by ovariectomy, and restored by the
administration of estradiol at doses that produce very small increases in serum

Q

estradiol levels. Like the afternoon LH pulses the LH minisurges can stimulate
the ovary to produce estradiol. The sequential effect of increased afternoon LH
pulses and LH minisurges may finally result in estradiol levels of sufficient
magnitude and duration to evoke the first preovulatory surge of gonadotropins.

Since physiological levels of estradiol can elicit an LH surge as early as the
beginning of the juvenile period (postnatal day 21),® it is clear that the ovary
is the last component of the hypothalamic-pituitary-gonadal axis to acquire
reproductive competence. In contrast to the LH minisurges, the change in.
pulsatile LH release, which signals the initiation of puberty, is a centrally-
originated. gonadal-independent event.''®

The central origin of the peripubertal increase in LH release has been
difficult to demonstrate in the rat because, in this species, gonadotropin
release is under tight steroid negative feedback control throughout most of
postnatal development. In humans and subhuman primates, however, gonadotropin
levels are very low in juvenile individuals, even in the absence of the gonads,
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and increase at the time of puberty in both agonadal and intact subjects,
demonstrating that the gonads are not necessary for the activation of LH release
to occur (for a review see 3). Recent evidence has established conclusively that
in the rhesus monkey this activation is associated with a gradual increase in
LHRH pulse amplitude as measured in push-pull cannula perfusates of the medial
basal hypothalamus.**
The Activation of LHRH-Secreting Neurons

The mechanisms underlying the activation of LHRH secretion at puberty are

poorly understood. It appears, however, that a gonadal-independent change in
"central drive" is responsible for the initiation of puberty in both rats and
primates (for reviews see 1 and 3).

Elucidation of the mechanisms underlying this change may necessitate answering

questions such as: a) Is the LHRH neuron itself the most decisive limiting
factor for puberty to occur? b) If not, what is the nature of the inputs to
LHRH neurons that determines the increase in their activity? c) If the brain
substance(s) responsible for activating the LHRH network are identified, what
factor(s) determine the enhancement of their function at the end of the juvenile

development and not before?

Regarding the first question, there is no doubt that LHRH secretion is already
established during fetal development, and that throughout postnatal maturation
the secretion of gonadotropins is under LHRH control. In vitro experiments have
demonstrated that the release of LHRH is regulated by two independent, but

complementary, pathways (for review see 1). One of them involves prostaglandin

E2 (PGE2) and cAMP and mediates the stimulatory effect of norepinephrine (NE) on
LHRH release; the other depends on the activation of protein kinase C, a Ca -

activated, phospholipid-dependent kinase. Both the PGE2 and the protein kinase
C pathways have been shown to be operative long before puberty, as evidenced by
the effectiveness of PGE2, and activators of adenylate cyclase and protein
kinase C, to evoke LHRH release from median eminence nerve terminals of juvenile
animals in vitro (for review see 12).

Are the LHRH neurons unable to release LHRH in a pulsatile fashion before
puberty? The fact that LH is secreted episodically long before puberty, and

13
even during fetal life, strongly suggests that LHRH release is pulsatile from
the outset. Direct evidence that this is, indeed, the case has been provided by
in vitro experiments in which the preoptic area-medial basal hypothalamic region
has been found to release LHRH in a pulsatile fashion throughout postnatal
development.*"* Recent experiments in our laboratory*^ indicate that even the
neonatal hypothalamus releases LHRH episodically in vitro, with an interpulse
frequency similar to that observed in juvenile animals.

In regard to the second question, i.e. the nature of the inputs that enhance
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LHRH secretory activity at puberty, the possibility must be considered that this
activation fails to occur earlier because membrane receptors mediating excita¬

tory influences on LHRH neurons are insufficiently developed. Recent
experiments have shown that pulsatile administration of the excitatory amino
acid N-methyl-D-aspartic acid (NMDA) to juvenile monkeys and rats induces LH
release and advances the onset of puberty.16,17 This finding suggests that NMDA-

preferred receptors are functionally coupled to LHRH release during juvenile
development.

Thus, it may be concluded that the initiation of puberty depends on the

development of components located beyond the receptor-signal transduction
systems normally involved in LHRH release. Identification of the inputs that
determine the pubertal increase in LHRH secretory activity, and the factors that
determine the increased strength of these inputs, appear essential to identify
the neural components that initiate puberty. In an attempt to begin answering
these questions, we have focused part of our research efforts on the concept
that maturation of the reproductive hypothalamus involves completion of neuronal
circuitries that directly, or indirectly, may affect LHRH cell function.
The Remodeling of Hypothalamic Neuronal Circuitries

In rats and rhesus monkeys, the morphological characteristics of LHRH neurons
1 ft 1Q 90

change during postnatal development ' in a gonadal-independent manner. In
the rat, two types of LHRH neurons exist; "irregular" that have spine-like
processes on their surface, and "smooth" which lack these processes. While the
number of smooth cells decreases during prepubertal development, there is a

proportional increase in the number of irregular cells.1®
This has been interpreted as indicating a greater number of synaptic contacts
being established during sexual development, a concept that would fit well with
the possibility that completion of the synaptic circuitry to LHRH neurons is a

prerequisite for the pubertal increase in LHRH release to occur.
That the neuronal circuitry of the hypothalamus changes during postnatal

development is demonstrated by the increased formation of synapses observed in
the arcuate nucleus during the first six weeks of life.^1 Although the rate of
synaptogenesis decreases as the animal progresses through the juvenile-
peripubertal periods, the capacity for remodeling persists during this phase of
development as evidenced by the capacity of estradiol to increase the number of
•ynaptic contacts in the arcuate nucleus of juvenile rats.^
pie Ontogeny of mRHAs Encoding Cytoskeletal Proteins

For a better understanding of the molecular basis for these morphological
changes, we studied the ontogeny of messenger RNAs encoding some of these
cytoskeletal proteins."^6 One of them, a 1.8-kilobase (kb) mRNA species is
thought to encode /J-tubulins directly involved in synaptogenesis.24,25 ^ cDNA
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complementary to the 3' untranslated region of this neural-specific //-tubulin
OC

mRNA, was used to detect by Northern analysis the developmental changes in
this mRNA. The results demonstrated that the 1.8-kb mRNA was already highly

OO

expressed in the hypothalamus by fetal day 16 (the earliest age studied).
Levels reached maximal values during the first five days after birth to decline
thereafter, coinciding with the phase of more intense synaptogenesis previously

21
described by others.

To gain insight into the molecular mechanisms underlying axonal elongation in
23the hypothalamus, we have examined the ontogenic pattern of two mRNAs encoding

the 68,000-dalton (68-k) protein of neurofilaments. Results obtained using a

mouse cDNA complementary to the coding region of the 68-k neurofilament protein
mRNA, revealed that the mRNAs encoding this protein can be readily detected by
fetal day 16. Levels increased moderately thereafter to reach maximal values
around the time of birth, declining to intermediate values after the second week
of postnatal life.
The Potential Role of Growth Factors in the Development of the Reproductive

Hypothalamus

Remodeling, of neuronal circuitries and the glial component of different brain
regions is likely to depend on the concerted action of various growth factors

27
produced locally. Recently, we have initiated experiments aimed at elucidating
the role that some of these growth factors may play in the development of the
reproductive hypothalamus. Evidence has been obtained that the NGF gene is
expressed in the maturing hypothalamus (Ojeda et al., unpublished). Immunocyto-
fluorescence analysis of primary cultures of hypothalamic cells has shown that

no

NGF is present in cells of the oligodendroglial lineage.
Very recently, we obtained evidence that NGF indeed plays a role in the

developmental process that leads to the acquisition of hypothalamic reproductive
2Q

competence. Treatment of neonatal female rats with antibodies to NGF delayed
the age at first ovulation, disrupted subsequent estrous cyclicity and dimin¬
ished reproductive performance as determined by the failure of 50'/, of the
treated rats to sustain pregnancy.

An excellent in vitro system in which to examine the effect of growth factors
30

on neuronal cell differentiation is the primary culture of fetal brain cells.
Utilizing a chemically defined medium evidence has been obtained that laminin. a

component of the extracellular matrix, increases the number of differentiated
LHRH neurons (as defined by their capacity to form neurites and by the length of
the neurites) when assessed 48 h after seeding (Gonzalez et al., unpublished).
Basic fibroblast growth factor (b-FGF), on the other hand, induced neurite
extension and increased the survival rate of the neurons at picogram
concentrations. b-FGF has been isolated from brain tissue and found to be
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present in significant amount in the hypothalamus. 1 Interestingly, p-
transforming growth factor-1 (/3-TGF) inhibited the differentiation of LHRH
neurons at doses as low as 1 ng/ml, suggesting that this factor may have a

modulatory role on the differentiation of the LHRH-secreting system. The
production of p-TGF by brain cells, however, remains to be established.

These observations and those previously reported by other authors suggest that
maturation of the reproductive hypothalamus may depend on the establishment of
relevant neuronal circuitry. This maturational process is likely to be mediated

by cytoskeletal proteins, the synthesis of which is developmentally regulated
and appears to be controlled by a myriad of growth factors which may

differentially affect specific phases of the developmental sequence.

Supported by NIH Grants HD-09988 Project IV, RR-00163, and the Medical
Research Foundation of Oregon. We thank Ms. Janie Gliessman for secretarial
assistance.
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THE METABOLISM OF ARACHIDONIC ACID

Arachidonic acid is derived from the essential fatty acid linoleic acid. It is
transformed into a variety of biologically active metabolites via three main enzymatic
pathways, which arc initiated by either cyclooxygenase, lipoxygenase, or epoxygenase
activities. While activation of the cyclooxygcnase pathway leads to the biosynthesis of
prostaglandins (PGs) and thromboxanes,' lipoxygenation of arachidonic acid via either
5-, 12- or 15-lipoxygcnase enzymes results in the formation of Icukolricncs and several
hydroxy acids (1 lETEs) (for references and review, see References 1 and 2).

More recently, a NADPII-dependcnt, cytochrome P-450-mediated monooxygena-
tion of arachidonic acid that results in the formation of a series of regioisomeric
cpoxycicosatricnoic acids has been described.1 The enzymatic activity that initiates the
metabolism of arachidonic acid through this pathway has been termed epoxygenase.4

THE PRESENCE OF ARACHIDONIC ACID METABOLITES IN THE BRAIN

The presence of PGs in the brain was recognized more than 20 years ago,5 an initial
finding that was rapidly confirmed and extended by other investigators (for references
see Reference 6). Several years later, evidence was provided that the brain can also
metabolize arachidonic acid to thromboxane B2, and that this compound is, in fact, a
major cyclooxygcnasc product in the cerebral cortex.7 Very recently, the leukotrienes
LTC4, LTD4i and LTE4 have been isolated from incubates of rat brain, and regional
differences in LTC4 synthesis have been reported.' Another product of lipoxygenase

"This work was supported by National Institutes of Health Grants RR-00163 and HD-09988
(Project IV). Publication No. 1617 from the Oregon Regional Primate Research Center,
Bcaverton, Oregon.
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activity produced in the brain is 12-HETE, which has been isolated from the cerebral
cortex and found to be a predominant lipoxygenase product in the rat hypothalamus.10
The capacity of brain tissue to metabolize arachidonic acid through the cpoxygcnasc
pathway has also been demonstrated in the rat hypothalamus.4" Incubation of
hypothalamic microsomes with exogenous ,4C-labelcd arachidonic acid has been
shown to result in the NADPH-dcpcndcnt formation of several metabolites, among
which 5, 6-epoxyeicosalrienoic acid (5, 6-EET) and its hydration product 5, 6-
dihydroeicosatrienoic acid (5, 6-DHET), have been identified by mass spcctrometric
analysis.4 The other regioisomeric epoxy acids 8, 9-11, 12-, and 14, 15-EET have
recently been found to be endogenous constituents of the hypothalamus." Thus, it is
clear that the central nervous system (CNS) has the capability of producing an entire
spectrum of arachidonic acid metabolites. The function of these substances, however, is
still incompletely understood.

ARACHIDONIC ACID METABOLITES AND NEUROPEPTIDE RELEASE

Recent reports have begun to explore the functional relationship between neuro¬
peptides and arachidonic acid metabolites in peripheral systems'2,1' and the cerebral
vasculature.14 For instance, evidence has been presented that vasoactive intestinal
peptide (VIP) and calcitonin gene-related peptide (CGRP) inhibit LTC4 release from
lung tissue,12 and that substance P increases arachidonic acid release and prostaglan¬
din Ej (PGEj) synthesis in iris sphincter muscle." Both substance P and VIP have been
shown to dilate cerebral blood vessels, possibly by stimulating PG-induccd cyclic AMP
formation.14 In a series of elegant experiments, and taking advantage of the simple
nervous system of the mollusc aplysia, Pioinelli and colleagues have provided unambig¬
uous evidence that lipoxygenase metabolites mediate the inhibitory synaptic actions
that the neuropeptide FMRF amide exerts on sensory neurons. " The inhibitory
effect of FMRF amide was reproduced by arachidonale, suppressed by an inhibitor of
phospholipase activity, and mimicked by 12-hydropcroxycicosalelracnoic acid (12-
IIPETE). Moreover, FMRF amide stimulated the formation of the stable hydroxy
acids 5-hydroxyeicosatetraenoic acid (5-HETE) and 12-HETE from clusters of
sensory neurons dissected from pleural ganglia.

Most of what is known about the involvement of arachidonic acid metabolites in
neuropeptide release in mammals, however, has been derived from studies concerning
a family of neuropeptides that control the secretion of anterior pituitary hormones.
These peptides are produced in several brain areas, but they are preferentially
synthesized in the hypothalamus. Two of them, luteinizing hormone-releasing hor¬
mone (LHRH) and somatostatin (SRIF), will be discussed in more detail in this
article. The former controls the secretion of pituitary gonadotropins and also appears
to exert modulatory effects within the CNS. The latter exerts a tonic inhibitory
influence on the release of growth hormone from the adenohypophysis and modulates
CNS synaptic transmission.

LUTEINIZING HORMONE-RELEASING HORMONE

The first indication that PGs were involved in the process of LHRII release was
provided independently by two laboratories that showed that PGE, or PGE2 injected
into the third ventricle of the rat brain induced release of luteinizing hormone (LH)
into the blood stream."-" A similar injection into the anterior pituitary gland was
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ineffective" and thus strongly implicated the CNS as the site of action for the PGs to
stimulate LH release. Direct confirmation of this inference was provided by the finding
that intraventricular injection of PGE2 increased LHRH in both hypophyseal portal
plasma and the venous effluent from the brain." 20 Further confirmation came from the
finding that PC!I:,-induced LI I release could be prevented by administration of
antibodies to MiKII."

I'GEj appears to act at two main anatomical sites to bring about LHRH release:
the medial basal hypothalamus-median eminence region and the preoptic-anterior
hypothalamic area. That PGEj acts directly within the LHRH-sccreting neurons has
been suggested by in vivo pharmacological studies that demonstrated that neither
monoamincrgic, cholinergic, nor serotoninergic receptor blockers were able to prevent
the release of LI 1 induced by intracerebral injection of PGE2."

Experiments involving in vivo suppression of PG synthesis have further supported a
physiological role for PGs in the mechanism of LIIRII release. In ewes, the
administration of indomcthacin, an inhibitor of cyclooxygenase, has been shown to
suppress the increase in LH secretion induced by estradiol in the face of an increased
pituitary responsiveness to LIIRH." In the rat, indomelhacin depresses the high LH
levels seen in ovaricctomizcd animals, inhibits pulsatile LH release, prevents the
postcastralion rise in LH that follows gonadcctomy, and inhibits the LH discharge
induced by ovarian steroids, also in spite of uninhibited pituitary responsiveness to
LIIR1I." 5, 8, II, 14-cicosatctraynoic acid, an inhibitor of enzymatic arachidonic acid
metabolism, also depresses plasma LI I levels when injected intravcntricularly into
ovaricctomizcd rats. Other investigators have demonstrated that microinjection of
aspirin, a nonsteroidal inhibitor of cyclooxygenasc activity, into the anterior hypothal¬
amus suppresses progesterone-induced ovulation." Furthermore, the microinjection of
N-0164, a PGR and thromboxane antagonist, into the medial basal hypothalamic-
mcdian eminence region of procstrous rats has been shown to suppress the preovulatory
1.11 surge," as judged by the inhibition of ovulation. In female rabbits, the release of
LH induced by cervical stimulation is preceded by an increase in PGE2 levels in the
cerebrospinal fluid;" administration of melatonin abolishes not only the increase in
I'GEj formation but also the Lll surge, thus suggesting that PGE2 is a component in
the sequence of events by which cervical-vaginal stimulation induces reflex Lll
secretion in this species.

The development of in vitro systems cither to perifusc hypothalamic fragments" or
to statically incubate median eminence (ME) nerve terminals'0 has permitted the
assessment of the formation of PGE2 in hypothalamic tissue in response to neurotrans¬
mitters and the establishment of the relationship of this formation of PGE2 to LHRII
release.

The first in vitro evidence that PGE2 is an effective stimulator of LHRH release
was obtained in a pcrifusion system of hypothalamic fragments that included the
preoptic area and the medial basal hypothalamus." In other experiments, exposure of
M R fragments to norepinephrine (NR), a neurotransmitter known to be stimulatory to
gonadotropin release, was found to induce a dosc-rclalcd increase in PGE2 accumula¬
tion in the incubation medium and a concomitant increase in LHRH release."
Dopamine, which cither stimulates or inhibits Lll release in vivo, was found
consistently to stimulate LIIRII release in vitro but to have little effect on PGEj
formation. That the stimulatory effect oT NE on LHRH release is PGE2-mcdiatcd is
evidenced by the finding that indomcthacin prevents the LIIRII response to NE
without altering the effect of PGE2 on LHRII release (Fig. I). To define the receptor
type involved in mediating the stimulatory effect of NE on LHRH secretion, we
conducted experiments to examine the effect of a- and ^-adrenergic receptor blocker!
on the NR-induccd LI I Rl 1 and PGE2 release." The results demonstrate that the effect
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of NE is mediated by a-adrenoreceptors because phentolamine, an a-adrcnergic
receptor blocker, inhibited in a dose-related manner the increase in PGE, and LHRH
induced by NE. Blockade of /3-adrenoreceptors with propranolol was ineffective. Other
researchers have further demonstrated, by using specific agonists and antagonists to
a-adrenoreceptor subtypes, that the effect of NE is mediated by a, receptors. Indeed,
an increase in PGE, synthesis appears to be essential for NE, acting through
a-adrencrgic receptors, to exert its stimulatory efTect on cyclic AMP (cAMP)
formation within the CNS."

Little is known regarding the effects of PGE, on the release of other hypothalamic

FIGURE I. Effect of in vitro inhibition of prostaglandin (PG) synthesis with indomclhaein (Id;
100 nM) on calecholamine-induced (a) or PGE,-induced (b) LIIRU release. Tissues were
prcincubated for 15 min in the presence of Id. The medium was then replaced by fresh medium
containing the catecholamine or PGE, in the presence of the same concentration of Id. DA
(dopamine) and NE (norepinephrine) were used at a concentration of 60 nM. PGE, was used at a
concentration of 2.8 j,M. C - control. (From Ojeda el al." Reprinted by permission from
Endocrinology.)

neuropeptides. Earlier in vivo experiments failed to show an effect of PGEs on the
release of hypothalamic thyrotropin-rcleasing hormone but suggested a stimulatory
action on the release of corlicolropin-releasing hormone and prolactin-relcasing factors
(for reviews, see References 35 and 36). More recent in vitro experiments have shown
that PGE, is ineffective in releasing cither SRIF" or neuropeptide Y (NPY)11 from
ME nerve terminals.

In contrast to these observations, a now sizable body of evidence derived from in
vitro experiments strongly implicates PGE, as a physiological component of the
LIIRH-secreting system. For instance, PGE, can induce release of LHRH long before

a
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puberty." As puberty approaches, the increasing output of estradiol from the
developing ovaries induces a preovulatory surge of gonadotropins, which results from
both a discharge of LHRH and an increased pituitary response to the decapeplide.
Examination of the capacity of the medial basal hypothalamus to metabolize arachi-
donic acid through the cyclooxygenase pathway has revealed a pubertal increase in the
formation of PGEj, particularly during the first procstrus.4® (This phase of puberty
corresponds to the day of the first preovulatory surge of gonadotropins.) Intriguingly,
the increase in PGEj synthesis was not associated with changes in the formation of
PGFj„, PGI2, PGDj, or thromboxane B2 from exogenous arachidonic acid, suggesting
that a specific increase in PGE2 formation is an event directly associated with the
pcripubertal activation of the reproductive hypothalamus. The estrogen dependence of
this event has been demonstrated by the finding that treatment of juvenile animals
with estradiol (using a dose capable of inducing a preovulatory surge of gonadotropins)
increases the capacity of the hypothalamus to synthesize PGEj (FlG. 2).

More recent in vitro experiments with ME nerve terminals" have demonstrated
that in vivo prctreatmcnt of the animals with estradiol, using a dose and mode of
administration that induce a preovulatory surge of LH, enhances the formation of
PGE2 in response to NE and increases the release of LHRH in response to both NE
(Fig. 3) and PGE2. These observations, however, do not identify the biochemical
site(s) where estradiol acts to modify the intracellular pathway that transduces the
noradrenergic stimulatory signal into LHRH release. One of these sites may be the
cyclooxygcnase enzyme complex itself41 because of the facilitatory efTect of estradiol
on the synthesis of PGE2 from exogenous arachidonic acid. An increase in cyclooxy¬
genase activity docs not, however, explain the selective increase in PGEj formation
without significant alteration in thromboxane Bj or the other PGs examined. Hence, an
efTcct of estradiol on PGHj isomerasc activity appears to be a more plausible
explanation.

MINUTES
Flow * 1 ml/min

FIGURE 2. Representative IIPLC elulion profiles of cyclooxygenase products resulting from the
metabolism of arachidonic acid by hypothalamic homogenales of juvenile rats treated with
estradiol ben/oate (Eb). Female rats 29 days old were injected sc with Eb (lOpg) 27 h before
being killed. Control animals received an oil injection. For each group one of three profiles it
represented. (From Ojcda & Campbell.40 Reprinted by permission from Endocrinology.)
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NE (p.M)

FICURE 3. Effect of in vivo simulation of preovulatory scrum estradiol levels on the in vitro
release of PGE, (top) and LHRH (bottom) from the median eminence (ME) of juvenile
28-day-old female rats in response to norepinephrine (NE). Estradiol was provided in sc Silastic
capsules at a concentration (400 ^g/ml corn oil) that reproduces serum estradiol levels on the day
of first proestrus. The estradiol-containing capsules were implanted 48 h before the experiment.
(From Ojeda el al." Reprinted by permission from Neuroendocrinology.)

The finding that ovariectomy at the beginning of the juvenile period results in
almost complete loss of the LHRH response to PGE2 two weeks later" suggests that
the development of the capacity of LHRH neurons to respond to PGE, is regulated by
the secretory activity of the immature ovary. During the adult cslrous cycle, the release
of LHRH at proestrus appears to depend upon a sequential increase in the PGE,
response to NE and in the LHRH response to PGE,.41 The former event is associated
with the beginning of the preovulatory LH surge, the latter coincides with the peak of
the LH discharge. That progesterone is involved in enhancing the LHRH response to
PGE, is suggested by the observation that administration of the steroid in the morning
of proestrus significantly advances the time of enhanced LHRH response to PGE,.42

Like LHRH, the release of PGE, from ME nerve terminals in response to
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depolarizing agents is dependent upon the extracellular concentration of calcium
(CaJt). Removal of extracellular Cau or incubation of the nerve terminals with
verapamil, a blocker of voltage-sensitive Ca14 channels, almost completely prevents
the increase in PGE2 and LHRH release induced by a depolarizing concentration of
potassium (K4).4144 In contrast, the stimulatory effect of PGE2 on LHRH is only
partially dependent on extracellular Cal4.45-44 PGE2 can elicit LHRH release in the
absence of extracellular Ca14, even if a submillimolar concentration of verapamil is
added to the incubation medium.44 When MEs were loaded with45Ca and the release of
the isotope from the tissue was examined in a perifusion system, it was found that
PGEj increased CaJ4 efflux regardless of the absence of extracellular Ca54 (Fig. 4).
Thus, it appears that the mechanism of PGE2 action on LHRH release involves

CONTROL PGE,

0.45

0.35

0

1 0.2 5
x
3

U.
UJ

<
z
o

r-
o
«r
cc

0.75

0.65

0.55

0.60

0.50

G40

J °>U. ±9 J
C KRBG - Co %

\o0 2.5mM

; 1
" 1 \/L-\- \

\ KRBG-Co42\ 2.5mM

\r\
• \

' 'V"\
•

-

1
i

KRBG- no Co42 "

V

: KRBG-no Co42

■ X1 1 ...1 — «•-—•—•
o

D - \c

i
» i.

KRBG-no Co42 '

EGTA

o

\
"ftXTOO 0 o

: \ KRBG-no Ca42

\ EGTA

: }1 X
X

. —•—•

25 35 45 25 35 45

TIME (min)

EFFLUENT VOLUME- 0.6ml/min

FIGURE 4. EITcel of PGEj on "Ca1' efllux from median eminence nerve terminals pcrifused
with Krcbs Ringer bicarbonate-glucose bufTer (KRBG)-2.5 mM Ca1' (upperpanels), KRBG-no
Ca1' (middle panels), and KRBG-no Ca" with I0~4 M EGTA (lower panels). The MEj were
prcincubatcd in Ca1' free medium for I h with frequent medium changes (see Rcf. 46 for details)
and then loaded with "Ca1' (12 pCi/ml KRBG) for 2 h at 37°C in Cal4-frec medium. Note the
almost instantaneous increase in Ca1' efflux (I min) elicited by the PG (arrows). (FromOjcdi i.
Negro-Vilar.44 Reprinted by permission from Endocrinology.)



OJEDA et ah RELEASE OF NEUROPEPTIDES 199

16

12

L ~CQ2+

nCURE 5. EfTccl of blockers of intracel¬
lular Ca1* mobilization on PGE,
(2.8 pM)-induccd LHRH release from
median eminence (ME) of juvenile female
rats in vitro in the absence (upper panel)
or presence (lower panel) of Ca'*. In the
upper panel each bar or point represents
the mean of 6-12 MEs. In the lower panel
numbers on top of the bars indicate the
number of MEs per group. B - basal
release; DAN - dantrolene. (From Ojcda
el al." Reprinted by permission of Brain
Research.)

c

i
o

LU
5
CT>

E

O TM8-8

• DantroUna

-// 1 L_
B PGEt2 10 25

Inhibitor Dot* (>*M)

X
DC
X

24

18

12

+ Ca2 +
0

±

translocation of Ca'4 from intracellular stores. Very recently, we found4' that exposure
of ME terminals to 8-(diethylamino)-octyl-3,4,5-trimethoxybcnzoale (TMB-8) or
dantrolene, two blockers of intracellular Cau mobilization, abolishes the LtlRH
response to PGE2 (Fig. 5). As expected, this inhibitory efTect can be counteracted by
raising extracellular CaJ+ to physiological levels. Interestingly, the effect of PGE2 on
LllRIl release has been found to be independent of calmodulin. Exposure of ME nerve
terminals to cither of five different inhibitors of calmodulin activity, or to an inhibitor
of calmodulin-depcndcnt kinase activity, docs not affect the LllRIl response to PGE2.
A similar independent response occurs when A-23I87, a Ca'* ionophorc, is used
instead of PGE2. In contrast, A-23l87-induccd PGE2 formation is inhibited by
blockers of calmodulin activity, indicating that synthesis of PGE2 in ME nerve
terminals depends on both Ca1* influx into the nerve terminal and binding of Ca1* to
calmodulin. The Ca2t-calmodulin interaction likely results in activation of phospholi-
pasc A2, which releases arachidonic acid membrane phospholipids and makes it
available to the cyclooxygenase.
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A series of experiments performed independently by two laboratories have
provided in vitro evidence for an involvement of cAMP in LHRH release.44"
Stimulation of adenylate cyclase activity with either forskolin, cholera toxin, of
pertussis toxin was shown to enhance the release of LHRH without affecting PGE,
formation" (Fig. 6). Since NE induces both cAMP and PGE3 formation,11,34 and PGE
stimulates cAMP synthesis,4',4,so the sequence of steps mediating NE-induced LHRH
release is likely to begin with the activation of PGE, synthesis, followed by activation of
cAMP forma I ion.50,51

In recent experiments,4' we have obtained evidence that activation of cAMP
synthesis is not an obligatory component in the mechanism by which PGE2 induces
LIIRll release. Omission of CaJ* from the incubation medium prevented the effect of
forskolin on LHRH release, but not the stimulation of cAMP accumulation. This is in
marked contrast to the effect of PGE, on LHRH, which is not prevented by reducing
extracellular Ca1* levels. Interestingly, inhibition of calmodulin activity or of intracel¬
lular Ca'* mobilization in the presence of normal extracellular Ca'* levels prevented
the effect of PGE, on cAMP accumulation, but failed to afTect the release of LHRH
induced by the PG. Thus, it appears that PGE, can evoke LHRH release in a cyclic
AMP-independcnt manner. In addition, these results suggest that the effect of PGE,

/iM ng/ml

FIGURE 6. Divergent effects of forskolin, cholera toxin, and pertussis toxin on the in vitro
release of I.I1RI1 (a and b) and PGE, (c and d) from median eminence (ME) nerve terminals of
juvenile 28-day-old female rats. Notice that all three probes enhance LHRH release but fail to
increase PGE, release. Each point represents the mean of 4-10 individual determinations. (From
Ojcda et at " Reprinted by permission from Endocrinology.)
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FICURE 7. Inhibitory effect of in vitro blockade of cyclooxygenase activity with indomcthacin
(Id. 50 jjM) on phospholipase C (PLC) (0.25 unit/ml)-induced PGE, and LIIRH release from
median eminences (MEs) of juvenile female rats. Numbers above bars indicate the number of
individual MEs per group. C - control, basal release. Incomplete bars indicate undetectable
PGE) levels. (From Ojcda el at." Reprinted by permission from Proceedings of the National
Academy ofSciences of the United Slates ofAmerica.)

oncAMP formation involves calmodulin activation and mobilization of Ca'4 from
intracellular stores possibly located in the cell membrane.

Taken altogether, the above observations permit the conclusion that PGE2 induces
L11RM release from ME nerve terminals through a mechanism that involves both
translocation of Ca1*, from possibly more than one intracellular storage site, and
stimulation of cAMP formation. This latter event, however, is not essential for PGE2 to
exert its stimulatory effect. Calmodulin is also involved, but its participation is limited
to well-defined steps in the cascade (i.e., formation of PGE2 from membrane
phospholipids and PGE2-induced activation of adenylate cyclase).

Recent evidence,52" supports the involvement of protein kinase C (PKC), a
Ca2*-aclivaled, phospholipid-depcndenl kinase,54 in the process of LHRH release. In
experiments performed on ME nerve terminals of juvenile female rats, it was found
that two known stimulators of PKC activity, dioctanolyglyccrol (DiC8) and the
phorbol ester 4/J-phorbol 12/3-myristate 13a-acetate (PMA), elicited LHRH release.51
Exposure of the MEs to PMA failed to enhance PGE2 releases, indicating that the
effect of this agent on LHRH release was independent of PGE2. Interestingly, using
MEs from adult male rats, other authors found that activation of PKC activity by the
diacylglycerol analog didecanoylglycerol induced PGE2 formation through a phospho¬
lipase Aj-mcdiatcd mechanism but failed to evoke LHRH release unless lipoxygcna-
lion of arachidonic acid was prevented.51 While this observation suggests an inhibitory
involvement of lipoxygenase metabolites in PKC-induced LHRH release, it is clear
from the results of both laboratories that the PKC pathway can induce LHRH release
independently of PGE2. Exposure of the MEs to phospholipase C (PLC) markedly
increases LHRH and PGE2 release; however, if cyclooxygenasc activity is blocked by
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indomcthacin only, the effect of PLC on PGE2 is abolished (Fig. 7)." " The release of
L11RII is reduced by about 50%, suggesting that this fraction may represent the
contribution of PGE2, whereas the rest can be attributed to an independent PKC-
incdialcd process. The complementarity of these two pathways is further suggested by
the observation that concomitant exposure of the MEs to PGE2 plus DiC8 or PMA.or
forskolin plus DiC8 or PMA, results in an additive effect on LHRH release." In
contrast, the simultaneous exposure of MEs to PGE2 and forskolin results in an
increase in LI 1RH release that is greater than that elicited by either PGE2 or forskolin
alone.51"

The nature of the neurotransmitter that activates PKC in LHRH nerve terminalt
is unknown. Although there is evidence that NE, acting through a, receptors, increases
PLC activity,55 in our experiments NE and DiC8 had an additive effect suggesting that
a neurotransmitter other than NE may be the primary signal for PKC activation in the
ME. It is possible, however, that the activation of PKC activity by NE is submaximal
or compartmentalized5' and preferentially routed through the arachidonate cascade."
The elevation in intracellular CaJ* levels induced first by the interaction of NE with
«,-adrcnorcccplors55 and subsequently by PGE2 may then, by increasing the binding of
PKC to the plasma membrane,5' prime the LHRH terminal to the direct effect of
DiC8 or PMA. Thus, activation of PKC by these agents would readily enhance the
LHRH response to NE. Alternatively, NE and DiC8 may be activating different PKC
species,5' which may have a different intrancuronal subdistribution.

Evidence has recently been presented10 60 that the lipoxygenase products 12-HETE,
5-IIETE, and LTC4 can stimulate LHRH release in vitro. In particular, LTC4 hat
been shown to be maximally effective at a concentration as low as 10"" M.60 These
arachidonic acid metabolites may not be involved in NE-induccd LHRH release
because of the effectiveness of indomcthacin, a cyclooxygenase inhibitor, in suppress¬
ing the NE effect. LHRH neurons arc, however, subjected to a variety of excitatory
and inhibitory inputs, and thus the stimulatory effect of neurotransmitters other than
NE may well be mediated by lipoxygenase products. In regard to the epoxygenase
pathway, results from our laboratory have shown that LHRH release is not affected by
two of the cpoxyacids (II, 12 and 14, 15-EET) and is only slightly increased by 5.
6-EET, at micromolar concentrations.4 We do not know whether the epoxyacid 8,
9-EET, recently shown to be the predominant EET produced in the hypothalamus"
and to be extremely effective in releasing somatostatin (vide infra), may also induce
LHRH release. If such a stimulatory effect indeed exists, it would raise the intriguing
possibility that 8, 9-EET mediates the action of a neurotransmitter other than NEon
LI IRII release.

SOMATOSTATIN

The release of SRIF from the hypothalamus is not affected by the cyclooxygenase
products PGE2 or PGF^.5' On the contrary, if cyclooxygenase activity is blocked with
indomclhacin, an elevation of basal SRIF secretion from ME nerve terminals and an

inhibitory effect of PGE2 on this basal release become apparent.JJ The lipoxygenase
product 12-IIETE, which stimulates LHRH release at submicromolar levels, is
ineffective in altering SRIF release.10

In contrast to the inability of these arachidonic acid metabolites to affect SRIF
release, the secretion of SRIF is markedly increased by the epoxygenase products 5.
6-EET4 (Fig. 8), II, 12-EET, and, in particular, 8, 9-EET." The hydration product of
5, 6-EET, 5, 6-DIIET, is also effective,4 but at a much higher concentration. The
differences in potency between these compounds are remarkable. While the maximal
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effect of 8, 9-EET is observed at 10~" M, 5, 6-EET and 5, 6-DI1ET arc maximally
effective at 10"' and 10~4 M, respectively.

That these epoxygenase products are physiological constituents of the hypothala¬
mus was first suggested by the finding that incubation of hypothalamic microsomes
with exogenous 14C-arachidonic acid resulted in the NADH-dcpcndcnl, cytochrome
P-450-mcdiated formation of both 5, 6-EET and its hydration product 5, 6-DIIET.4
More recently, we have taken advantage of (he development of improved gas
chromatography/mass spectral methods for the separation and isolation of EETs" and
have demonstrated that 5, 6-EET, 11, 12-EET, and 8, 9-EET are endogenous products
of arachidonic acid metabolism in the hypothalamus. We have further demonstrated.

260 Z
2

220

• 80 -

140

<r
</>

100

-J Y~ Y- h- H
< UJ LJ UJ UJ
to UJ X UJ X
< 1 o 1 o
03 »o 1 10 1

• IO • to

M""
ID

-6

FIGURE 8. (a) Effect of epoxygenase products (2.5 /iM) on the in vitro release of somatostatin
(SRIF) from median eminence (ME) nerve terminals. 5, 6-DHET: p < 0.05; and 5, 6-EET: p <
0.01 vs. basal control, (b) EfTcct of different concentrations of 5, 6-EET and 5, 6-DltET on SRIF
release from the ME in vitro. Each point is the mean of 9-20 determinations (5, 6-EET) or 4-9
determinations (5, 6-DHET). * - first significant (p < 0.05) increase over control flasks. (From
Capdcvila et al.' Reprinted by permission from Endocrinology.)

by comparing gas chromatography retention times and mass spectral fragmentation
patterns, that 8, 9-EET is a major endogenous product of epoxygenase in the
hypothalamus."

The role that these epoxyacids may play in the regulation of neuropeptide release is
not yet well established. Nevertheless, the marked effectiveness of 5, 6- and 8, 9-EET is
stimulating SRIF release from the ME strongly suggests their involvement in this
process. The recent demonstration that the imidazole derivatives clotrimazole and
ketoconazole inhibit the release of somatostatin induced by the neurotransmitter
dopamine" further suggest that epoxygenasc products are components of the signal
transduction mechanism that mediates the effect of certain neurotransmitters. Clotri-
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mazolc and kctoconazole arc potent general inhibitors of microsomal cytochrome
P-450 function, and of the arachidonic acid cpoxygenase in particular."

CONCLUSIONS

It now appears clear that different arachidonic acid metabolites may subsem
different functions within the central nervous system. The concept that emerges from
the information so far obtained is that products of each one of the pathways ot
arachidonic acid metabolism may play a role in mediating the effect of neurotransmit¬
ters on neuropeptide release, and that particular neurotransmitters may utilire
dilfcrcnt nrachidonic acid metabolites to exert their effects on neuropeptide-secrctinj
neurons. The observations presented in this article provide an initial example of this
concept by furnishing evidence that the elfccl of NE on LI 1RM release is mediated by
PGEj, a cyclooxygcnasc product, and that the effect of dopamine on SRIF release nuy
be mediated by 8, 9- and 5, 6-EET, two products of epoxygenase activity. The
ncurolransmitter(s) that utilizes the lipoxygenase products 12-UETE, LTC<. and
5-IIETE as mediators of their stimulatory effect on LHRH release remain to be
determined.

ACKNOWLEDGMENT

We thank Ms. Janie Gliessman for typing the manuscript.

REFERENCES

1. Needleman, P., J. Turk, B. a. Jakschik, A. B. Morrison & J. B. Lefkowitii. IMA
Arachidonic acid metabolism. Annu. Rev. Biochem. 55: 69-102.

2. Samuf.i.sson, B. 1982. The leukotriencs: An introduction. In Leukotricncs and Othrs
Lipoxygenase Products. B. Samuclsson & R. Paolctti, Eds.: 1-17. Raven Press. N'c*
York, NY.

3. Ciiacos, N., J. R. Falck, C. Wixtrom & J. Capdevila. 1982. Novel epoxides formo*
during the liver cytochrome P-450 oxidation of arachidonic acid. Biochem. Biophys. Ret
Comniun. 104:916-922.

4. Capdevila, J., N. Ciiacos, J. R. Falck, S. Manna, A. Negro-Vilar & S. R. Otrot
1983. Novel hypothalamic arachidonate products stimulate somatostatin release. End*
crinology 113:421-423.

5. Samuelsson, B. 1964. Identification of a smooth muscle-stimulating factor in bovine bnk.
Biochim. Biophys. Acta 84: 218-219.

6. Wot.ee, L. S. 1975. Possible roles of prostaglandins in the nervous system. In Advances*
Ncurochcmislry, Vol. 1. B. W. Agranoff & M. 11. Aprison, Eds.: 1-49. Plenum. Nr»
York, NY.

7. Wot.ie, L. S., K. Rostworowski & J. Marion. 1976. Endogenous formation of tW
prostaglandin endoperoxide metabolite, thromboxane Bj, by brain tissue. Biocbc*.
Biophys. Res. Commun. 70(3): 907-91 3.

8. Lindgrf.n, 3. A., T. 1 Iokfelt, S.-E. Daiilen, C. Patrono & B. Samuelsson. I9M.
t.cukolricncs in the rat central nervous system. Proc. Natl. Acad. Sci. USA 81:6212-
6216.

9. Santebin, L., C. Spagnuolo, C. Galli &. G. Galli. 1978. A mass fragmcntogrsphie
procedure for the simultaneous determination of 1IETE and PGFj. in the central nenro*
system. Prostaglandins 16(6): 985-988.

10. Gerozissis, K., B. Vulliez, J. M. Saavedra, R. C. Murpiiy A. F. Dray. 1981



OJEDA tl al.i RELEASE OF NEUROPEPTIDES 205

Lipoxygenase products of arachidonic acid stimulate LHRli release from rat median
eminence. Neurocndocrinology 40: 272-276.

11. Junier, M.-P., F. Dray, 1. Blair, J. Capdevila, E. Disiiman, J. R. Flack & S. R. Ojf.da.
Hypothalamic epoxyeicosatricnoic acids mediate dopamine-induccd somatostatin
release. Submitted for publication.

12. Tippins, J. R., V. DiMarzo & II. R. Morris. 1987. EITccl of vasoactive intestinal peptide
and calcitonin gene-related peptide on leukotriene release from guinea pig and rat lung.
In Advances in Prostaglandin, Thromboxane and Leukotrienc Research, Vol. I7B. B.
Samuclsson, R. Paolelli &. P. W. Ramwell, Eds.: 1028-1032. Raven Press. New York,
NY.

i). Yousufzai, S. Y., R. A. Akiitar & A. A. Abdel-Latif. 1986. Effects of substance P on
inositol triphosphate accumulation, on contractile responses and on arachidonic acid
release and (prostaglandin) biosynthesis in rabbit iris sphincter muscle. Exp. Eye Res.
43(2); 215-226.

II. Palmer, G. C. 1986. Neurochemical coupled actions of transmitters in the microvascula-
turc of the brain. Neurosci. Biobchav. Rev. 10(2): 79-101.

15. Piomelli, D., A. Volterra, N. Dale, S. A. Siegelbaum, E. R. Kandel, J. II. Schwartz
& F. Belardetti. 1987. Lipoxygenase metabolites of arachidonic acid as second
messengers for presynaptic inhibition of Aplysia sensory cells. Nature 328: 38-43.

H. Piomelli, D.. E. Shapiro, S. J. Feinmark & J. II. Schwartz. 1987. Metabolites of
arachidonic acid in the nervous system of Aplysia: Possible mediators of synaptic
modulation. J. Neurosci. 7(11): 3675-3686.

II. Harms, P. G., S. R. Ojeda & S. M. McCann. 1973. Prostaglandin involvement in the
hypothalamic control of gonadotropin and prolactin release. Science 181: 760-761.

• II. Spies, H. G. Sl R. L. Norman. 1973. Luteinizing hormone release and ovulation induced by
the intraventricular infusion of prostaglandin E( into pentobarbital blocked rats. Prosta¬
glandins 4: 131-141.

II. Warberg, J., R. L. Eskay & J. C. Porter. 1976. Prostaglandin E,-induced release of
LIIRH into hypophysial portal blood. Endocrinology 97: 816-824.

20. Ojeda, S. R., J. E. Wiieaton & S. M. McCann. 1975. Prostaglandin E,-induccd release of
luteinizing hormone-releasing factor (LRF). Neuroendocrinology 17: 283-287.

II. Chobsieng, P., Z. Naor, Y. Kocii, U. Zor & H. R. Lindner. 1975. Stimulatory cITect of
prostaglandin E, on LH release in the rat. Evidence for hypothalamic site of action.
Ncuroendocrinojogy 17: 12-17.

21 Ojf.da, S. R., 11. E. Jameson & S. M. McCann. 1977. Hypothalamic areas involved in
prostaglandin (PG) induced gonadotropin release. I. Effect of PGEj and PGFfa implants
on luteinizing hormone release. Endocrinology 100: 1585-1594.

2). Harms, P. G., S. R. Ojeda & S. M. McCann. 1976. Failure of monoamincrgic and
scrolonincrgic receptor blockers to prevent prostaglandin E,-induced LI I release. Endo¬
crinology 98: 318-323.

24 Carlson, J. C., B. Barcikowski, V. Cargill & J. A. McCracken. 1974. The blockade of
LH release by indomethacin. J. Clin. Endocrinol. Mclab. 39: 399-402.

25. Ojeda, S. R., P. G. Harms & S. M. McCann. 1975. Effect of inhibition of prostaglandin
synthesis on gonadotropin release in the rat. Endocrinology 97: 843-854.

24. Labbsetwar, A. P. & A. Zolvick. 1973. Evidence for (he hypothalamic interaction
between prostaglandins and catecholamines in promoting gonadotropin secretion for
ovulation. Nature 249: 55-56.

21. Botting, J. 11., E. A. Linton & S. A. Whitehead. 1977. Blockade of ovulation in the rat
by a prostaglandin antagonist (N-0164). J. Endocrinol. 75: 335-336.

21. Leacii, C. M., J. A. Reynoldson & G. D. Thorburn. 1982. Release of U prostaglandins
into the cerebrospinal fluid and its inhibition by melatonin after cervical stimulation in
the rabbit. Endocrinology 110: 1320-1324.

29. Gali.ardo, E. & V. D. Ramirez. 1977. A method for the supervision of rat hypothalami:
Secretion of luteinizing hormone-releasing hormone. Proc. Soc. Exp. Biol. Med. 155: 79-
84.

XX Negro-Vilar, A., S. R. Ojeda ic S. M. McCann. 1979. Catecholaminergic modulation of
LIIRH release by median eminence terminals in vitro. Endocrinology 104: 1749-1751.

)l. Ojeda, S. R., A. Negro-Vilar & S. M. McCann. 1979. Release of prostaglandin E



206 ANNALS NEW YORK ACADEMY OF SCIENCU

(Kills) by hypothalamic tissue: Evidence for their involvement in calecholaminc-ind»<»4
LIIR1I release. Endocrinology 104: 617-624.

32. Ojeda, S. R.. A. Nf.gro-Vilar & S. M. McCann. 1982. Evidence for involvement U
n-ndrcncrgic receptors in norepincphrinc-induccd PGEj and L11RH release from tW
median eminence. Endocrinology 110:409-412.

33. Heaiilme, Nl. & E. Drav. 1984. Noradrenaline and prostaglandin E, stimulate LIIRH
release from rat median eminence through distinct l-alpha-adrenergic and PGE,
receptors. Ncuroendocrinology 39: 403-407.

34. Partington, C. R., M. W. Edwards & J. W. Daly. 1980. Regulation of cyclic AMP
formation in brain tissue by n-adrcncrgic receptors: Requisite intermediary of prosta¬
glandins of the E series. Proc. Natl. Acad. Sci. USA 77: 3024-3028.

35. Hedge, G. A. 1977. Roles for the prostaglandins in the regulation of anterior pituitary
secretion. Life Sci. 20: 17-34.

36. Ojeda. S. R„ Z. Naor & A. Negro-Vilar. 1979. The role of prostaglandins in thecooird
of gonadotropin and prolactin secretion. Prostaglandins Med. 5: 249-275.

37. Ojeda, S. R., A. Negro-Vilar, A. Arimura & S. M. McCann. 1980. On iW
hypothalamic mechanism by which prostaglandin E, stimulates growth hormone relate
Ncurocndocrinology 31: 1-7.

38. Saiiij, A.. S. P. Kalra, W. R. Crowley, T. L. O'Donoiiue & P. S. Kalra. 1947.
Neuropeptide Y levels in microdisscclcd regions of the hypothalamus and in vitro release
in response to KCI and prostaglandin E,: EITects of castration. Endocrinology 120: 11)1-
1836.

39. Ojeda. S. R.. II. F. Urbanski, K. II. Katz & M. E. Costa. 1986. The activation <d
estradiol positive feedback at puberty: Estradiol sensitizes the LI IRII releasing system at
two different biochemical steps. Neuroendocrinology 43: 259-266.

40. Ojeda, S. R.4W.D. Campbell. 1982. An increase in hypothalamic capacity tosynthesin
PGE, precedes the first preovulatory surge of gonadotropins. Endocrinology 111: 10)1-
1037.

41. Chang, W. C., J. Nakao, II. Orimo & S. i. Murota. 1980. Stimulation of prostaglandin
cyclooxygcnase and prostacyclin synthetase activities by estradiol in rat aortic smooth
muscle cells. Biochim. Biophys. Acta 620: 472-482.

42. DePaolo, L., S. R. Ojeda, A. Negro-Vilar & S. M. McCann. 1982. Alterations in the
responsiveness of median eminence luteinizing-hormone-releasing hormone nerve termi¬
nals to norepinephrine and prostaglandin E2 in vitro during the rat cstrous cycle.
Endocrinology 110: 1999-2005.

43. Droijva, S. V., J. Epelbaum, M. Hery, L. Tapia-Arancibia, E. Laplante A C.
Kordon. 1981. Ionic channels involved in the LHRH and SRIF release from r»l
mediobasal hypothlamus. Ncurocndocrinology 32: 155-162.

44. Ojeda, S. R. & A. Negro-Vilar. 1984. Release of prostaglandin E2 from the hypothala¬
mus depends on extracellular Ca'* availability: Relation to LI IRII release. Neuroendo¬
crinology 39: 442-447.

45. Ramirez, V. D., E. Gallardo & D. Hartter. 1980. Factors altering the secretion of
L1IRII from superfused fragments of rat hypothalamus. J. Endocrinol. Invest. 3:19-il*

46. Ojeda, S. R. & A. Negro-Vilar. 1985. Prostaglandin E2-induced LHRH release involve*
mobilization of intracellular Ca1'. Endocrinology 116: 1763-1770.

47. Ojeda, S. R., II. F. Urbanski, K. II. Katz & M. E. Costa. 1988. Prostaglandin E,
releases luteinizing hormone-releasing hormone from the female juvenile hypothalami
through a Ca^-dcpcndent, calmodulin-indepcndenl mechanism. Brain Res. 441:3)9-
351.

48. Ramirez, V. D., K. Kim & D. Dluzen. 1985. Progesterone action on the LHRH and
nigrostriatal dopamine neural systems: In vitro and in vivo studies. Recent Prog. Dorm.
Res. 41: 421-472.

49. Ojeda, S. R., 11. F. Urbanski, K. 11. Katz & M. E. Costa. 1985. Stimulation of cyclic
AMP production enhances luteinizing hormone-releasing hormone release witbort
increasing prostaglandin E2 synthesis. Studies in prepubertal female rats. Endocrinology
1 17: 1 175-1 178.

50. Kim, K. & V. D. Ramirez. 1986. EITects of prostaglandin E2, forskolin and cholera toxin oa



WUM n «/.: RELEASE OF NEUROPEPTIDES 207

cAMP production and in vitro LIIRH release from the rat hypothalamus. Brain Res.
786: 258-265.

>1. Barnea, A. &. G. Clio. 1987. Copper amplification of prostaglandin Ej stimulation of the
release of luteinizing hormone-releasing hormone is a post-receptor event. Proe. Natl.
Acad. Sci USA 84: 580-584.

It Ojeda.S. R.. II. F. Uruanski, K. II. Katz, M. E. Costa & P. M. Conn. 1986. Activation
of two dilTcrenl but complementary biochemical pathways induces release of hypothal¬
amic luteinizing hormone-releasing hormone. Proc. Natl. Acad. Sci. USA 83: 4932-
4936.

II Negro-Vilar, A., D. Conte & M. Vai.enca. 1986. Transmembrane signals mediating
neural peptide secretion: Role of protein kinase C activators and arachidonic acid
metabolites in luteinizing hormone-releasing hormone secretion. Endocrinology
119:2796-2802.

H Kikkawa, U., Y. Takai, R. Minagusiii, S. Inoiiara & Y. Nisiiizuka. 1982. Calcium-
activated. phospholipid-dependent protein kinase from rat brain. J. Biol. Chem.
257: 1334 l — l 3348.

II. Zatz, M. 1985. Denervation supersensitivity of the rat pineal to norcpincphrinc-slimulaled
I'll) inositide turnover revealed by lithium and a convenient procedure. J. Ncurochcm.
45:95-100.

56. Wolf, M., H. LeVine III. W. W. May, Jr., P. Cuatrecasas & N. Saiiyoun. 1985. A
model for intracellular translocation of protein kinase C involving synergism between
Ca1' and phorbol esters. Nature 317: 546-549.

}7. Ilo, A. K. & D. C. Klein. 1987. Activation of «,-adrcno receptors, protein kinase C, or
treatment with intracellular free Ca1' elevating agents increases pineal phospholipasc A,
activity. J. Biol. Chem. 262: 11764-11770.

56 May. W. S., Jr., N. Saiiyoun, M. Wolf & P. Cuatrecasas. 1985. Role of intracellular
calcium mobilization in the regulation of protein kinase C-mcdiatcd membrane processes.
Nature 317: 549-551.

J». Ono, Y., U. Kikkawa, K. Ogita, T. Fujii, T. Kurokawa, Y. Asaoka, K. Sekiguciii, K.
ase, K. IgaraSIII & Y. Nisiiisuka. 1987. Expression and properties of two types of
protein kinase C: Alternative splicing from a single gene. Science 236: 1116-11 20.

60. Gerozissis, K., C. Rougeot & F. Dray. 1986. Lcukotrienc C4 is a potent stimulator or
LIIRII secretion. Eur. J. Pharmacol. 121: 159-160.

U. Toto, R„ A. Siddiianta, S. Manna, B. Pramanik, J. R. Falck & J. Capdevila. 1987.
Arachidonic acid epoxygenase: Detection of epoxycicosatricnoic acids in human urine.
Biochim. Biophys. Acta 919: 132-139.

61 Capdevila, J., L. Gil, M. Orellana, L. J. Marnet, I. Mason, P. Yadagiri & J. R.
Falck. 1988. Inhibitors of cytochrome P-450 dependent arachidonic acid metabolism.
Arch. Biochem. Biophys. 261: 257-263.



PUBLICATION

31

OJEDA, S.R., URBANSKI, H.F., ROGERS, L.C., HILL, D.F., MOHOLT-SIEBERT, M. &
COSTA, M.E. (1989). Developmental regulation of GnRH secretion. In: Control of the Onset
of Puberty III, pp.55-62. H.A. Delemarre-van de Waal, T.M. Plant & J. Schoemaker (eds),
Excerpta Medica, Elsevier, Amsterdam.



© 1989 Elsevier Science Publishers B. V. (Biomedical Division)
Control of the onset ofpuberty III.
H.A. Delemarre-van de Waal et a!., editors. 55

Developmental regulation of GnRH secretion
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Introduction

As in the human and rhesus monkey, the initiation of puberty in the female rat
is heralded by a diurnal change in the mode of LH release.1 During juvenile
development plasma LH levels are low, but a pulsatile release pattern is
already established. The amplitude of the pulses is quite small, and they occur
regularly at approximately 30-35 min intervals. During the 5th week of
postnatal life, i.e., during the juvenile-peripubertal transition period,2 the
mean level of LH secretion becomes enhanced during the afternoons, primari¬
ly as a result of increased LH pulse amplitude. This is followed by the
appearance of single, more sustained, episodes of LH secretion which,
because of their resemblance to the proper preovulatory surge of LH, have
been termed 'minisurges'.1 The magnitude of an LH minisurge is 1/10 or less
that of the first preovulatory LH surge, suggesting that it represents a
developmental phase of the estradiol positive feedback mechanism.

Evidence exists that LH minisurges are the consequence of discrete
increases in circulating estradiol levels and that, as such, they are ovary-
dependent.3 It is also clear that the initial afternoon increase in LH pulsatility
is an ovary-independent, centrally originated event.4 This conclusion stems
from the finding that short-term ovariectomy of peripubertal rats results in an
increase in plasma LH levels which is more prominent in the afternoon than in
the morning. Such a diurnal variation is not observed when the animals are
ovariectomized during early juvenile development. Both types of changes in
the mode of LH release, that is, increased afternoon pulsatility and LH
minisurges, are readily recognized by the ovary which responds with in¬
creased steroid production.5

That the early increase in pulsatile LH secretion is an event that occurs
independently from the ovary has been clearly demonstrated in both human
females and rhesus monkeys (for review see Refs. 6 and 7), thus establishing
the generality of this phenomenon among different species. Although the
precise underlying mechanisms remain unclear, it appears evident that the
change is expressed as a diurnal rhythm and that it is mainly manifested as an
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increased amplitude of the LH pulses, with some increase in frequency.1 This
suggests that a) the pubertal enhancement of LH release is coupled to a
circadian clock mechanism, and b) when this mechanism is set into motion it
results in synchronized activation of the gonadotropin releasing hormone
(GnRH) neuronal network, which is likely responsible for the pubertal
changes in plasma LH.8

Acceptance of these inferences implies the recognition of three important
issues that await resolution. They are: a) the nature of the clock mechanism
involved, and its physiological and molecular characterization, b) the neuro¬
transmitter system(s) which stimulate the GnRH neuronal network to secrete
GnRH in unison, and c) the morphological and molecular mechanisms
underlying the ability of GnRH neurons and associated neuronal circuitry to
develop into a functional network. In the present article we will briefly discuss
some of our initial attempts to begin answering the last two questions.

The neurotransmitter system(s) that activate GnRH release at puberty

For many years a popular view has been that puberty is initiated by the
removal of an inhibitory constraint on GnRH secretion.6 While this certainly
may be a contributing factor, attempts to advance puberty by antagonizing the
action of the opioid peptide system, a major inhibitor of GnRH release, have
been unsuccessful (for a review see Refs. 2 and 7). Sustained blockade of
opioid receptors during infantile development of the rat does, however, result
in precocious puberty,9 an effect that may be related to increased differentia¬
tion of neuronal systems10 associated to GnRH neurons and/or GnRH neurons
themselves.

We and others11,12 have explored the possibility that the onset of puberty is
instead determined by the activation of neurotransmitter systems that may be
positively coupled to GnRH release. One such major excitatory system in the
brain utilizes excitatory amino acids as transmitters. Excitatory amino acids
are widely distributed in the mammalian brain and exert their effects via
interaction with specific receptors.13 A class of these receptors binds selective¬
ly the analog of aspartic acid, N-methyl-D-aspartic acid (NMDA). For this
reason they are known as NMDA receptors. To determine the ability of
excitatory amino acids acting through NMDA-preferred receptors to enhance
the secretory activity of GnRH neurons, NMDA was administered in a
pulsatile fashion to immature rats during the afternoons of the juvenile
period.11 The dose used was found to induce an increase in plasma LH similar
in magnitude to the LH pulses seen in the afternoons of the peripubertal
period. The onset of puberty was distinctly advanced by the treatment
indicating that GnRH neurons themselves do not constitute the limiting factor
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for puberty to occur and that the initiation of puberty rather depends upon the
activation of neurotransmitter systems functionally coupled to GnRH secre¬
tion. A similar conclusion has been reached by Plant and his colleagues,12 who
demonstrated the ability of NMDA to elicit precocious puberty in the rhesus
monkey.

In more recent experiments, we have utilized MK-801, a non-competitive
antagonist of NMDA receptors, to determine the physiological importance of
NMDA receptor activation in the mechanism of puberty.14 MK-801 only
binds to the NMDA receptor-associated ion channel when the receptor is in
the activated state.15 It would, therefore, be expected that if NMDA receptors
participate in the pubertal activation of GnRH secretion, they would be
susceptible to blockade by MK-801 and puberty would be delayed. The results
of these experiments showed that daily administration of MK-801 significant¬
ly delayed vaginal opening and first ovulation and that a single injection of the
antagonist was able to block estradiol-induced LH surges.14 Moreover,
hypothalamic membranes from peripubertal rats were found to bind 3H-MK-
801 (Urbanski and Ojeda, unpublished), thus demonstrating the ability of the
antagonist to recognize activated NMDA receptors. These results strongly
suggest that neuronal systems which utilize excitatory amino acids as trans¬
mitters may play an hitherto unsuspected role in the activation of GnRH
secretion that signals the advent of reproductive maturity.

The establishment of a neuronal network controlling GnRH release

GnRH neurons receive synaptic contacts from several neurotransmitter sys¬
tems including noradrenergic,16 dopaminergic,16-17 GABAergic18 and opioid19
neurons. In addition, they synapse with each other,20 a connectivity that
provides the morphological basis for the notion that activation of GnRH
secretion at puberty involves synchronized release of the neuropeptide from
the individual neurons.21 Whether completion of these various synaptic
connections is important for puberty to occur is not known, but evidence exists
that the connectivity of GnRH neurons increases during postnatal develop¬
ment. In both rats and subhuman primates, the morphology of GnRH neurons
has been found to change markedly before adulthood.22-23 In the rat, two types
of GnRH neurons have been identified: 'irregular' which are endowed with
spine-like processes and 'smooth' cells, which do not have these processes.22
During prepubertal development the number of smooth cells decreases and
that of irregular cells increases proportionally, suggesting that the former
differentiate into the latter. The hypothesis has been advanced that this
morphological differentiation reflects the establishment of synaptic contacts.22
The same author subsequently demonstrated that the number of irregular
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GnRH neurons contacted by catecholaminergic nerve fibers increases during
sexual development, whereas the catecholaminergic contacts with smooth
cells do not change.24 These findings suggest that the synaptic connectivity of
GnRH neurons varies both quantitatively and qualitatively and that the density
and nature of their innervation may determine their pattern of secretory
activity. Postnatal development of the neuronal circuitry associated with
GnRH neurons is not surprising because neuronal remodeling is an ongoing
process that occurs even in the adult brain (for a review see Ref. 25).
Examples of this plasticity are provided by the dramatic increase in synapto-
genesis observed in the rat arcuate and medial preoptic nuclei during the first
two weeks of postnatal life.26-27

The cytoskeleton, estradiol and hypothalamic development

Neuronal growth involves axonal elongation, dendritic arborization and
synaptogenesis. These processes depend on the synthesis of a variety of
proteins which make up microtubules and neurofilaments, two cytoskeletal
structures essential for the morphological maturation and integrity of neurons.
To gain insight into the molecular mechanisms underlying hypothalamic
neuronal plasticity during prepubertal development, we have examined the
ontogeny of messenger RNAs (mRNAs) encoding some of these proteins.

Since dendrite arborization and synaptogenesis require the formation of
microtubules, which are made up of tubulin proteins, the developmental
profile of two mRNAs encoding neural specific 8-tubulins has been studied in
the maturing rat hypothalamus.28 One of these mRNAs has a size of 1.8
kilobases (Kb) and is thought to encode 8-tubulins involved in synapto¬
genesis29'30 The other mRNA is 2.5 Kb in length; the functions of the
8-tubulin it encodes remain speculative. These 8-tubulin mRNAs are referred
to as RBTj and RBT2, respectively.29 Our results demonstrate that RBTj
mRNA is already expressed in the fetal hypothalamus by gestational day 16
(the earliest age studied). The levels, determined by Northern blot analysis,
increase towards the time of birth decreasing thereafter as the animal ap¬
proaches maturity. The lowest levels were found during the juvenile and
prepubertal periods (4th and 5th week of life), i.e., coinciding with the
decreased rate of synaptogenesis observed at this time.26,27 A significant sex
difference was observed in both the preoptic area (POA) and medial basal
hypothalamus (MBH) during late fetal development and the first two weeks of
postnatal life. The latter time period coincides with the most pronounced
increase in synaptogenesis previously observed by others.26,27 In female rats,
RBT, mRNA levels decreased much more rapidly than those of males,
suggesting that synthesis of 8-tubulin (and hence formation of microtubules)
is greater in males than in females at the time when the morphological,
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sex-dependent differentiation of the hypothalamus is taking place. A sizable
body of literature exists demonstrating that brain sexual differentiation is an

estrogen-dependent event, and that estrogen can induce both neurite elonga¬
tion and synapse formation (for review see Ref. 31). This latter effect has been
observed not only in neonatal rats,32 but also in juvenile animals33 in which
estradiol was found to accelerate the rate of synaptogenesis when admin¬
istered at a dose that elicits a preovulatory surge of gonadotropins.33 We have
found that estradiol administered in vivo to infantile 12-day-old rats increases
the steady state levels of hypothalamic RBTj mRNA within 8 h. Moreover,
hypothalamic explants from 29-day-old female rats containing the arcuate
nucleus-median eminence region also responded to estradiol with increased
RBTj mRNA levels. In contrast to RBTj, levels of RBT2 mRNA were
relatively low before the 4th week of life, increasing thereafter. No sex
differences or estradiol effects were detected.

These results suggest that the morphological changes associated with
hypothalamic development are determined, at least in part, by alterations in
the gene expression of cytoskeletal proteins involved in microtubule forma¬
tion. Moreover, they provide for the first time insights into the molecular
mechanisms that underlie the neurotrophic effects of estradiol in brain.

Growth factors and development of the reproductive hypothalamus

Several growth factors and many putative trophic activities have been de¬
scribed in the mammalian brain.34 Our attention has been focused mainly on
nerve growth factor and the epidermal growth factor (EGF)/transforming
growth factor (TGF-a) family. The underlying premise is that both systems
influence directly or indirectly the development of the GnRH neuronal
network.

Utilizing a mouse NGF cRNA probe complementary to most of the coding
region of mature NGF mRNA,35 we have found that NGF mRNA is expressed
in the developing hypothalamus (Ojeda SR, Hill DF, Katz KH, in prepara¬
tion). Interestingly, the highest levels of NGF mRNA were found during
neonatal-infantile development (first two weeks of postnatal life), a pattern
quite different from that of brain areas innervated by magnocellular cholin¬
ergic neurons, which are known to be NGF-dependent. A regional difference
in expression was also observed, with levels being greater in the POA than in
the MBH. That NGF mRNA is actually translated into NGF protein was
verified by direct measurement of the protein, using a sensitive two-site
immunoassay. The aforementioned regional differences in mRNA levels were
even more evident in the case of NGF protein, the concentrations of which
were 3-4 times higher in the POA than in the MBH.



60

Culture of hypothalamic cells in serum-free medium revealed the presence
of immunoreactive NGF in glial cells of the oligodendroglial lineage and in a

subpopulation of neurons.36 Moreover, we have found by immunocyto-
chemistry that a subpopulation of neurons expresses the NGF receptor
(Moholt-Siebert M, Hines J, Dees WL, Ojeda SR, unpublished). The role that
NGF may play in the hypothalamus is not known. We suspect that it affects
the development and function of neurotransmitter systems involved in regulat¬
ing GnRH secretion such as that of dopaminergic neurons. A direct effect on
GnRH neurons cannot, however, be ruled out. Current efforts in our laboratory
are devoted to answering this question. Important in this context are recent
findings showing that the suprachiasmatic and arcuate nucleus-median emi¬
nence regions of the hypothalamus are rich in NGF receptors.37-38 In other
recent experiments, we have found that treatment of neonatal female rats with
antibodies to NGF led to alterations in ovarian function and reproductive
development.39 Since the median eminence of rats treated with NGF anti¬
bodies showed a reduced GnRH response to PGE2 in vitro, the possibility was
initially raised40 that this was due to blockade of hypothalamic NGF action.
Further experiments, however, showed that both GnRH nerve terminals at the
median eminence and the tubero-infundibular dopaminergic system were
intact in the treated animals, and that estradiol treatment alone was effective in
restoring the GnRH response to PGE2.39 This suggests that either the anti¬
bodies failed to reach the hypothalamus, or that the treatment was adminis¬
tered at a time when hypothalamic neurons that may be NGF-sensitive are not
affected by NGF withdrawal.

While NGF may not have a direct effect on GnRH neurons, we have
recently obtained evidence that EGF and TGF-a stimulate GnRH secretion
from median eminence fragments in vitro 41 These growth factors have about
30% amino acid sequence homology.42 Their genes, though different, are
believed to have evolved from a common ancestral gene. Interestingly, both
growth factors share a common receptor and thus actions attributed to one of
them may in fact be due to the other.43 This appears to be the case in the
hypothalamus. Although EGF is effective in eliciting GnRH secretion,41-44 we
have been unable to detect its mRNA in either the POA or MBH, or even other
brain areas, in spite of using a sensitive single-stranded cDNA probe in
Northern blots. Recently, Lazar et al.,45 utilizing an even more sensitive
solution hybridization assay, found that EGF mRNA is expressed in brain at
exceedingly low levels. The physiological significance that these minute
levels may have in regulating brain functions, and in particular hypothalamic
development, is unclear in view of the recent observation that TGF-a mRNA,
which interacts with EGF receptors, is readily detected in the immature
hypothalamus.41
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The experiments using median eminence fragments indicate that TGF-a/
EGF can stimulate GnRH secretion in an acute, genomic-independent manner.
In other experiments, utilizing hypothalamic cultures in serum-free medium
we have found that EGF induces morphological differentiation of GnRH
neurons as determined by their ability to extend neurites (Moholt-Siebert M,
Junier MP, Gonzalez D, Ojeda SR, unpublished). These findings suggest that
the TGF-a/EGF system may be intimately involved in the developmental
process that leads to functional maturity of the GnRH neuronal network.

Conclusions

The observations presented here suggest that the acquisition of hypothalamic
reproductive maturity involves: a) the activation of an excitatory neurotrans¬
mitter system functionally coupled to GnRH neurons, b) the development of a
relevant neuronal circuitry under the control of specific growth factors, c) the
regulatory contribution of gonadal steroids, and d) the participation of
cytoskeletal proteins which intracellularly execute the morphological changes
dictated by the aforementioned extracellular regulatory factors.
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PUBERTY
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ABSTRACT The physiological role of W-methyl-D-aspartate (NMDA) receptors in controlling LH
secretion and the initiation of puberty was investigated using two specific antagonists, MK-801 and
DL-2-amino-5-phosphono valeric acid (AP-5). Single daily sc injections of MK-801 (0.1-0.2 mg/kg
BW), a noncompetitive NMDA receptor antagonist, given to prepubertal rats significantly delayed but
did not prevent the timing of puberty, as determined by the age at vaginal opening and first
ovulation. Infusion of MK-801 (5 Atg/h) via osmotic minipumps for 4 days inhibited the
postovariectomy rise of LH secretion in prepubertal rats. Both MK-801 (0.2 mg/kg BW, sc) and AP-
5 (4 x 30 mg, iv), a competitive NMDA receptor antagonist, blocked the estradiol-induced LH surge
in prepubertal ovariectomized rats. These results demonstrate that blockade of NMDA receptors can
prevent the development of enhanced LH secretion in female rats undergoing sexual maturation.
Moreover, they support the view that activation of NMDA receptors significantly contributes to the
physiological initiation of the pubertal process.

It has previously been shown that A/-methyl-
D-aspartate (NMDA), an analog of the excitatory
amino acid aspartate, can stimulate the release of
luteinizing hormone (LH) in rodents and primates (1-
4). This stimulation of the pituitary gland is not di¬
rect but appears to be mediated through release of
luteinizing hormone-releasing hormone (LHRH) from
the hypothalamus (5-9). Furthermore, the possibility
that activation of NMDA receptors might contribute
to the enhancement of gonadotropin secretion at the
time of puberty has recently been explored. In both
female rats and male rhesus monkeys the pulsatile
iv administration of NMDA during the juvenile phase
of development resulted in precocious activation of
the reproductive system (3,10). The aim of the pre¬
sent study was to pursue this line of investigation
further by testing the hypothesis that the physiologi¬
cal initiation of puberty involves activation of NMDA
receptors by endogenous ligands, such as glutamate
and aspartate. Two potent and specific antagonists
of the NMDA receptor were used, DL-2-amino-5-
phosphono valeric acid (AP-5) and ( + )-5-methyl-
10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine
maleate (MK-801). While the former is a competitive
antagonist, capable of suppressing pulsatile LH
release in rats (11), the latter is a noncompetitive
antagonist which binds to the receptor-associated ion
channel only when it is in an activated state (12,13).
Preliminary results of the effects of MK-801 on LH
secretion and female puberty have been published
(14).
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Materials and Methods

Animals. Twenty-one-day-old female rats were pur¬
chased from Bantin-Kingman (Fremont, CA) and
housed in a 14L:10D photoperiod (lights on from
05:00-19:00 h). All of the subsequent surgical
procedures were performed under ether anesthesia.

Experiment 1: Effect of MK-801 on the timing of
first ovulation. From 25 days of age onwards the
animals received daily noon-time sc injections of
either saline or MK-801 (Merck, Sharp & Dohme,
Rahway, NJ; 0.1-0.2 mg/kg BW; doses higher than
0.5 mg/kg body weight were found to cause seda¬
tion. The timing of vaginal opening was noted for
each animal and the timing of first diestrus deter¬
mined by vaginal cytology. At this time the animals
were killed and the presence of corpora lutea in the
ovaries taken as confirmation that first ovulation had
occurred.

Experiment 2: Effect of MK-801 on the post-ovariec-
tomy rise in LH. Juvenile, 28-day-old rats were
ovariectomized and given sc osmotic minipumps
(Alza Corp., Palo Alto, CA) containing either saline
or one of two concentration of MK-801. The release
rate of MK-801 from the pumps was either 1 or 5
Atg/h; neither dose induced sedation. On the
following day, the animals were fitted with jugular
vein catheters (15) through which blood samples
(200 mI) were collected on Days 2, 3 and 4 after
ovariectomy (16). One additional group of intact
rats was killed at 28 days of age and trunk blood
was collected. The samples were centrifuged and
the plasma stored frozen for subsequent radio¬
immunoassay of LH.

Experiment 3: Effect of MK-801 and AP-5 on the
preovulatory LH surge. Juvenile, 27-day-old rats
were ovariectomized and given sc Silastic capsules
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containing 400 ng of estradiol/ml corn oil, a con¬
centration that increases serum estradiol to a proes-
trous level and elicits an LH surge (16). On the
following day all of the animals were fitted with
jugular vein catheters (15). On the second day after
ovariectomy, a single sc injection of MK-801 (0.2
mg/kg BW) was administered at 1130 h to one
group of animals while a second group received
saline vehicle. Blood samples (200 mO were col¬
lected through the jugular catheters, (16), immediate¬
ly before the injection and at 90-min intervals after¬
wards (from 11:30 to 17:30 h). An equal volume of
heparinized saline (25 USP units/ml) was infused
back into the animals after collecting each sample.
In a third group of rats, the postsampling infusion
contained AP-5 (30 mg/200 n\ heparinized saline).
The plasma samples were stored frozen for subse¬
quent radioimmunoassay of LH.

Results

Daily sc injections of MK-801 (0.1-0.2 mg/kg
BW) significantly delayed (P<0.001; Student's f-test),
but did not prevent, the onset of puberty in female
rats (Fig. 1). First diestrus, and by inference first
ovulation, occurred 5 days later in the MK-801 -
treated animals (n = 30) than in the saline-treated
controls (n = 15). The mean body weight of both
groups was similar at 31 days of age but at first
diestrus was significantly greater (P<0.01) in the MK-
801 group than in the controls (132 _+ 3 vs 120 _+
5 g; this is commensurate with the MK-801-treated
rats being older at this time.

Ovariectomy of juvenile rats (n = 7) resulted in
a marked elevation of plasma LH which was sig¬
nificantly attenuated in animals infused with the
highest dose of MK-801 (5 /jg/h; n=6); the lower
dose (1 ^g/h; n = 6) was ineffective (Fig. 2).

Two days after ovariectomy, estradiol-treated
control rats (n=6) exhibited a midafternoon surge of
LH release (Fig. 3). In contrast, animals treated
with either MK-801 (n = 6) or AP-5 (n = 5) failed to
release LH in response to the estradiol challenge.
Only one rat treated with MK-801 showed an LH
surge (not shown).
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□ Control (34 ±0.6 days)

| MK-801 (39 ± 0.5 days)
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31 32 33 34 35 36 37 38 39 40 41 42 43 44

Age at First Diestrus (days)

Fig. 1. The effect of daily sc injections of MK-801 (0.2 mg/kg
BW) on the timing of pubertal onset in female rats.

2 3 4

Days After Ovariectomy

Fig. 2. The effect of continuous administration of MK-801 on
the postovariectomy increase in plasma LH in juvenile female
rats. Bars represent mean values from 6-7 animals and SEM
are depicted as vertical lines. A significant difference (P<0.05;
Student's f-test) between the ovariectomized control and MK-
801-treated group is indicated by an asterisk.

500

400

i
•—

O)
c

X
_l

300

CS

E
CO 200
cc

Q_

1 oo

| |Controls
lMK-801 (0.2 mg/Kg BW)
H AP-5 (4 x 30 mg) *

- i-

*

rri i i
1 1:30 13:00 14:30 16:00 17:30

Time of Day (hours)

Fig. 3. The effect of NMDA antagonists on the estradiol-
induced LH surge in ovariectomized juvenile rats. MK-801 was
administered, as a single sc injection (0.2 mg/kg BW), at 11:30
h. AP-5 was administered as four iv injections (30 mg), at
11:30, 13:00, 14:30 and 15:00 h, immediately after collection
of blood. Bars represent mean values from 5-6 animals and
SEM are depicted as vertical lines. A significant elevation in
plasma LH above the initial level is indicated by an asterisk (P-
<0.05; repeated measures ANOVA followed by the Newman-
Keuis test).
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Discussion

Previous findings that the administration of
NMDA to juvenile female rats can advance the onset
of puberty (3) supported the hypothesis that sexual
maturation involves an increase in excitatory neuroen¬
docrine inputs to LHRH neurons. They did not,
however, establish whether activation of the NMDA
receptor by its endogenous ligand(s) actually occurs
during the normal pubertal process. The present
experiments in which NMDA receptors were blocked
by MK-801, a non-competitive antagonist that only
binds to the activated receptor (13), clearly demon¬
strate that the advent of sexual maturation does
indeed involve activation of NMDA receptors. The
reason why MK-801 failed to completely prevent first
ovulation from occurring is not clear but might reflect
development of tolerance to the drug (17). Alterna¬
tively, excitatory inputs other than those acting
through NMDA receptors also play a significant role
in LHRH release at puberty. Kainic and homocysteic
acids, for example, have been shown to increase
serum LH levels in vivo (2) and more recently it has
been demonstrated that kainic and quisqualic acids
can cause the release of LHRH from arcuate nucle¬
us-median eminence preparations in vitro (18);
interestingly, NMDA essentially failed to cause LHRH
release in this study, supporting a previous con¬
clusion that NMDA enhances LHRH release by its
action at the level of the LHRH perikarya in the
medial preoptic area rather than at the level of the
nerve terminals in the median eminence (8).

The juvenile-peripubertal transition period in the
female rat is associated with an increase in plasma
LH concentrations, an event thought to play a major
role in the initiation of puberty (19,20). The finding
that MK-801 could suppress the postovariectomy
increase in LH raises the possibility that activation of
NMDA receptors contributes to this maturational
process. Another neuroendocrine event which is
essential for female puberty to occur is the develop¬
ment of the estradiol positive feedback mechanism
with the consequent production of a preovulatory
surge of LH release (16). The finding that both
competitive and noncompetitive NMDA receptor
antagonists blocked the estradiol LH surge induced
by prepubertal rats strongly implicates the participa¬
tion of NMDA receptors in the genesis of the first
preovulatory surge of gonadotrophin. Moreover, it
suggests that the delayed onset of puberty caused
by MK-801 is also mediated by retardation of the
gonadotropin surge.

Taken altogether these results provide strong
support to the view that activation of NMDA recep¬
tors significantly contributes to the physiological
initiation of the pubertal process in female rats.
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Influence of photoperiod and 6-methoxybenzoxazolinone
on the reproductive axis of inbred LSH/Ss Lak male

hamsters

H. F. Urbanski, S. O. Kim and M. L. Connolly
Division of Neuroscienre. Oregon Regional Primate Research Center, Beavcrton, Oregon 97006,

USA

Summary. Adult male Syrian hamsters of the inbred LSH/Ss Lak strain were main¬
tained under a 14L:10D light cycle until 13 weeks of age. At this point, they were
implanted s.c. with elastomer capsules that were either empty or packed with 30-40 mg
of 6-methoxybenzoxazolinone (6-MBOA), a compound found naturally in some
monocotyledonous plants; half of the animals from each treatment group were then
kept in long days (14L:10D) or transferred to short days (9L:15D). Testicular size was
measured and blood samples collected from each hamster immediately before capsule
implantation and again 2, 4, 6 and 8 weeks later. Within just 2 weeks of exposure to
short days the mean plasma levels of LH and FSH had significantly declined, in both
the control and 6-MBOA-treated animals, and were basal within 4 weeks. Testicular
size closely followed these gonadotrophin changes; within 4-6 weeks the testes from all
of the short-day hamsters had completely regressed to a prepubertal size. At the end of
the experiment, at Week 8, the animals were killed and various components of the
hypothalamo-pituitary-testicular axis were compared between the treatment groups.
The pituitary content of FSH and LH, testicular weight, mean serum level of testoster¬
one, but not hypothalamic LHRH content or pituitary gland weight, were considerably
lower in the short-day than in the long-day hamsters, regardless of whether or not they
had been chronically treated with 6-MBOA.

In conclusion, these results demonstrate a short-day response in male LSH/Ss Lak
hamsters which is more rapid and uniform than that typically shown by outbred
hamster stocks. This inbred strain is, therefore, potentially very valuable for studies of
neuroendocrine mechanisms involved in mammalian photoperiodism. Additionally,
although 6-MBOA can stimulate testicular growth and reproduction in microtine
rodents the present results fail to demonstrate any significant effect on reproductive
function in the male Syrian hamster. The study also reports on the characterization of a
new conformational antiserum to LHRH which can be used in radioimmunoassays for
the measurement of LHRH from three vertebrate classes (mammalian LHRH, chicken
1 LHRH and salmon LHRH).

Keywords: 6-MBOA; LH; FSH; LHRH; testosterone; LHRH antibody; hamster

Introduction

The Syrian or golden hamster (Mesocricetus auratus) is a seasonally breeding rodent that has been
used extensively in studies of mammalian reproduction (e.g. Stetson & Tate-Ostroff, 1981; Steger
et al., 1985; Alleva, 1987). Its popularity in this regard stems from the fact that it can exploit
photoperiodic information to regulate the onset and termination of its breeding season. Hamsters
living in temperate regions of the world generally cease to be reproductively active during the
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autumn, as daylength decreases, and remain sexually inactive for approximately 5 months
(Vendrely et al., 1971; Urbanski et al., 1983). The reproductive system of adult hamsters main¬
tained in the laboratory can similarly be manipulated by exposure of the animals to various photo-
periods (Gaston & Menaker, 1967; Turek et al., 1975; Stetson & Tate-Ostroff, 1981; Steger et al.,
1982). Although it usually takes 8-10 weeks of maintenance under short days for hamsters to
revert from a sexually mature to a prepubertal-like condition recent observations made in female
hamsters of the inbred LSH/Ss Lak strain indicate that termination of oestrous cyclicity occurs
more rapidly and uniformly than in outbred hamster stocks (Hauser & Benson, 1986; Reiter et al.,
1989). It is, however, unclear whether males from this strain also undergo a rapid short-day photo¬
periodic response. If true, this would make the male LSH/Ss Lak hamster a particularly valuable
animal model for the study of neuroendocrine mechanisms that underlie mammalian photo-
periodism. Consequently, the first aim of the present study was to determine how quickly it takes
the hypothalamo-pituitary-testicularaxis of LSH/Ss Lak hamsters to respond to shortening of the
photoperiod. The second aim was to determine whether 6-methoxybenzoxazolinone (6-MBOA)
could overcome the inhibitory effects of short days on the reproductive axis. This compound is a
phenolic metabolite found in the leaves of some monocotyledonous plants and has been shown to
stimulate the reproductive axis of microtine rodents, such as the mountain vole, Microtus montanus
(Berger et al., 1981, 1987; Sanders et al., 1981). Its effects on the male reproductive axis of other
mammals have not yet been clearly established.

Materials and Methods

Animals. Thirty-two 10-week-old male Syrian hamsters of the LSH/Ss Lak strain were obtained from Charles River
(Wilmington, MA, USA) and group housed (4 animals per cage) under controlled temperature (21-22°C) and a
lighting schedule that comprised 14 h of light per day (14LT0D; lights on 04:00 h). Pelleted rodent chow and water
were made available at all times.

6-MBOA. The compound 6-methoxybenzoxazolinone (6-MBOA) was obtained from Chem-BioChem Research
(Salt Lake City, UT, USA) and prepared for chronic in-vivo administration following a previously described protocol
(Butterstein el al., 1985). Capsules were constructed from 3-cm lengths of Silastic medical-grade tubing (Dow Corning
Corporation, Midland, MI, USA; 0 062" i.d., 0125" o.d.) and packed with 30-40mg 6-MBOA. The capsules were
incubated overnight in saline (0-9% NaCl), at 37°C, before subcutaneous implantation.

Blood sampling. A sample of blood was collected from each hamster every 2 weeks. The animals were first
anaesthetized with methoxyflurane (Metofane; Pitman-Moore, Inc., Washington Crossing, NJ, USA) and the thorax
liberally swabbed with 70% ethanol. Next, the right external jugular vein was surgically exposed and approximately
300 pi blood were drawn into a heparinized syringe fitted with a 24-gauge needle; to keep loss of blood to a minimum
during the procedure the tip of the needle was passed through a small portion of pectoral muscle before penetrating
the underlying vein. The wound was closed with two stainless-steel clips and the animals were given an intramuscular
injection of the antibiotic, gentamicin sulphate (0-5 mg). The samples were centrifuged and the plasmas kept frozen
until assayed for LH and FSH.

Experimental design. Upon reaching 13 weeks of age the hamsters were anaesthetized with methoxyfiurane and
implanted with either empty or 6-MBOA-filled capsules. Half of the animals from the test and control groups
(N = 16) remained under long days while the other half (N = 16) were transferred to short days (9L:15D; lights on
07:30 h). Blood samples were collected from each animal immediately before capsule implantation and then 2, 4, 6 and
8 weeks later. At these time points body weight and testicular width (measured using callipers) were also recorded.
Immediately following collection of the last blood sample, at Week 8, the animals were decapitated. Trunk blood was
collected and the serum frozen for subsequent assay of testosterone. The testes and pituitary glands were removed and
weighed. The latter were homogenized in 0-2 M-sodium phosphate buffer containing 0-9% NaCl (pH 7-6), frozen, and
subsequently assayed for LH and FSH content. The hypothalami were also removed, homogenized in 01 M-acetic
acid, and kept frozen until assayed for luteinizing hormone-releasing hormone (LHRH) content.

Radioimmunoassays (RIAs). Serum testosterone was measured by RIA according to a previously described proto¬
col (Resko et al., 1973) which had an intra-assay coefficient of variation of 5-3% and sensitivity of 10-15 pg/ml. The
results represent the mean value from determinations made using 10 pi and 30 pi serum samples after subtraction of
values from water blanks (1-5 pg). RIA kits provided by the NIDDK were used to measure plasma levels and the
pituitary content of LH and FSH; these comprised antigens rLH-I-6 and rFSH-I-6 for iodination and rabbit antisera
rLH-S-10 and rFSH-S-11. The results are expressed in terms of the rat LH-RP-1 and FSH-RP-1 standards, respect¬
ively, both of which showed parallelism with hamster serum and pituitary extract. As little as 8 ng LH/ml and 32 ng
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FSH/ml could be detected with these assays, which had intra-assay coefficients of variation of 1 i% and 9%. Hypo¬
thalamic LHRH content was measured by RIA utilizing a novel LHRH antiserum, HU60. This antiserum was raised
in a female New Zealand White rabbit immunized against LHRH, conjugated to bovine thyroglobulin using 1-ethyl-
3-[3-dimethyl-aminopropyl] carbodiimide (Sigma Chemical Co., St Louis, MO, USA). HU60 appears to recognize
equally the intact mammalian decapeptide, chicken I LHRH, salmon LHRH and, to a lesser extent, [D-Phe2]LHRH
but not [D-Ala6]LHRH. On the other hand, it shows no cross-reactivity with the LHRH-free acid or LHRH frag¬
ments, and only 0-5% reactivity with pro-LHRH. The antiserum therefore appears to bind almost exclusively to the
mature undegraded form of the LHRH molecule. Its specificity to LHRH is highlighted by its failure to cross-react
with other neuropeptides, including atrial naturetic factor, growth hormone-releasing hormone, oxytocin, somato¬
statin, thyrotrophin-releasing hormone, and vasoactive intestinal peptide. This antiserum was used at a final dilution
of 1:300000 and addition of iodinated LHRH (8000c.p.m.) to the assay tubes was delayed by 24 h to increase sensi¬
tivity. The bound LHRH was precipitated on the third day of incubation using 1 ml cold ethanol and pelleted by
centrifugation (30min at 2000 #). After aspirating the supernatants the sample radioactivity was measured using a
gamma spectrometer. This RIA system had an intra assay coefficient of variation of 12% and was able to detect as
little as 0-2 pg LHRH per 150 pi sample. Using HU60, curves derived from dilutions of homogenized hypothalamic
pools showed parallelism with the LHRH standard curve while pre-immune serum from the same rabbit (at 1:300 000
dilution) completely failed to bind LHRH.

Statistics. The results are expressed in terms of group means (N = 8 per group). Data obtained from the same
animals at 2-week intervals were analysed by analysis of variance, followed by the Newman-Keuls multiple range test.
Student's / test was used to compare reproductive parameters between the two photoperiodic groups and also between
the 6-MBOA treatment groups and the appropriate controls.

Results

The control hamsters which were maintained continuously under long days showed a gradual, but
significant, increase (P < 0 01) in body weight (from 116 ± 3-9 g at Week 0 to 142 + 4-4 g at Week
8). In contrast, the control hamsters that were transferred to short days failed to show any signifi¬
cant changes (Fig. 1). Under both photoperiods, however, there was no difference in body weight
between the 6-MBOA-treated and control animals. In long-day hamsters there was a trend for the
plasma concentrations of both gonadotrophins (Fig. 2) to decline gradually during the 8-week
period; however, this was not significant except that in the control group plasma FSH values were
higher at Weeks 0 and 2 than at any other time (P < 0 01) and plasma LH concentrations at Week
8 were significantly lower (P < 0 01). In contrast, the short-day hamsters showed dramatic changes
in plasma gonadotrophin concentrations. In both the control and 6-MBOA-treatment groups
plasma FSH values had fallen significantly (P < 0 01) within the first 2 weeks and were basal by
Week 4. Plasma LH levels had also fallen significantly within the first 2 weeks, in both the control
(P < 0 05) and 6-MBOA-treated group (P < 0 01), and were basal by Week 4. Plasma gonado¬
trophin concentrations at Weeks 4-8 were clearly different in hamsters maintained under the two
different photoperiods but chronic treatment with 6-MBOA had no effect on this photoperiodic
response. The testes remained large in the hamsters which were maintained in long days and, as
expected, regressed in hamsters which were transferred to short days (Fig. 1), closely following the
decline in plasma gonadotrophin concentrations; after 4 weeks of short days testicular size had
already decreased in the majority of the animals and by Week 6 all of the testes were non-palpable
(i.e. approximately 400 mg or less in weight). In spite of the dramatic differences in testicular
weights, at Week 8, between the long-day and short-day hamsters (P < 0 01), there were no differ¬
ences between the control and 6-MBOA-treated groups (Table 1). Similarly, although long-day and
short-day hamsters showed a significant difference in pituitary content of FSH (P < 0 05) and LH
(P < 0 01), and mean serum testosterone concentrations (P < 0 01), there were no differences
between the control and 6-MBOA-treated groups. Hypothalamic LHRH content and pituitary
gland weight were identical in all four groups.

The rapid testicular regression shown by this inbred strain of hamsters (LSH/Ss Lak; Fig. 1)
contrasts markedly with that shown by an outbred hamster strain (Lak:LVG (SYR)) which was
obtained from the same commercial source (Charles River, Wilmington, MA, USA) and housed
under identical environmental conditions. When hamsters from this latter strain were kept under
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Long days (14L: 10D) Short days (9L:15D)

200

100

Weeks

Fig. 1. Body weights of adult male hamsters implanted s.c. with empty (O O) or 6-MBOA-
containing (• •) elastomer capsules and maintained in long or short days. Each point
represents a mean value and the s.e. are shown as vertical lines. Testicular size (width) was
identical in 6-MBOA and control hamsters; pooled data are graphically represented by large
solid circles (>10mm), small solid circles (6-10 mm), and open small circles (completely
regressed, non-palpable testes).

Long days (14L:10D) Short days (9L:15D)

Weeks

Fig. 2. Photoperiodic responses of adult male hamsters implanted s.c. with empty (O O) or
6-MBOA-containing (• •) elastomer capsules. Each point represents a mean plasma
FSH or LH value and the s.e. are shown as vertical lines.

long days their testicular diameter (measured through the scrotal wall) remained between 12 and
13 mm (N = 14). In age-matched hamsters that were exposed to short days testicular diameter was
still at this maximum level after 7 weeks (N = 11) and reduced to 9-5 mm in only 1 animal; approxi¬
mately 10 weeks of exposure to short days was required by this outbred strain for the testes to show
complete regression.
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Table 1. Components of the hypothalamo-pituitary-gonadal axis of male hamsters
maintained in long days or short days and treated with 6-MBOA for 8 weeks

Long days Short days

Controls 6-MBOA Controls 6-MBOA

Body weight (g) 142 + 4 140 + 5 127 ± 5* 129 ± 4

Hypothalamic LHRH 199 + 18 173 ± 17 197 + 23 193 + 21

(pg/hypothalamus)
Pituitary gland wt (mg) 4-65 ± 013 4-6 + 0 15 4-38 + 0-23 4-21 ± 0-21

Pituitary FSH (pg/gland) 45-5 + 5-9 50-3 + 5-6 25-1 ± 4-5* 24-7 + 9-0

Pituitary LH (pg/gland) 280 ± 33 288 + 29 88 + 17** 103 ± 14

Pituitary FSH (pg/mg) 9-8 + 1-2 110 + 1-4 5-2 + 0-7** 6-1 + 2-3

Pituitary LH (pg/mg) 60-4 + 7-3 62-6 + 6-7 19 2 ± 3-9** 24-5 ± 3-5
Testicular weight (g) 2-68 + 0-27 2-83 + 0-10 0-24 ± 0-04** 0-24 + 0-04
Serum testosterone (pg/ml) 2974 ± 326 3824 ± 864 64 ± 20** 85 ± 30

Values are means ± s.e.
*P < 0 05, **P < 0 01 compared with Controls kept in long days.

Discussion

Studies of the neuroendocrine mechanisms that underlie mammalian photoperiodism depend upon
the availability of model species which show a rapid and reliable photoperiodic response. In the
present study the inbred male hamsters showed complete testicular atrophy within only 4-6 weeks
of exposure to short days. This rapid gonadal regression was preceded by a marked decline in mean
plasma concentrations of both LH and FSH, the first sign of a decrease occurring within just 2
weeks. A comparison between the reproductive axes of the long-day and short-day hamsters after 8
weeks revealed several differences. Testicular weight and serum testesterone concentrations were
reduced by the short-photoperiodic exposure and, although the pituitary glands were the same
weight under both photoperiodic treatments, the content of FSH and LH was significantly lower in
the short-day groups. Since gonadotrophin production and release is controlled by LHRH one
might have predicted a short-day induced decrease in hypothalamic LHRH content. However, this
was not observed and is in general agreement with previously published reports of the content
remaining unchanged or even increasing after extended periods of exposure to short daylengths
(Pickard & Silverman, 1979; Streger et at., 1982). It is therefore quite likely that reduced pituitary
gonadotrophin content under short daylengths is primarily a reflection of attenuated LHRH
secretion rather than a decrease in LHRH synthesis (Urbanski, 1990). Immunocytochemical
examination of LHRH neuronal cell bodies in the diagonal band of Broca and medial preoptic-
septal brain areas of long-day and short-day hamsters, using a monoclonal LHRH antibody
(Urbanski & Hackett, 1989), has revealed very little difference in the number or staining intensity
(Urbanski et al., 1990), thus further supporting this possibility.

The cyclic carbonate, 6-MBOA, has been shown to exert marked stimulatory effects on the
reproductive axis of female and male microtine rodents (Berger et al., 1981, 1987; Sanders et al.,
1981; Schadler et al., 1988). This non-oestrogenic compound, which is found in the leaves of some
monocotyledonous plants may represent the primary environmental cue responsible for triggering
the seasonal reproductive development in these species (Berger et al., 1977). It is not yet clear
whether 6-MBOA can similarly affect the reproductive axis of other rodent species, especially those
which are not strict vegetarians. It has been reported that the treatment of prepubertal female rats
with Silastic capsules containing 6-MBOA, for 3 days, resulted in increased ovarian and uterine
weights and increased serum FSH concentrations (Butterstein et al., 1985). Other investigators,
however, have failed to observe this effect in spite of basically similar treatment (Vaughan et al.,
1988b). We also have tried to affect reproductive development in female rats by implanting 22-day-
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old animals (N = 10) with 6-MBOA-containing Silastic capsules. Such treatment had no effect on
the age at which vaginal opening or first dioestrus occurred, relative to saline-treated controls
(N = 8); nor was there any difference in ovarian weight or the number of corpora lutea observed at
first dioestrus (unpublished observations). Laboratory rats have been selectively bred for several
decades and now show only weak responses to alterations in environmental cues such as photo-
period (Reiter, 1980); the same might also be true for responsiveness to 6-MBOA. The present
study, therefore, used a highly photoperiodic strain of Syrian hamsters to test the effects of chronic
6-MBOA treatment on the hypothalamo-pituitary-testicular axis. It was proposed that such treat¬
ment might stimulate secretion of LHRH and in turn prevent or retard the gonadal regression that
typically occurs under short photoperiods. In the male mountain vole 6-MBOA has been shown to
cause testicular growth even when administered close to the winter solstice (Berger et al., 1981). The
present results, however, fail to demonstrate any effect of 6-MBOA on the hypothalamo-pituitary-
testicular axis of hamsters either under long days or after transfer to short days.

The rate of testicular regression under short daylengths and the decline in plasma LH and FSH
was similar in the test and control animals. Similarly, examination of various reproductive
measures after 8 weeks of exposure to short days failed to show any difference in body weight,
hypothalamic LHRH content, pituitary gland weight and gonadotrophin content, testicular weight
or serum testosterone concentrations. The route of administration of 6-MBOA adopted in this
study was based on that previously reported by Butterstein et al. (1985). Although the possibility
exists that an alternative route of administration or a higher dose would have been more effective in
eliciting a vivid response within the hypothalamo-pituitary-gonadal axis, the findings of Anderson
et al. (1988) do not support this view. In their investigation 6-MBOA was administered to hamsters
by different routes, including daily injections, Silastic capsules, in the food, or in the drinking water.
As in the present study, however, 6-MBOA had no effect on testicular size. Taken together, these
findings complement those recently made when 6-MBOA was administered to hamsters that were
maintained outdoors during the autumn (Vaughan et al., 1988a). It was found that the combined
suppressive effect of short days and cold temperature on testicular size could not be overcome by
the 6-MBOA treatment. Similarly, plasma LH and FSH concentrations and pituitary LH con¬
tent were not affected although pituitary FSH content was significantly higher than in untreated
controls. In summary, therefore, support for the hypothesis that 6-MBOA plays a physiological
role in mediating the effect of seasonal changes in the environment on reproductive capacity in the
male Syrian hamster is extremely weak. Whether or not the reproductive system of female hamsters
is equally unresponsive to 6-MBOA is currently unknown.

This work (ORPRC No. 1717) was supported by NIH grants HD-24312, HD-18185 and
RR-00163. We thank the NIDDK for the reagents used in the gonadotrophin radioimmunoassays;
and Ms M. Nylund for her secretarial assistance. The LHRH fragments used in the specificity
testing of antibody HU60 ([1-2]LHRH, [2-10]LHRH, [3-10]LHRH, [5-10]LHRH, [6-10]LHRH,
[7-10]LHRH) and the pro-LHRH were gifts respectively, from Dr M. J. Kelly and Dr J. P. Adelman
(both at the Oregon Health Sciences University, Portland, OR, USA); the [D-Phe2-LHRH] was a
gift from Dr A. Arimura (Tulane University Hebert Center, Belle Chasse, LA, USA). All of the
other peptides were obtained from Peninsula Laboratories, Inc. (Belmont, CA, USA).
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ABSTRACT. The neuroendocrine basis for short-day induced
testicular regression was studied in Syrian hamsters of the LSH/
Ss Lak strain. Adult animals were maintained either under long
or short days (14:10D or 6L:18D, respectively) and given single,
daily ip injections of N-methyl-D-aspartate (NMDA) (25 mg/kg
BW); control animals received injections of saline. As expected,
the testes of the short-day controls had completely regressed to
a prepubertal condition within 6 weeks, a change that was
associated with significantly reduced mean plasma gonadotropin
levels. In contrast, the NMDA-treated hamsters from both the
long-day and short-day groups, as well as the long-day controls,
all maintained large testes and elevated plasma gonadotropin
levels, although plasma luteinizing hormone (LH) was partially
suppressed in the short-day group. In a second experiment which
lasted 2 weeks, short-day hamsters with completely regressed

testes were either transferred to long days, maintained further
on short days, or maintained on short days and given a daily ip
injection of NMDA (25 mg/kg BW). The short-term exposure
to long days caused an expected increase in plasma and pituitary
concentrations of follicle-stimulating hormone, pituitary LH,
and testicular weight. Similar, but even more marked, changes
were observed in the short-day hamsters that were treated with
NMDA, including significant increases in plasma LH and serum
testosterone concentrations. Moreover, histological examination
revealed that the recrudescing testes from this latter group
already contained mature spermatocytes and in some individuals
even spermatozoa. These results demonstrate that NMDA re¬
ceptors may play a pivotal role in both the termination and
onset of the breeding season in photoperiodic species. (Endocri¬
nology 127: 2223-2228, 1990)

MOST of the vertebrate animals that inhabit tem¬perate zones are seasonal breeders, relying on
external cues, such as the annual changes in day-length,
to trigger the beginning and end of the reproductive
period (1-5). However, little is currently known about
the neuroendocrine pathways that transduce these en¬
vironmental signals into a particular pattern of gonado¬
tropin secretion, which in turn regulates the development
and function of the gonads. Recently, excitatory amino
acids have been implicated in the central regulation of
puberty. It has been demonstrated that potent analogs,
such as iV-methyl-D-aspartate (NMDA), are capable of
stimulating gonadotropin secretion (6) and have been
used to cause precocious puberty in rats and monkeys (7,
8). On the other hand, blockade of NMDA receptors
using specific antagonists, such as DL-2-amino-5-phos-
phonopentanoic acid and MK-801, has been shown to
exert a negative influence on gonadotropin secretion and
significantly delay puberty (9, 10). In the present study,
male Syrian hamsters (Mesocricetus auratus) were used

Received June 25, 1990.
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to explore the possibility that excitatory amino acid
receptors ultimately mediate the photoperiod-induced
changes in the reproductive system of seasonally breed¬
ing species. Hamsters are typical long-day breeding ro¬

dents, and exposure of adults to day-lengths comprising
less than 12.5 h of light per day results in a marked
suppression of gonadotropin secretion and consequent
regression of the testes (11-13). Upon reexposure to long
day-lengths, the reproductive system rapidly recrudesces
and the animals ultimately recover reproductive compe¬
tence (14, 15). These photoperiodic responses are partic¬
ularly rapid in Syrian hamsters of the inbred LSH/Ss
Lak strain, which require only 6 weeks of exposure to
short day-lengths for plasma gonadotropin levels to de¬
cline and for the testes to regress to a juvenile condition
(16).

It is already well established that the photo-neuroen-
docrine pathway used by the hamster's brain to modulate
the activity of the reproductive axis involves the eyes,

suprachiasmatic nuclei, superior cervical ganglia, and the
pineal gland (17-19). The present study furthers our

understanding of this process by demonstrating that
excitatory amino acids, acting through NMDA receptors,
might be involved in transmitting the processed photic
information to the luteinizing hormone-releasing hor-

2223
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mone (LHRH) neurons. Preliminary findings have al¬
ready been reported (20, 21).

Materials and Methods

Animals

A total of 80 male Syrian hamsters of the LSH Ss/Lak strain
were purchased from Charles River (Willmington, MA) when
8 weeks old. They were maintained at a room temperature of
21-22 C throughout the study and were exposed to a lighting
schedule that initially comprised 14 h of light per day (14L:10D;
lights on at 0400 h).

Experimental design

Effect of NMDA on plasma gonadotropin concentrations. At
10 weeks of age, 33 hamsters were either transferred to short
days (6L:18D; light on at 0900 h) or further maintained on long
days. After 8 weeks of treatment each of the animals was briefly
anesthetized with methoxyflurane vapor (Metofane; Pitman-
Moore, Inc., Washington Crossing, NJ) and the right external
jugular vein surgically exposed. A blood sample (300 /ul) was
collected from the vein into a heparinized syringe, and 100-gl
of either NMDA (20 mg/kg BW in 0.9% saline) or vehicle alone
were injected back into the same vein (the NMDA, obtained
from Sigma Chemical Co., St. Louis, MO, was a racemic mix¬
ture and 40 mg/kg BW were actually administered). Ten min¬
utes later, the animals were again anesthetized with methoxy¬
flurane and a second blood sample (300 g1) collected from the
jugular vein. Blood samples were also collected from a group of
long-day hamsters which received an iv injection of an inhibi¬
tory LHRH analog ([D-Phe2, Pro3, D-Phe6]-LHRH; 6.7 mg/kg
BW; Peninsula Laboratories, Belmont, CA) concomitantly with
the NMDA. The plasma samples were stored frozen and sub¬
sequently assayed for luteinizing hormone (LH) and follicle-
stimulating hormone (FSH).

Blockade of short-day induced testicular regression. Jugular-
vein blood samples (300 g\) were collected from 26 hamsters
when 10 weeks old, as described above. In addition, the animals
were weighed and testicular width measured to the nearest
millimeter through the scrotal wall, using calipers. Half of the
animals were then transferred to short days and half retained
on long days. In each of the photoperiodic groups, 7-8 hamsters
received single daily injections of either NMDA (25 mg/kg BW
ip, as a racemic mixture) or 0.9% saline vehicle (100 gl) for 6
weeks. After this time, a second blood sample was collected;
the animals were again weighed and testicular width measured.
The plasma samples were stored frozen and subsequently as¬

sayed for LH and FSH.
Induction of testicular recrudescence. Twenty-one, 10-week-

old hamsters were exposed to short days for 7 weeks, causing
complete regression of the testes. At this point in time (week
0) they were divided into three experimental groups. Animals
in the first group were maintained further on short days
whereas animals in the second group were exposed to long days.
In the third group, the hamsters were also maintained on short
days but given daily injections of NMDA (25 mg/kg BW ip; as
a racemic mixture); the first two groups (short-day and long-
day controls, respectively) received daily injections of the 0.9%

saline vehicle (100 g\) alone. Jugular-vein blood samples (30(
pi) were collected from each animal (vide supra) at the begin
ning of the experiment (week 0) and again 1 and 2 weeks later
Immediately after collection of the last sample, the animal;
were decapitated and serum obtained from the trunk blood
The plasma and serum samples were frozen and later assayei
for gonadotropin and testosterone concentration, respectively
The pituitary glands were removed, weighed, frozen on dry ice
and their gonadotropin content subsequently determined
Brain explants, comprising the preoptic area and medial-basa
hypothalamus, were also collected, similarly frozen, and thei
LHRH content subsequently determined. The testes were re
moved, weighed, fixed in Bouin's fluid, and histological section
produced.

RIA

Plasma LH and FSH were measured in duplicate using RL
kits provided by the National Pituitary Hormone Progran
(NIDDK), as previously described (16), and the results wer

expressed in terms of the rat LH-RP-1 and FSH-RP-1 stand
ards, respectively. These assays had intra-assay coefficients o
variation of 11% and 9% and could detect as little as 8 ng LH
ml and 32 ng FSH/ml. Pituitary gonadotropin content was aL
measured using these kits, after first homogenizing the tissu
in 0.2 M phosphate buffered saline (pH 7.4). The hypothalarr
were homogenized in 0.1 M acetic acid, diluted in assay buffei
and the LHRH content measured in duplicate by RIA usin
the conformational LHRH antibody, HU60; the intra-assa
coefficient of variation for this assay was 12% and as little a
0.2 pg of LHRH could be detected per 150-pl sample (16'
Serum testosterone was measured by RIA using a previousl
described protocol (22); this had an intra-assay coefficient c
variation of 5.3% and could detect as little as 10-15 pg testos
terone/ml of serum.

Results

The effect of NMDA administration on plasma LI
levels is depicted in Fig. 1. In both the sexually activ
and the sexually quiescent hamsters (long-day and short
day groups, respectively) NMDA elicited a significan
increase in plasma LH (P < 0.05). This stimulator
effect, however, could be completely blocked by the con
comitant administration of an inhibitory LHRH analog
The administration of vehicle alone had no effect o

plasma LH levels under either photoperiod. Like LL
plasma FSH was considerably lower in hamsters main
tained on short days than on long days. However, n

stimulatory effect was observed within 10 min of NMDj
administration, under either photoperiod (data nc
shown).

Table 1 shows the effects of daily NMDA administrc
tion on the reproductive axis of hamsters maintained o
either long days or short days. Although the mean bod
weight of the animals at week 6 was the same in all c
the experimental groups (data not shown), plasma gc

nadotropin levels and testicular size showed major di:
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Fig. 1. The plasma LH response of adult long-day and short-day
hamsters to a single iv injection of NMDA (20 mg/kg BW). Blood
samples (300 pi) were collected immediately before injection (□) and
again 10 min after (□). Each bar represents the mean value from seven
animals and the sem are shown as vertical lines. One additional group
of five hamsters received an iv injection of the inhibitory LHRH analog,
[D-Phe2, Pro3, D-Phe6]-LHRH (6.7 mg/kg BW) concomitantly with
the NMDA. * P < 0.05, with respect to the preinjection values (paired
Student's t test).

ferences. As expected, exposure of the control hamsters
to short days for 6 weeks caused a marked regression of
the testes (P < 0.01), which was associated with a sig¬
nificant (P < 0.01) decrease in both plasma LH and
FSH. In contrast, short-day hamsters treated with
NMDA, like those in the long-day NMDA and control
groups, continued to maintain large testes and elevated
plasma gonadotropin concentrations, although plasma
LH levels were partially suppressed in the former group.
The reason for the slight decrease in testicular size in
the NMDA-treated long-day group of hamsters is not
clear; when paired off with females, these animals were
still able to sire offspring, indicating that their reproduc¬
tive system had not been functionally impaired.

The exposure of sexually quiescent hamsters to long
days for 2 weeks (Figs. 2 and 3) caused a significant rise
in plasma and pituitary concentrations of FSH (P <
0.01), pituitary LH (P < 0.05), and testicular weight (P
< 0.01). Similar, but even more marked, changes occurred
in the hamsters that remained on short days but were
treated with NMDA, including significant increases in
the levels of plasma LH (P < 0.05) and serum testoster¬
one (P < 0.01). No differences in hypothalamic LHRH
content or pituitary gland weight were detected between
any of the groups. The histological appearance of the
testes from the hamsters is illustrated in Fig. 4. Sper-
matogenic activity was completely absent in animals that
were maintained continuously on short days (Fig. 4A);
Sertoli cells and spermatogonia were the only cell types
present within the seminiferous tubules, which them¬
selves had a very small diameter. The testes from ham¬
sters that were exposed to long days for 2 weeks showed
the initiation of spermatogenesis (Fig. 4B); in addition
to the cell types found in the short-day group, the semi¬
niferous tubules from these testes contained spermato¬
cytes and had a larger diameter. Also, the tubule lumen
was clearly patent. The testes from the NMDA-treated
short-day hamsters showed an even greater degree of
recrudescence with spermatogenesis proceeding to near

completion (Fig. 4C); all of the germ cell types were

represented in some, but not all, of the seminiferous
tubules and several layers of spermatids were present
with their tails protruding into a well-defined lumen.
Very few of the spermatids, however, were found to be
in the acrosome and maturation phases, evincing that
spermiogenesis was not yet complete.

Discussion

The transfer of mature hamsters from long to short
days causes a suppression in the activity of the repro-

Long Days

:

Short Days

J- ■

an
Controis NMDA NMDA + Controls NMDA

LHRH
antagonist

Table 1. Effect of NMDA and photoperiod on the reproductive axis of Syrian hamsters

Week 0 Week 6

Treatment Plasma FSH

(ng/ml)
Plasma LH

(ng/ml)
Testicular width

(mm)
Plasma FSH

(ng/ml)
Plasma LH

(ng/ml)
Testicular width

(mm)

LD
LD + NMDA

SD
SD + NMDA

298 ± 19

366 ± 15
292 ± 27

321 ± 20

161 ± 14

173 ± 16
162 ± 17

189 ± 11

10
10
10

10

245 ± 30
236 ± 33°

86 ± 8"
366 ± 33

125 ± 31

161 ± 69

21 ± 2e

35 ± 3d

10
8 ± 0.5*

<4°

9 ± 0.5

LD = exposure to 14 h of light per day (14L:10D); SD = exposure to 6 h of light per day (6L:18D); NMDA = daily ip injections of IV-methyl-d-
aspartate (25 mg/kg BW). Control animals received injections of the saline vehicle alone (100 pi). Statistical comparisons were made between the
values (mean ± sem) at weeks 0 and 6 using the paired Student's t test, for plasma FSH and LH, and the Mann-Whitney nonparametric test for
testicular width (there is no sem for groups in which testicular size was identical in all of the animals).

° P < 0.05, but not significantly different from LD control group (unpaired t test).
b P< 0.05.

CP< 0.01.
d P < 0.01, but significantly greater than SD control group (P < 0.01, unpaired t test).
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Week 0 Week 1 Week 2

Fig. 2. Plasma FSH and LH concentrations after continuous main¬
tenance of sexually quiescent hamsters on short days (■) or after
exposure to long days (□). In the third group, the animals were
maintained on short days but additionally were given daily ip injections
of NMDA (25 mg/kg BW; 13 ); the two control groups received daily
injections of saline vehicle alone. Each bar represents the mean value
from seven hamsters and SEMs are shown as vertical lines. Within
each time point the data were analyzed by one-way ANOVA followed
by the Newman-Keuls test. * P < 0.05, ** P < 0.01, with respect to the
short-day controls.

ductive axis and ultimately produces a sexually quiescent
state. In males this inhibitory effect of short days is
particularly marked. Both plasma and pituitary concen¬
trations of LH and FSH decrease, causing regression of
the testes and a decline in testosterone secretion (14—
16). It is not yet clear, however, exactly how these en¬
docrine changes are regulated at the central level. It has
been proposed that a photoperiodically driven increase
in sensitivity of the hypothalamo-pituitary unit to sex
steroid negative feedback could account for the short-
day suppression of gonadotropin secretion (23), but the
actual occurrence of such changes has been extremely
difficult to demonstrate (24). Alternatively, short-day
induced inhibition of hypothalamo-pituitary activity
could primarily result from a decrease in a steroid-inde¬
pendent neuroendocrine drive, which would account for
the observations that short-day induced suppression of
gonadotropin secretion can also occur in orchidectomized
hamsters (25, 26).

The mode of LH release in hamsters, as in other
mammals and birds, appears to be pulsatile and it is
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Fig. 3. Components of the hypothalamo-pituitary-testicular axis afte
continuous maintenance of sexually quiescent hamsters on short day
(■) or after 2 weeks of exposure to long days (□). In the third group
the animals were maintained on short days but additionally were givei
daily ip injections of NMDA for 2 weeks (25 mg/kg BW; H); the tw
control groups received daily injections of saline vehicle alone. Eacl
bar represents the mean value from seven hamsters and SEMs ar
shown as vertical lines. The data were analyzed by one-way ANOVi
followed by the Newman-Keuls test. * P < 0.05, ** P < 0.01, witl
respect to the short-day controls.

reasonable to assume that LHRH is also secreted in ;

pulsatile manner (27-35). One might expect that th<
production of LHRH and/or the pattern of secretioi
should differ under various photoperiods, but this ha
not yet been firmly established. For example, the numbe
of LHRH neurons in the adult hamster brain appears to
be identical regardless of photoperiodic treatment (36)
Also, the hypothalamic content of LHRH remains un
changed after exposure to short days, or may actual!
increase slightly after an extended period of time (16, 31
38). The photoperiodic mechanism that modulates go
nadotropin secretion may, therefore, exert its actioi
primarily on the neuroendocrine circuitry that control
LHRH release rather than on the LHRH-productioi
system within the neurons. The results from the presen

study are in complete harmony with this hypothesis
First of all, the finding that activation of NMDA recep
tors can illicit an increase in plasma LH levels, on bot.
long and short days, emphasizes that the LHRH neuron
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Fig. 4. Photomicrographs showing the
histological appearance of regressed
testes from hamsters maintained contin¬

uously on short days (A) and after 2
weeks of photoperiod- and NMDA-in-
duced recrudescence (B and C, respec¬

tively). Scale bar, 50 nm.

remain responsive to stimulatory inputs even when ham¬
sters switch to a nonbreeding condition; this effect of
NMDA appears to be mediated within the central nerv¬
ous system rather than at the pituitary level inasmuch
as it could be blocked by the concomitant administration
of an inhibitory LHRH analog (39). A suprapituitary site
of action for NMDA is also supported by the findings of
several other in vivo and in vitro studies (6, 40-45). The
present findings also demonstrate that excitatory amino
acids can inhibit the usual short-day induced suppression
of plasma LH and FSH, and the associated decrease in
testicular size. Furthermore, they show that activation
of specific excitatory amino acid receptors in sexually
quiescent hamsters can lead to an extremely rapid recru¬
descence of the testes. Generally, the first noticeable
endocrine change that occurs when short-day hamsters
are exposed to long days is an increase in FSH secretion
and in orchidectomized animals this can be detected
within just a few days of photostimulation (44, 45). In
the present study both plasma LH and FSH levels were

significantly elevated within 1 week of NMDA treatment,
reflecting an increase in the pituitary gland's gonadotro¬
pin content. At the testicular level, these changes were
associated with increased testosterone output and stim¬
ulation of spermatogenesis. Interestingly the effect of
NMDA in the short-day hamsters was similar to, but
even more pronounced than, that produced by 2 weeks
of exposure to long days.

Taken together, the results support the hypothesis that
both the termination and onset of the breeding season
in photoperiodic species is ultimately mediated by neu-

roexcitatory inputs that impinge upon the LHRH-se-
creting circuits within the brain. In this context it is
interesting that the specific binding of radiolabeled MK-
801 (a noncompetitive NMDA receptor antagonist) has
been shown to be significantly greater in the preoptic
area of hamsters maintained on long days than on short
days (46). Additionally, preliminary results of follow-up
studies indicate that the testicular recrudescence which

normally occurs when hamsters are transferred from
short to long days can be significantly blocked by the

administration of MK-801. Both of these findings add
credence to the view that NMDA receptors actually play
a physiological role in hamster photoperiodism. Although
the present study emphasizes the possible role of NMDA-
specific receptors, there is evidence to suggest that recep¬
tors to excitatory amino acids, other than NMDA (e.g.
kainate and quisqualate) can also affect LHRH secretion
(47, 48). Experiments, involving specific agonists and
antagonists, are currently in progress to determine
whether such neurotransmitter pathways might also be
exploited by photoperiodic species in the control of sea¬
sonal reproduction.
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ABSTRACT Little is known about the presence of trophic
factors in the hypothalamus and the role they may play in
regulating the functional development of hypothalamic neu¬
rons. We have investigated the ability of epidermal growth
factor (EGF) and transforming growth factor a (TGF-a) to
affect the release of luteinizing hormone-releasing hormone
(LHRH), the neuropeptide that controls reproductive devel¬
opment. We have also determined whether the genes encoding
EGF and TGF-a are expressed in the prepubertal female
hypothalamus. Northern blot analysis of po!y(A)+ RNA utiliz¬
ing a single-stranded EGF cDNA probe failed to reveal the
presence of EGF mRNA in either the hypothalamus or the
cerebral cortex at any age studied (fetal day 18 to postnatal day
36). In contrast, both a complementary RNA probe and a
double-stranded TGF-a cDNA recognized in these regions a
4.5-kilobase (kb) mRNA species identical to TGF-a mRNA.
The abundance of TGF-a mRNA was 3-4 times greater in the
hypothalamus than in the cerebral cortex. Both EGF and
TGF-a (2-100 ng/ml) elicited a dose-related increase in LHRH
release from the median eminence of juvenile rats in vitro. They
also enhanced prostaglandin E2 (PGE2) release. The transform¬
ing growth factors TGF-/3! and -j82 were ineffective. Only a
high dose of basic fibroblast growth factor was able to increase
LHRH and PGE2 release. Blockade of the EGF receptor
transduction mechanism with RG 50864, a selective inhibitor of
EGF receptor tyrosine kinase activity, prevented the effect of
both EGF and TGF-a on LHRH and PGE2 release but failed
to inhibit the stimulatory effect of PGE2 on LHRH release.
Inhibition of prostaglandin synthesis abolished the effect of
TGF-a on LHRH, indicating that PGE2 mediates TGF-a-
induced LHRH release. The results indicate that the effect of
EGF and TGF-a on LHRH release is mediated by the
EGF/TGF-a receptor and suggest that TGF-a rather than
EGF may be the physiological ligand for this interaction. Since
in the central nervous system most EGF/TGF-a receptors are
located on glial cells, the results also raise the possibility
that—at the median eminence—TGF-a action may involve a
glial-neuronal interaction, a mechanism by which the trophic
factor first stimulates PGE2 release from glial cells, and then
PGE2 elicits LHRH from the neuronal terminals.

The mitogenic peptide epidermal growth factor (EGF) and its
structural and functional homolog, transforming growth fac¬
tor a (TGF-a), have been reported to be present in brain
(1-4). It appears, however, that under physiological condi¬
tions the ability of the central nervous system to synthesize
EGF is limited, as suggested by the exceedingly low EGF
mRNA levels detected in several brain areas with a sensitive
RNA protection assay (5). Although the brain has been
shown to contain an EGF immunoreactive material (1), not

The publication costs of this article were defrayed in part by page charge
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all of this substance(s) may correspond to authentic EGF, as
judged by the inability of a specific two-site immunoassay to
detect the peptide (6) and by the electrophoretic behavior of
the cross-reacting substance, which differs substantially from
that of EGF (7). In contrast, recent reports have unambig¬
uously demonstrated the presence of both TGF-a and its
mRNA in mammalian brain (3, 4, 8, 9).

Although EGF has been shown to be mitogenic for glial
cells (10) and to have neuronotrophic activity (11), little is
known about the possible involvement of EGF and/or TGF-a
in the functional and developmental regulation of specific
neuronal populations. Whether they have a role to play in
neuroendocrine processes is equally unknown. The present
experiments were undertaken to determine whether EGF
and/or TGF-a are produced in the developing female hypo¬
thalamus and to assess the potential ability of these factors to
affect the release of luteinizing hormone-releasing hormone
(LHRH), the neuropeptide that controls sexual development.
We have selected this line of inquiry because (/) the hypo¬
thalamus is central to neuroendocrine regulation, (i7) EGF
may be able to affect the release of LHRH (12), and (Hi) the
morphological and functional development of the LHRH
neuronal network that leads to the initiation of mammalian
puberty may involve the participation of trophic factors of
brain origin. A partial report of these results has appeared (9).

MATERIALS AND METHODS

Animals. Sprague-Dawley rats were purchased from Ban-
tin and Kingman (Fremont, CA). They were housed in a room
with controlled temperature (23-25°C) and a 14/10-h light/
dark cycle (lights on from 0500 to 1900). Ad libitum access to
tap water and pelleted food was provided.

Tissue Dissection. The medial basal hypothalamus (MBH)
was dissected by two lateral cuts along the hypothalamic
sulci—one caudal cut in front of the mammillary bodies and
one rostral cut immediately behind the optic chiasm. The
preoptic area (POA) was dissected by a transverse cut
immediately behind the optic chiasm and two oblique cuts
initiated at the lateral edges of the optic chiasm and converg¬
ing to a point rostral to the decussation of the optic nerves.
The depth of MBH and POA fragments was ~1 mm.

RNA Preparation and Blotting. Total RNA was prepared by
the guanidinium isothiocyanate/acid phenol method (13) as
described (14). Poly(A)+ RNA was isolated as reported (14,
15). RNA samples were size-fractionated in 1.1% agarose
gels (16,17), transferred to nitrocellulose membranes (Schlei-

Abbreviations: TGF-a, TGF-/3i, and TGF-/S2, transforming growth
factors a, /3i, and /32; LHRH, luteinizing hormone-releasing hor¬
mone; PGE2, prostaglandin E2; EGF, epidermal growth factor;
bFGF, basic fibroblast growth factor; ME, median eminence; cRNA,
complementary RNA; MBH. medial basal hypothalamus; POA,
preoptic area.
*To whom reprint requests should be addressed.
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cher & Schuell) by capillary blotting (18), and the RNA was
fixed by baking.

Probes. A 574-base-pair (bp) Pst 1-Pvu II DNA fragment
derived from the EGF cDN A pmegf-10 (ref. 19; provided by
M. Selby and W. J. Rutter, University of California, San
Francisco) was forced-cloned into the Pst I-Sma I sites of the
phage M13mp9 and used to synthesize a single-stranded
32P-labeled cDNA probe with a specific activity of 5 x 108
cpm//zg as described (14).

A double-stranded cDNA and a complementary RNA
(cRNA) were used to detect TGF-a mRNA. The former,
which is complementary to the 5' end of rat TGF-a mRNA
(ref. 20; provided by Timothy Rose, Oncogene, Seattle, WA),
consisted of a 400-bp EcoRl-Bgl II DNA fragment cloned
into the EcoR\-BamW\ sites of the plasmid pSP64. The
fragment was isolated by EcoR\-Hind\\\ digestion and was
labeled with [32P]dCTP by the random-primer method (21) to
a specific activity of 6-8 x 108 cpm/yag of DNA. Lineariza¬
tion of pSP64-TGF-a cDNA with Sac II provided a template
that was used to transcribe a 238-bp antisense RNA by using
SP6 polymerase. The transcription procedure used, which
routinely results in specific activities of 109 cpm//zg of RNA,
has been described (14).

In one experiment the relative abundance ofTGF-a mRNA
in the juvenile hypothalamus was compared with that of the
cerebral cortex. The levels found were normalized by using
cyclophilin mRNA as a reference. Cyclophilin mRNA is
constitutively expressed in brain (22) and was detected by
hybridization of the blots to a 700-bp Bamlil-Pst I fragment
of the cDNA plB15 (23), labeled with [32P]dCTP by the
random-primer method to a specific activity of 5 x 108
cpm/jLig.

Hybridization. Hybridization and washing of the blotted
membranes was carried out as reported for single- (14) and
double-stranded cDNAs (14, 17) and for cRNA probes (14).
In brief, hybridization to cDNA probes was carried out for
16-18 h at 65°C in a 15-ml solution containing 1 x 10h cpm of
32P-labeled probe per ml, 10x Denhardfs solution (0.2%
Ficoll/0.2% polyvinylpyrrolidone/0.2% bovine serum albu¬
min) 4x SSC (0.06 M sodium citrate/0.6 M sodium chloride,
pH 7.0), poly(adenylic acid) at 10 /zg/ml, denatured salmon
sperm DNA at 100 /zg/ml, 1 mM EDTA, and 1% SDS.
Prehybridization was for 4-5 h in the same medium without
the labeled probe. After hybridization the membranes were
washed in 2x SSC/1% SDS for 1 h at room temperature, once
in O.lx SSC/0.1% SDS for 30 min at room temperature, and
once in O.lx SSC/1% SDS at 60°C for 30 min. Hybridization
to TGF-a cRNA was for 18 h at 60°C in a 15-ml volume
containing 1 x 106 cpm of 32P-labeled TGF-a cRNA per ml,
50% formamide, 7.5x Denhardt's solution, 4x SSC, 1 mM
EDTA, 100 /zg of denatured salmon sperm DNA per ml, and
0.1% SDS. Prehybridization was for 4-5 h. After hybridiza¬
tion the membranes were washed five times at 65°C in O.lx
SSC/0.1% SDS, 30 min each time. After washes, the mem¬
branes were exposed to Kodak XAR-5 film at —70°C with two
DuPont Cronex intensifying screens.

Median Eminence (ME) Incubations. MEs from 28-day-old
female rats were microdissected and incubated in vitro at
37°C in a Krebs-Ringer bicarbonate buffer (pH 7.4) contain¬
ing 4.5 mg of D-dextrose per ml as described (24). In all
experiments the MEs were preincubated for 15 min, then for
30 min after a change of medium, and finally for 2 h with the
growth factors of interest. At the end of this period, the
medium was removed and assayed for LHRH and PGE2 as
reported (24). The LHRH assay utilizes 125I-labeled LHRH
and the polyclonal antibody HFU 60 (produced by H.F.U.)
at a 1:25,000 dilution; the assay detects as little as 0.4 pg of
LHRH per tube. The PGE2 assay uses [3H]PGE2 (DuPont/
NEN) as the ligand and the polyclonal antibody SC10-11/23
(provided by W. B. Campbell, Department of Pharmacology,

University of Texas Health Science Center, Dallas) at a
1:8000 dilution. The assay detects 3.6-7.5 pg of PGE2 per
tube. All substances tested for LHRH and PGE2 release were
routinely assayed in each experiment and found not to
interfere with either the PGE2 or LHRH assays.

EGF (culture grade, 95% pure) was purchased from Col¬
laborative Research; Recombinant TGF-a, TGF-/3J, and
TGF-/32 were the gifts of D. Twardzik (Oncogene); basic
fibroblast growth factor (bFGF) purified from bovine pitu¬
itary glands was a gift from D. Gospodarowicz (Cancer
Research Institute, San Francisco), and human recombinant
bFGF was a gift from G. Shipley (Oregon Health Sciences
University, Portland). The compound RG 50864 (provided by
A. B. Schreiber, Rorer Central Research, King of Prussia,
PA) was used to block the EGF receptor. RG 50864 belongs
to a family of compounds that selectively blocks tyrosine
kinase activity of the EGF receptor (25). The inhibitor was
initially dissolved in ethanol and then diluted in the incuba¬
tion medium to a final concentration of 60 /zM, which was
present throughout the entire incubation period. This con¬
centration selectively blocks EGF receptor tyrosine kinase in
cultured cells (26). To further ensure the specificity of the
inhibitory effect of RG 50864 on EGF- and TGF-a-induced
LHRH and PGE2 release, experiments were carried out to
determine if the inhibitor would block PGE2-induced LHRH
release. PGE2 is thought to act directly on (or within) LHRH
neurons to stimulate LHRH release (27). In one experiment,
the MEs were exposed to RG 50864 for 45 min and then to
PGE2 for 30 min, still in the presence of the inhibitor. In the
second experiment, the MEs were incubated with RG 50864
for 165 min—i.e., 15-min preincubation—followed by 30 min
of additional preincubation and 2 h of incubation proper, to
have the same conditions used when testing the effect of the
inhibitor on EGF/TGF-a action. PGE2 was added during the
last 30 min of incubation.

To determine if the effect of EGF/TGF-a on LHRH
release is mediated by prostaglandins, cyclooxygenase ac¬
tivity was inhibited by indomethacin (Merck Sharpe &
Dohme). The blocker, which was present throughout the
entire incubation period, was initially dissolved in 0.1 M
sodium phosphate buffer (pH 8.0) and then in incubation
medium to its final concentration.

Statistics. Differences in LHRH and PGE2 release were
analyzed by a one-way analysis of variance and the Student-
Newman-Keul multiple comparison test.

RESULTS

Expression of EGF and TGF-a mRNAs in the Developing
Female Hypothalamus. Hypothalami from animals at differ¬
ent developmental phases (fetal day 18, postnatal days 3, 12,
25, and 36) were analyzed for EGF mRNA expression with
a single-stranded cDNA probe. At no age was EGF mRNA
detected. Fig. 1A shows that EGF mRNA was readily
detected in rat kidney and mouse submaxillary gland but not
in the cerebral cortex or the MBH, even when substantial
amounts of either poly(A)+ RNA (15 tig) or poly(A)- RNA
(25 tig) were used. In contrast, TGF-a mRNA was detected
in both the MBH and POA with either a double-stranded
cDNA (Fig. IB) or an antisense RNA probe (Fig. 1C). Both
probes detected a greater TGF-a mRNA abundance in neo¬
natal (day 3) POA than in fetal (day 18) MBH. Although this
may reflect a regional difference, it may be more related to
age. We have found in other experiments that TGF-a mRNA
levels increase during postnatal development in both regions
(Y.Y.M. and S.R.O., unpublished data).

Since the effect of EGF and TGF-a on LHRH release was

routinely examined in juvenile 28-day-old rats, an additional
experiment was carried out to define the presence of TGF-a
mRNA in the hypothalamus of animals of this age. Fig. 2
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Fig. 1. 04) Absence of detectable levels of EGF mRNA in the
hypothalamus (lanes MBH) and cerebral cortex (lanes CC) of juve¬
nile female rats as determined by RNA blot hybridization of poly(A)+
RNA (15 ixg; lanes A + ) and po!y(A)~ RNA (25 jug; lanes A~) to a
■12P-labeied single-stranded mouse EGF cDNA probe. Lane T con¬
tained total RNA at 1 jug. EGF mRNA is not expressed in rat liver
(lane Lv) but is highly expressed in rat kidney (lane Kd) and mouse
submaxillary gland (lane SMG). (B) Detection of TGF-a mRNA in
the hypothalamus and POA of feto-neonatal female rats by RNA blot
hybridization to a double-stranded rat TGF-a cDNA probe. All lanes
have 5 p.g of poly(A)+ RNA. Lanes: K, human keratinocytes; MBH,
MBH from 18-day-old rat fetuses; POA, POA from 3-day-old neo¬
natal rats; F, human fibroblasts; Lv, rat liver; M, rat muscle. (C) The
same blot depicted in B but hybridized to a rat TGF-a cRNA. kb,
Kilobases.

shows that TGF-a mRNA is much more abundant in the

hypothalamus (both the MBH and POA) than in the cerebral
cortex. No expression was found in human fibroblasts, rat
kidney, or rat liver. Unexpectedly, the TGF-a cRNA probe
hybridized strongly to a 1.5- to 1.6-kb mRNA species in
muscle, as recently reported by others in breast cell lines (28,
29). Cyclophilin mRNA levels were found to be equally
elevated in the three brain areas studied but low and variable
in the other tissues examined, in agreement with a previous
report (22).

Effect of Growth Factors on LHRH and PGE2 Release from
the ME. EGF and TGF-a were equally effective in stimulat¬
ing LHRH release from the ME ofjuvenile 28-day-old female
rats (Fig. 3). The first significant increase was seen at the 10

1.0-

MBH POA CC

Fig. 2. (A) Detection of TGF-a mRNA in the hypothalamus of
28-day-old juvenile female rats by RNA blot hybridization to a rat
TGF-a cRNA. (B) Levels of cyclophilin mRNA in the tissues
depicted in A. Cyclophilin mRNA is constitutively expressed in brain
and other tissues at different levels. All lanes were loaded with 5 jug
of poly(A)+ RNA. CC, cerebral cortex; F, human fibroblasts; Kd,
kidney; M, muscle; Lv, liver. Notice the greater abundance of
TGF-a mRNA in hypothalamic tissues than in the cerebral cortex,
and the presence of a 1.5-kb mRNA species in muscle.
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Fig. 3. Stimulation of LHRH release from ME fragments of
28-day-old juvenile female rats in vitro by EGF and TGF-a. Each
point is the mean of four to eight individual MEs. Vertical lines
represent the SEM.

ng/ml dose. Neither TGF-/3i nor TGF-/?2, used as controls,
was able to alter LHRH release. bFGF increased LHRH
release only when used at a pharmacological dose (Fig. 4).
This effect, however, could not be attributed to contaminants
in the purified bFGF preparation used because it also oc¬
curred when recombinant bFGF was used. Both EGF and
TGF-a stimulated PGE2 release (Fig. 5), but a dose-related
response was not observed, likely because only the outflow
of prostaglandins into the incubation medium was measured.
As in the case of LHRH, TGF-/3J and -/32 were ineffective,
and bFGF stimulated PGE2 formation only at the highest
dose tested.

Effect of EGF Receptor Blockade on EGF and TGF-tv-
Induced LHRH and PGE2 Release. RG 50864 decreased basal
LHRH release and abolished both EGF- and TGF-a-induced
LHRH release (Fig. 6 Upper). Likewise, the inhibitor elim¬
inated the PGE2 response to TGF-a [basal PGE2 release
(control; n = 5) = 53 ± 7 pg of PGE2/mg of ME per 30 min;
TGF-a-treated (100 ng/ml, n = 7) = 180 ± 27 pg of PGE2/mg
of ME per 30 min; TGF-a + RG 50864 (60 pM, n = 7) = 51
± 8 pg of PGE2/ mg of ME per 30 min]. In contrast, RG 50864
failed to affect the LHRH response to PGE2, which was
examined in two different experimental situations—namely,
after short (45 min) and long (2 h and 45 min) exposures to the
inhibitor (Fig. 6 Lower).
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Effect of Blockade of Prostaglandin Synthesis on TGF-ar-
Induced LHRH Release. In vitro exposure of MEs to indo-
methacin to block cyclooxygenase activity and, hence, PGE2
synthesis eliminated the effect of TGF-a: on LHRH release
(Fig. 7).

DISCUSSION

Early studies have shown that the actions of EGF upon brain
cells include stimulation of astrocyte proliferation (10) and
promotion of cortical neuron survival and differentiation in
culture (11). Nevertheless, the inability to detect authentic
EGF and the very low levels of EGF mRNA found through¬
out the brain (5, 7) suggest that in vivo EGF actions may be
shared by another, more abundant endogenous constituent of
the brain. A likely candidate for this role is TGF-a, which
shares 35% sequence homology with EGF, interacts with the
same receptor (30), and is produced by brain cells (3, 4, 8).
Although some evidence already exists supporting this con¬
cept (31), little (if anything) is known regarding the ability of
EGF and/or TGF-a to affect mature, differentiated functions
of specific neuronal subpopulations. Whether they partici¬
pate in the regulation of central neuroendocrine functions is
equally unknown.

The present study shows that EGF and TGF-a can act at
the ME of the hypothalamus to elicit LHRH release. The
detection of TGF-a mRNA in the developing hypothalamus,
in contrast to the absence (or very low levels) of EGF mRNA
found in this area, strongly suggests that TGF-a (and not
EGF) is the peptide physiologically involved in LHRH se¬
cretion. Our failure to detect EGF mRNA in the hypothala¬
mus should not be construed as a demonstration that EGF
mRNA is not expressed in this area. Perhaps the mRNA
levels are extremely low or their expression is limited to
discrete cell groups. Solution hybridization assays and hy¬
bridization histochemistry may clarify this issue.

Stimulation of LHRH release by TGF-a appears to involve
activation of EGF receptors, as indicated by the ability of RG
50864 to block both TGF-a and EGF-induced LHRH release.
RG 50864 belongs to a family of arylidene derivatives re¬
cently described to inhibit the tyrosine kinase activity of the
EGF receptor at concentrations 1/lOOth to l/700th the con¬
centration needed to block tyrosine kinase of the insulin
receptor (25). Like insulin, EGFs mechanism of action in¬
volves both autophosphorylation of its receptor and tyrosine
phosphorylation of a variety of cellular target proteins (32).
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Fig. 6. (Upper) Effect of RG 50864 (RG), an inhibitor of the EGF
receptor tyrosine kinase, on EGF and TGF-a (TGFa)-induced
LHRH release from the ME of juvenile female rats in vitro. Each
growth factor was tested at the concentration of 100 ng/ml; RG 50864
was used at 60 /iM. (Lower) Failure of RG 50864 to block the
stimulatory effect of PGE2 on LHRH release from the ME. (Lower
left) MEs were preincubated for 45 min with the inhibitor, followed
by a 30-min incubation with PGE2 in the presence of the inhibitor.
(Lower right) MEs were treated with the inhibitor as in the case of
the growth factors (i.e., for 2 h and 45 min), and the prostaglandin was
added during the last 30 min of incubation. Hatched bars, basal
release (control); open bars, release after growth-factor treatment.
Numbers above bars are the number of MEs per group. Vertical lines
show the SEM. *, P < 0.02; **, P < 0.01 vs. basal release (C).

An intact tyrosine kinase activity is essential for the bio¬
chemical effects of EGF to occur (33). The dose of RG 50864
used has been recently shown to inhibit EGF-stimulated
[3H]thymidine incorporation, receptor autophosphorylation,
tyrosine phosphorylation of cellular substrates, and prolifer¬
ation ofcells in culture (26). Since this study showed that cells
exposed for several days to 40-80 /xM RG 50864 exhibited
inhibition of EGF-independent proliferation, we performed
additional experiments in which LHRH was stimulated with
PGE2 in the presence of RG 50864 to assess the specificity of
the blocker in our short-term incubation system. RG 50864
failed to affect the stimulatory effect of PGE2 on LHRH
release, thus arguing against a general (or toxic) nonspecific
effect of the inhibitor when antagonizing EGF/TGF-a-
induced LHRH release. PGE2 is an obligatory component of
norepinephrine-induced LHRH secretion, which appears to
act directly on (or within) LHRH neurons to enhance the
release of the neuropeptide (27).

At this juncture it must be pointed out that long exposure
to RG 50864 can inhibit DNA synthesis induced by platelet-
derived growth factor (PDGF) in cultured cells (26). Our
experiments do not rule out the possibility that the inhibitory



9702 Neurobiology: Ojeda et al. Proc. Natl. Acad. Sci. USA 87 (1990)

CM

J 60

LU

"O
<D
CO
TO
TO 20
TO

CD
Q.

Fig. 7. Effect of blockade of prostaglandin synthesis with indo-
methacin (Id, 50yuM) on TGF-a (TGFa)-induced LHRH release from
the ME of juvenile female rats. TGF-a was used at a concentration
of 100 ng/ml. Each bar represents the mean ± SEM (vertical lines)
of three to six individual MEs. C, basal release.

effect of RG 50864 on growth factor-induced LHRH release
involves blockade of PDGF receptors.

A clue as to the mechanism by which EGF/TGF-a elicit
LHRH release is provided by the findings that both peptides
enhanced PGE2 formation, and that blockade of prostaglan¬
din synthesis completely obliterated the TGF-a effect.
TGF-a may act directly on LHRH nerve terminals to stim¬
ulate PGE2 and, hence, LHRH release in a genomic-
independent manner. This possibility would be in keeping
with our current understanding of PGE2 action on LHRH
release, according to which the prostaglandin is an intracel¬
lular messenger that acts within LHRH neurons to stimulate
their secretory activity (27). However, the 2-h lag time
needed for the TGF-a/EGF effect to become evident argues
in favor of an indirect effect that may be mediated by cellular
elements of the ME associated with LHRH nerve terminals.
That these cells may be glia is suggested by the observations
that most EGF receptors are found in glial cells (10, 34) and
that astrocytes produce PGE2 and other eicosanoids in re¬
sponse to neurotransmitter or neuropeptide stimulation (35,
36). Recently, a subpopulation of astrocytes has been shown
to synthesize TGF-a, as evidenced by their immunoreactivity
to TGF-a precursor antibodies (4). Moreover, we have found
that hypothalamic lesions that result in precocious puberty
cause activation of TGF-a gene expression to reactive as¬
trocytes proliferating around the lesion (37). Infusion of RG
50864 to lesioned rats prevented the acceleration of sexual
development, suggesting that the stimulatory effect of the
lesion on puberty is mediated by TGF-a interacting with
EGF/TGF-a receptors. Since TGF-a acts through both para¬
crine- and autocrine-mediated mechanisms (30, 38), it is
plausible that the effect of the trophic factor on LHRH
release may involve a two-step mechanism: an autocrine
effect on glial cells/tanycytes to stimulate PGE2 production
and a subsequent effect of the prostaglandin on LHRH nerve
terminals to elicit LHRH release. Although it is clear that
further investigation will be required to validate this hypoth¬
esis, the close anatomical association of tanycytes and glial
cells with LHRH nerve terminals in the ME (39) supports the
feasibility of such interaction.

Taken altogether, the results provide evidence for an
involvement of TGF-a in the developmental regulation of
LHRH secretion. They also indicate that the mechanism by

which TGF-a stimulates LHRH release involves interaction
with EGF/TGF-a-like receptors and production of PGE2 and
raise the intriguing possibility that the PGE2 intermediate is
at least in part, produced by glial elements of the ME.
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Sedation by Exposure to a Gaseous Carbon
Dioxide-Oxygen Mixture: Application to
Studies Involving Small Laboratory Animal
Species

Henryk F Urbanski and Stephen T Kelley

Decapitation is a widely adopted laboratory pro¬
cedure for euthanatizing experimental rodents, especially
when the study calls for the collection of large volumes of
blood from the animals. Furthermore, when viable brain
tissue needs to be obtained rapidly for in vitro investigation
euthanasia by decapitation is quite often unavoidable. Never¬
theless, such a procedure does have its drawbacks. First ofall,
there is the question of safety to the investigator.
Manipulating an animal's head beneath the blade of a
guillotine poses an obvious hazard. This danger is particulary
pronounced when dealing with rodents such as the Syrian
(golden) hamster, which has a relatively short neck and plenty
of loose skin, or with previously unhandled animals that in¬
variable become agitated when restrained. There is also the
question ofstress in both animal and investigator. Although
it is debatable how much pain an animal suffers when
decapitated (1,2), the physical restraint that is associated with
the procedure may in itselfbe stressful and such a procedure
may, therefore, produce undesirable changes in the animal's

From the Divisions ofNeuroscience and Laboratory Animal Medicine, Oregon
Regional Primate Research Center, Beaverton, OR 97006.

blood hormone levels.
The aim of the present study was to determine

whether brief sedation ofrats immediately prior to decapita¬
tion would adversely affect the circulating levels ofthe follow¬
ing trophic hormones: luteinizing hormone (LH), follicle-
stimulating hormone (FSH), prolactin, and also cor-
ticosterone. All of these are normally secreted in a discon¬
tinuous, or pulsatile manner, and the first three play a ma¬
jor role in reproductive development (3). Furthermore, prolac¬
tin and corticosterone are particularly prone to the effects of
stress, responding with a rapid and marked elevation (4,5).

Forty-six female Sprague-Dawley rats (Bantin and
Kingman, Fremont, CA) were obtained primarily for use in
an unrelated in vitro study. They were maintained under a
controlled photoperiod (lights on from 05:00-19:00 hours) and
temperature (23-25 °C) and were given ad libitum access to
food (Purina rodent chow) and water. When 28 days old, the
animals were divided into two treatment groups and used in
the study. In the first group, the animals (n = 23) were in¬
troduced into a chamber that had been charged with a 50%
carbon dioxide-50% oxygen gaseous mixture and lost con¬
sciousness within 1 minute. The rats were then removed from
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the chamber. Normally, they would have regained con¬
sciousness within a few minutes but in the present study they
were decapitated using a guillotine before consciousness was
regained. The second group served as a control and the
animals (n = 23) were decapitated without any prior sedation.

Trunk blood was collected from each ofthe animals
immediately following decapitation and the serum stored
frozen. The samples were subsequently assayed for the follow¬
ing three hormones: LH, FSH and prolactin, using radioim¬
munoassay kits provided by the National Hormone and
Pituitary Program (National Institute of Diabetes and
Digestive and Kidney Diseases), and the results were express¬
ed in terms ofthe rat LH-RP-1, FSH-RP-1 and PRL-RP-3 stan¬
dards, respectively. The serum samples were also extracted
with ether and assayed for corticosterone by radioim¬
munoassay using antiserum 3R3-38 (Radioassay Systems
Laboratories, Carson, CA; Cat. #1472). Each of the hormone
assays contained duplicate samples from all 46 animals and
the calculated results are based on the mean determination
from each sample pair. It is clear from Figure 1 that the three
pituitary hormones (LH,FSH and prolactin) showed no dif¬
ference between the treatments. In contrast, serum cor¬
ticosterone levels were markedly (P < 0.01) higher in the con¬
trols than in animals which were sedated prior to
decapitation.
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Figure 1 Serum concentrations of luteinizing hormone (LH), follicle-
stimulating hormone (FSH), prolactin and corticosterone in 28-day-

old female rats. The animals were decapitated either without prior
sedation (□) or afterbriefexposure to a gaseous carbon dioxide-oxygen
mixture (■). Each bar represents the mean value from 23 animals
and the SEM are depicted as vertical lines. * = P< 0.01 (Mann-
Whitney U test).

In spite of its widespread use as a means of rapid¬
ly decapitating small laboratory animals, the guillotine is
potentially a very hazardous instrument to operate. Since the
chance ofan operator accidentally severing part ofhis or her
own hand is markedly increased when agitated animals are
decapitated any means of making the procedure safer is

highly desirous. Inhalant anesthetics such as ether,
halothane, methoxyflurane or nitrous oxide prior to decapita¬
tion offer a possible solution to the problem, but each of these
has its own drawbacks. Ether is explosive and appears to be
stressful to the animals while chronic exposure to the other
agents may be hazardous to the health ofthe investigator (2).
Exposure to 100% carbon dioxide gas is an alternative pro¬
cedure, but this starves the brain ofoxygen and is, therefore,
unsuitable ifnervous tissue is to be collected for physiological
in vitro study. The present findings suggest that rendering
animals unconscious through briefexposure to a 50% carbon
dioxide-50% oxygen gaseous mixture provides a simple but
effective solution to the problem. When placed inside a charg¬
ed chamber, the animals lose their pedal reflexes and become
sedated very rapidly (within 1 minute) and can then be easi¬
ly manipulated toward the guillotine. Additionally, the
likelihood ofbeing bitten by an unconscious animal is negligi¬
ble and consequently the need to wear bulky protective gloves
becomes less critical.

The present findings also demonstrate that brief
sedation of small laboratory animals might alleviate the
stress of restraint associated with decapitation. This is
highlighted by the observation that the carbon dioxide-
oxygen treatment did not produce an elevation ofserum pro¬
lactin or corticosterone concentrations during the period of
study. The levels were similar to those previously reported for
unstressed female rats (4,5). Surprisingly, corticosterone
serum levels were considerably higher in the untreated con¬
trols. Although the exact reason for this elevation is unclear,
it is plausible that the physical restraint of young animals
as they are firmly grasped, removed from their cage and then
carefully positioned beneath the guillotine blade is stressful.
Indeed, the corticosterone values obtained from these animals
were similar to those observed previously in rats stressed by
immobilization (5). Since corticosterone levels were much
lower in the carbon dioxide-oxygen treated rats, this sedative
procedure may be useful in reducing the handling stress
associated with decapitation of animals that have only had
limited contact with humans. The results, however, do clear¬
ly indicate thatbriefsedation with the carbon dioxide-oxygen
gaseous mixture does not adversely affect serum levels ofthe
three principal pituitary hormones that are associated with
the mammalian reproductive axis (i.e., LH, FSH and prolac¬
tin). It should be emphasized that the serum levels of these
hormones as well as corticosterone fell within the normal

range previously reported for female rats (3-5). Furthermore,
since the gaseous mixture contains a substantial proportion
ofoxygen and does not kill the animals, the viability oftissues
collected immediately after decapitation is unlikely to be
significantly impaired.
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Monoclonal Antibodies to Luteinizing Hormone-Releasing Hormone: Production,
Characterization, and Immunocytochemical Application1

HENRYK F. URBANSKI2
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ABSTRACT

Luteinizing hormone-releasing hormone (LHRH) was conjugated to bovine thyroglobulin and used to immunize a BALB/c
mouse. Spleen lymphocytes were subsequently fused to SP2/0 myeloma cells and two of the resulting hybridoma clones were
found to produce high titer antibodies to LHRH (HU4H and HU11B); both belonged to the IgG, subclass. Characterization of
the monoclonal antibodies revealed that HU4H and HU1 IB have conformational and sequential specificity to LHRH, respectively,
and that neither one shows significant immunoactivity with pro-LHRH. The value of these antibodies in immunocytochemical
applications is demonstrated by their ability to cause intense specific staining of LHRH neuronal cell bodies and fibers in brain
sections from several mammalian species.

INTRODUCTION

The decapeptide LHRH is the primary endocrine link be¬
tween the brain and the reproductive system. It plays a pri¬
mary neuroendocrine role in orchestrating the develop¬
mental processes associated with sexual development in
immature animals and also in maintaining normal repro¬
ductive function in adults [1,2]. There is also some indi¬
cation that LHRH may be involved in the control of sexual
behavior [3,4], LHRH appears to be produced by a diffuse
population of neurons, located mainly in the lateral ante¬
rior hypothalamus, septum, and medial preoptic area [5,6].
These neurons appear to send axons towards the median
eminence where the hormone is released from terminals
into the hypothalamo-hypophyseal portal blood vessels in
an episodic or pulsatile manner [2,7,8]. Although the pri¬
mary structure of mammalian LHRH has been known for
nearly two decades [9,10], very little is known about the
neuroendocrine factors that modulate the production and
secretion of this decapeptide. It is also unclear how the
LHRH-secreting neurons are integrated with other com¬
ponents of the central nervous system.

To help answer these questions, hybridoma production
techniques were used to generate a theoretically infinite
supply of pure monoclonal antibody to LHRH. This presen¬
tation reports on the characterization of two such antibod¬
ies, HU4H and HU11B, and demonstrates their value to
studies of LHRH-secreting neurons through immunocyto-
chemistry.
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MATERIALS AND METHODS

Antigen and Immunization
Because synthetic LHRH is a hapten in mammals, the de¬

capeptide was conjugated to a larger carrier protein (bo¬
vine thyroglobulin; Sigma Chemical Company, St. Louis, MO)
in order to render it immunogenic. To 2 ml of aqueous
solution, containing 5 mg LHRH and 25 mg bovine thyro¬
globulin, a total volume of 1 ml of coupling agent (1-ethyl-
3-[3-dimethyl-aminopropyl]carbodiimide) was slowly added,
at room temperature. The conjugated LHRH was then di-
alyzed against saline for 24 h at 4°C and stored frozen in
0.5-ml aliquots.

A 10-wk-old female mouse of the BALB/c strain (Jackson
Laboratory, Bar Harbor, ME) was immunized using a direct
intra-splenic route, without the use of adjuvants [11]. The
animal was anesthetized with ether, and the spleen was ex¬
posed by making a small incision in the left flank. Approx¬
imately 50 fxg of the LHRH conjugate (in 100 pel saline) was
injected into the spleen through a 30-gauge needle, and the
abdominal wound was closed with silk suture thread. The
animal received a 25-|xg intra-splenic booster injection 3
wk after the primary immunization and was killed by ether
overdose 3 days later.

Hybridization and Propagation
The cells from the spleen were mechanically dissociated

under sterile conditions and centrifuged while layered on
top of a Histopaque 1077 density gradient (Sigma Chemi¬
cal) in order to remove erythrocytes. Approximately 5 mil¬
lion of the spleen cells were then mixed with 1 million
SP2/0 myeloma cells (in log phase of growth) and hybrid¬
ized using polyethylene glycol 1500 (British Drug House,
Poole, England) as the fusogen. The cells were suspended
in 150 ml of Dulbecco's MEM-based selective medium, con-
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taining hypoxanthine-aminopterin-thymidine (HAT) and fe¬
tal bovine serum (20%), and plated out into ten 96-well
microtiter plates with flat bottomed wells. The cells were
cultured in a humid environment at 37°C with 7.5% C02.

Screening and Cloning
Within 2 wk, cell colonies were visible in 92 of the mi-

croplate wells, of which 4 were found to be secreting an¬
tibody to LHRH. The screening procedure involved the use
of a gamma spectrometer to test the medium from each
colony well for its ability to bind 125I-labeled LHRH. Cells
from the LHRH-antibody-secreting colonies were cloned by
the technique of limiting dilution in order to ensure mono-

clonality of the antibody and then screened again for their
ability to secrete LHRH antibodies. Batches of approxi¬
mately 1 million hybridomas were cryogenically preserved
in liquid nitrogen for future use; this was achieved by slowly
freezing the cells in Dulbecco's MEM supplemented with
fetal bovine serum (30%) and DMSO (10%).

Characterization

Antibodies can belong to different immunoglobulin classes
and subclasses which differ in their chemical and biological
properties. The four LHRH-binding antibodies were iso-typed
using Bio-Rad's ELISA-based Mouse-Typer kit (Bio-Rad,
Richmond, CA) and all were found to belong to the IgG]
sub-class with k light chains. Antibody production was
propagated in vitro through bulk culture of the hybridomas
in Dulbecco's MEM supplemented with fetal bovine serum
(10%). The antibodies were subsequently precipitated from
the culture medium using 50% ammonium sulfate and were

dialyzed against phosphate buffer. The two LHRH antibod¬
ies with the highest titer, HU4H and HU11B, were stored
in frozen aliquots ( —80°C) containing 1 mg of protein and
were further characterized by RIA for their ability to bind
to fragments of the LHRH molecule, LHRH analogues, or to
other neuropeptides.

Immunocytochemistry
Adult female rats (Bantin and Kingman, Fremont, CA) were

killed by an overdose of ether and were perfused tran-
scardially, first with 25 ml of Sorensen's phosphate buffer
containing 0.02% sodium nitrite (a vasodilator) and 40 U/
ml of heparin (an anticoagulant), followed by 250 ml of
Sorensen's phosphate-buffered 4% paraformaldehyde (per¬
fusion rate = 7 ml/min). The brains were removed, stored
in 4% paraformaldehyde for 3 h, and then rinsed in PBS
(pH 7.4). Sections (50 |xm) were made using a vibratome
and were incubated in 1% hydrogen peroxide solution for
approximately 45 min (to reduce endogenous peroxidase
activity). Immunocytochemistry of LHRH was performed by
first incubating the sections with monoclonal LHRH anti¬
bodies HU4H or HU11B (1:2000 and 1:200 dilutions, re¬

spectively) overnight at 4°C. The sections were subse¬

quently incubated at room temperature with biotinylated
anti-mouse IgG (1:1000 dilution, Vector Laboratories, Bur-
lingame, CA) for 1 h and then with peroxidase-coupled av-
idin-biotin complex (1:4000; peroxidase-ABC Kit; Vector
Laboratories) for 1.5 h. The LHRH neurons were finally
stained using either 3,3'-diaminobenzidine tetrahydrochlo-
ride (DAB; 15 mg in 100 ml of PBS containing 0.003% H202;
Sigma) as the chromogen [12] or DAB/0.04% nickel chlo¬
ride. Specificity controls included preabsorption of the pri¬
mary antibodies with 5 mg of LHRL1 or substitution with a
non-LHRH monoclonal antibody derived from the same
mouse. All of the antibodies used in the immunocytochem¬
istry were diluted in PBS containing Triton X-100 (0.1%),
which was also used for washing the sections (two 10-min
washes) between incubations.

RESULTS

The two monoclonal antibodies, HU4H and HU11B, were
able to bind radioiodinated LHRH and showed parallel
binding displacement curves in the presence of nonra-
diolabeled LHRH (Fig. 1). The amount of nonradioactive
LHRH required to cause 50% inhibition of radioactive bind¬
ing was approximately 7 and 0.5 ng, respectively, for HU4H
and HU11B, representing more than a tenfold difference in
sensitivity between the two antibodies.

Antibody specificity to LHRH is demonstrated in Table 1.
HU11B was able to bind to various LHRH fragments in¬
cluding one comprising only four amino acid residues and
also to various LHRH analogues. This antibody, therefore,
appears to show primarily sequential, as opposed to con¬
formational, specificity [13]. However, HU11B failed to show
significant binding to the deamidated form of the decapep-
tide (LHRH free acid), the precursor molecule (pro-LHRH),
or to other neuropeptides. In contrast, antibody HU4H did
not bind to any of the six LHRH fragments tested and, there¬
fore, appears to show conformational recognition of the
LHRH molecule. HU4H was markedly immunoactive with

ng LHRH

FIG. 1. Binding of ,25l-labeled LHRH to antibodies HU4H and HU11B in
the presence of varying amounts of nonradioactive LHRFI.
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TABLE 1. Specificity of monoclonal antibodies to LHRH.
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Relative immunoactivity
(%)*

Compound HU11B HU4H

pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2 (LHRH) 100.0 100.0

pGlu-His <0.1 <0.1

His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-HN2 44.5 <0.1

Trp-Ser-Try-Gly-Leu-Arg-Pro-Gly-NH2 23.2 <0.1

Try-Gly-Leu-Arg-Pro-Gly-NH2 11.8 <0.1

Gly-Leu-Arg-Pro-Gly-NH2 3.6 <0.1

Leu-Arg-Pro-Gly-NH2 19.9 <0.1

pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly (LHRH Free Acid) <0.1 100.0

pGlu-His-Trp-Ser-Tyr-Gly-Leu-|Gln)-Pro-Gly-NHz (Chicken 1 LHRH) 2.8 41.0

pGlu-His-Trp-Ser-Tyr-Gly-[Trp]-[Leu]-Pro-Gly-NH2 (Salmon LHRH) 0.1 2.1

pGlu-His-Trp-Ser-Tyr-(D-Ala]-Leu-Arg-Pro-Gly-NH2 100.0 <0.1

pGlu-[D-Phel-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2 21.7 <0.1

Pro-LHRH <0.1 <0.1

Atrial Naturetic Factor <0.1 <0.1

Growth hormone-releasing hormone <0.1 <0.1

Oxytocin <0.1 <0.1

Somatostatin <0.1 <0.1

Thyrotropin-releasing hormone <0.1 <0.1
Vasoactive intestinal peptide <0.1 <0.1

pmol LHRH at 0.5 B/B0
*Relative immunoactivity = x 100.

pmol test peptide at 0.5 B/B0

the LHRH free acid and chicken 1 LHRH, and to a much
lesser extent with salmon LHRH, but not with the precursor
molecule or other neuropeptides.

Immunocytochemical labeling of brain sections using
either HU4H or HU11B as the primary antibodies produced
intense and highly specific staining of neuronal cell bodies
and fibers; preabsorption of the primary antibodies with
excess LHRH or substitution with a non-LHRH monoclonal

antibody eliminated the specific staining (Fig. 2, A and B).
Intensely stained LHRH-positive perikarya were found pri¬
marily in the medial septum, the preoptic area, and the di¬
agonal band of Broca (Fig. 2C). These were either mono¬
polar or bipolar and their surface had either a smooth or
rough appearance.

DISCUSSION

The neuropeptide LHRH (also called gonadotropin-re-
leasing hormone or GnRH) is produced in the brain by
neurons that are located primarily in the septal, medial
preoptic, and hypothalamic areas [5,6]. Most of these ap¬
pear to have axonal projections towards the median em¬
inence where LHRH is assumed to be secreted from ter¬

minals into the hypothalamo-hypophyseal portal blood
vessels. In many of the vertebrate species that have been
examined, some LHRH neurons also appear to be located
more rostrally in the olfactory areas of the brain [14-20].
Indeed, recent observations of fetal brains have led inves¬
tigators to speculate that all LHRH neurons may have their
embryonic derivation from cells in the olfactory placode,
most of which subsequently migrate caudally during de¬
velopment to assume a position in the forebrain [21-24].

LHRH has been shown to play a central role in the reg¬
ulation of reproductive function in all major vertebrate
classes. Since the characterization of mammalian LHRH nearly
two decades ago [9,10], several other molecular forms of
the molecule have been identified in nonmammalian spe¬
cies such as chicken I and II, salmon I and II, lamprey I
and II, sturgeon, and hagfish [25]; the most recent addition
to this molecular family is catfish LHRH [26]. All LHRH mol¬
ecules that have been completely characterized are very
small, being composed of only ten amino acid residues.
Nevertheless, it has been shown that LHRH originates from
a much larger precursor molecule, which is produced in
the neuronal cell body and enzymatically cleaved to yield
the bioactive decapeptide [27-29].

The present study describes the production and char¬
acterization of monoclonal antibodies specific primarily to
mammalian LHRH. Both HU4H and HU11B were able to

discriminate between the bioactive form of the LHRH mol¬
ecule and its precursor, and their highly specific nature is
further emphasized by their failure to show significant cross
immunoactivity with other neuropeptides. Antibody HU11B,
but not HU4H, was able to bind with LHRH fragments even
as short as four amino acid residues in length. It therefore
appears to show sequential immunospecificity to the LHRH
molecule [13]. HU4H, on the other hand, appears to show
conformational immunospecificity, requiring three-dimen¬
sional preservation of the decapeptide [30]. This special fea¬
ture of antibody HU4H is particularly valuable because frag¬
ments of LHRH, such as those that are produced by natural
enzymatic degradation of the molecule, will not be rec¬
ognized [31,32]. In essence, therefore, HU4H will bind only



684 URBANSKI

FIG. 2. Examples of immunocytochemical labeling of LHRH neurons in the rat brain using monoclonal antibody HU11B (similar results were obtained
with HU4H). A dense concentration of LHRH neuronal fibers is evident below the third ventricle in the anterior median eminence (A). A lack of specific
immunostaining is seen in the same location after preabsorption of the primary antibody with LHRH (B); a similar lack of specific staining was observed
when the primary antibody was substituted with a non-LHRH monoclonal antibody. Intense staining of LHRH cell bodies is seen in the diagonal band of
Broca when DAB/NiCI2 is used as the chromogen (C). Note the smooth surface of the bipolar neuron (left) and rough surface of the monopolar neuron
(right).

to the mature bioactive form of the LHRH molecule but not

to the precursor or degraded forms. The two antibodies
showed very weak binding to salmon LHRH and are there¬
fore likely to be only of limited value for biological studies
involving the lower vertebrates such as fish and reptiles;
there is some indication, however, that amphibians pro¬
duce many different forms of LHRH, including the mam¬
malian molecule, and so the antibodies may find applica¬

tions in this lower vertebrate class [21,25]. Additionally,
antibody HU4H, but not HU11B, showed a high degree of
cross immunoactivity with chicken-I LHRH and should
therefore be of great value to studies of the neuroendo¬
crine reproductive axis in birds.

In the present study, the usefulness of the two antibodies
is demonstrated by their application to immunocytochem-
istry of the mammalian brain. Both HU4H and HU11B pro-
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duced intense staining of neuronal cell bodies and axons,
which could be blocked by preabsorption of the antibodies
with synthetic LHRH. The majority of identified LHRH neu¬
ronal cell bodies had smooth contoured profiles. Others
had irregular profiles with peduncular-like or sessile-like
dendritic spines, which were particularly clear when DAB/
NiCl2 was used as the chromogen. This finding of hetero¬
geneity of LHRH perikarya in the rat brain is concordant
with previous morphological observations [33-36]. Simi¬
larly, the distribution of the LHRH perikarya was found to
be in harmony with previous reports [36-41]; the LHRH
neurons were found to be located predominantly in the
septum, medial preoptic area, and diagonal band of Broca.
Immunocytochemical staining of LHRH neurons using HU4H
and HU11B was also performed on two other mammalian
species besides the rat, namely the Syrian hamster and rhe¬
sus macaque (results not shown). As in the rat, intense
staining of the neuronal cell bodies and fibers was ob¬
served and the distribution conformed with the general
patterns perviously reported [5,14, 28,42,43].

In summary, antibodies HU4H and HU11B lend them¬
selves to neuroendocrine studies involving immunocyto-
chemistry. They can be produced in vitro through bulk cul¬
ture of the hybridoma cells in theoretically limitless
quantities. Moreover, unlike polyclonal LHRH antibodies,
which are contaminated with other antibodies (e.g., against
the conjugated carrier protein) that may produce false-pos¬
itive staining [44], these monoclonal antibodies are of very
high specificity and purity. Finally, the immunocytochemi¬
cal procedure of direct double staining requires the incu¬
bation of tissue sections with antibodies from two different

species; these can then be tagged immunologically with dif¬
ferent fluorescent markers offering the exciting possibility
of demonstrating coexistance of neurotransmitters or re¬
ceptors within the same neuron [45]. Since most of the
commonly used polyclonal antibodies to LHRH have been
raised in rabbits, their use in conjunction with other rabbit-
derived antibodies is precluded. Direct double staining with
antibodies HU4H or HU11B and rabbit-derived antibodies
would not, however, be a problem, since the former orig¬
inate from murine cells.
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ABSTRACT

Light-microscope immunocytochemistry was used to investigate the LHRH system of adult male Syrian hamsters. Half of the
animals were transferred from long to short photoperiods (14L: 10D to 6L: 18D) for 10 wk, causing plasma gonadotropin levels
and the testes to revert to a prepubertal condition. In spite of the marked differences in the reproductive axis between the two

groups of hamsters, the number of immunopositive I.HRH neurons observed in the preoptic-medial septal area and diagonal band
of Broca was approximately 400 in both cases; of these, 87-91% were monopolar and 9—13% were bipolar, regardless of whether
the brains were sectioned in a coronal or sagittal plane. These results, therefore, fail to support the hypothesis that photoperiodic
changes in the number of LHRH neurons play a major role in controlling the seasonal regression and recrudescence of the
reproductive system in the hamster. However, morphometric analysis of the perikarya using an IBAS 2000 automatic image
analyzer revealed a photoperiod-related difference. Surprisingly, the perikarya of both monopolar and bipolar LHRH neurons were

significantly larger in hamsters that had been maintained on short days, as opposed to long days. These findings, therefore, are
in harmony with the view that the inhibitory effect of short days on the reproductive axis is mediated through a suppression of
LHRH secretion, which in turn is reflected as an increase in the net content of LHRH within the brain.

INTRODUCTION

The Syrian hamster (Mesocricetus auratus) is a season¬
ally breeding rodent that shows marked testicular regres¬
sion in response to the shortening daylengths of autumn
[1,2], When adult hamsters are housed indoors and trans¬
ferred from long to short photoperiods (i.e., <12.5 h light
per day), they show a similar decrease in testicular size,
which is accompanied by a fall in the mean plasma gonad¬
otropin levels [3-6]. Surprisingly, the hypothalamic content
of LHRH does not decrease as the animals progress through
this phase of short-day-induced reproductive quiescence; if
anything, LHRH levels rise slightly [6-9].

The simplest explanation for this finding is that short
days inhibit the secretion of LHRH, thereby causing an ac¬
cumulation of the peptide within the neurons [8], On the
other hand, it is well established that continuous or fre¬
quent exposure of the pituitary gland to LHRH results in a
desensitization of the reproductive system; it is therefore
equally plausible that a suppression of plasma gonadotro¬
pin levels (e.g. under short days) might paradoxically re¬
flect an excess of LHRH synthesis and secretion rather than
a decrease [10]. Supporting this possibility is the finding
that the in vivo release of LHRH in male hamsters, deter¬
mined by push-pull perfusion of the hypothalamus, be¬
comes extremely high after short-day exposure [11].

The aim of the present study was to determine whether
or not hamsters show photoperiod-induced changes in the
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number or morphology of LHRH-secreting neurons that
might correlate with the more overt changes of the repro¬
ductive system.

MATERIALS AND METHODS

Animals

Male Syrian hamsters of the Lak:LVG(SYR) strain were
purchased from Charles River Laboratories Inc. (Wilming¬
ton, MA) when 8-10 wk old and housed under controlled
temperature (21-22°C) and a lighting schedule that initially
consisted of 14L:10D (lights-on 0400 h). Pelleted rodent
chow and water were available at all times.

Immunocytochemistry
The animals were killed by an overdose of ether and

their brains were fixed with 4% paraformaldehyde as pre¬
viously described [12], Sections (50 |xm or 75 p-m) were
made using a vibratome, either in the coronal or sagittal
plane, and were incubated in 1% hydrogen peroxide so¬
lution for approximately 45 min (to reduce endogenous
peroxidase activity). Immunocytochemistry of LHRH was
performed by incubating the sections first with monoclonal
LHRH antibodies HU4H or HU11B, followed by biotinylated
horse anti-mouse IgG as the secondary antibody, avidin-
biotinylated peroxidase as the bridging complex, and 3,3'-
diaminobenzidine tetrahvdrochloride as the chromogen.
Details of the procedure are provided in the companion
article [12], Specificity controls included preabsorption of
the primary antibodies with 5 mg LHRH. The sections were
subsequently examined by light microscopy using a 40 x
objective and monopolar and bipolar LHRH neurons were
counted. A random selection of LHRH neurons (900 mono-
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polar and 100 bipolar) from each of the two photoperiods
was also subjected to morphometric analysis using an IBAS
2000 automatic image analyzer. For each LHRH perikaryon,
surface area and maximum and minimum diameters were

measured; differences between group means were subse¬
quently analyzed using Student's Mest.

Experiment 1. Photoperiodic Modulation
of the Pituitary-Gonadal Axis

To validate that the reproductive system of hamsters used
in the present study shows complete regression after ex¬
posure to short days, 7 males were exposed to a daily 6L: 18D
photoperiod while 7 remained on long days. Ten weeks
later, all animals were weighed, anesthetized with ether,
and a blood sample (800 |xl) was obtained by cardiac punc¬
ture. The plasma was subsequently assayed for LH and FSH
using RIA kits supplied by the NIDDK, as previously de¬
scribed [2,13]. The animals were killed by decapitation while
still unconscious and the testes were weighed as pairs; they
were then fixed with Bouin's fluid, and examined histolog¬
ically.

Experiment 2: Immunocytochemistry of LHRH Neurons
In a preliminary study, 3 hamsters were transferred to

short days for 10 wk while 3 remained on long days. After
the animals were killed, their brains were sectioned sagit-
tally (40 x 50 |xm) and stained immunocytochemicallv for
LHRH using HU11B as the primary antibody. The LHRH
perikarya were found to be distributed mainly in the
preoptic-medial septal area and diagonal band of Broca; but,
despite marked differences in the reproductive status of the
two hamster groups, the numbers of monopolar and bi¬
polar LHRH neurons detected in the brains were identical
(Table 1). The primary antibody (HU11B) used in the study
shows sequential specificity and is immunoreactive with
fragments of the LHRH molecule [12]. It is therefore pos¬
sible that this antibody identified not only the intact LHRH
decapeptide but also biologically inactive degraded forms
and consequently contributed to the failure of showing dif¬
ferential staining under the two photoperiods. We there¬
fore repeated the immunocytochemical study in more de¬
tail, but with some significant changes. First, monoclonal
antibody HU4H was substituted for HU11B in the primary
incubation. The former antibody shows conformational

TABLE 1. Quantification of LHRH neurons in brains from long-day (LD)
and short-day (SD) hamsters identified by immunocytochemistry using
monoclonal antibody HU11B.a

Photoperiod Monopolar neurons Bipolar neurons Total

LD 583 ± 41 (88%) 78 ± 10 (12%) 660 ± 48

SD 541 ± 16 (89%) 71 ± 43 (11%) 612 ± 38

'Values represent the mean ± SE of 3 animals (40 x 50-(j.m sagittal sec¬
tions per brain). Differences between groups are not significant (Student's
f-test).

specificity to the LHRH molecule and does not bind to frag¬
ments nor to the LHRH precursor [12]; therefore, it most
likely recognizes only the biologically active form of the
releasing hormone. Second, we were concerned that the
actual proportion of monopolar perikarya (approximately
9096) may have been overestimated because some bipolar
neurons would undoubtedly have lost a neurite in the sec¬
tioning process. To reduce the likelihood of such an artifact
occurring, all subsequent brains were sectioned in 75-p.m,
rather than 50-(xm, increments. Also, as a further precaution
against overestimating the proportion of monopolar to bi¬
polar neurons, seven or eight brains from each photope¬
riodic group were sectioned in the coronal plane and an
extra seven or eight brains were sectioned in the sagittal
plane.

Orchidectomy of long-day hamsters typically results in a
marked elevation of plasma gonadotropin concentrations
[2,14]. For comparative purposes, therefore, immunocyto¬
chemistry of LHRH neurons was also performed on 75-p.m
coronal brain sections obtained from 6 long-day hamsters
that had been bilaterally orchidectomized 4 wk earlier (while
under methohexital sodium anesthesia; Eli Lilly and Co.,
Indianapolis, IN).

RESULTS

The exposure of adult male hamsters to short photo¬
periods produced a marked decline in plasma gonadotro¬
pin levels and an associated regression of the testes (Fig.
1). After 10 wk of treatment, the mean plasma levels of both
LH and FSH were significantly lower than levels found in
the long-day hamster group (p < 0.01). Also within this
time period, the testes had regressed completely to a pre¬
pubertal condition. Histological examination of the testes
at the end of the experiment revealed that Sertoli cells and
spermatogonia were the only cell types present within the
seminiferous tubules. The tubules themselves had a very
small diameter and no visible lumen, thus accounting for
the considerable reduction in testicular weight shown by
the short-day hamsters (p < 0.01). Body weight was similar
in all the animals, regardless of photoperiodic treatment.

The quantification of LHRH-immunopositive perikarya (Fig.
2) in the vicinity of the preoptic-medial septal area and di¬
agonal band of Broca is depicted in Figures 3 and 4 [15].
These areas were included in blocks of brain tissue that
were approximately 1.5 mm and 1.0 mm thick, when sec¬
tioned in the coronal and sagittal planes, respectively. A to¬
tal of 30 hamster brains were used in this study, and it is
clear that the two photoperiodic groups showed no differ¬
ence in the number of LHRH neurons. On average, ap¬
proximately 400 positively staining perikarya were detected
per brain, of which 87-91% were monopolar and 9-13%
bipolar. These parameters were also the same (Student's
Mest) in orchidectomized long-day hamsters, in spite of the
markedly enhanced level of gonadotropin secretion that is
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FIG. 1. Effect of exposing adult male hamsters to long days (LD) or
short days (SD) for 10 wk. Each bar represents the mean of seven values;
SE are shown as vertical lines. The results of the LH and FSFH RIAs are

expressed in terms of the rat LH-RP-1 and rat FSFI-RP-1 standards, respec¬
tively. *p < 0.01 (Student's f-test).

characteristic of this experimental group (Fig. 5). Table 2
depicts the results of the morphometric analysis of LHRH
neurons. Under short days, the perikarya had a significantly
larger surface area when compared to long days (p < 0.001)
and this was true for both the monopolar and bipolar neu¬
rons. The principal cause for this difference in cell size ap¬
pears to be a short-day-induced increase in width (i.e. min¬
imum diameter), although a small increase in length (i.e.
maximum diameter) was also apparent (p < 0.001 and p
< 0.05, respectively).

DISCUSSION

Testicular regression in the Syrian hamsters is influ¬
enced by several factors besides photoperiod including am¬

bient temperature, social cues, and also the genotype [9,16-
18]. Therefore, before embarking upon the immunocyto-
chemical study in Lak:LVG(SYR) hamsters, it was deemed
appropriate to establish whether or not this strain shows a
reliable photoperiodic response in our laboratory. Our
previous experience with other hamster strains has indi¬
cated that some are exceptionally photoperiodic, while oth¬
ers are completely unresponsive to short days [9]. The re¬
sults of the present study show that the testes of
Lak:LVG(SYR) hamsters become completely regressed within
10 wk of exposure to short days and that this event is as¬
sociated with a marked suppression in the plasma concen¬
trations of both LH and FSH.

Puberty is associated with an elevation of gonadotropin
secretion or a change in the pulsatile release pattern [19-
21], and it is generally assumed that such endocrine de¬
velopments reflect alterations within the LHRH-secreting
system of the brain. At the light microscope level, Wray and
Hoffman [22,23] have found that the LHRH neurons of the
rat can be classified by their morphology as being either
smooth or irregular. During sexual maturation there is a
change in the relative proportion of the two types of neu¬
rons, although the combined total number remains con¬
stant. Furthermore, at the electron microscope level, it has
been shown that the synaptic input to LHRH neurons of the
rat increases during middle and old age [24], Unlike the
rat, hamsters do not appear to have such irregular-shaped
LHRH neurons [12, 25] and, therefore, do not display sim¬
ilar morphological alterations. On the other hand, there is
evidence that puberty in the Djungarian hamster is asso¬
ciated with an increase in the total number of LHRH neu¬

rons, more specifically in those that have a monopolar mor¬
phology [26]. The aim of the present study was to establish
whether or not the number or morphology of LHRH neu¬
rons in the brains of adult Syrian hamsters could be mod¬
ulated by changes in photoperiod. In aggreement with pre-

FIG. 2. Photomicrograph of representative LFIRH-immunopositive
neurons in the hamster showing monopolar and bipolar perikarya and the
characteristic beaded fibers.
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FIG. 3. Quantification of LHRH neurons in 75-pm-thick coronal brain sections from long-day (LD) and short-day
(SD) hamsters. Each bar represents the mean from 7 or 8 animals; SE are shown as vertical lines.

vious findings [8,27], the majority of the LHRH perikarya
were located in the ventral hypothalamus, especially in the
preoptic-medial septal area and diagonal band of Broca.
The same pattern of distribution was observed regardless

of whether the hamsters had been exposed to long or short
days. Moreover, the total number of LHRH neurons did not
appear to differ. On average, the brains contained approx¬
imately 400 LHRH perikarya in the areas studied; of these,

SAGITTAL SECTIONS

FIG. 4. Quantification of LHRH neurons in 75-n.m-thick sagittal brain sections from long-day (LD) and short-day
(SD) hamsters. Each bar represents the mean from 7 or 8 animals; SE are shown as verticle lines.
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FIG. 5. Quantification of LHRH neurons in 75-p.m-thick coronal brain sections from long-day hamsters. Each bar
represents the mean from 6-8 animals; SE are shown as vertical lines. White column, intact; black column, 4 wk post
orchidectomy.

the majority (87-91%) were monopolar and the rest (9-
13%) were bipolar. Similar results were obtained from or-
chidectomized hamsters, indicating that the number of LHRH
neurons in the mature hamster brain are unlikely to be
affected by the presence or absence of gonadal steroids.
Interestingly, the relative proportion of monopolar and bi¬
polar LHRH neurons appears to be much different in the
Djungarian hamster. Yellon et al. [25] have reported that
approximately 60% of the total LHRH neurons in this spe¬
cies are bipolar, a result that we have confirmed in our own
laboratory (unpublished observations). The reason for such
a marked difference between the two hamster types is un¬
known. Also, the functional difference between monopolar
and bipolar LHRH neurons remains to be determined. Al¬
though monopolar LHRH neurons have been grown in cul¬
ture and are therefore likely to exist in vivo, there is a pos¬
sibility that many of the monopolar LHRH neurons found
in brain tissue are in fact artifacts of the sectioning pro¬

cedure (i.e., bipolar neurons with one neurite cut off).
However, it is doubtful that such "artificially-produced"
monopolar neurons made a significant contribution to the
total numbers observed in the present study since relatively
thick sections (75 fJtm) were used and the likelihood of
severing neurites exactly at the point where they leave
the cell body is very slim. Also, the relative proportion of
monopolar to bipolar LHRH neurons was found to be the
same regardless of the plane in which the brains were sec¬
tioned.

In summary, the present results fail to provide any evi¬
dence to support the hypothesis that short-day-induced in¬
hibition of the reproductive axis in seasonally breeding
mammals, such as the Syrian hamster, stems from a de¬
crease in the number of LHRH neurons. Indeed, some ear¬
lier reports have indicated that the number of immuno-
positive LHRH neurons slightly increases as hamsters become
reproductively quiescent under short days [8, 28], The re-

TABLE 2. Morphometric analysis of LHRH neurons in brains from long-day (LD) and short-
day (SD) hamsters.3

Max. diameter Min. diameter

Photoperiod Sample size Area (p.m2) (|im| (p.m)
LD 900 monopolar 186 + 1.7 23.2 ± 0.20 11.0 ±0.06
SD 900 monopolar 210 ± 1,9C 24.7 ± 0.73b 11.8 ± 0.07°
LD 100 bipolar 179 ± 4.5 26.0 ± 0.63 10.5 ± 0.18
SD 100 bipolar 202 ± 4.8C 28.1 ± 0.65b 11.5 + 0.19°
"Values represent the mean ± SE of randomly selected LHRH neurons with representatives from
each of the sagittally sectioned brains.

bp < 0.05; °p < 0.001 (Difference between LD and SD groups; Student's t-test).
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suits of our morphometric analysis are in general harmony
with these findings in that they show an increase in the size
of LHRH perikarya (and by inference, an increase in con¬
tent) in hamsters maintained on short days, as opposed to
long days; the most likely explanation for these results is
that under short days LHRH secretion becomes markedly
reduced but production maintained at a relatively high level.
This, in turn, would lead to a net increase in the amount
of LHRH stored within the neurons. One cannot, however,
rule out the possibility that on short days both the pro¬
duction and secretion of LHRH actually increase and that it
is an elevated level of LHRH secretion that causes a para¬
doxical suppression of gonadotropin release from the pi¬
tuitary gland (see Introduction). Regardless, all these find¬
ings make it clear that LHRH neurons can produce the
decapeptide under both long and short days. It should be
noted that the monoclonal LHRH antibody used in the pres¬
ent immunocytochemical study recognizes only the intact
molecule and shows little or no immunoreactivity with the
LHRH precursor [13]. It is therefore likely that only the un-
degraded, bioactive form of the molecule was detected by
the staining procedure.

We have recently found that the LHRH neurons of ham¬
sters maintained under short days remain responsive to ex¬
citatory amino acid stimulation and that daily injections of
analogues such as IV-methyl-D-aspartate (NMDA) can pre¬
vent short-day-induced gonadal regression and cause go¬
nadal recrudescence in sexually quiescent short-day ani¬
mals [13]. Taken together with the present results, these
findings strongly suggest that the photoperiodic control of
seasonal breeding acts through neuroendocrine circuits that
regulate LHRH secretion from a constant population of neu¬
rons, which themselves remain responsive to excitatory in¬
puts regardless of photoperiod.
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ABSTRACT

Light-microscope immunocytochemistry (ICC) was used to investigate postnatal changes in the morphology of I.HRH neurons
in the brains of male Syrian hamsters and to relate these changes to more overt maturational developments within the hypoth-
alamo-pituitary-gonadal axis. The animals were maintained under long-day photoperiods (14L:10D), and groups of 6—7 were
killed at 10-day intervals from Day 15 to Day 65. Their brains were fixed with 4% paraformaldehyde, sectioned sagittally with
a vibratome (75 (Jim), and processed for ICC using monoclonal I.HRH antibody HU4H. Throughout the study period, the hamsters
showed a progressive increase in plasma gonadotropin levels, closely followed by an increase in testicular weight and plasma
testosterone levels. Histology of the testes revealed that spermatogenesis was already qualitatively completed by Day 35 and
quantitative aspects were established by Day 45. Within the brain, LHRH neuronal perikarya were distributed primarily in the
medial septal-preoptic area and the diagonal band of Broca; morphologically, these immunopositive neurons were either mon¬
opolar or bipolar. The total number of LHRH neurons detected in the areas examined was approximately 440 throughout the
developmental period, and the relative proportions of monopolar and bipolar subtypes (86% and 14%, respectively) remained
unchanged. In contrast, the area of the perikarya, as determined by autoimage analysis, showed a highly significant age-related
increase, both for the monopolar and bipolar neurons. It is suggested that these developmental changes in the LHRH neurons
reflect an increase in LHRH synthesis and may, therefore, provide a neuroendocrine trigger for the onset of puberty.

INTRODUCTION

The neuropeptide LHRH, also known as GnRH, repre¬
sents the primary neuroendocrine link between the brain
and the reproductive system [1-7]. In general, results from
studies using RIA have failed to reveal significant changes
in brain LHRH content during sexual maturation, and it
therefore remains unclear how the LHRH-secreting neu¬
rons contribute to the onset of puberty. On the other hand,
die immunocytochemical studies of Wray and Hoffman [8,9]
have demonstrated that although the total number of LHRH
neurons in rat brains remains unchanged during sexual de¬
velopment, the neurons themselves show morphological
changes; the primary manifestation of these changes is an
increase in the proportion of LHRH neurons with a thorny,
as opposed to smooth, perikaryal surface. Also, the recent
immunocytochemical study of Yellon and Newman [10] has
revealed that in Djungarian hamsters the number of uni¬
polar, as opposed to bipolar, LHRH neurons increases as
the animals undergo sexual maturation. The significance of
these various morphological changes is unknown. One in¬
teresting possibility is that they represent an increase in
synaptic integration between LHRH neurons and modula¬
tory neural inputs. This, however, is not supported by the
recent electron microscopy study of Witkin and Demasio
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[11]. In contrast to these previous morphological studies,
our own immunocytochemical studies using Syrian ham¬
sters focused primarily on changes in LHRH neuronal size
in response to changes in photoperiod; these rodents are
long-day breeders and typically show a marked suppres¬
sion in plasma gonadotropin levels and testicular regres¬
sion when exposed to short days [12], Although the number
of LHRH neurons was found to be identical in long-day and
short-day hamsters, the size of the LHRH neuronal peri¬
karya was actually greater in the latter group, despite sup¬
pressed gonadotropin levels [13]. One plausible explana¬
tion for this surprising finding is that under nonstimulatory
photoperiods LHRH secretion, but not synthesis, is mark¬
edly reduced, thereby producing a backlog of neuropep¬
tide within the perikarya [14]; this interpretation is sup¬
ported by the observation that LHRH mRNA appears to be
expressed in the hamster brain under both long and short
days [15], and also by the finding that the LH response to
repeated neuroexcitation with A^-methyl-D-aspartate is greater
when the hamsters are maintained under short days than
under long days [16].

The aim of the present study was to examine whether
the neural mechanisms associated with the onset of ham¬
ster puberty resemble those that induce photoperiodically
driven reproductive changes. Specifically, light-microscope
iinrnunucyiudieniistry (ICC) was used to investigate whether
LHRH-secreting neurons of male Syrian hamsters show sig¬
nificant peripuhertal changes in morphology, numher, and
size, and to relate such changes to the more overt matu¬
rational developments that occur downstream in the hy-
pothalamo-pituitary-gonadal axis.
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MATERIALS AND METHODS

Animals

Male Syrian hamsters (Mesocricetus auratus) of the
Lak:LVG (SYR) stock (Charles River Laboratories Inc., Wil¬
mington, MA) were continuously housed under long-day
photoperiods (14I.:10D); room temperature was main¬
tained at 21-22°C. Pelleted rodent chow and water were

available to the animals at all times. They were weaned at
21 days of age.
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FIGS. 1-3. Maturation of the hypothalamo-pituitary-gonadal axis of male
Syrian hamsters. Each data point represents the mean value from 6 or 7
animals, and the SEs are depicted as vertical lines. All parameters showed
a significant (p < 0.011 age-related increase (Kruskal-Wallis ANOVA). Note
that the hormone measurements obtained from the 5-day-old animals rep¬
resent pooled determinations and were therefore not included in the sta¬
tistical analyses.

Experimental Design
From postnatal Days IS to 65, groups of 6-7 animals

were killed at 10-day intervals (using ether), and the mat-
urational state of the hypothalamo-pituitary-gonadal axis was
determined as follows: (1) Blood samples were collected
by cardiac puncture into heparinized syringes, and plasma
concentrations of LIT, FSH, and testosterone were subse¬
quently determined by RIA, as previously described
[12,14, 17]. (2) Testes were weighed and fixed in Bouin's
fluid, and histological sections were examined under a light
microscope. (3) Brains were perfused with 4% parafor¬
maldehyde, sectioned sagittally with a vibratome (75 |xm),
and processed for ICC using monoclonal LHRH antibody
HLJ4H, which is immunoreactive only with the intact de-
capeptide [18]. The ICC was performed according to a pre¬
viously described protocol that uses biotinylated horse anti-
mouse IgG as the second antibody, avidin-biotinylated per¬
oxidase as the bridging complex, and 3,3' diaminobenzi-
dine tetrahvdrochloride as the chromogen [13,18]. The im-
munopositive LHRH neurons were subsequently subjected
to morphometric analysis at the light-microscope level us-
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FIG. 4. Photomicrographs showing (from left to right) the histological appearance of testes from hamsters at 5, 15, 25, and 35 days of age. x 500.

ing an IBAS 2000 image analyzer (Carl Zeiss Inc., Thorn-
wood, NY).

Statistics

Maturational changes in body weight, testicular weight,
and plasma LH, FSH, and testosterone levels were analyzed
by use of the Kruskal-Wallis nonparametric ANOVA. Matu¬
rational changes in the number and size of LHRII neurons
were analyzed by means of ANOVA followed by the New-
man-Keuls test.

RESULTS

Reproductive Endocrinology
Between 15 and 65 days of age, the hamsters showed a

progressive increase in body weight (Fig. 1), which was ac¬

companied by a significant (p < 0.01) rise in mean plasma
levels of LH, FSH, and testosterone (p < 0.01); the gonad¬
otropins reached maximum levels between postnatal Days
35 and 45; plasma testosterone reached a maximum be¬
tween Days 45 and 55 (Figs. 2 and 3). The testes also showed
a significant (p < 0.01) age-related increase in weight (Fig.
3), adult sizes being attained between Days 45 and 55.

Testicular Histology
Photomicrographs showing the histological appearance

of testes from hamsters at 5, 15, 25, and 35 days of age are

presented in Figure 4. At Day 5, the cell population of the
seminiferous tubules comprised large, centrally located
gonocytes and Sertoli cells only. At Day 15, spermatoge¬
nesis appeared to have been initiated, and gonocytes were
no longer present within the tubules; spermatogonia were
now also present in association with a small number of
spermatocytes. At Day 25, the spermatocyte population of

the tubules was established, and spermatogenesis appeared
to have progressed to the young spermatid stage; Leydig
cells now also became prominent within the interstitial tis¬
sue. At Day 35, qualitatively normal spermatogenesis was
complete, but the more advanced stages of spermiogenesis
were present in subnormal numbers. Quantitative aspects
of spermiogenesis were complete in all of the older age
groups.

Immunocytochemistry
Within the brain, LI IRII neuronal perikarya were distrib¬

uted primarily in the medial septal-preoptic area and the
diagonal band of Broca; morphologically, these immuno-
positive neurons were either monopolar or bipolar (Fig.
5). On average, the total number of LI IRI I neurons detected
in these brain areas (i.e., 14 x 75-|xm sections per brain)
was approximately 440 throughout the developmental pe¬
riod, and the relative proportions of monopolar and bi¬
polar subtypes (86% and 14%, respectively) remained un¬
changed (Table 1). Although this study utilized the
conformational LHRH antibody 11LJ4II, which recognizes only
the bioactive decapeptide, a similar neuronal distribution
pattern was obtained in preliminary studies that utilized the
sequential LHRH antibody HLJ11B, which recognizes LHRH
fragments as well as the intact decapeptide; also, the pro¬
portion of monopolar to bipolar neuronal subtypes was the
same as in the present study [13]. For the purpose of mor¬
phometry, a total of 500 monopolar and 100 monopolar
neurons was randomly analyzed from each age group, with
representatives from each brain. The area of the perikarya,
as determined by IBAS 2000 autoimage analysis, showed an
age-related increase for both the monopolar and bipolar
neurons (Fig. 6). The size of LHRH-secreting neurons in
140-day-old hamsters was previously determined [13], and
for the purpose of comparison with the present results these
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FIG. 5. Examples of neuronal immunostaining using monoclonal LHRH
antibody (HU4H). Upper panel: Medium-power photomicrograph of a dig-
italized image showing LHRH neuronal perikarya. Lower panel: Photomi¬
crograph of the computer-modified image subsequently used for morpho-
metric analysis x 450.

data are also depicted in Figure 6; half of these animals
were maintained from birth under long days (LD group)
while half were exposed to short days at 70 days of age
(SD group). As previously reported, the transfer to short
days caused hamsters in the latter group to become sex¬
ually quiescent, but interestingly the size of their LHRH-
secreting neurons showed a marked increase (p < 0.01;
Student's /-test).

DISCUSSION

The present results demonstrate that the onset of pu¬
berty in male hamsters is preceded by an elevation in the
mean plasma concentrations of FSH and I II Before post¬
natal Day 15, these gonadotropin levels showed little change
but then increased rapidly, reaching maximal levels be¬
tween Days 35 and 45. A similar developmental pattern oc¬
curred with mean plasma testosterone concentrations, al¬
though a peak was not reached until Days 45-55 (i.e., the
age at which an adult testicular size is attained). Within the
testes themselves, some mature spermatozoa were present
as early as Day 35, and by Day 45 both qualitative and quan¬
titative aspects of spermiogenesis appeared to be com¬

pleted. In general, these developmental findings are in har¬
mony with previous descriptions of rodent puberty [review:
19]. On the other hand, in the present study the onset of
puberty appears to have occurred approximately 10 days
earlier than in a comparable study using hamsters per¬
formed 13 years ago [20]. The exact reason for this differ¬
ence is not clear but may be due to several factors includ¬
ing differences in hamster stock (i.e., Charles River vs. Sasco),
environmental lighting, and RIA sensitivity. A further pos¬
sibility is that the genetic makeup of laboratory hamsters
has significantly changed during die past decade. Since from
an economic perspective it is desirable for replacement
breeders to reach maturity as early as possible, subtle se¬
lective pressures might have given rise to modern hamster
stocks with an earlier onset of puberty.

The endocrine changes associated with the onset of pu¬
berty are generally assumed to reflect alterations within the
LHRH-secreting system of the brain, and recent studies us¬
ing rodents have shown an age-related change in the mor¬
phology of the LHRH neurons [8—10]. In the rat, for ex¬
ample, there is a developmental increase in the ratio of
LF1RH neurons with a thorny, as opposed to smooth, peri-
karyal surface [8,9J, but in the Djungarian hamster the most
notable change appears to be an increase in the ratio of
monopolar to bipolar LHRH-immunopositive neuronal sub¬
types [10], In the present immunocytochemical investiga¬
tion, the distribution of LHRH neurons within the brain was
similar to that previously reported for the Syrian hamster
[13, 21, 22], with the majority of the perikarya occurring in
the preoptic-medial septal area and diagonal band of Broca.
In contrast to the findings reported for the Djungarian ham¬
ster, however, the total number of LF1RH neurons and also
the ratio of monopolar to bipolar subtypes remained con¬
stant throughout postnatal development. Why such a dis¬
crepancy should exist between two species of hamster is
not entirely clear. The most likely explanation, however,
stems from the observation that the proportion of LHRH
neurons with a monopolar morphology is very high in the
Syrian hamster, even before puberty (approximately 86%),
while in the Djungarian hamster the proportion is consid¬
erably lower (less than 50%) [13]. Therefore, if unipolar
LHRH neurons have a special role to play in the onset of

TABLE 1. Quantification of LHRH neurons in brains from hamsters

undergoing sexual maturation.*

Age Monopolar Bipolar
(days) neurons neurons Total

15 376 ± 29 (88%) 52 ± 5 (12%) 428 ± 34

25 401 ± 29 (90%) 46 ± 5 (10%) 447 ± 30

35 391 ±20 (0G%) 02 ± 4 (14%) 453 ± 30
45 345 ± 21 (84%) 66 ± 7 (16%) 411 ±26
55 380 ± 30 (84%) 73 ± 7 (16%) 452 ± 36

65 405 ± 37 (85%) 70 ± 8 (15%) 475 ± 42

*Values represent the mean ± SE from 6-7 animals. No significant differ¬
ences were detected between the different age groups (ANOVA followed
by Newman-Keuls test).
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FIG. 6. Morphometric analysis of immunopositive LHRH neurons in

brains from male hamsters at different stages of pubertal development. A
total of 500 monopolar and 100 bipolar neurons were randomly analyzed
from each age group, with representatives from each brain. The bars rep¬
resent means, and SEs are depicted as vertical lines. Values marked with
the same letter indicate that no significant difference was detected between
them (p > 0.05; ANOVA followed by Newman-Keuls test). For comparative
purposes, previously reported data from 140-day-old long-day (LD) and short-
day (SD) animals are also included. The asterisk indicates a highly signif¬
icant difference between the LD and SD groups (p < 0.01; Student's t-test).

puberty, as previously suggested [10], an increase in their
number would be expected to occur in the Djungarian, but
not the Syrian, hamster.

Another key finding from the present immunocytochem-
ical investigation is that the LI 1RI1 neurons showed a marked
age-related increase in perikaryal size; this was observed in
both the monopolar and bipolar neuronal subtypes. In the
case of the former, a significant increase (approximately 14%)
occurred between postnatal Days 35 and 45, a time when
plasma gonadotropin levels were reaching maximum mean
levels; a temporary increase was also observed at Day 25.
In the case of the latter, the peripubertal increase in neu¬
ronal size (approximately 20%) was even more pro¬
nounced. The exact nature of this increase is unknown, but
it may reflect changes in glial apposition to the LHRH neu¬

ron, which has been shown to be steroid dependent [23].
An alternative explanation is that the increase reflects a mat-
urational enhancement of peptide synthesis, which, in turn,
acts as a neuroendocrine trigger for the onset of puberty.
Positive correlations between the size of LHRH neuronal

perikarya and reproductive maturity have recently been
found in fish and birds [24-26], implying that vertebrates
in general may share a common evolutionary neuroendo¬
crine mechanism for the initiation of puberty. On the basis
of these observations, one might expect seasonal breeding
animals, such as Syrian hamsters, to show a decrease in
LHRI1 perikaryal size during their sexually quiescent phase
(i.e., when gonadotropin output is low and the gonads have
regressed) [12,27-29]. This, however, does not appear to
be the case ([13] and present study). After 10 weeks of ex¬
posure to short photoperiods, the testes of adult male ham¬
sters had completely regressed, but interestingly, their LI IRI1
perikarya were considerably larger than in long-photope-
riod controls. This finding is interpreted as demonstrating
that LHRH neurons are capable of synthesizing large amounts
of the neuropeptide even under short photoperiods. It is
therefore most likely that photoperiodic suppression of go¬
nadotropin secretion is mediated primarily by an inhibition
of LHRH secretion rather than synthesis [13,15,16]. In con¬
trast to these findings from sexually regressed mature ham¬
sters, the LHRH perikarya of immature hamsters are signif¬
icantly smaller. Consequently, this observation supports the
suggestion that puberty is associated not only with increase
in the secretory activity of LHRH neurons but also with an
increase in their capacity to synthesize the neuropeptide.

The rapid and marked photoperiodic responses of the
Syrian hamster make this species a good model in which
to study the neuroendocrine pathways controlling repro¬
ductive function. In particular, the transfer of somatically
mature male hamsters from short to long days produces an
increase in plasma LH, FSH, and testosterone levels and in¬
duces spermatogenesis. These changes superficially resem¬
ble those that occur during peripubertal development but,
as the present results demonstrate, similar changes do not
occur at the hypothalamic level. The marked difference be¬
tween the LHRI 1 neuronal size of immature hamsters and

short-day adults, regardless of its exact cause, suggests that
the central mechanism controlling the onset of puberty is
not identical to that which controls the onset of the breed¬

ing season in photoperiodic species.
In summary, the findings from the present study support

the view that developmental changes in the capacity of the
brain to synthesize LI IRI I may represent a key neuroen¬
docrine trigger for the onset of puberty. Moreover, they
indicate that important differences are likely to exist at the
neural level between the reproductive axes of immature
hamsters and adults maintained under inhibitory photo¬
periods, despite superficial similarities. Consequently, cau¬
tion should be exercised when the sexually regressed ham-
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ster is used as a model for studying the neuroendocrine
control of the onset of sexual maturation [30].
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ABSTRACT

Adult male Syrian hamsters were either maintained under long days or induced to revert to a juvenile

condition by exposure to short days. Subsequent in vivo labeling of N-methyi-D-aspartate (NMDA) receptors,

using [3H]MK-801 revealed that the specific binding of these receptors in brain regions associated with

luteinizing hormone-releasing hormone (LHRH) neurons was photoperiod dependenL

INTRODUCTION

Excitatory amino acids receptors of the NMDA sub-type have been implicated in the control of several

developmental processes within the central nervous system, including the initiation of puberty (Urbanski and

Ojeda, 1987; 1990; Plant et al. 1989). More recent findings have supported the view that NMDA receptors might

also play a major role in the control of seasonal breeding in photoperiodic species, such as the Syrian hamster

(Urbanski 1990). Male hamsters typically show a response to short days (Le., photoperiods comprising < 122>

hours of light per day) that entails a marked suppression of gonadotropin secretion followed by regression of

the testes (Urbanski et al. 1990). Interestingly, however, daily Lp. administration of NMDA can prevent the

development of this photoperiod-induced sexually quiescent condition. Although it is quite plausible that

excitatory amino acid receptors play a physiological role in the control of seasonal breeding it is unclear how

these receptors are functionally integrated with the photo-neuroendocrine circuitry of the reproductive axis.

The present study explores the possibility that seasonal modulations in the activity of LHRH-secreting

neurons, in photoperiodic species, result in part from daylength-induced changes in the specific binding of
NMDA receptors to endogenous ligands.

Dr. H.F. Urbanski

Division of Neuroscience, Oregon Regional Primate Research Center

505 N.W. 185th Avenue, Beaverton

Oregon 97006, U.S.A.
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MATERIALS AND METHODS

Twenty, male Syrian hamsters (Mesocricetus auratus) of the LSH/Ss Lak strain were purchased from

Charles River Laboratories (Wilmington, MA, USA) and were initially housed under a long-day (LD) lighting

schedule that consisted of 14 hours of light and 10 hours of darkness per day (i.e., 14L:10D). At 10 weeks of

age, half of the animals were transferred to short days (SD; 6L:18D), in order to cause regression of the

reproductive system, while the other half remained in their breeding condition, under long days. After 7 weeks

of exposure to either LD or SD, the procedure of Price et al. (1988) was used for the in vivo labeling of NMDA

receptors with [3H]MK-801 (Le., (+)-5-methyl-10,ll-dihydro-5,4-dibenzo[a,d]cyclohepten-5,10-imine maleate),

a noncompetitive antagonist of the NMDA receptor (Wong et al. 1988; Lodge and Johnson, 1990). The animals

were first anesthetized with ether and injected with [3 H]MK-801 dissolved in 0.9% saline (82 /x Ci/kg body mass,

i.v.; specific activity = 97 Ci/mM); in half of the animals from each photoperiod a 10,000-fold excess of

nonradioactive MK-801 was administered (3 mg/kg body mass, Lp.) 15 minutes prior to the [3 H]MK-801

injection. All twenty animals were then decapitated under oxygen-carbon dioxide sedation (Urbanski and Kelley,

1991), 10 minutes after injection of the radioisotope, and the brains were rapidly dissected. Tissue samples from

the cerebral cortex, preoptic area (including the medial septal area, diagonal band of Broca, and suprachiasmatic

nuclei), medial basal hypothalamus, and also the pituitary gland were weighed and then homogenized in 50

volumes of ice-cold 5 mM Tris HC1 (pH 7.4), using disposable pestles (Kontes Scientific, Vineland, NJ, USA).

Triplicate 500-/H aliquots of the homogenates were filtered through Whatman GF/B filters under vacuum,

followed by 2 x 5-ml washes with ice-cold buffer. Bound radioactivity was determined by liquid scintillation

counting and specific binding was defined as the difference between the particulate binding obtained after

injection of [3H]MK-801 alone and after pretreatment with MK-801. To assess the degree of somatic and sexual

maturity at the time of sacrifice, body mass and testicular mass was determined for each of the animals.

RESULTS

Hamsters transferred from LD to SD remained somatically mature and even showed a slight increase

in body mass. In contrast, the testicular mass of these animals showed a marked (P<0.01) and rapid decrease

(Fig. 1). The specific binding of [3H]MK-801 in brains from LD and SD hamsters is depicted in Fig. 2. Under

both photoperiods, specific binding of radioactivity to NMDA receptors was high in the cerebral cortex, as

expected, and relatively low in the medial basal hypothalamus. In the preoptic area, however, the degree of

binding was photoperiod dependent; high in the LD group of hamsters and significantly lower in the SD group

(P<0.05). No specific MK-801 binding was detected in any of the pituitary glands, regardless of the

photoperiodic history of the animals.
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FIG. 1. Body mass and testicular mass of adult hamsters maintained either under long days

(LD) or short days (SD). Each bar represents the mean value from ten animals and s.ejn. are

shown as vertical lines. * P<0.05; ** P<0.01 (Student's f-test).
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FIG. 2. Specific binding of [3 H]MK-801 in brains from adult hamsters maintained either under

long days (LD) or short days (SD). Each bar represents the mean of five measurements and

s.e.m. are shown as vertical lines. CC = cerebral cortex; POA = preoptic area, including the

medial septal area, diagonal band of Broca and suprachiasmatic nuclei; MBH = medial basal

hvnothalamus. * P<0.05 (Student's t-test).



DISCUSSION

The results demonstrate that in LD hamsters there is a high degree of specific NMDA receptor binding

in the preoptic and adjacent areas of the brain; it has previously been shown that in the hamster LHRH neuronal

cell bodies are primarily located in these regions (Urbanski et al. 1991). On the other hand, very little binding

was observed in the medial basal hypothalamus, an area that is densely packed with LHRH axons and terminals.

These observations are, therefore, in harmony with the finding that NMDA can stimulate gonadotropin release

when administered directly into the preoptic area but not when administered into the medial basal hypothalamus

(Ondo et al. 1988). Furthermore, the finding that no specific binding was detected in the pituitary gland re-

enforces the view that NMDA does not stimulate gonadotropin secretion through a direct action on the pituitary

gonadotropes but, rather, indirectly through the LHRH-releasing system (Taj et al. 1983; Ondo et al. 1988;

Urbanski 1990). Taken together, these results suggest that the NMDA receptor mediated control of reproductive

function is most likely exerted at the level of the LHRH neuronal cell bodies.

Interestingly, when hamsters were photoperiodically-induced to revert to a sexually quiescent condition,

they showed very little NMDA receptor binding in the preoptic and adjacent areas of the brain. This finding
would account for the observation that although NMDA can stimulate gonadotropin secretion in both LD and

SD hamsters the response is greater under the former photoperiod (Urbanski 1990). The results do not,

however, establish whether the difference in NMDA receptor binding between LD and SD hamsters stems from

a difference in receptor affinity or in receptor number. Also, they do not rule out the possibility that the amount

of endogenous ligand (e.g., glutamate or aspartate), is itself photoperiodically modulated. Nevertheless, the data

clearly demonstrate that NMDA receptors of the preoptic and adjacent brain areas undergo photoperiod-

dependent changes and might, therefore, represent a key component of the neuroendocrine mechanism that

controls the onset and termination of the breeding season in photoperiodic species.
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ABSTRACT
The effect of A-methyl-D.L-aspartate (NMA) on LH secretion was

investigated in Syrian hamsters of the LSH/Ss Lak strain, maintained
under either long days (14 h of light, 10 h of darkness) or short days (6
h of light, 18 h of darkness). After 6 weeks of photoperiodic treatment,
the animals were orchidectomized. Ten days later, 10-min blood sam¬
ples were remotely collected from each animal, using surgically im¬
planted intraatrial catheters, and individual pulsatile LH release pro¬
files were subsequently determined by RIA. At the end of the 4-h
sampling period, NMA was administered iv (30 mg/kg BW), and the
LH response was determined in the next three plasma samples. Ham¬
sters maintained under long days had very high mean plasma LH levels
(453 ± 46 ng/ml) and displayed episodic release patterns characterized
by high amplitude pulses. In marked contrast, hamsters that were
maintained under short days had significantly (P < 0.001) lower mean
plasma LH levels (90 ± 12 ng/ml) and showed a significantly (P <
1.001) lower mean pulse amplitude. The interpulse interval was similar

in both of the groups, with LH peaks occurring, on the average, once
every 65 min. When challenged with NMA, the long-day hamsters
showed only a 37% increase in mean plasma LH levels, which was not
statistically significant. In contrast, the short-day hamsters showed a
highly significant (P < 0.01) increase of 294%. Interestingly, the mean
plasma LH levels after NMA administration were the same in the two
photoperiodic groups despite a marked difference in the plasma levels
that preceded the administration. These findings demonstrate that
short days can inhibit the neuroendocrine activity of the hamster's
reproductive axis independently of gonadal influences. They also sug¬
gest that the LHRH neurons have an intrinsic capacity to secrete very
high levels of the neuropeptide, regardless of the photoperiod. Taken
together, the results support the hypothesis that the breeding season
in the hamster is regulated by a gonad-independent mechanism involv¬
ing a photoperiodic modulation of neuroexcitatory inputs to the LHRH
neurons. (Endocrinology 131: 1665-1669, 1992)

THE BREEDING season of Syrian hamsters is regulatedby changes in day length. Males, in particular, show a
profound alteration in gonadotropin secretion when exposed
to short photoperiods, which ultimately results in testicular
regression (1-4). Interestingly, recent studies involving RIA,
mmunocytochemistry, and in situ hybridization have pro¬
vided evidence that the hypothalamic neurons of hamsters
retain the ability to synthesize large quantities of LHRH even
when the animals are exposed to short days (5-9). It has also
been demonstrated that the LHRH neurons of short-day
namsters remain responsive to the stimulatory action of
excitatory amino acids and that the daily administration of
analogs, such as N-methyl-D,L-aspartate (NMA), can block
he suppressive influence of short days (10, 11). Taken
ogether, these findings suggest that a seasonal alteration in
he secretion of LHRH, rather than an alteration in its syn-
hesis, most likely controls the breeding season of hamsters.
Dn the other hand, the neuroendocrine pathways responsi¬
ble for controlling these seasonal changes in the reproductive
axis are still unclear (4, 12, 13). The aim of the present study
was to help clarify the involvement of the gonads in the
seasonal modulation of gonadotropin secretion and to deter-
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mine whether their presence influences the responsiveness
of LHRH neurons to the stimulatory action of excitatory
amino acids.

Materials and Methods

Animals

Male Syrian hamsters (Mesocricetus auratus) of the LSH/Ss Lak inbred
strain were obtained from Charles River Laboratories (Wilmington, MA)
and incorporated in the experiments at 10 weeks of age. They were
housed at a room temperature of 21-22 C and exposed to a lighting
schedule that initially comprised 14 h of light/day (14L:10D; lights on
at 0500 h).

Experimental design

Effect of photoperiod on the reproductive axis of orchidectomized hamsters.
A total of 23 hamsters were bilaterally orchidectomized while under
methohexital sodium anesthesia (Brevital sodium; 50 mg/kg BW, sc; Eli
Lilly Co., Indianapolis, IN). One week later, 12 of the animals were
transferred to short days (6L:18D; lights on at 0900 h), while the
remaining 11 were maintained under long days. After 6 weeks of
photoperiodic treatment, the animals were killed by exposure to a
gaseous mixture of 50% carbon dioxide and 50% oxygen, followed by
decapitation (14). Trunk blood was collected into heparinized tubes; the
plasma samples were frozen and later assayed for gonadotropin concen¬
tration. The pituitary glands were removed, weighed, and frozen on dry
ice, and their gonadotropin contents were subsequently determined.
Brain explants, comprising the preoptic area and medial basal hypothal¬
amus, were also collected and similarly frozen, and their LHRH contents
were subsequently determined.

Effect of photoperiod on the pulsatile pattern ofLH release. Six gonad-intact
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hamsters were transferred to short days, while six remained under long
days. Six weeks later, all of the animals were bilaterally orchidectomized
under methohexital sodium anesthesia; all of the short-day hamsters
had regressed testes at the time of surgery. Nine days after the surgery,
each of the animals was again anesthetized and surgically fitted with an
intraatrial catheter (15). On the following day (i.e. day 10 postorchidec-
tomy), the catheters were unplugged and used for the remote collection
of blood, as previously described (16). Samples (100 jd) were drawn into
heparinized syringes once every 10 min for 4 h (from 1100-1500 h) and
replaced with an equal volume of heparinized saline; the plasma was
stored frozen until assay for LH.

Effect ofNMA on plasma LH levels. At the end of the previous experiment,
each of the animals received an iv injection of NMA (Sigma Chemical
Co., St. Louis, MO; 30 mg/kg BW) at a dose known to produce a
significant LH response (10, 11, 17). Blood sampling was continued for
an additional 30 min. The LH response to NMA under each photoperiod
was determined by comparing the mean plasma LH level in the three
samples immediately preceding NMA administration with that in the
three samples immediately following the administration.

RIA

Plasma LH and FSH were measured in duplicate lO-H volumes, using
RIA kits provided by the National Pituitary Hormone Program of the
NIDDK, as previously described (10). The hormone values represent
means of the duplicate determinations and are expressed in terms of the
rat LH RP-1 and FSH RP-1 standards, respectively. The LH and FSH
assays had intraassay coefficients of variation of 11% and 9%, respec¬
tively, and could detect as little as 8 ng LH/ml and 32 ng FSH/ml.
Pituitary LH and FSH contents were also measured using these RIA kits,
after first homogenizing the tissue in 0.2 m PBS (pH 7.4). The hypothal¬
ami were homogenized in 0.1 m acetic acid and diluted in assay buffer,
and the LHRH content was measured by RIA, using a LHRH antibody
(HU60) that is immunoreactive only with the intact decapeptide (7); the
intraassay coefficient of variation of this assay was 12%, and as little as
0.2 pg LHRH could be detected per 150-^1 sample.

Statistics

The pulsatile LH release patterns were analyzed using a version of
the Pulsar algorithm (18) that has been adapted for use on the IBM-PC
computer (19). As previously described (16), the cut-off criterion for
detection of a single point peak was deliberately set very high, at 50
times the sd of the assay, in order to eliminate spurious one-point pulses.
The cut-off criteria for two-, three-, four-, and five-point peaks were set
at 2.6, 2.3, 2.1, and 2.0 sd units above the baseline, respectively. The
pulsatile LH release profiles were characterized in terms of the following
parameters: overall mean level, mean pulse amplitude, and mean inter-
pulse interval. All of the between-group comparisons were made using
Student's t test.

Results

The hamsters used throughout the study were somatically
mature, even though the ones that were transferred to short
days ultimately has slightly greater body weights (8%) than
those that were maintained continuously under long days.
On the other hand, marked differences were detected be¬
tween their reproductive axes, excpet for hypothalamic
LHRH content, which remained the same under both pho-
toperiods (Table 1). In contrast, all of the other reproductive
parameters examined showed significant differences be¬
tween the two photoperiodic groups. The pituitary glands of
long day hamsters were heavier (P < 0.001) than those of
short day hamsters [i.e. 7.45 ± 0.33 mg (n = 11) and 5.46 ±
0.34 mg (n = 12)]. For comparative purposes, pituitary glands
were also obtained from intact hamsters after an equivalent

period of exposure to long or short days. These were muc
lighter than those of the orchidectomized animals [i.e. 3.5
± 0.15 mg (n = 12) and 3.19 ± 0.21 mg (n = 11)], indicatin
that pituitary hypertrophy had occurred in both photopei
iodic groups during the 7-week absence of the gonads. Th
pituitary contents of both LH and FSH were significantl
higher in the orchidectomized hamsters that were maintaine
under long days than in those maintained under short day
(P < 0.05). Similarly, the mean plasma concentrations c
both LH and FSH were significantly higher in the forme
group (P < 0.001).

To minimize the influence of orchidectomy-induced pitu:
tary hypertrophy on LH secretion, the subsequent invest:
gation of pulsatile release patterns was performed using
short-term orchidectomy model (i.e. 10 days postorchidee
tomy instead of 7 weeks). Representative plasma LH profile
from long and short day hamsters are shown in Fig. 1. LI
secretion was pulsatile in all 12 of the animals examinee
and the results of the Pulsar analysis are presented in Tab!
2. The overall mean LH levels were significantly greater i
the long-day than in the short-day hamsters (P < 0.001
Similarly, the mean LH peak amplitude was higher in th
former group (P < 0.001), but the mean interpulse interv:
was not different (P > 0.05).

During the 30-min period before NMA administratioi
long- and short-day hamsters had overall mean plasma leve!
of 363 ± 89.6 and 94 ± 21.0 ng/ml, respectively (Figs. 2 an
3). During the 30-min period after NMA administratioi
plasma LH levels rose to 492 ± 34.2 and 370 ± 29.6 ng/m
In the case of the long-day hamsters, the 37% increase ws
not statistically significant (P > 0.05, by paired Student's
test). In the case of the short-day hamsters, however, th
294% increase was highly significant (P < 0.01); moreove
the elevated mean plasma LH level shown by the short-da
hamsters was not different from that shown by the long-da
hamsters (P > 0.05, by unpaired Student's t test).

Discussion

The exposure of adult male hamsters to short days typ
cally results in testicular regression and the attainment of
sexually quiescent condition (1-4). Although the neuroer
docrine mechanism responsible for the initiation of this phc
toperiodic response is undisclosed, it has been hypothesize
that short photoperiods may somehow enhance the sensith
ity of the hypothalamo-pituitary unit to the inhibitory infli
ences of gonadal hormones (20). Such an increase in th
effectiveness of negative feedback would lead to suppressio
of gonadotropin secretion and, in turn, cause the testes t
regress. Consistent with this hypothesis is the observatio
that exogenous testosterone is more effective at suppressin
gonadotropin secretion in hamsters maintained under sho
days than in hamsters maintained under long days (21, 22
However, an alternative interpretation of this result, base
on the suggestion of Lincoln and Short (23), is that the sign;
strength of steroid-independent stimulatory inputs to tb
LHRH neurons is diminished under short days. In oth(
words, because there is less stimulatory drive under sho
days than under long days, less exogenous testosterone
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rABLE 1. Effect of photoperiod on the reproductive axis of orchidectomized hamsters

Photoperiodic
treatment

Hypothalamic
LHRH content

(pg)

Pituitary
gland mass

(mg)

Pituitary
FSH content

(pg)

Pituitary
LH content

(pg)

Plasma FSH
conc.

(pg/ml)

Plasma
LH conc.

(ng/ml)

Long days
Short days

175 ± 13
224 ± 25

7.45 ± 0.33
5.46 ± 0.34"

217 ± 18
167 ± 11*

715 ± 117
410 ± 67'

6.58 ± 0.42
0.98 ± 0.19"

864 ± 93
287 ± 68"

The animals (n = 11 or 12/group) were initially maintained under long days and were orchidectomized 1 week before use in the experiment;
;he measurements were made after 6 weeks of photoperiodic treatment.

" P < 0.001, by Student's t test.
b P < 0.05, by Student's t test.

0 30 60 90 120 150 180 210 240

Time (min)

60 90 120 150

Time (min)

30 60 90 120 150 180 210 240

Time (min)

150 180 210 240

Time (min) Time (min) Time (min)
rlG. 1. Representative plasma LH profdes from orchidectomized hamsters maintained either under long days (upper panels) or short days (lower

mnels); note the change of scale for the ordinate between the upper and lower panels. Each profde is derived from an individual animal, which
vas bled at 10-min intervals for 4 h. Peaks of LH release were determined using the Pulsar algorithm and are depicted by solid circles.

rABLE 2. Analysis of pulsatile LH secretion in long- and short-
lay orchidectomized hamsters that were bled every 10 min for 4 h

Photoperiodic Overall mean LH Mean amplitude Mean interpulse
treatment level (ng/ml) (ng/ml) interval (min)

Long days 453 ± 46.0 456 ± 67.2 71.8 ± 5.8
Short days 90 ± 12.4" 59 ± 4.3" 57.5 ± 7.8

" P < 0.001, by Student's t test (n = 6 animals/group).

teeded to completely suppress gonadotropin secretion under
he former photoperiod (24, 25). In the context of this alter-
lative hypothesis, the apparent changes in sensitivity to
legative feedback are fictional and need not have a biochem-
cal basis. So far, attempts to disclose actual photoperiodic
Ranges in hypothalamic feedback sensitivity (e.g. changes
n nuclear androgen receptors) have been largely unsuccess-
ul (26-28), but even if they do occur, it remains to be
mequivocally demonstrated that they represent the cause
ind not simply a consequence of diminished activity within

the reproductive axis. Unlike the feedback sensitivity hy¬
pothesis (20), the direct drive hypothesis (23) predicts that
initiation of the short-day gonadotropin response in hamsters
will occur even in the absence of the gonads. As the findings
of the present study clearly demonstrate, this is actually the
case. Exposure of orchidectomized hamsters to short days
markedly suppressed both pituitary and plasma levels of LH
and FSH. The reason why some previous studies failed to
disclose such pronounced changes is unclear (21, 22, 29, 30).
One possibility might relate to differences between the ham¬
ster strains used in the experiments. For example, our own
experience with various outbred hamster stocks is that some
are completely nonphotoperiodic, while in others as many
as 20% of the individuals fail to show a clear-cut short-day
response (7); while it is relatively straightforward to identify
and cull such individuals from experimental groups, the
screening becomes impossible when orchidectomized ani¬
mals are used. For this reason the present study made exclu-
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Fig. 2. Plasma LH levels from six orchidectomized hamsters main¬
tained under long days. Three blood samples were collected at 10-min
intervals both before and after the iv administration of NMA (30 mg/
kg BW). The corresponding LH values (mean ± sem) are depicted as
bars on the left and right of the figure, respectively. The 37% increase
in overall mean plasma LH levels is not statistically significant (P >
0.05, by Student's t test).
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Fig. 3. Plasma LH levels from six orchidectomized hamsters main¬
tained under short days. Three blood samples were collected at 10-min
intervals, both before and after the iv administration of NMA (30 mg/
kg BW). The corresponding LH values (mean ± sem) are depicted as
bars on the left and right of the figure, respectively. The 294% increase
in overall mean plasma LH levels is statistically significant (P < 0.01,
by Student's t test).

sive use of inbred LSH/Ss Lak hamsters. These animals have
been previously found to be extremely photoperiodic and
completely reliable in showing an inhibitory short day go¬
nadotropin response (7, 10). Another possibility for the dis¬
crepancy is that long-term maintenance of orchidectomized
hamsters under long days causes so much pituitary gland
hypertrophy that gonadotropin secretion persists at an ex¬
tremely high level even after subsequent exposure to short
days (24, 25). The present results confirm that major hyper¬
trophy of the pituitary gland does occur when orchidectom¬
ized hamsters are maintained under long days, but not when
the animals are transferred to short days. The marked differ¬
ence in pituitary gland size between long- and short-day
orchidectomized hamsters in itself adds credence to the hy¬
pothesis that under short days there is less direct drive to the
reproductive axis. To minimize the influence of excessive
pituitary hypertrophy on gonadotropin secretion in the pres¬

ent pulsatile LH release study, only short-term orchidectom¬
ized hamsters were used; also, the surgery was delayed until
the animals had experienced 6 weeks of photoperiodic treat¬
ment.

Pulsatile LH release patterns were detected in all of the
hamsters examined, although less clearly in those that were
exposed to short days. In contrast to a previous study that
failed to detect any photoperiod-induced changes in the
pulse pattern of LH secretion in orchidectomized hamsters
(30) (see above for possible reasons), the present study dem¬
onstrates profound suppressive effect of short days. These
results, therefore, strongly suggest that the primary under¬
lying photoperiodic modulator of LHRH secretion is gonad
independent and unlikely to involve changes in sex steroid
feedback sensitivity. Recent evidence supports the view that
the photoperiodic control of gonadotropin secretion is me¬
diated primarily through changes in LHRH secretion, rather
than through changes in LHRH synthesis (see the introduc¬
tion). Based on the observed pulsatile LH release profiles,
the frequency of the hypothalamic pulse generator does not
appear to be greatly affected by photoperiodic changes,
although more significant effects might have been disclosed
had a more frequent bleeding paradigm been employed.
Nevertheless, the findings are consistent with the hypothesis
that the strength of stimulatory signals reaching the LHRH-
releasing circuitry is attenuated under short days. The stim¬
ulatory neurotransmitter(s) responsible for such modulations
in LHRH secretion remains to be elucidated, but it has been
demonstrated that excitatory amino acid analogs, such as
NMA, can stimulate LHRH secretion in hamsters, even under
short days. Consequently, it has been speculated that the
breeding season of hamsters could be controlled by photo-
period-induced alterations in the strength of excitatory sig¬
nals reaching the LHRH neurons (10).

The present results demonstrate the even in the absence
of the gonads, NMA can profoundly affect gonadotropin
secretion in hamsters. Interestingly, the response was only
observed in hamsters that were maintained under short days
and originally had low plasma LH levels. In contrast, the
long-day hamsters already had elevated plasma LH levels
before NMA administration, and they subsequently failed to
show a significant stimulatory response. Although the exact
reason for this result is unknown, previous studies have
demonstrated that the administration of LHRH to orchidec¬
tomized hamsters enhances LH release, even under long
days (5, 31). Therefore, the lack of responsiveness to NMA
shown by the long-day orchidectomized hamsters cannot be
attributed to unresponsiveness at the level of the pituitary
gland. More likely, the LHRH-releasing circuitry in these
animals was already maximally stimulated by endogenous
excitatory neurotransmitters. The finding that post-NMA
plasma LH levels in the short-day hamsters were as high as
those in the long-day hamsters indicates that even under
short days the pituitary gland retains the capacity to secrete
typical long day quantities of LH; photoperiodic changes in
pituitary function are, therefore, unlikely to be a primary
cause of the short day-induced suppression of gonadotropin
secretion in orchidectomized hamsters. Instead, the results

long days

SHORT DAYS
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iupport the view that photoperiod-induced inhibition of
gonadotropin secretion is mediated by an attenuation of
itimulatory signals that reach the LHRH neurons. Further-
nore, this mechanism appears to be completely operational
n both gonad-intact (10, 11) and orchidectomized hamsters.

Taken together, these findings provide evidence that short-
lay-induced suppression of gonadotropin secretion in ham-
iters is unlikely to be triggered by a change in sensitivity to
;ex steroids, but, rather, is caused by a direct change in
itimulatory neurotransmitter input to the LHRH-secreting
:ircuitry. Endogenous excitatory amino acids, such as gluta-
nate and aspartate, may well play a leading role in this
process, but their physiological involvement has yet to be
;stablished.
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Maturational changes in gonadotrophin secretion: the LH response to
realimentation and a nocturnal increment in LH secretion of feed-restricted

prepubertal gilts
J. R. Cosgrove1'2, H. F. Urbanski3 and G. R. Foxcroft1

1
Department of Animal Science, University of Alberta, Edmonton, Alberta, Canada T6G 2P5;

2AFRC Research Group on Hormones and Farm Animal Reproduction, University of Nottingham,
Faculty of Agricultural and Food Sciences, Loughborough, Leics. LEU 5RD, UK; and

3Oregon Regional Primate Research Center, Beaverton, OR 97006, USA

Potential maturational changes in patterns of LH secretion during feed restriction and the LH
response to realimentation were examined. Ten sets of four growth-matched littermate gilts
were fed ad libitum, to reach either 55, 65, 75 or 85 kg target body weights (one littermate
per weight). Gilts were then maintenance fed for 8 days (days 1—8), and to appetite on day 9,
and kept in a 9 h light (07:00—16:00 h):15 h dark photoperiod. Blood samples were obtained
every 10 min from 07:00 to 16:00 h, and from 16:00 to 24:00 h on day 8 to evaluate any
nocturnal rise in LH, and from 07:00 to 16:00 h on day 9 to evaluate the LH response to
realimentation. Radioimmunoassays for LH, FSH, melatonin and oestradiol were performed
on selected plasma samples. In all three sampling periods, LH and FSH secretion decreased as
gilt weight increased, in a quadratic manner. During feed restriction, daytime LH, but not
FSH, secretion was lower than at nighttime, irrespective of weight. Daytime LH secretion
increased in response to realimentation, irrespective of weight. Plasma oestradiol concen¬
trations were increased by feed restriction and decreased by realimentation but showed little
relationship to gilt weight. No consistent relationship was established between plasma
melatonin concentrations and ambient illumination. In conclusion, LH secretion exhibits a

diurnal rhythm during feed restriction in the prepubertal gilt and, in a similar way to FSH,
decreases as puberty is approached. The plane of nutrition influences circulating oestrogen
concentrations. The increase of LH secretion following realimentation is not influenced by
maturation over the prepubertal period.

Introduction

Luteinizing hormone (LH) secretion in the gilt is episodic during
the prepubertal period (Lutz d al., 1984; Camous et al„ 1985;
Booth, 1990), although studies of the timing of changes in the
frequency and amplitude of LH pulses as puberty approaches
have produced equivocal data (Lutz et al., 1984; Camous et al.,
1985). Several reports suggest that there is a diumai rhythm in
LH secretion in the prepubertal gilt (Elsaesser and Foxcroft,
1978; Booth, 1990), although no studies have attempted to
describe such a rhythm in detail or whether circadian changes
in LH secretion are characteristic of specific stages of gilt
maturation. The diurnal rhythm reported by Booth (1990) was
apparent only in gilts after 7 days of feed restriction and
was not apparent in gilts following realimentation. Whether
realimentation per se masks the nighttime increment in LH
secretion, or variability of LH secretion in non-feed-restricted
gilts renders differences between day and nighttime LH concen¬
trations difficult to establish, remains unknown. Moreover,
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Cosgrove (1993) failed to identify nocturnal increases in either
feed-restricted or realimented prepubertal gilts.

There is a wealth of evidence in humans and non-human pri¬
mates for nocturnal increases in LH secretion occurring only at
particular stages of prepubertal and pubertal development.
During mid- and late prepuberty in male and female rhesus
monkeys, nocturnal LH secretion exceeds daytime secretion
(Plant, 1982; Terasawa et al., 1984) and this pattern persists until
onset of puberty (ovulation in the female). Similar changes have
been observed in the ovariectomized animal (e.g. Schultz and
Terasawa, 1988 — female rhesus monkey), suggesting that the
occurrence of diurnal rhythms in LH secretion is a function of
hypothalamic/pituitary maturation rather than steroid modu¬
lated developmental changes. Circadian fluctuations in LHRH
secretion have been reported during mid-prepubertal and late
pubertal phases in female rhesus monkeys (Watanabe and
Terasawa, 1989).

In contrast to equivocal data for a diumai rhythm in LH
secretion, the rapid increase in LH episodic secretion in response
to realimentation after 7 days of feed restriction in the
gilt has been observed consistently and without concomitant
increases in circulating FSH concentrations (Booth, 1990;
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Cosgrove et al., 1991). Although the precise stimulus to increased
pulsatility has yet to be elucidated, the suppression of LH secretion
during feed restriction in the gilt probably occurs at the hypo¬
thalamic level (Armstrong and Britt, 1987; Britt et al., 1988;
Booth, 1990) and is not mediated by an increased inhibitory
opioidergic tone in the prepubertal gilt (Cosgrove et al., 1991).

There are a number of theories about the signals that mediate
the nutritional modulation of gonadotrophin secretion. Steiner
et al. (1983) suggested that the juvenile animal undergoes the
transition from the fed to the fasted state more rapidly than the
adult, and that differential secretion patterns of metabolic hor¬
mones (e.g. insulin and insulin-like growth factor 1 (IGF-1))
may act as central indicators of nutritional status, modulating
gonadotrophin secretion (Steiner et al., 1983). Certainly, LH
secretion has been stimulated in the cyclic gilt by exogenous
insulin treatment (Cox et al., 1987) and in streptozotocin-
induced diabetic rats (Dong et al., 1991). In studies using the
7-day feed-restricted gilt model (Booth, 1990; Cosgrove et al.,
1991), animals studied have weighed approximately 75 kg (155
days of age) or more. If maturity of the gilt determines the scale
of nutritional modulation of reproduction, the LH response to
realimentation may depend upon gilt weight and age.

The objectives of the following study were therefore (1) to
characterize possible maturational changes in an LH diumal
rhythm in the feed-restricted prepubertal gilt, and (2) to estab¬
lish whether developmental alterations occur in the response to
realimentation following 7 days of maintenance feeding.

Materials and Methods

Animals and treatments

Ten groups of four littermate gilts were obtained from the
University of Alberta swine unit at approximately 90 days of
age and 25 kg liveweight. Gilts were housed in pens of three or
seven animals and received a commercial grower diet and water
ad libitum to reach one of four target liveweights (55, 65, 75 or
85 kg); each litter was, therefore, equally represented in each
weight group. Two other pens of between five and seven gilts
belonging to the same litters were treated identically, as a
source of replacement animals in the event of poor growth rate
or failure in cannula patency. All gilts were weighed at weekly
intervals to ascertain liveweight and to estimate growth rate.
Two weeks before transfer to experimental procedures, gilts
were fed to appetite twice daily at 08:00 and 16:00 h over 1 h.
Throughout the growing and experimental periods, all gilts
were maintained on a constant 9 h light:15 h dark photoperiod,
lights being switched on at 07:00 h. This photoperiod was con¬
sistent with ambient daylength at the time the gilts were first
obtained (mid-March 1991).

The ten sets of four littermate gilts studied (n — 40) were
matched for growth rate and achieved mean ( + SEM) weights
(and ages) of 52.8 + 2.4 kg (116 + 1.6 days), 61.8 + 2.7 kg
(130 + 1.6 days), 77.3 + 2.4 kg (144 + 1.6 days) and
92.2 + 4.0 kg (158 + 1.6 days). On reaching the appropriate
group weight, gilts of each group were placed in individual
crates within aural and visual contact of one another and
received water ad libitum. All animals underwent 7 days (days
1-7) of restricted feeding calculated to meet their individual

daily maintenance requirements (approximately 30% of indi¬
vidual ad libitum feed intake) split between two feeds at 08:00
and 16:00 h. On day 5, animals were provided with indwelling
cephalic cannulae, as described below.

Animals were initially sedated with an intramuscular injec¬
tion of a 4% solution of azaperon or 4'fluoro-4[4-(2-pyridyl)-l-
piperazinylj-butyrophenone (Stresnil; Janssen Pharmaceutical
Ltd, Oxford) (dose: 1 ml Stresnil per 20 kg body weight). Fifteen
minutes later, gilts were anaesthetized with a 5% solution of
5-ethyl-5-(l-methyl-butyl)-2-thiobarbituric acid (Intraval; MTC
Pharmaceuticals, Cambridge, Ontario) (dose: 0.17 ml Intraval
kg-1 body weight), administered via the ear vein while the
animals were restrained with a nose snare.

The area of the upper thorax, inside the right foreleg, approxi¬
mating the position of the distal end of the humerus, was
scrubbed clean with a solution of antiseptic (Betadine; Ayerst,
St Lauren, Quebec), shaved and swabbed with ethanol. An
incision, approximately 6 cm long, was cut along a line extend¬
ing from the humerus at an angle of approximately 45° to the
midline, from a point midway between the two tendons elevated
by leg extension. The internal cephalic vein was exposed follow¬
ing blunt dissection of the subcutaneous fat and connective
tissue. The vessel was dissected free of surrounding fascia and
a loose tie placed around the distal end of the vein. A small
incision was made in the vein and a Tygon cannula (Fischer
Scientific, Nepean, Ontario, Canada; external diameter 4 mm,
internal diameter 1 mm), flushed with sterile heparinized saline,
was inserted into the vessel so that the end of the catheter lay
anterior to the heart in the superior vena cava. The distal end of
the vein was ligated. A second ligature was tied around the
cannula, between two 'cuffs' of slightly larger Tygon tubing
(placed around the cannula during preparation), and including a
small portion of surrounding connective tissue at the point of
insertion into the vein, securing the position of the cannula and
preventing its premature withdrawal. An antibiotic (Oxyvet
100 or oxytetracycline hydrochloride, PVU Inc., Cambridge,
Ontario, Canada: dosage 1 ml) was placed into the incision and
the free end of the catheter exteriorized through the neck at a

position behind the ear using a trochar. The exterior end of
the catheter was fitted with a 15 gauge adaptor (Becton and
Dickenson Ltd, New Jersey), which was securely attached to the
cannula and capped with an obturator (Vygon, France). The
cannula was then placed in a small, plastic, sealable bag affixed
to the dorsal surface of the neck. Gilts were treated with an

antibiotic ('Trivetrin'; Coopers Agrofarm Inc., Ajax, Ontario),
administered intravenously (3 ml (45 kg)-1 body weight) as a
single dose.

On day 8, gilts remained on restricted feeding (08:00 and
16:00 h) but on day 9 received feed to appetite from 08:00 to
09:00 h. Cephalic cannulae were then withdrawn upon cessation
of blood sampling at 16:00 h on day 9. Water was available ad
libitum throughout the experiment.

Blood samples (3.0 ml) were withdrawn at 10 min intervals
from 07:00 until 24:00 h on day 8, and 07:00 until 16:00 h on

day 9. Sampling from 16:00 until 24:00 h on day 8 was con¬
ducted under red lights. This blood sampling regimen (8 h
following 'lights on' and 'lights off') has established nocturnal
increments in plasma LH concentrations (Booth 1990). Blood
was collected into heparinized tubes and centrifuged at 2000#
for 20 min and plasma decanted. In addition, during the first
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and/or second week following cannulae withdrawal, one or
more blood samples were obtained from selected gilts (the
eldest representative of each litter) by jugular venepuncture, to
enable estimation of plasma progesterone concentrations.
Plasma was stored at — 30°C until analysis for LH, FSH,
melatonin progesterone and oestradiol concentrations by radio¬
immunoassay. After each sample, cannulae were flushed with
2 ml of sterile, heparinized saline (10 iu ml- ).

Estimation of plasma hormone concentrations

Luteinizing hormone. Plasma LH concentrations, from blood
samples taken at intervals of 10 min, were determined in dupli¬
cate 200 pi plasma samples, assayed by the homologous double-
antibody radioimmunoassay described earlier by Cosgrove et al.
(1991). Intra- and interassay CVs were 6.4% and 7.2%, respect¬
ively. Mean sensitivity of the assays, defined as 85% of total
bound was 0.01 ng per tube.

Follicle stimulating hormone. Duplicate 300 pi plasma
samples, obtained at intervals of 1 h, were analysed by the
homologous double-antibody FSH radioimmunoassay described
by Cosgrove et al. (1991) to identify any nocturnal increment in
circulating FSH concentrations. Owing to insufficient plasma,
estimations of FSH concentrations were possible only in nine
of the ten litters (n = 36). A sampling frequency of 1 h was
selected after determining that mean FSH concentrations of
three litters (n = 12), derived over each period of sampling,
were not different (P > 0.30) from means derived from the
analysis of samples collected every half hour. Plasma FSH
concentrations were not estimated for the daytime period of
realimentation, as previous studies have failed to establish
differences due to realimentation following 7 days of feed re¬
striction in the prepubertal gilt (Booth, 1990; Cosgrove et al,
1991). Intra- and interassay CVs were 7.0% and 11.0%, respect¬
ively. Mean sensitivity of the assays, defined as 94% of total
bound, was 1.0 ng tube-1.

Melatonin. Plasma melatonin concentrations were estimated
in either 250 pi or 500 pi samples collected every hour during
day 8, from five sets of littermates (n = 20), using a direct
radioimmunoassay (adapted from that originally described by
Fraser et al. (1983)). The assay comprised a sheep antiserum to
melatonin (Stockgrand Ltd, Guildford, Surrey) which was used
at a dilution of 1:1000 and 50 pi was added to the assay tubes.
After incubation at 4°C for 24 h, 50 pi of tritiated melatonin
(NEN Research Products, Wilmington, DE), containing approxi¬
mately 5000 c.p.m., was added to assay tubes and incubated at
4"C for 24 h. 'Bound' and 'free' fractions were then separated by
the addition of a mixture of dextran-coated charcoal (i.e. 1 ml of
0.1 mol phosphate buffer l-1, pH 7.4, containing 2% charcoal
and 0.02% Dextran T70 (Pharmacia LKB Biotechnology Inc.,
Piscataway, NJ)), followed by centrifugation for 15 min at
3000#. The supernatant was decanted and the radioactivity
determined by liquid scintillation counting. The potencies of
a serial dilution of a sample pig plasma, obtained during the
experiment, showed no lack of parallelism to the standard curve
(melatonin standard obtained from Sigma Chemical Company,
St Louis, MO). Principal crossreactants with the antibody were
N-acetyl tryptamine (0.97%), 6-hydroxymelatonin (0.38%) and

N-acetyl tryptophan (0.26%), as reported by English et al.
(1986). The intra-assay CV was 8% and the limit of sensitivity
was 8 pg per tube, defined as 88% of total bound.

Oestradiol. Concentrations of oestradiol in plasma were
determined by extracting 1 ml aliquots of three plasma pools
from each gilt in duplicate or triplicate. The plasma pools were
created by mixing equal aliquots from plasma samples collected
every half hour during the following periods: 14:00—16:00 and
22:00-24:00 h on day 8, and 14:00-16:00 h on day 9.

Oestradiol was extracted from plasma samples by the addition
of 5 ml diethyl ether and vortexing. The extraction tubes were
then placed in a liquid nitrogen/methanol bath and the aqueous
layer allowed to freeze. The solvent supernatant was poured off
and dried under vacuum. An estimation of the recovery of [3H]-
oestradiol was made by measuring the amount of radioactivity
in 100 |il samples of a 'spiked' standard plasma pool, and
yielded extraction efficiencies of between 93 and 96%. ('Spiking'
was accomplished by the addition of a known quantity of
[3H]oestradiol to a fixed volume of low oestradiol plasma and
incubating the mixture at room temperature for 30 min).

Oestradiol concentrations in extracted samples were esti¬
mated in a single radioimmunoassay according to the methods
of Webb et al. (1985), with the following modifications. A
second antibody (goat-anti-rabbit gamma globulin (GARGG)),
purchased commercially (Calbiochem, San Diego, CA), was
used to enhance steroid-antibody complex precipitation and
the antibody binding of tracer, in the absence of unlabelled
oestradiol, was 22%. The intra-assay CV was 9.6% with a limit
of sensitivity at 1.95 pg ml-1, defined as 91% of total bound.

Progesterone. Plasma progesterone concentrations were esti¬
mated in extracted plasma samples, using the methods described
by Pharazyn et al. (1991), in a single radioimmunoassay. The intra-
assay CV was 12.5% with a limit of 1.9 pg per tube, defined as
95% of total bound.

Statistical analyses
The cephalic cannula of one gilt failed to remain patent

throughout the daytime of feed restriction and so data from this
animal were not included in analyses. For LH and FSH analyses,
blood samples were grouped into five periods: pre-feed 1 (07:00—
08:00 h day 8), restrict-fed daytime (Rd) (08:00—16:00 h day 8),
restrict-fed nighttime (Rn) (16:00-24:00 h day 8), pre-feed 2
(07:00-08:00 h day 9) and appetite-fed daytime (Ad) (08:00—16:
00 h day 9). Each animal, therefore, acted as its own control
with regard to estimations of circadian rhythms in hormonal
secretion and the response to realimentation.

LH profiles were analysed by the method of Shaw and
Foxcroft (1985) using a sliding window technique to provide
minimum, mean and maximum characteristics of LH secretion
with modification to provide an additional parameter of esti¬
mated area beneath LH secretory profiles (profile area). The use
of a frequent sampling regimen allowed the adoption of visual
appraisal to estimate pulse frequency in individual profiles (as
described fully in Cosgrove et al., 1991).

Plasma hormone concentrations were analysed, fitting litter
and treatment (weight group) and their interaction as main effects
and using a repeated measures analysis to test for period (pre-feed
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Fig. 1. Plasma LH profiles of four littermate gilts, (a) 44 kg, (b) 52 kg,
(c) 78 kg and (d) 93 kg, representative of all litters studied. Profiles
represent LH secretion during three periods: feed-restricted daytime
(Rd - 07:00 to 16:00 h on day 8); feed-restricted nighttime (Rn — 16:00
to 24:00 h on day 8) and realimented daytime (Ad — 07:00 to 16:00 h
on day 9).

1, pre-feed 2, Rd, Rn and Ad) effects and period x main effect
interactions, within the PROC GLM procedure of the SAS
statistical package. Significant interactions between effects were
compared by Student's t tests between least-squares means. A
significant treatment effect of weight on gonadotrophin secretion
was established, and the relationship between these variables was
further tested using a multivariate regression approach, within the
PROC REG procedure of the SAS statistical package. A variety
of models, fitting a number of functions of weight (e.g. linear,
quadratic, logn, reciprocal), were fitted as independent variables to
hormonal concentrations, and the effect ofperiod X independent
variable interactions were estimated.

Results

Plasma progesterone concentrations of 0.168 ng ml"1 (+ SEM of
0.29; range 0.014—1.36), and the pulsatile pattern of LH secretory
profiles described below confirmed eldest gilts of each litter as
prepubertal at the time of study.

Luteinizing hormone
The LH profiles of four littermates from each weight group¬

ing (Fig. 1) were representative of the changes in secretion

0 25

65 75 85

Weight (kg)

65 75 85

Weight (kg)

Fig. 2. Mean ( + SEM) of (a) plasma concentrations of LH and (b) LH
pulsatility of gilts (u = 39) of four weight classes: 55 kg, 65 kg, 75 kg
and 85 kg, during three periods; (D) feed-restricted daytime (Rd —
07:00 to 16:00 h on day 8), (S3) feed-restricted nighttime (Rn - 16:00
to 24:00 h on day 8) and (H) realimented daytime (Ad — 07:00 to
16:00 h on day 9). Weight class contributed significantly (P < 0.05) to
the variation in LH plasma concentrations only. Bars within weight
class with different letters above the columns are significantly different
(P < 0.0002).

associated with increasing weight in all gilts. All gilts exhibited
episodic LH secretion, irrespective of weight. Mean ( + SEM) LH
concentrations for all weight groups during periods Rd, Rn and
Ad are shown (Fig. 2a). Litter and litter x period interactions
did not significantly contribute to the variance of any LH par¬
ameters and were, therefore, dropped from all analyses. There
was no difference between pre-feeding LH secretion on day 8
and day 9 in any weight group (P > 0.10).

In all periods, mean, minimum and maximum LH concen¬
trations and profile area decreased as gilt weight increased up to
90kg(P < 0.05) (minimum and maximum LH concentrations and
profile area not shown) and regression analysis suggested that this
relationship was quadratic (P < 0.008) (Fig. 3) (minimum and
maximum LH and profile area not shown).

Mean, maximum and minimum LH concentrations and profile
area were greater during nighttime than during daytime in feed-
restricted gilts (P < 0.0002) and realimentation increased mean,
maximum and minimum daytime LH concentrations and profile
area (P < 0.0001) without interaction with gilt weight. Weight
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Fig. 3. Quadratic regressions (P < 0.008) ofmean plasma concentrations
of LH of all gilts (n = 39) during daytime (dashed line; O) and nighttime
(solid line; •) of feed-restriction and daytime during realimentation
(dotted line; A) plotted against gilt weights.

related changes in LH pulse frequency were not evident
(P > 0.10) during nighttime feed restriction and daytime
realimentation (Fig. 2b), although lighter animals tended to
exhibit a higher pulse frequency than heavier animals during
daytime feed restriction (P < 0.08). This difference, however,
was not significant. Pulse frequency was higher during the
nighttime than in the daytime in restrict-fed gilts (P < 0.0001)
and analysis of a weight X period interaction (P = 0.06) con¬
firmed this as the case in all except the lightest gilts. Mean
daytime pulse frequency doubled in response to realimentation
(P < 0.0001).

Follicle-stimulating hormone
Means (T-SEM) of plasma FSH concentrations for each

weight group are presented (Fig. 4a). Lighter gilts secreted more
FSH than did heavier gilts, during daytime (P = 0.03) and
nighttime (P < 0.04) of feed restriction. Subsequent analysis
established that the relationship between gilt weight and FSH
secretion during both of these periods was quadratic (P < 0.0001)
and similar to that between gilt weight and LH concentrations
(regression line not shown). There was no difference between
daytime and nighttime FSH concentrations during feed restric¬
tion, and no interaction between period and weight effects
(P > 0.20).

Melatonin

Plasma melatonin concentrations of two gilts were below
the detectable limit of the assay during both the daytime and
nighttime periods. Analysis of the mean plasma melatonin con¬
centrations of the remaining 18 gilts failed to identify any
consistent effect of period or weight class (P > 0.10) (e.g.
Fig. 5).
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Fig. 4. Mean ( + SEM) of (a) plasma concentrations of FSH during two
periods and (b) plasma concentrations of oestradiol during three
periods; (□) feed-restricted daytime (Rd — 07:00 to 16:00 h on day 8),
(IS) feed-restricted nighttime (Rn - 16:00 to 24:00 h on day 8) and (■)
realimented daytime (Ad — 07:00 to 16:00 h on day 9) of gilts (n = 39)
of four weight classes: 55 kg, 65 kg, 75 kg and 85 kg. Weight class
contributed significantly (P < 0.04) to the variance of FSH concen¬
tration only. Bars within weight class with different letters above the
columns are significantly different (P < 0.001).
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Fig. 5. Plasma melatonin profiles of three gilts, illustrating no change
in plasma concentrations between light and dark (dotted line), a
nocturnal decrease (solid line) and a nocturnal increase (broken line).
Profiles represent melatonin secretion during daytime (Rd) and night¬
time periods (Rn); period of illumination is indicated by the horizontal
open bar.
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Oestradiol

There was no effect of weight class on oestradiol secretion
during any period. Plasma oestradiol concentrations were, how¬
ever, higher during the daytime than during the nighttime in
feed-restricted gilts (P < 0.000 X) and were reduced during
the daytime in realimented gilts compared with either period in
restrict-fed gilts (P < 0.0002) (Fig. 4b). A significant weight x
period interaction (P = 0.04) was apparent between day and
nighttime oestradiol secretion in feed-restricted gilts. Sub¬
sequent analysis established that there was no difference
between day and nighttime oestradiol secretion in the youngest
feed-restricted gilts.

Discussion

The results of this study confirmed a decline in mean, maximum
and minimum LH concentrations associated with increased gilt
weight and the absence of changes in LH pulse frequency.
Although gilts were undoubtedly prepubertal (as confirmed
by progesterone and LH secretory profile concentrations in
plasma), this result may appear surprising. Previous studies
in gilts, however, have also noted a transient mid-pubertal rise
in episodic LH secretion. Lutz et al. (1985) reported a decline in
LH secretion in gilts from 160 to 180 days of age. Camous et al.
(1984) also noted an increase in episodic secretion of LH
between approximately 40 and 120 days of age followed by a
decline from 120 to 180 days of age. In the present study, gilts
ranged from a mean age of 116 to 158 days and LH secretion
declined throughout this period, reaching a plateau at approxi¬
mately 156 days (90 kg). The quadratic relationship between
LH secretion and weight suggests an increase in plasma LH
concentrations associated with weight gain beyond 90 kg,
although the scarcity of data points beyond this weight renders
such a conclusion tentative. A rise in LH secretion beyond 90 kg
would confirm the results of Lutz et al. and Camous et al. and

suggests changes in LH secretion consistent with the 'gonado-
stat' hypothesis of Ramirez and McCann (1963) beyond this
weight.

An explanation for increased LH secretion and subsequent
decline during the maturational period studied is elusive and
analysis of oestradiol concentrations in this study did not pro¬
vide clarification. The transient rise in LH secretion may indicate
a rudimentary increase of a hypothalamic 'central drive', in the
absence of effective negative feedback of steroid. The sub¬
sequent decline in episodic LH secretion is consistent with evi¬
dence for active negative feedback over this period, as reviewed
by Foxcroft et al. (1989).

Secretion of LH was consistently higher by night (16:00—
24:00 h) than by day (08:00—16:00 h) and establishes the exist¬
ence of a diurnal rhythm in LH in the restrict-fed prepubertal
gilt, irrespective of gilt weight between 55 and 90 kg. The ab¬
sence of a diurnal rhythm in gilts studied by Cosgrove (1993)
was, perhaps, not due to weight or age effects. A more likely
explanation is that of photoperiodic effects. Cosgrove (1993)
studied gilts in a building that permitted exposure of animals to
changes in natural daylight, during the late summer months.
Conversely, both the study of Booth (1990) and the present
study took place under constant short-day photoperiods.

Although initial studies of the effect of photoperiod on onset of
puberty in gilts have proved equivocal (e.g. Christenson, 1981),
results of more recent studies using light reversal programmes
in boars, sows and gilts have provided conclusive evidence of
photoperiodic effects on reproductive traits (Claus et al., 1984;
Claus et al., 1985a, b; Paterson and Pearce, 1990; Paterson et al.,
1991).

The precise mechanism by which the pig transmutes photo¬
periodic changes into physiological responses, however, remains
unclear. Unfortunately, the results of the present study of plasma
melatonin concentrations in a subset ofgilts fails to clarify the area.
Circulating melatonin concentrations did not appear to be
related to the ambient photoperiod in any consistent fashion,
but were of the same order as those reported by McConnell and
Ellendorf (1987). These authors reported a nocturnal increase in
melatonin in sows only during a 12 h light: 12 h dark photo¬
period. Recent reports in prepubertal/peripubertal gilts,
although failing to establish alterations in LH and FSH secretion
following oral administration of melatonin, have demonstrated
a melatonin-induced advancement of onset of puberty (Diekman
et al., 1991; Paterson et al., 1992b). Reiter et al. (1987) failed to
demonstrate photoperiod associated changes in either porcine
pineal melatonin concentrations or enzyme activity associated
with melatonin synthesis, as has been reported in species con¬
sidered to be photoperiodically sensitive, e.g. sheep (Reiter,
1988). Darkness associated increments in plasma melatonin,
however, have been reported in European wild boars, short-day
breeders and ancestors of western commercial pig breeds
(Mauget et al., 1990) and similar results have recently been
reported in domestic gilts (Paterson et al., 1992a). The dis¬
crepancies between the results of these various studies are diffi¬
cult to resolve. In the present study, however, there was no
correlation between the nighttime increase in plasma LH and
melatonin concentrations.

The inhibitory action of melatonin on hypothalamic LHRH
secretion in humans (Kauppila et al., 1987) and ewes (Arendt
et al., 1983) appears to be closely related to the steroid milieu,
and ovariectomy in ewes causes an increase in melatonin con¬
centrations (Arendt et al., 1983). Oestradiol concentrations of
gilts in the present study were increased during feed restriction.
Clearance rates of indoleamines may also have been decreased
owing to feed restriction and consequently influenced LH
secretion. Without measurements of indolamine metabolites,
however, this hypothesis must remain speculative.

Nutrition per se may have modulated the pattern of LH
secretion. We have demonstrated the sensitivity of LH
secretion to acute changes in nutritional status (Cosgrove et al.,
1991). In the feed-restricted gilt model used in this study, the
period between feeds during the nighttime was double that
during the daytime (16 versus 8 h). Perhaps the relative prox¬
imity of morning and evening feeds, compared with extended
nighttime feed absence, elicited the nocturnal increase in LH
concentrations. Nutrition has been implicated in the entrain-
ment of seasonal reproductive cycles in pinealectomized and
superior cervical ganglionectomized rams (Lincoln et al., 1989).

Oestradiol concentrations throughout all periods in the
present study were above those reported in previous studies of
the prepubertal gilt (Lutz et al., 1984; Lutz et al., 1985), perhaps
with the exception of daytime secretion during realimentation.
Oestradiol clearance rates may have been reduced in gilts
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undergoing feed restriction, resulting in increased plasma con¬
centrations. This hypothesis might also explain the diurnal
rhythm in LH secretion, previously noted only during feed
restriction in this particular gilt model (Booth, 1990), and,
perhaps, the suppression of LH secretion during feed restric¬
tion. A study of patterns of LH secretion in ovariectomized,
feed-restricted gilts of similar age would be informative.

The increased LH concentrations of gilts of all weight groups
following realimentation and the absence of an interaction
between weight and realimentation responses suggests that the
stimulus to increased LH secretion in restrict-fed gilts is similar
throughout the maturational period studied. An implicit assump¬
tion in studies using the feed-restricted gilt model to date has
been that realimentation increased LH secretion by a common
mechanism/s. The experiment described above was designed to
test the hypothesis of Steiner et ai (1983) that responses to
alterations in plane of nutrition depend upon prior nutritional
status, implicitly questioning the assumption that realimen¬
tation elicits similar responses in gilts of different weights and
ages. The gilts in this study fell on the linear part of the growth
curve and it is feasible that nutritional partitioning did not differ
between gilts of different weight classes. The transition from
the post-prandial to the post-absorptive phase may have been
similar among these gilts and inadequately reflected differences
between juvenile and adult transitions from 'fed' to 'fasted'
states. A study of responses to realimentation in pubertal gilts
would perhaps test Steiner's hypothesis more closely.

The quadratic decline in plasma FSH concentrations, as gilt
weight increased, irrespective of time of day, was in general
agreement with the data of Camous et al. (1985). However,
these authors reported increased prepubertal FSH secretion,
which began to decline only at 125 days of age (equivalent to
the second weight group of the present study). A decline in FSH
secretion from as early as 70 days of age has been reported in
gilts (Diekman et al., 1983) and the inconsistency between these
results could be due to a number of factors including presence of
boar or gilt genotype. The similarity between the timing of the
decline in both FSH and LH plasma concentrations, however,
suggests that inhibition of these systems may be due to a
common factor. Whether inhibition is at the hypothalamic or
hypophysial level remains unclear. The absence of a diurnal
rhythm in FSH secretion, in contrast to that of LH, suggests
differential hypothalamic regulation of secretion of the two
gonadotrophins.

In conclusion, LH and FSH concentrations in feed-restricted
gilts decreased during the limited period of maturation studied.
An unequivocal diurnal rhythm in LH secretion was present
throughout the whole weight range studied, and concentrations
of LH in plasma during the nighttime consistently exceeded
those during the daytime. Alterations in plasma melatonin con¬
centrations were not associated with photoperiod change and
were not correlated with the nocturnal increment in LH secretion.
The LH response to realimentation did not appear to depend on
gilt weight.
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ABSTRACT

The influence of excitatory amino acids (EAAs) on
reproductive neuroendocrine function was investiga¬
ted in adult male Syrian hamsters of the LSH/Ss Lak
strain. Before the study, the animals were maintained
in a sexually regressed condition, under short days
(SD) and subsequently were either transferred to long
days (LD) or kept under SD, for a further 4 weeks.
In the former group, photostimulation produced a
predictable elevation in the hypophysial contents and
serum concentrations of FSH and LH. This was

accompanied by an increase in testicular size, an elev¬
ation in serum testosterone levels and an increase in
spermatogenic activity; the SD hamsters remained
sexually quiescent throughout the study. In contrast,
SD hamsters that were given daily injections of
the EAA agonist, iV-methyl-D,L-aspartate (NMA;

50 mg/kg body weight, s.c.), showed stimulatory
responses that were generally even more pronounced
than those shown by the LD group. Surprisingly, an
identical NMA treatment paradigm failed to cause
a similar activation of the reproductive axis in LD
hamsters that were given daily afternoon injections of
melatonin (25 pg, s.c), even though the inhibitory
effect of this melatonin treatment is generally
regarded as being comparable with that produced by
exposure to SD. Although EAAs can acutely stimu¬
late the neurocircuitry that controls LH-releasing
hormone secretion, the present findings suggest
that EAAs might also exert a long-term stimulatory
action by acting further upstream in the photo-
neuroendocrine pathway.
Journal ofEndocrinology (1993) 137, 247-252

INTRODUCTION

The Syrian or golden hamster (Mesocricetus auratus)
is a seasonally breeding rodent which has been used
extensively in reproductive studies. When exposed to
short winter-like photoperiods, male hamsters typ¬
ically respond by showing a reduction in the pituitary
contents and circulating levels of follicle-stimulating
hormone (FSH) and luteinizing hormone (LH),
which in turn results in testicular regression. On the
other hand, re-exposure of these sexually quiescent
hamsters to long summer-like photoperiods stimu¬
lates gonadotropin release and as a result the testes
recrudesce (for reviews see Reiter, 1980; Stetson &
Tate-Ostroff, 1981; Steger el al. 1985; Alleva, 1987).
The neuroendocrine mechanism responsible for
inducing these marked alterations in the hamster's
reproductive axis is still unclear but there is ample
evidence to suggest that the pineal gland, and its hor¬
mone melatonin, play a major role in the mediation
of the photoperiodic responses (for reviews see

Reiter, 1980; 1991a, b; Goldman & Darrow, 1983;
Waldhauser & Wurtman, 1983).

More recently, it has been demonstrated that the
activation of LH-releasing hormone (LHRH) neu¬
rones, using the excitatory amino add agonist N-
methyl-d,l-aspartate (NMA), can cause the release
of LH even in hamsters kept under short days and,
furthermore, single daily injections ofNMA alone can
cause complete testicular recrudescence (Urbanski,
1990; Meredith el al. 1991). Nevertheless, it has yet
to be established whether excitatory amino add recep¬
tors actually play a physiological role in the control
of seasonal breeding. Also, it is unclear where these
receptors integrate within the photo-neuroendocrine
reproductive axis. The aim of the present study was
to further our understanding of the neuroendocrine
control of hamster photoperiodism and, in particular,
the involvement of excitatory amino add receptors.
Specifically, experiments were designed to test
whether NMA can overcome the inhibitory effect of
melatonin on the reproductive axis. Preliminary

Journal of Endocrinology (1993) 137, 247-252 ^ 1993 Journal of Endocrinologv Ltd Primed in Great Britain
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findings have already been reported (Urbanski el al.
1991).

MATERIALS AND METHODS

Animals

Male Syrian hamsters (Mesocriceius auratus) of
the LSH/Ss Lak strain (Charles River Laboratories,
Wilmington, MA, U.S.A.) were reared under long-
day photoneriods (LD), comprising 14 h of light and
10 h of darkness (14L:10D; lights on 05.00-19.00 h).
When fully mature, at 10 weeks of age, they were
transferred to short-day photoperiods (SD; 6L:18D;
lights on 09.00-15.00 h) and all of the animals
responded to this environmental change by showing
rapid testicular regression (within 6 weeks the testes
were no longer palpable through the scrotal wall); 1
week later, they were used in the study. Hamsters of
the LSH/Ss Lak strain were selected in preference to
those of the more commonly used outbred Lak:LVG
(SYR) stock because the photoperiodic response of
the former has been shown to be more rapid and
uniform (Urbanski et al. 1990). Throughout the
study, the hamsters were maintained under controlled
ambient temperature (21-22 °C) and were given
unrestricted access to food (Purina rodent chow) and
water.

Experimental design
The aim of this experiment was to compare the stimu¬
latory effect of NMA on the quiescent reproductive
axis of hamsters maintained under SD with the effect
of NMA on the quiescent axis of melatonin-treated
hamsters maintained under LD; the inhibitory effects
of SD are generally regarded as being mediated
through enhanced melatonin output and the two
treatments would therefore be expected to produce
identical reproductive responses. At the start of the
experiment, all of the animals were somatically mat¬
ure but had regressed testes (i.e. they were no longer
palpable through the scrotal wall). Six groups of ani¬
mals were then subjected to one of the following treat¬
ments, for a total of 4 weeks: (1) transfer to LD (n —

8); (2) transfer to LD and also daily s.c. injections of
melatonin (25 pg) at 09.00 h (i.e. 4 h after lights on;
n = 8); (3) maintenance on SD throughout the experi¬
ment (« = 8); (4) transfer to LD and also daily s.c.
injections of melatonin (25 pg) between 15.00 and
16.00 h (i.e. 4 h before lights off; « = 8); (5) Mainten¬
ance on SD throughout the experiment and also daily
s.c. injections of NMA (50 mg/kg body weight)
between 15.00 and 16.00 h each day (// = 5); (6) trans¬
fer to LD and also daily s.c. injections of melatonin
Journal of Endocrinology (1993) 137, 247-252

(25 ng) between 15.00 and 16.00 h each day, and
concomitant s.c. injections of NMA (50 mg/kg body
weight; « = 8).

The melatonin (Sigma Chemical Co., St Louis,
MO, U.S.A.) was initially dissolved in ethanol and
diluted with 0-9% (w/v) saline to give a final concen¬
tration of 01% ethanol. The N-methyl-D-aspartate
(NMDA; Sigma Chemical Co.) was obtained in its
racemic form, jV-methyl-D,L-aspartate (NMA) and
dissolved in 0-9% (w/v) saline. At the end of the 4-
week treatment period, the hamsters were sedated by
exposure to a gaseous mixture of 50% oxygen, 50%
carbon dioxide and decapitated (Urbanski & Kelley,
1991). Serum was collected from trunk blood and
frozen for subsequent assay. Pituitary glands were
removed, homogenized in phosphate-buffered saline
(0-2 mol/1; pH 7-4), and also stored frozen. The testes
were removed, weighed, fixed overnight in Bouin's
fluid followed by 70% ethanol, and histological sec¬
tions produced. Note that since neither NMA nor
melatonin was administered on the day of tissue col¬
lection, the results pertain only to the long-term
stimulatory action of NMA on the reproductive axis;
this is in contrast to the acute stimulatory action of
NMA on LH secretion that has previously been
reported (Urbanski, 1990; Meredith et al. 1991).

Radioimmunoassays and data analysis
Serum FSH and LH were measured in duplicate using
radioimmunoassay (RIA) kits provided by the
National Pituitary Hormone Program (NIDDK), as
previously described (Urbanski, 1990; Urbanski et al.
1990), and the results are expressed in terms of the
rat FSH-RP-1 and LH-RP-1 standards respectively.
These assays had intra-assay coefficients of variation
of 9% and 11% and could detect as little as 32 pg
FSH/1 and 8 pg LH/1. Pituitary gonadotrophin con¬
tent was also measured using the same RIAs, after
first homogenizing the tissue in phosphate-buffered
saline (0-2 mol/1; pH 7-4). Serum testosterone was
measured by RIA using a previously described proto¬
col (Resko et al. 1973); this had an intra-assay
coefficient of variation of 5-3% and could detect as

little as 10-15 ng testosterone/1 serum. Differences
between the reproductive parameters of each pair of
treatment groups were analysed using the Student's t-
test and P< 0 05 was considered to reflect statistical
significance.

RESULTS .

The transfer of sexually quiescent hamsters from SD
to LD for 4 weeks resulted in testicular recrudescence.
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text-figure 1. Effects of A-meihyl-D,L-aspartatc
(NMA), melatonin and photoperiod on (<2) testicular
weight and (6) serum testosterone levels in sexually quiesc¬
ent adult Syrian hamsters. Values are means ±s.e.m. LD =
Exposure to long days; SD = exposure to short days; M
(am)=daily s.c. injection of melatonin (25 pg) given at
09.00 h; M (pm) = daily s.c. injection of melatonin (25 pg)
given between 15.00 and 16.00 h; NMA = daily s.c. injec¬
tion of NMA (50 mg/kg body weight) given between 15.00
and 16.00 h. (Note that the maximal testicular size attained
by adult LSH/Ss Lak hamsters is approximately 2500 mg).
**P<0-01, ***P<0-001 compared with paired treatment
group (Student's t-test).

This was characterized not only by an increase in tes¬
ticular weight (Text-fig. 1) but also by an increase in
spermatogenic activity (Plate); spermatogenesis in
this group of hamsters had progressed to the young
(Golgi and cap phase) spermatid stage, whereas in the
SD controls most of the seminiferous tubules con¬

tained only spermatogonia and Sertoli cells. Evidence
for photic stimulation of the reproductive axis was
also observed at the endocrine level. Exposure to LD
resulted in an increase in the hypophysial content of
FSH and LH (Text-fig. 2) and also in an increase in

Ihc mean scrum concentrations of FSH, LH (Tcxt-
fig. 2) and testosterone (Text-fig. 1). The hamsters
that were transferred to LD and received injections
of melatonin each morning displayed photoperiodic
responses that did not differ significantly from those
shown by the LD controls. In marked contrast, the
LD hamsters that received injections of melatonin
each afternoon remained in a sexually regressed con¬
dition which closely mimicked that shown by the SD
controls. The inhibitory effect of SD on the reproduc¬
tive axis, as seen in the SD controls, was Completely
overcome in the group that received daily injections
of the excitatory amino acid agonist, NMA. More¬
over, the testes of these animals were not only heavier
than in the LD photostimulated animals (P<001)
but also showed a higher degree of steroidogenic
(Z5 < 0 05) as well as spermatogenic activity (Text-fig.
1 and Plate). This pronounced stimulation of the SD
reproductive axis was also in marked contrast to the
general lack of long-term response shown to NMA
by the melatonin-treated LD hamsters; the contrast
was most obvious as regards testicular weight (Text-
fig. 1), serum testosterone (Text-fig. 1), and serum
FSH (Text-fig. 2). In response to NMA, SD hamsters
versus hamsters treated with melatonin in the after¬
noon differed less significantly as regards hypophysial
FSH (Text-fig. 2) and did not differ significantly as
regards hypophysial and serum LH (Text-fig. 2). On
the other hand, the hypophysial content of FSH and
LH was significantly higher in the animals treated
with melatonin in the afternoon that received NMA
rather than saline (P<0-01 and P<0-05 resp>ectively;
Text-fig. 2).

DISCUSSION

The present finding that NMA can activate the repro¬
ductive axis of SD hamsters is in harmony with previ¬
ous reports (Urbanski, 1990; Meredith el al. 1991;
Hoover et al. 1992) and reinforces the view that the
LHRH neurones remain responsive to excitatory
stimuli even during the non-breeding season.
Although the exact site of the stimulatory action of
NMDA within the brain is still unclear (Ondo el al.
1988; Bourguignon et al. 1989; Petersen el al. 1991),
the technique of in-vivo labelling with [3H]MK-801
(Urbanski & Pierce, 1992) has been used to demon¬
strate the presence of NMDA receptors in the
mediobasal hypothalamus and also the preoptic-
suprachiasmatic region, but not in the pituitary gland
(Urbanski & Pierce, 1992). In more recent studies, in-
situ hybridization using the NMDAR1 cDNA probe
(Moriyoshi el al. 1991) has revealed a high level of
NMDA receptor gene expression in the arcuate and
ventromedial regions of the hypothalamus (Fahy &

Journal of Endocrinology (1993) 137, 247-252
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text-figure 2. Effects of A-methyl-d.l-aspartate (NMA), melatonin and photoperiod on the (a) pituitary content of
FSH, (b) pituitary content of LH, (c) serum levels of FSH and (d) serum levels of LH in sexually quiescent adult
Syrian hamsters. Values are means±s.e.m. LD = Exposure to long days; SD = exposure to short days; M (am) = daily
s.c. injection of melatonin (25 gg) given at 09.00 h; M (pm) = daily s.c. injection of melatonin (25 pg) given between 15.00
and 16.00 h; NMA=daily s.c. injection of NMA (50 mg/kg body weight) given between 15.00 and 16.00 h. */J<0 05,
***/><0-001 compared with paired treatment group (Student's t-test).

Urbanski, 1992). Furthermore, M. M. Fahy and
H. F. Urbanski (unpublished observations) have been
able to detect NMDA receptor mRNA in a homogen¬
ous culture of immortalized LHRH neurones (GTi_7;
Mellon el al. 1990; de la Escalera el al. 1992), a find¬
ing that is consistent with the idea that NMA can
exert an acute stimulatory action directly on the
LHRH neurones. On the other hand, NMA has been
shown to influence other neurotransmitter systems
(Fink el al. 1990; Nishimura & Boegman, 1990;
Saitoh el al. 1991) and also to exert a long-term action
on the neural circuits that mediate photic information
(Hastings et ai 1985; Brown et al. 1988; Colwell el
al. 1990, 1991; Ohi et al. 1991); it is plausible that
activation of these pathways is important for the pro¬
duction of a more sustained elevation in gonadotro¬
pin secretion, especially FSH (Urbanski, 1990;
Urbanski & Fahy, 1992). The administration ofNMA

to SD hamsters in the present study is likely to have
had two major effects; first, an acute stimulation of
LHRH release, as has been demonstrated previously
in non-photoperiodic species (Wilson & KnobiL, 1982;
Tal et al. 1983; Gaj & Plant, 1987; Urbanski & Ojeda,
1987) and, secondly, a switching of the photo-
neuroendocrine circuitry from an SD to an LD mode
of activity. Such a combined action would account
for the enhanced level of recrudescence observed here
and previously (Urbanski, 1992), in NMA-treated
hamsters that were maintained under SD compared
with hamsters that were transferred to LD.

Melatonin is generally considered to play a key role
in mediating photoperiodic information within the
Syrian hamster brain although the exact relationship
between excitatory amino acid (EAA) receptors, mel¬
atonin receptors and the LHRH neurones is unclear.
The present results confirm previous observations that

Journal of Endocrinology (199?) 137, 247-252



Responses to NMDA m hamsters H. • ■ URilANSKl and others

aflernoon, but not morning, injections of melatonin
can inhibit the activity of the reproductive axis of LD
Syrian hamsters (Vaughan et al. 1986; Anderson etal.
1988; Champney, 1989, 1990; Steger & Gay-Primel,
1990; Hoover et al. 1992). While this response to mel¬
atonin closely resembles that observed when hamsters
are exposed to SD, the present results clearly demon¬
strate that the underlying processes are unlikely to
be identical in both situations. Similarly, Champney
(1989, 1990) has observed that P-adrenergic blockers
can prevent testicular regression induced by SD, but
not by afternoon melatonin treatment under LD. The
present findings are also in harmony with those of
Hoover el al. (1992) which showed that NMA was
unable to prevent melatonin-induced regression of the
reproductive axis in sexually mature Syrian hamsters
maintained under LD (cf. present study in which ham¬
sters were undergoing LD-induced recrudescence of
the reproductive axis). It is possible that the afternoon
25 pg dose of melatonin that is usually employed by
investigators is a more potent inhibitor than the level
of endogenous melatonin that is released under SD
and its suppressive action is therefore less easily over¬
come by either the NMA or p-adrenergic antagonists.
Another possible explanation for the findings, how¬
ever, is that NMA and adrenaline exert their action,
either separately or along a common pathway, at a
site which is located more proximally to that of mela¬
tonin. There is some evidence to suggest that EAA
receptors are located within the pineal gland itself and
that NMA might suppress melatonin secretion (Kus
et al. 1991; Ohi et al. 1991), although preliminary
observations from our own laboratory (Urbanski &
Fahy, 1992) indicate that a single afternoon NMA
injection (50 mg/kg body weight, given s.c. at 14.00 h)
has no obvious effect on nocturnal melatonin secre¬

tion in hamsters maintained under SD (lights on
09.00-15.00 h). Perhaps several daily injections of
NMA need to be administered before a significant
melatonin response is induced.

In conclusion, the present data confirm that admin¬
istration of NMA can overcome the suppressive
effects of SD on the reproductive axis of male ham¬
sters and that the responses to this stimulation are
even more pronounced than those induced by expo¬
sure to LD. In contrast, the data also demonstrate
that NMA is generally unable to overcome the
inhibitory effects of exogenous melatonin in photo-
stimulated hamsters. Although it remains to be dem¬
onstrated unequivocally whether or not endogenous
EAAs play a major role in hamster photoperiodism,
it is likely that their influence is exerted not only at
the level of the LHRH-secreting neurocircuitry but
also further upstream in the photo-neuroendocrine
pathway.
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DESCRIPTION OF PLATE

Photomicrographs showing the histological appearance of
testes from Syrian hamsters in the following treatment
groups: (Fig. 1) Transfer to long days (LD); (Fig. 2) trans¬
fer to LD and also daily s.c. injections of melatonin
(25 pg) at 09.00 h; (Fig. 3) maintenance on short days
(SD) throughout the experiment: (Fig. 4) transfer to LD
and also daily s.c. injections of melatonin (25 pg) between
15.00 and 16.00 h; (Fig. 5) maintenance on SD

throughout the experiment and also daily s.c. injections of
N-methyl-D,L-aspartate (NMA; 50 mg/kg body weight)
between 15.00 and 16.00 h each day; (Fig. 6) transfer to
LD and also daily s.c. injections of melatonin (25 pg)
between 15.00 and 16.00 h each day, and concomitant s.c.
injections of NMA (50 mg/kg body weight). (Scale bar =
50 pm).
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Diurnal Expression of Fos in Luteinizing Hormone-Releasing Hormone Neurons
of Syrian Hamsters1

ANDREW DOAN and HENRYK F. URBANSKI2

Division of Neuroscience, Oregon Regional Primate Research Center, Beaverton, Oregon 97006

ABSTRACT

The aim of the present study was two-fold: first, to examine the temporal relationship between increased expression of Fos
in LHRH neurons of proestrous hamsters and increased plasma levels of LH, FSH, estradiol-17(1 (E2), and progesterone (P4); and
second, to establish whether male hamsters, like females, also show diurnal variations in the number of LHRH neurons expressing
Fos. Blood samples were collected from proestrous females at 0900 h, 1200 h, 1500 h, and 1800 h and also from males at 0300
h, 0900 h, 1500 h, and 2100 h. RIA of the plasma revealed significant peaks of LH, FSH, and E2 at 1500 h, and of P4 at 1800 h
in the females; a significant but smaller peak of LH also occurred at 1500 h in the males. Double-label immunocytochemistry,
using antibodies directed against amino acids 127-152 of the human Fos protein and against LHRH, showed that female hamsters
expressed Fos in fewer than 10% of their LHRF1 neurons during the morning and at noon of proestrus but in approximately 41%
of these neurons during the late afternoon (1800 h). In contrast, no expression ofFos occurred in LHRH neurons of male hamsters
at any time of the day. The finding that the females showed an increase in the number of LHRH neurons expressing Fos after,
and not before, the initiation of the preovulatory gonadotropin surge is significant because it does not readily support the hy¬
pothesis that this expression of immediate-early genes is in some way associated with the induction of the surge. Instead, the
results are consistent with the view that expression of Fos in LHRH neurons reflects either the activation of a mechanism re¬
sponsible for terminating the surge or, alternatively, the activation of a compensatory mechanism responsible for replenishing
depleted neuropeptide stocks.

INTRODUCTION

In female hamsters (Mesocricetns auratns), as in rats [1,2],
the timing of ovulation is dependent upon a circadian pace¬
maker that manifests itself hormonally as an increase in
plasma levels of LH [3]. Although the magnitude of this LH
increase is most pronounced during the late afternoon of
proestrus, female hamsters also show modest afternoon in¬
creases of 111 at other times, especially after transfer to short
days. It is generally believed that enhanced LH secretion is
primarily driven by increased secretion of LHRH [4-7], but
changes in pituitary sensitivity to LHRH may also be in¬
volved [8]. Although the neuroendocrine pathways respon¬
sible for enhancing LHRH secretion at proestrus are still
unclear, a new avenue of research has recently been opened
through the observation that female rats show a marked
increase in the number of LHRH neurons expressing the
immediate-early gene (IEG) products Fos and Jun during
the afternoon of proestrus [9,10]. Because expression of
IEGs correlates well with enhancement of neuronal activity
contingent upon extracellular stimulation [11-13], such
findings raise the possibility that an increase in the number
of LHRH neurons expressing these IEGs is associated with
the induction of the preovulatory LHRH surge mechanism.
So far, however, it has not been demonstrated unequivo-
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callv that such a causal association actually exists. Nor is it
clear whether IEG/LHRH co-expression occurs only in fe¬
males or whether LHRH neurons of males also express IEGs,
especially at the time of day when plasma gonadotropin
levels are at their highest.

The aim of the present study was twofold: first, to estab¬
lish the temporal relationship between the expression of
Fos in LHRH neurons and the surges of gonadotropin and
steroid hormones in proestrous female hamsters; and sec¬
ond, to determine whether diurnal modulations of gonad¬
otropin release in male hamsters is also associated with
expression of Fos in LHRH neurons.

MATERIALS AND METHODS

Animals

Syrian hamsters were obtained as adults from Charles
River Laboratories Inc. (Wilmington, MA) and were housed
under photoperiods comprising 14L:10D per day (lights-on,
0500-1900 h). Room temperature was maintained at 21-
22 °C throughout the study, and pelleted rodent chow and
water were available ad libitum.

Experiment 1: Diurnal Changes in the Neuroendocrine
Reproductive Axis of Proestrous Female Hamsters

Estrous cycles of female hamsters were monitored by
daily examination of vaginal discharge, which has a char¬
acteristic translucent appearance and stringy texture on the
day of proestrus [14]. In the present experiment, proestrous
hamsters were anesthetized with ether either at 0900, 1200,
1500, or 1800 h (n = 4 for each time-point), and a cardiac
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blood sample was obtained from each animal by means of
a heparinized syringe. The plasma was subsequently as¬
sayed for LH and FSH, and differences between groups were
analyzed by ANOVA followed by the Newman-Keuls test.
While still under ether anesthesia, the animals were per¬
fused with 4% paraformaldehyde, as previously described
[15,16]. Their brains were then sectioned coronally (50 pm)
with a Vibratome (Lancer, St. Louis, MO), and the sections
were stored at -20°C in cryoprotectant [17]. They were
subsequently processed for Fos/W IRII double-label im-
munocytochemistry (ICC) and examined with a light mi¬
croscope. For statistical purposes, the animals in the dif¬
ferent time groups were rank-ordered for percentage of Fos/
LHRH co-localization and analyzed by means of the Krus-
kal-Wallis ANOVA followed by the Mann-Whitney U-test.

In another group of proestrous female hamsters (n =
6), blood samples were serially collected at 0900 h, 1200
h, 1500 h, and 1800 h. The animals were anesthetized with
ether during the sampling procedure, which involved the
withdrawal of blood (400 |xl) from a surgically exposed jug¬
ular vein into a heparinized syringe [15]. The plasma was
separated by centrifugation and was subsequently assayed
for estradiol-17[3 (E2) and progesterone (P4). The data were
analyzed by ANOVA followed by the Newman-Keuls test.

Experiment 2: Diurnal Changes in the Neuroetidocriite
Reproductive Axis ofMale Hamsters

Jugular vein blood samples (400 (xl) were collected from
groups of 6-8 male hamsters either at 0300 h, 0900 h,
1500 h, or 2100 h (as described above); dim red illumi¬
nation was used to facilitate sampling at nocturnal time-
points. The plasma was separated by centrifugation and was
subsequently assayed for LH and FSH. Between-group dif¬
ferences were analyzed by ANOVA followed by the New¬
man-Keuls test.

Other male hamsters were anesthetized with ether either
at 0300 h, 0900 h, 1500 h, 1800 h, or 2100 h (n = 4-7 for
each time-point). Their brains were perfused with 4% para¬
formaldehyde, and coronal sections (50 pm) were made
by use of a Vibratome. The sections were then stored at
— 20°C in cryoprotectant and subsequently processed for
Ads/LHRH double-label ICC.

RIA

Plasma LH and FSH were measured by means of RIA kits
supplied by the NIDDK as previously described [18,19]. The
intraassay coefficients of variation for these RIAs were 11%
and 9% respectively. Results represent the means of dupli¬
cate determinations for each sample and are expressed in
terms of the rat LH-RP-1 and rat FSH-RP-1 standards. Plasma

E2 and P4 were measured by RIA as previously described
[20, 21], The intraassay coefficients of variation for both of
these RIAs were 6%.

Double-label ICC for Yos/UIRII
Hamster brain sections were processed for double-label

ICC by use of either one or both of the procedures de¬
scribed below. In an attempt to analyze representative sec¬
tions from the preoptic/medial septal area, diagonal band
of Broca, and organum vasculosum of the lamina terminalis
(OVLT), approximately every other section obtained from
these regions was subjected to immunocytochemical stain¬
ing (a total of 8 brain sections were analyzed from each
female hamster, and 12 sections were analyzed from each
male).

ICC using 3,3'-diaminobenzidine tetrahydrochloride
(DAB)/benzidine dihydrochloride (BDHC'). The proce¬
dure for BDHC staining was an adaptation of the ones pre¬
viously described by Lakos and Basbaum [22] and Levey et
al. [23]. Brain sections were removed from cryoprotectant,
washed with 50 mM Tris (0.9% NaCl; pH 7.6), and incu¬
bated in 1% H202 for 30 rnin. Next, the sections were washed
serially with Tris, Tris with 0.1% Triton X-100 (Tris A), and
Tris A with 2% BSA (Tris B) and then incubated for 48 h
with rabbit anti-Fas antiserum at 4°C (in Tris B at a 1:2000
dilution with 0.1% sodium azide). This antiserum, devel¬
oped by Dr. T. Curran, is directed against amino acids 127-
152 of the human Fos protein [24], and it quite possibly
recognizes an array of Fos-related proteins as well as Fos
itself. For simplicity, however, the Fas-like immunoreactiv-
ity detected in the present study was assumed to reflect the
presence of Fos. The Fos antiserum solution was re-used
for numerous staining procedures because this procedure
was found to improve the signal-to-noise ratio of the im-
munostaining, presumably by progressively reducing the ti¬
ter of nonspecific antibodies in the serum. The sections were
rinsed in Tris A and Tris B and incubated with 10% normal
goat serum (in Tris B) for 30 min. After being washed in
Tris A and Tris B, they were incubated for 60 min at room
temperature with biotinylated goat anti-rabbit IgG antibody
(in Tris B at a 1:1000 dilution; Vector Labs., Burlingame,
CA). The sections were rinsed in Tris A and Tris B and then
incubated for 90 min with an avidin-biotin complex (ABC)
solution (1 |xl of each component/ml of Tris B; Vector Labs.).
After being rinsed in Tris, the sections were exposed to a
solution of DAB (0.2 mg/ml), (3-D-glucose (2 mg/ml), am¬
monium chloride (0.4 mg/ml), and glucose oxidase (3 peg/
ml) in Tris buffer.

After 30-45 min of staining, the sections were washed
copiously with Tris, rinsed with Tris A and Tris B, and then
incubated for 24 It at 4°C with monoclonal anti-LHRH an¬

tibody (HU4H [16]; in Tris B at a 1:1000 dilution with 0.1%

—»-

FIG. 1. Photomicrographs depicting ICC staining of Fos and LHRH. Co-
expression of Fos/LHRH in proestrous female hamsters as shown through
the DAB/BDHC technique (A, B) and the NiCI2/DAB method (E, F) is illus¬
trated. LHRH neurons not expressing Fos are depicted in panels C, D, G,
and H.
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FIG. 2. A) Percentages of neuronal Fos/LHRH co-expression at 0900,
1200, 1500, and 1800 h in proestrous female hamsters. B) Plasma LH and
FSH levels of these animals at the same time-points. Each data point rep¬
resents the mean value of 4 animals; SEMs are indicated as vertical lines.
Panel A: ** p < 0.01; relative to all other data points; Kruskal-Wallis ANOVA
followed by the Mann-Whitney U-test. Panel B: *p < 0.05; **p < 0.01;
relative to 0900 and 1200 h; ANOVA followed by the Newman-Keuls test.

sodium azide). They were then washed with Tris A and Tris
B and incubated for 60 min at room temperature with bio-
tinylated horse anti-mouse IgG antibody (in Tris B at a 1:1000
dilution. The sections were again washed and incubated with
ABC solution for 90 min, as described above. After being
washed with Tris, they were rinsed with 0.01 M phosphate
buffer (pH 6.0) and fixed quickly in 0.1% glutaraldehyde
(in 0.01 M phosphate buffer) for 10 min (this step is nec¬
essary to preserve the subsequent staining with BDHC). Next,
the sections were washed with phosphate buffer and stained
with a solution of BDHC (0.1 mg/ml), sodium nitroprus-
side (0.25 mg/ml), and H,02 (1 gl of 3% H202/ml) in 0.01
M phosphate buffer (pH 6.0) for 15-30 min. They were
then rinsed with phosphate buffer and mounted on poly-
L-lysine coated slides. Because BDHC is soluble in organic
solvents, sections were dehydrated quickly through graded
alcohols and cleared in xylenes with quick dips. The slides
were coverslipped with DPX mounting medium (Gallard-
Schlesinger Industries Inc., Carle Place, NY). The brain sec-

CTI
a

UJ
Q

E
V)
CO

400 1 1 14

350 * * * * 12

300 •

-op. y k J > 10

250 / \ /

8\ /

200 /
/ \ - 6

150 ■r

/ \
/ \

100 - ^ y \ " 4

2
50

0
o 5'

1 1

0

03

E
<0
re

a.

9:00 12:00 15:00

Time (h)

18:00

FIG. 3. Plasma E2 and P„ levels of proestrous female hamsters (n =
6). Data points represent mean values from serially collected blood sam¬
ples. SEMs are indicated as vertical lines. **p < 0.01; relative to all other
data points; ANOVA followed by the Newman-Keuls test.

tions were examined at the light microscope level for stain¬
ing of Fos and LHRH, with 20 x and 40 X objectives used.
Fos was disclosed as a uniform brown precipitate in cell
nuclei (Figs. 1A and IB), whereas LHRH was disclosed as
dark-blue grains in the cytoplasm (Fig. 1, A-D). Although
the ICC procedure using DAB and BDHC resulted in clearly
distinguishable staining of Fos and LHRH, the grainy texture
of the BDHC precipitate made the detection of partial LHRH
neurons unreliable. Consequently, for quantitative evalua¬
tion of the co-expression of Fos in LHRH neurons, a dif¬
ferent ICC procedure was employed, one that uses DAB
and nickel-intensified DAB as the two chromogens (see be¬
low).

ICC using NiCl2/DAB. Brain sections were washed with
Tris and incubated in 1% H,02 for 30 min. They were then
washed serially with Tris, Tris A, and Tris B and incubated
for 48 h at 4°C with rabbit anti-Fos antiserum. Next, the
sections were rinsed in Tris A and Tris B and incubated
with 10% normal goat serum (in Tris B) for 30 min. After
being rinsed with Tris A and Tris B, they were incubated
for 60 min at room temperature with biotinylated goat anti-
rabbit IgG antibody (in Tris B at a 1:1000 dilution). The
sections were again washed and incubated in ABC solution
(1 (Jtl of each component/ml of Tris B) for 90 min. Next,
the sections were washed in Tris, followed by 0.175 M so¬
dium acetate buffer. They were then stained for 30-45 min
with a solution of DAB (0.2 mg/ml), NiCl2 (5 gl/ml of 8%
NiCl2 solution), and H202 (1 (xl/ml of 3% H,02 solution)
in 0.175 M sodium acetate buffer. The staining was stopped
by dilution with acetate buffer, and the sections were washed
in Tris, followed by Tris A and Tris B. For the second phase
of the double labeling, the sections were incubated for 24
h at 4°C with HU4H (in Tris B at a 1:1000 dilution). They
were then washed with Tris A and Tris B and incubated
with biotinylated horse anti-mouse IgG antibody (in Tris B



EXPRESSION OF FOS IN HAMSTERS

TABLE 1. Expression of Fos in LHRH neurons of female hamsters during proestrus.

Time of day
(h)

0900
1200
1500
1800

Number of
animals

Total number of
LHRH neurons

expressing Fos

Total number of
LHRH neurons

examined

41

34
56

245

649
552

552
598

Mean (±SEM)
percentage of
LHRH neurons

expressing Fos

6 ± 1
6 ± 3

10 ± 3
41 ± 3

305

at a 1:1000 dilution) for 60 min at room temperature. Next,
the sections were rinsed and incubated in ABC solution for
90 min, as described above. After being rinsed in Tris, they
were exposed for 15-30 min to a solution of DAB (0.2 mg/
ml), (3-d-glucose (2 mg/ml), ammonium chloride (0.4 mg/
ml), and glucose oxidase (3 p-g/ml) in Tris buffer. Finally,
the staining was terminated by dilution with Tris, and the
sections were mounted on microscope slides, dehydrated
through an ascending alcohol gradient, cleared in xylenes,
and coverslipped with DPX mounting medium. The brain
sections were examined at the light microscope level for
staining of Fos and LHRH, with use of 20x and 40X ob¬
jectives. Fos was disclosed as a blue-black precipitate in cell
nuclei (Figs. IE and IF); LHRH appeared as a brown pre¬
cipitate in the cytoplasm (Fig. 1, E-H).

Pre-adsorption of the anti-Fox antiserum with Fos pep¬
tide (50 (xg/ml; amino acids 128-152; Oncogene Science,
Inc. Uniondale, NY) blocked immunocytochemical detec¬
tion of Fos and served as a specificity control.

RESULTS

During the afternoon of proestrus, female hamsters ex¬
hibited significant peaks of plasma LH and FSH at 1500 h
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FIG. 4. Plasma LH and FSH levels of adult male hamsters. Each data
point represents mean plasma hormone levels from 7-8 animals; SEMs are
shown as vertical lines. The black horizontal bars indicate the times that
lights were off. **p < 0.01; relative to all other data points; ANOVA fol¬
lowed by the Newman-Keuls test.

(p < 0.01 andp < 0.05, respectively) (Fig. 2). Plasma levels
of E2 and P4 were also elevated, with significant peaks oc¬
curring at 1500 h {p < 0.01) and 1800 h (p < 0.01) re¬
spectively (Fig. 3). Immunocytochemical analysis of each
brain revealed that at 0900, 1200, and 1500 h of proestrus,
Fos expression occurred in only 6-10% of the LHRH neu¬
rons. In contrast, Fos expression occurred in 41% of the
LHRH neurons of animals killed at 1800 h. For statistical
purposes, the animals in the different time groups were
rank-ordered for percentage of Fos/\\ IRI1 co-localization
and analyzed by use of the Kruskal-Wallis ANOVA followed
by the Mann-Whitney U-test. No overlap was detected be¬
tween the 1500- and 1800- h groups indicating that a sig¬
nificantly (p < 0.01) greater proportion of the hamsters
expressed elevated Fos/U IRI I co-expression at the latter
time-point (Table 1). Although some of this increased Fos/
LHRH co-expression occurred in the preoptic/medial sep¬
tal areas and the diagonal band of Broca, most occurred in
the vicinity of the OVLT. Furthermore, this increase was not
evident until after the preovulatory gonadotropin surge had
already reached a peak (Fig. 2). Like the females, male ham¬
sters also exhibited a significant (p < 0.01), but smaller,
plasma LH peak at 1500 h even though a diurnal rhythm
of FSH secretion was not evident (Fig. 4). Regardless of the
time of day, however, none of the male hamsters showed
co-expression of Fox/LHRH (Table 2), thus precluding a de¬
tailed statistical evaluation of the results; in total, 4622 LHRH
neurons were examined in the male hamsters, and none
showed Fox immunoreactivity.

DISCUSSION

Although previous studies have shown a trend for LH
secretion to be enhanced during the late afternoon in male
hamsters [25, 26], this is the first demonstration that such
an increase is statistically significant. An afternoon increase
in plasma LH levels is more clear-cut in female hamsters,
especially at proestrus or after transfer from long to short
days [3,27, 28], Nevertheless, the timing of this surge occurs
at approximately the same time of day as the peak of LH
secretion in males. It is plausible, therefore, that the un¬
derlying neuroendocrine signal responsible for enhanced
secretion of LH is common to both sexes. Although the ex¬
act significance of a diurnal rhythm of LH secretion in male
hamsters is unclear, in females it is a key component of the
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TABLE 2. Expression of Fos in LHRH neurons of male hamsters.

Mean
Total number of Total number of percentage of

Time of day Number of LHRH neurons LHRH neurons LHRH neurons
(h) animals expressing Fos examined expressing Fos

0300 40 670 0
0900 40 806 0
1500 7 0 1180 0
1800 7 0 1179 0
2100 40 787 0

ovulatory process [3, 28]. It is generally believed that the
preovulatory LH surge of female rodents is driven by an
increase in the secretory activity of LHRH neurons, and in
this context it is interesting that their LHRH neurons ex¬

press Fos protein during the afternoon of proestrus but very
little, if any, at other stages of the estrous cycle [9]. Hetero-
dimerization of Fos with the product of another IEG, Jim,
results in a transcriptional factor capable of regulating gene
expression [29-36], and it is therefore pertinent that Jun
also becomes expressed in LHRH neurons during the after¬
noon of proestrus [10]. In general, the expression of Fos
and/or .Fos-related proteins is regarded as a reliable marker
for neuronal activation [11,37-46].

In agreement with the recent findings of Lee et al. [9] in
the rat and Berriman et al. [47] in the hamster, the present
results clearly demonstrate an increase in the number of
LHRH neurons expressing Fos during the afternoon of
proestrus. Similarly, the expression of Fos was detected in
approximately 41% of the LHRH neurons located in the
forebrain, especially in the vicinity of the OVLT. It has been
suggested that activation of LHRH neurons in this latter brain
region may play a key role in the production of the pre¬
ovulatory LH surge in the rat [9]- On the other hand, it is
unclear from these previous studies whether the expres¬
sion of Fos and/or Fos-related proteins in LLIRH neurons

actually precedes the surge, as might be expected if these
IEGs are in some way associated with the inductive process.
The data in the present study clearly demonstrate that an
increase in the number of LHRH neurons expressing Fos
does not occur until after the preovulatory gonadotropin
surge has already been initiated and plasma progesterone
levels have become elevated. Therefore, although the role
of Fos in LHRH neurons is unclear, its expression is more
likely to be associated with a consequence of the preovu¬
latory surge rather than its cause. One possibility is that the
expression of Fos is somehow associated with termination
of the gonadotropin surge. Support for this view has re¬

cently been provided by the findings of Bruder and Wier-
man [48], who showed that over-expression of Fos and Jun
mRNA in immortalized LHRH neurons (GTI-7 cells) re¬
sulted in decreased LHRH promoter activity. Expression of
Fos after the gonadotropin surge, therefore, may be in¬
volved in an inhibitory mechanism responsible for the acute
decrease in gonadotropin levels during late proestrus.

In contrast to the clear-cut Fos expression observed in
LHRH neurons of proestrous females, no co-expression was
found in male hamsters at any time of the day, including
the afternoon, when plasma LH levels were at their highest.
Overall, this negative finding is puzzling, since these ani¬
mals were sexually mature and presumably their LHRH
neurons were actively synthesizing the neuropeptide. It is
unlikely that expression of Fos escaped detection because
of an inadequate sampling frequency. According to pre¬
vious reports, Fos protein is detectable in LHRH neurons
and other neuronal systems as soon as 60-90 min after
stimulation [9,41,43]; furthermore, the expression appears
to last for several hours in LHRH neurons [9]- One possible
explanation for the negative finding in the males is that the
afternoon peak of LH secretion is primarily attributable to
a diurnal rhythm of pituitary sensitivity to LHRH [8]. Alter¬
natively, it is possible that LHRH neurons of male hamsters
contain sufficient reserves of LHRL1 to meet even the in¬
creased demands associated with the afternoon LH peak,
and consequently only a small (undetectable) amount of
Fos protein is produced. In contrast, the proestrous III surge
of females is considerably larger and therefore would lead
to a more pronounced depletion of LHRH reserves. As sug¬
gested above, the increased expression of Fos detected in
the late afternoon of proestrus might well be indicative of
increased LHRH transcription serving to help replenish the
neuron's reserves of neuropeptide, which have been re¬
duced during the surge. While the above interpretation is
certainly plausible, it presupposes that Fos expression in¬
dicates enhanced LHRH gene transcription. However, cur¬
rently there is no unequivocal evidence to indicate that this
is in fact the case. Indeed, the expression of Fos in LHRH
neurons may be primarily associated with increased tran¬
scription of some other gene. For example, galanin has been
found to be co-localized and co-secreted with LHRH, and
it is able to stimulate LH secretion [49]. Furthermore, gal¬
anin concentrations in the preoptic area and OVLT are sig¬
nificantly higher during proestrus in rats than during other
times of the estrous cycle. Additionally, whereas in females
more than 63% of the LHRH neurons co-express galanin,
in males only about 20% of the LHRH neurons co-express
it [50]. Therefore, the absence of Fos expression in male
hamsters may be more attributable to a lack of significant
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galanin gene expression by LHRH neurons than to a lack
of LHRH gene expression.

In summary, the study demonstrates that under normal
circumstances LHRH neurons of adult male hamsters, un¬
like those of females, do not express appreciable quantities
of Fos at any time of the day, even when plasma LH levels
are at their highest. Additionally, the data show that a sig¬
nificant increase in the number of LHRH neurons express¬
ing Fos during proestrus in female hamsters does not occur
until well after the gonadotropin surge has already been
initiated. Taken together, these findings do not readily sup¬
port the hypothesis that increased expression of Fos in LHRH
neurons is associated with the induction of the preovula¬
tory gonadotropin surge. Instead, they support the view that
this expression is associated with die termination of the surge
or, alternatively, is associated with some of its immediate
consequences.
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Although the excitatory amino acid (EAA) receptor agonist N-methyl-D-aspartate (NMDA)
can exert profound stimulatory effects on the neuroendocrine reproductive axis of Syrian
hamsters, the exact relationship between NMDA receptors and LHRH neurones is unclear.
In the present study, in situ hybridization histochemistry was performed on sections of
hamster brain using an 35S-labelled riboprobe to the EAA receptor gene, NMDARl. A high
content of NMDA receptor mRNA was detected not only in brain areas classically
associated with specific NMDA binding (for example, hippocampus and cerebral cortex) but
also in the hypothalamus, in particular the ventromedial—arcuate area; diffuse hybridization
of the riboprobe also occurred in the medial—septal area and diagonal band of Broca, regions
of the hamster brain in which the LHRH neuronal perikarya are primarily located. In a
separate experiment, RNA was extracted from immortalized LHRH neurones (GTj_j and
GTj_7 cells) and used for northern analysis with a 32P-labelled NMDARl riboprobe.
Clear-cut hybridization occurred with RNA bands of approximately 4.2 and 4.4 kb from the
two LHRH neuronal subtypes. These findings suggest that at least some of the stimulatory
action of EAAs on LHRH secretion is likely to be exerted directly at the level of the LHRH
neurones rather than being mediated through interneurones. Furthermore, the demon¬
stration of abundant NMDA receptor gene expression within hypothalamic areas that lie
outside the blood—brain barrier adds plausibility to the concern that EAAs of dietary origin,
such as monosodium glutamate, have the capacity to perturb the normal secretory activity
of neuroendocrine circuits of the hypothalamus.

Introduction

Excitatory amino acid (EAA) receptors are generally considered
to be the main neurotransmitter receptors mediating synaptic
excitation within the mammalian brain (van den Pol et al,
1990). They are involved in many physiological processes
including learning and memory and are thought to play a role
in the development of several neurodegenerative diseases
(McLennan, 1983; McDonald and Johnston, 1990; Watkins et
al., 1991). These receptors have also been implicated in the
central activation of the reproductive axis at puberty, in rats
(Urbanski and Ojeda, 1987, 1990) and monkeys (Plant et al.,
1989), through neuroendocrine pathways involving the release
of gonadotrophins (Wilson and Knobil, 1982; Tal et al., 1983;
Ondo et al., 1988; Brann and Mahesh, 1992). The stimulatory
effects of EAAs on the reproductive axis appear to be
particularly marked in seasonally breeding rodents such as
Syrian hamsters. For example, in male hamsters, the EAA

This paper was presented as the Walpole Lecture at the Society for the Study
of Fertility Meeting in Cambridge in July 1993.

receptor agonist N-methyl-D-aspartate (NMDA) can activate
LHRH neurones, and in turn cause the release of gonado¬
trophins, even when the animals are maintained in a non-
reproductive condition under short days; moreover, single
daily injections of NMDA (25 mg kg ~ 1 body weight) alone
are sufficient to maintain a functional reproductive system or
cause testicular recrudescence (Urbanski, 1990, 1992; Meredith
et al., 1991; Hoover et al., 1992; Urbanski et al., 1993a).
Although some of this stimulatory action of EAAs is likely to
be exerted acutely on the LHRH releasing neuronal circuitry
(Bourguignon et at, 1989), there is evidence to suggest that
more long-term stimulation might also involve mediation
through neuroendocrine pathways that comprise the system
used by the animal for measuring day length (Colwell et at,
1990, 1991; Ohi et at, 1991; Hoover et at, 1992; Urbanski et al.,
1993a).

Preliminary electron microscopy studies using glutamate
immunohistochemistry have revealed an abundance of
glutamate-containing nerve terminals within the medial—basal
hypothalamus of hamsters, forming asymmetrical synapses
with secretory neurones (C. Meshul and H. F. Urbanski,
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unpublished). In addition, radiolabeled ligand-binding studies
using MK-801, a non-competitive NMDA receptor antagonist,
strongly suggest that there are EAA receptors within both the
medial—septal area and medial—basal hypothalamus of Syrian
hamsters (Urbanski and Pierce, 1992), areas of the brain con¬

taining LHRH neuronal perikarya and terminals, respectively.
Overall, however, it is still unclear how EAA receptors are
integrated with the neuroendocrine circuits that control the
secretion of LHRH. The aim of the present study was therefore
threefold: (1) to determine the distribution of EAA receptor
gene expression within the neuroendocrine control centres of
the hamster brain, using in situ hybridization histochemistry;
(2) to determine whether EAA receptor genes are expressed
in immortalized LHRH neurones; and (3) to determine the ex¬
tent to which exogenous EAAs can penetrate the neuroendo¬
crine control centres of the adult hamster brain. Preliminary
findings have already been reported (Fahy and Urbanski, 1992;
Urbanski et al., 1993b).

Materials and Methods

Animals and cell lines

Male Syrian hamsters (Mesocricetus auratus) were obtained
from Charles River Laboratories, Inc. (Wilmington, MA) and
were housed in a photoperiod of 14 h light: 10 h dark (lights on
05:00—19:00 h). Immortalized LHRH neurones of the GTj_j
and GTj_7 subtypes (Mellon et al., 1990) were cultured at 37°C
in a humidified 95% air:5% C02 atmosphere. The culture
medium comprised Dulbecco's modified Eagle's medium
supplemented with 4.5 mg glucose ml ~ 1, 0.6 mg L-glutamine
ml ~ \ 100 U penicillin ml ~ \ 100 pg streptomycin ml- 1
(all reagents obtained from Life Technologies Inc., Grand
Island, NY), 3.7 mg sodium bicarbonate ml - 1 (Sigma Chemical
Company, St Louis, MO) and 10% fetal bovine serum
(HyClone Laboratories, Inc. Logan, UT).

Riboprobe synthesis
A 1400 bp fragment from NMDARl cDNA (Moriyoshi et

al., 1991) was exised using EcoRI and further cleaved using Pstl
(Stratagene Cloning Systems, La Jolla, CA; Ausbel et al., 1992);
this yielded 450 bp and 900 bp restriction fragments. The
former was ligated into pBluescript and amplified in XLl-Blue
Escherichia coli (Stratagene Cloning Systems). Radiolabeled
antisense and sense riboprobes were subsequently transcribed
from the 450 bp fragment using T7 and T3 RNA polymerases,
following the supplier's instructions (Promega Corporation,
Madison, WI).

In situ hybridization histochemistry
The animals were anaesthetized with ether and perfused

with 4% paraformaldehyde in borate buffer (pH 9.5). The brains
were further post-fixed for 24 h with paraformaldehyde/borate
buffer containing 10% sucrose and then stored at — 80°C. They
were subsequently sectioned while frozen (10 pm), either in the
mid-sagittal plane or coronally through the medial-septal

preoptic area and the medial—basal hypothalamus. The sections
were mounted on microscope slides, treated with 10 |ig
proteinase K ml-1 (Stratagene Cloning Systems) of Tris—
EDTA buffer (pH 8.0) for 30 min, acetylated, dehydrated, and
then hybridized overnight at 55°C with the freshly synthesized
35S-labelled antisense or sense riboprobe (10 x 106 c.p.m.
ml ~ *). The sections were then treated with 20 fig RNAase A
ml-1 (Sigma) for 30 min at 37°C, followed by washing with
decreasing concentrations of saline-sodium citrate buffer (SSC)
(2 x -0.5 x ) at room temperature, and finally for 30 min with
0.1 x SSC at 65°C (the 20 x stock SSC solution consisted of
175.3 g sodium chloride and 88.2 g sodium citrate I-1;
pH 7.0). The mounted sections were apposed to photographic
film (Hyperfilm-|3max; Amersham Corporation, Arlington
Heights, IL) for 48 h and digitized pseudocolour images were
produced from the autoradiograms using a Zeiss-IBAS 2000
image analyser.

RNA isolation and northern analysis

Total and poly(A)+ RNA were isolated from the neuronal
cell lines using guanidine thiocyanate (Fluka BioChemika,
Ronkonkoma, NY) and oligo(dT)-cellulose (Collaborative
Research Inc., Bedford, MA), as well as from rat cerebral cortex
(Ausbel et al., 1992). Electrophoresis of the RNA was per¬
formed on a formaldehyde/agarose (1.2%) gel, which was
transferred to a nitrocellulose membrane, and UV-crosslinked.
The blot was prehybridized at 65°C for 3 h in a solution that
comprised 50% formamide (Boehringer Mannheim Biochemi-
cals, Indianapolis, IN) and the following additional chemicals
(all obtained from Sigma Chemical Company): 5 x SSC, 5 x
Denhardt's reagent (polyvinylpyrrolidone, BSA, Ficoll 400),
50 mmol sodium phosphate 1 ~ 1 (pH 7.0), 2.5% sodium dodecyl
sulfate (SDS), 200 pig sonicated denatured salmon sperm
DNA ml ~ 1 and 200 |ig yeast RNA ml ~~ \ The blot was then
hybridized with 32P-labelled antisense probe (106 c.p.m. ml ~ J)
in the same solution for 18 h. The blot was subsequently
washed with 2 x SSC, 0.1% SDS (2 x 15 min) at room tem¬
perature, followed by 0.5 x SSC, 0.1% SDS (2 x 15 min) at
65 °C. The blot was then apposed to photographic film
(X-Omat AR; Eastman Kodak Company, Rochester, NY) for
24 h at - 70°C.

Administration of [3U]glutamale

Adult Syrian hamsters were anaesthetized with ether and the
right external jugular vein was surgically exposed. A 200 pi
volume of saline containing [3H]glutamate (200 pCi kg 1
body weight; 40 Ci mmol ~ \ NEN Research Products Boston,
MA) was injected into the vein and the animals were killed by
decapitation under ether anaesthesia 10 min later. The brains
were removed, sectioned while frozen (10 pm), and apposed to
photographic film (Hyperfilm-3H; Amersham Corporation,
Arlington Heights, IL) for 6 weeks. Digitized pseudocolour
images were produced from the resulting autoradiograms using
a Zeiss-IBAS 2000 image analyser, to illustrate the uptake of
[3H]glutamate into the hypothalamus of hamsters.
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(a)

. | (b)

Fig. 1. Distribution of N-methyl-D-aspartate (NMDA) receptor mRNA in hamster brain, (a) Mid-sagittal section,
(b) coronal section through preoptic area and (c) coronal section through medial-basal hypothalamus. Digitized
autoradiograms showing in situ hybridization with the NMDARI antisense probe were colour-coded with high to
low densities represented by dark blue, red, yellow and green; use of the control NMDARI sense probe produced
a uniform background level of hybridization (not shown). CC: cerebral cortex; CP: caudate putamen; CB:
cerebellum; DB; diagonal band of Broca; LS: lateral septum; H: hypothalamus; HC: hippocampus; ME: median
eminence; MS: medial septum; OT: olfactory tubercle; P: pons; TH: thalamus; VM-A: ventromedial-arcuate area.

Results

In situ hybridization of the antisense NMDARI riboprobe was
most pronounced in the cerebral cortex, hippocampus and pons
(Fig. 1). Hybridization also occurred in the caudate putamen,
cerebellum, lateral septum, olfactory tubercle and in areas of the
hypothalamus, including the ventromedial-arcuate area. More
diffuse hybridization occurred in the medial-septal area and the
diagonal band of Broca, regions of the hamster brain where the

majority of LHRH neuronal perikarya are distributed (Fig. 1).
The use of a control 35S-labelled NMDARI sense probe, or
pretreatment of the brain sections with RNAase A, produced a
uniform background level of hybridization (not shown).

After electrophoresis, RNA was hybridized to a ,2P-labelled
antisense NMDARI riboprobe, using northern blot analysis.
NMDA receptor mRNA expression was shown in rat cerebral
cortex and also in immortalized LHRH neurones of the GTj_j
and GT,_7 subtype (Fig. 2). An RNA ladder (Life Technologies)



8 H. F. Urbanski et al.

4.4 kb

4.2 kb

CO

£ <
>■
O

Q_

Fig. 2. Northern blot analysis of N-methyl-D-aspartate (NMDA)
receptor gene expression in immortalized LHRH neurones (GTj_7
cells). Either total or poly(A)+ RNA was extracted and 10 pg used per
sample. The NMDARl riboprobe hybridized with RNA of approxi¬
mately 4.2 and 4.4 kb.

was used for reference, and clear-cut hybridization bands
occurred at approximately 4.2 and 4.4 kb, as described in the
report by Moriyoshi et al. (1991).

Systemically administered [3H]glutamate was not readily
taken up by the hamster brain except in circumventricular
areas. This was especially pronounced in the medial—basal
hypothalamus, demonstrating that exogenous glutamate can
reach the same neuroendocrine control centres of the brain that

express glutamate receptor genes (Fig. 1).

Discussion

Numerous ligand binding studies using [3H]glutamate have
demonstrated the presence of NMDA receptors in the follow¬
ing areas of the rodent and primate brain: cerebral cortex,
hippocampus, cerebellum, thalamus, basal glia, amygdala, brain
stem, olfactory bulb and septum (Greenamyre et al., 1984;
Young et al, 1990). The present results, using an antisense
NMDARl riboprobe, corroborate these findings. More im¬
portantly from the perspective of reproductive neuroendo-
crinology, they also demonstrate the presence of NMDA
receptor mRNA in the ventromedial-arcuate area of the
hypothalamus, a region that is abundant in glutamate-
containing asymmetrical synapses. Although LHRH neurones

send axons into the hypothalamus and secrete the neuropep¬
tide into the hypothalamo—hypophyseal portal vessels, the
brains of Syrian hamsters, unlike those of primates, do not
contain LHRH perikarya in the vicinity of the arcuate nucleus.
Instead, the perikarya are located diffusely in more rostral
regions, especially in the medial—septal area and diagonal band
of Broca (Urbanski and Pierce, 1992). The hypothalamic
NMDA receptor gene expression disclosed in the present
study through in situ hybridization histochemistry is therefore
unlikely to be associated with LHRH neurones themselves.
Although there appear to be some exceptions (Jirikowski et al.,
1990; Mohr et al., 1991; Steward and Banker, 1992), neuronal
RNA is generally considered to be confined to the perikaryon.
However, the results of in situ hybridization histochemistry
studies also demonstrate a diffuse pattern of NMDA receptor
gene expression in the medial-septal area and diagonal band of
Broca. Although this finding is consistent with the possibility
that LHRH neurones express the NMDA receptor gene, firm
proof awaits some form of double-labelled histochemistry, such
as double-labelled immunohistochemistry for LHRH and
NMDA receptors, double-labelled in situ hybridization histo¬
chemistry (for example, isotopic combined with non-isotopic),
or a combination of immunohistochemistry and in situ hybrid¬
ization histochemistry. Each of these proposed avenues of
research has its own particular set of technical problems and
limitations.

In the study reported here, a different approach was taken in
addressing the issue of whether LHRH neurones express the
NMDA receptor gene. By specifically targeting expression of
the oncogene SV40 T-antigen to neurones that express the
LHRH promoter, Mellon et al. (1990) recently succeeded in
immortalizing LHRH neurones derived from mice. These neu¬
rones (GT cells) appear to both synthesize and secrete the
decapeptide and respond to depolarizing stimuli. In the present
study, immortalized LHRH neurones of the GTI_I and GTj_7
subtypes were grown in culture as homogeneous populations
and RNA (either total or poly(A)+) was extracted and used for
northern blot analysis. The specific radiolabeled antisense
NMDARl riboprobe RNA hybridized clearly with two RNA
bands of approximately 4.2 and 4.4 kb, as described by
Moriyoshi et al. (1991); similar hybridization occurred with
RNA derived from rat cerebral cortex, tissue that is known to
contain an abundance of NMDA receptors. It thus appears that
LHRH neurones themselves have the intrinsic capacity to
express the NMDA receptor gene, suggesting that at least
some of the stimulatory action of EAAs on the reproductive
axis is exerted directly at the level of the LHRH neurones
rather than being mediated through interneurones.

However, the high NMDA receptor gene expression within
the hypothalamus underscores the concerns originally raised by
Olney and colleagues (Olney, 1979, 1989; Price et al., 1981,
1984), that exogenous EAAs of dietary origin, such as mono-
sodium glutamate, might be capable of exerting excito—toxic
effects within areas of the brain, such as the hypothalamus,
where the blood-brain barrier is weak. It is clear from the
present results that exogenous glutamate can penetrate suf¬
ficiently into the hypothalamus of adult Syrian hamsters and
reach those areas where NMDA receptor gene expression
is pronounced. Although it is unlikely that normal dietary
levels of EAAs are toxic to neurones of the hypothalamic
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neuroendocrine control centres of adults, it is possible that
sufficient quantities do penetrate into these areas and perhaps
are responsible for causing more subtle perturbations of
neuroendocrine function.
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HISTORICAL ASPECTS

The hrst recorded use of the rat for experimental pur¬
poses was published in 1856 (1). Since its domestication
in the early part of this century, the rat has probably
contributed more substantially to the advancement of
the biological sciences than any other laboratory species.
Clearly, the story of the rat, as portrayed by Lindsey (2),
is one of "ascendancy from the gutter to a place of
nobility."

The use of the rat for the study of sexual development
and puberty can be traced to the beginning of the 20th
century, when investigators initiated studies to test the
hypothesis that the ovaries contain a substance(s) respon¬
sible for the advent of sexual maturation. Essential to

these undertakings was the pioneering work of Long and
Evans, who in 1922 published a classic monograph (3)
describing in detail the physiology of the rat estrous cycle
and the initiation of female reproductive capacity. Long
and Evans (3) demonstrated, for the first time, that the
ovaries of immature rats develop rapidly when trans¬
planted into adult rats. It was, however, the work of Al¬
len and Doisy (4), published in 1924, that showed conclu-

Division of Neuroscience, Oregon Regional Primate Re¬
search Center, Beaverton, Oregon 97006

sively that extracts of follicular fluid injected into
immature rats were capable of advancing vaginal open¬
ing. A year later Frank et al. (5) presented evidence that a
"lipoid extract" of placental tissue was not only able to
induce precocious vaginal opening but, more impor¬
tantly, to also advance the first ovulation. These authors
concluded that "puberty results from the elaboration, in
sufficient amount, of the female hormone, and that the
advent of puberty is not due to the removal of an inhibi¬
tory influence. . . ."

That immature ovaries can modify the secretion of
gonadotropin hormones from the anterior pituitary and
that, in turn, these hormones can hasten the initiation of
puberty by accelerating ovarian maturation were first
demonstrated by Kallas in 1929 (6). This author found
that when two immature female rats were joined para-
biotically and one of them was castrated, the other one
underwent precocious puberty. These experiments indi¬
cated that a dynamic relationship between the anterior
pituitary and the ovaries is operative well before puberty;
it was not until 3 years later, however, that the participa¬
tion of the brain in this relationship was postulated by
Hohlweg and Junkmann (7). Surprisingly, this concept
found little immediate support. This was perhaps be¬
cause of the widespread acceptance of a hypothesis for¬
mulated by Moore and Price (8), also in 1932, that stated
that a pituitary-gonadal interrelationship was sufficient

363
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to explain the maturation and initiation of reproductive
capacity.

It was not until 20 years later that the work of Harris
and Jacobson (9) provided the basis for our current
understanding of the pivotal role played by the central
nervous system (CNS) in the control ofreproductive mat¬
uration. These authors showed that pituitaries from im¬
mature rats transplanted into adult animals were able to
sustain estrous cyclicity. Subsequent experiments per¬
formed by Donovan and van der Werff ten Bosch (10) in
the mid-1950s led to the concept that there are certain
hypothalamic areas that exert inhibitory influences on

gonadotropin secretion and that removal of these influ¬
ences results in the initiation of puberty. A few years

later, Elwers and Critchlow (11) found that lesions of the
amygdala resulted in precocious ovarian activation,
thereby providing evidence that extrahypothalamic
structures are also involved in modulating gonadotropin
secretion in developing rats. Although these early re¬
search efforts provided much insight into the neuroendo-
crinology of puberty, further significant progress was
hampered by the lack of sensitive and accurate methods
to measure changes in serum hormone levels. The 1970s
witnessed an explosion of reports that, utilizing the novel
technique of radioimmunoassay (RIA), probed the neu¬
roendocrine system from different angles in search for
more definitive answers. In recent years, the develop¬
ment of recombinant DNA technology has provided a
new set ofpowerful tools with which to explore the mech¬
anisms underlying the initiation of puberty (12,13).

Beginning with the comprehensive review of Dono¬
van and van der Werff ten Bosch (14), published in 1965,
the physiology of rat puberty has been systematically re¬
viewed over the years (15-20). It is the purpose of this
chapter to discuss the pubertal process in the rat and
provide the reader with an update of developments in
this field. Similarities to and differences from sexual mat¬

uration in other species will become apparent when this
chapter is considered in conjunction with the chapters
by Foster and Plant which deal with puberty in the sheep
and monkey, respectively.

THE RAT AS A MODEL

The rat is a convenient animal to use for the study of
sexual development. It grows rapidly, reproduces fre¬
quently, is relatively inexpensive, and is easy to handle,
and external signs of sexual maturity, though scanty, are
readily detectable. In working with this animal, one may
also assume that most of the basic mechanisms underly¬
ing the process of sexual maturation are conserved
across species. If such an assumption is correct, then
many of the results obtained in the rat may be extrapo¬
lated to other species, including the human. Among such
mechanisms, the control of luteinizing hormone-

releasing hormone (LHRH) by neurotransmitters, t
initiation ofgonadotropin secretion, the cellular comt
nents of steroid positive and negative feedback, and t
control of ovarian follicular development represent oi
a few examples. Perhaps the most striking difference 1
tween the rat and the primate is the relative absence
the former of the juvenile hiatus of gonadotropin sec
tion that is characteristic of the latter (21). This diff
ence severely handicaps the rat as an animal mo<
in which to investigate gonadal-independent, Cb
originated events that might be responsible for the <
cline in hypothalamic activity during the human jm
nile period. Species such as the rhesus monkey appear
be the logical choice to examine this outstanding issi
However, the demonstration that the rat, like the p
mate, exhibits a diurnal change in the mode of lutein
ing hormone (LH) secretion at the end of juvenile dev
opment (22) reiterates the possibility of using the rat a
model for the analysis of at least some aspects of t
early event, which appears to be the primary hormoi
manifestation of puberty onset.

From a developmental point of view the rat is born
the stage comparable to 150 days of human gestatioi
life (23). The gestational period of the rat lasts for 22
23 days. The first ovulation in most laboratory sto<
occurs 35 to 45 days after birth. In males the first sp
matozoa are seen in the lumen of seminiferous tubu
by 45 days of age (24), and they reach the vas deferens
to 14 days later (25). Testicular descent occurs after c
15. Externally, the progression of puberty in the male
can be followed by the growth of the testes and mi
precisely defined by the separation of the foreskin of'
penis from the glans, known as balanopreputial sepa
tion (26). In females the only signal that puberty 1
occurred is canalization of the vagina, which normall;
imperforate before puberty and later becomes patent £
consequence of estrogenic stimulation. Vaginal open
usually occurs on the day after the first preovulati
surge ofgonadotropins has taken place (15,16,27,28).
most cases, vaginal lavages at opening show a majority
cornified cells (estrus), a condition that is follov
within 1 to 2 days by the appearance of leukocyi
which soon become the predominant cell type (first di
trous phase of puberty).

Male rodents, in general, do not display a postm
period of testicular quiescence analogous to that i
served during the human juvenile period but, rath
show initiation and progression of testicular devef
ment at a very early age. Thus, terms such as "infanti
and "juvenile," when applied to male rats, should
treated with caution, as they are not directly analog!
to these phases in humans. Whereas developmer
phases in the female rat have usually been defined
relation to the maturational stages of the ovary (15,2
31), sexual development of male rats has generally :
been divided into specific maturational stages for
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purpose of its study. Ramirez (16) suggested a classifica¬
tion of the phases of rat puberty based on physiological
parameters such as the changes in circulating gonadotro¬
pin levels and the alterations in steroid feedback
mechanisms occurring at different postnatal ages. This
classification was subsequently modified to include mor¬

phological and physiological parameters for both males
and females (18). Accordingly, in this classification, sex¬
ual development in the male rat can be divided into four
phases: a neonatal period that comprises the first week
after birth, an infantile period that extends from days 8
to 21, a juvenile period that ends around day 35, and
finally the peripubertal period that ends at about 55 to 60
days of age, i.e., with the appearance of mature sperma¬
tozoa in the vas deferens (25). Details of the functional
and morphological parameters utilized to define these
developmental periods are provided in ref. 18.

Postnatal development of the female rat can also be
divided into four phases, which have been described in
detail earlier (18). They are a neonatal period that is initi¬
ated at birth and ends on postnatal day 7, an infantile
period that extends from days 8 to 21, a juvenile period
that ends around days 30 to 32, and a peripubertal pe¬
riod that has a variable duration but that culminates with
the occurrence of first ovulation (around day 38 for most
laboratory stocks). Defining the end ofjuvenile develop¬
ment has been difficult; morphologically, the appear¬
ance of uterine fluid signals the beginning of the peripu¬
bertal period (18) but tells us little about the hormonal
events responsible for the change. It now appears that the
end of the juvenile period can be more precisely defined
as the time when morning-afternoon differences in pul¬
satile LH release become established (22).

An additional developmental phase that needs to be
included (32) is a fetal period, which for mechanistic
purposes can be considered to be initiated at gestational
day 12. It is around this time that LHRH can first be
detected in the fetal brain (33).

THE FEMALE

Fetal Development

Initiation ofLHRH and Gonadotropin Secretion

Although LHRH neurons ofadult rats are located pri¬
marily in the septal medial preoptic and hypothalamic
areas of the brain (34,35), they are embryonically de¬
rived from cells in the olfactory placode (36-38). Most of
these subsequently migrate caudally during fetal develop¬
ment and assume a position in the forebrain. It is now
clear that the appearance ofLHRH in the hypothalamus
precedes that of gonadotropins in the anterior pituitary
by several days. The study of Aubert et al. (33) showed
that immunoreactive LHRH can be detected in the

brain of rat fetuses as early as day 12, at which time
LHRH-binding sites can also be found in the primordial
anterior pituitary. If anterior pituitary anlagen are col¬
lected after day 13 and cultured in vitro, gonadotropes
will differentiate spontaneously (39,40). However, if the
glands are removed at an earlier age, the gonadotropes
will fail to differentiate unless they are exposed to exoge¬
nous LHRH (40,41). Although the pituitary gland may
not yet be vascularly connected to the brain at fetal days
12 to 14 (42,43), the above findings suggest that hypotha¬
lamic LHRH plays a trophic function essential for the
differentiation of pituitary gonadotropes.

How the differentiation of LHRH neurons themselves
is controlled remains unknown, but it would not be un¬
reasonable to assume that the process is controlled by
genes encoding tissue-specific classes of transcription
factors that, on coordinated activation, determine the
LHRH neuronal phenotype. Levels of hypothalamic
LHRH remain low until around fetal days 17 to 18, at
which time they begin to increase, showing a substantial
elevation by the day ofbirth (33,39,44). Pituitary LH can
be detected around fetal day 17 (33,39,45), and a re¬
sponse to LHRH can be observed by days 17 to 18 (45).
Pituitary follicle-stimulating hormone (FSH), on the
other hand, becomes detectable much later, by days 19
to 21 (33,39,46). An earlier discrepant report failed to
detect either gonadotropin until the day of birth (47). In
any event, circulating gonadotropin levels remain at low
values until the day of birth (33,39,44,45,47-49).

Initiation of Ovarian Function: Pituitary and
Extrapituitary Regulation

Substantial evidence exists that the fetal testis is re¬

sponsive to gonadotropins (vide infra, subsection enti¬
tled "Initiation of Testicular Function"). On the other
hand, it does not appear that plasma gonadotropins are
involved in the development of the fetal ovary. Several
reports have failed to detect LH or FSH receptors in ova¬
ries of rats younger than 4 to 5 days of age (50-54). That
initiation of follicular growth is gonadotropin indepen¬
dent is suggested by the findings that neither administra¬
tion of PMSG or FSH (55,56) nor immunoneutraliza-
tion of endogenous gonadotropins (57) is able to alter the
number of follicles that begin to grow during the first few
days of postnatal life (58,59).

Recent studies have demonstrated that initiation of
follicular formation in the rat is a dramatic event that
takes place shortly after birth (60,61). Although very few,
if any, primordial follicles are seen within the first 24
hours of birth, a marked increase occurs within the next
24 hours (Fig. 1). Before development of the first primor¬
dial follicles takes place, the ovary consists of three main
components: germ cells, mesenchymal cells, and epithe¬
lial cells (62). As the germ cells migrate into the primitive
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FIG. 1. Development of primordial follicles in the neonatal rat
ovary. Columns represent mean values. Vertical lines indicate
standard errors of the means (SEM). N = 4 for each column.
(From ref. 61, with permission.)

events. In vitro experiments utilizing neonatal ovaries:
organ culture have shown that antibodies to NGF (whic
presumably also antagonize the biological activity of tl
other neurotropins) caused widespread mesenchym
death and disrupted follicular formation (64).

Although these observations suggest that neurotropii
—and not pituitary gonadotropins—may be able to a
feet the initiation of folliculogenesis, there is also e\
dence that the early steroidogenic activity of the ovary
gonadotropin independent. Fetal ovaries cultured in \
tro fail to respond to either FSF1 or LH with increases
aromatase activity (65). Nevertheless, exposure to exog
nous cAMP or activation of their adenylate cyclase sy
tern with forskolin results in increased aromatase acti
ity, suggesting that a first messenger other than FSH i
LH may operate within the ovary before follicul
growth is initiated. The identity of such a messenger(s)
not clear at present, but it is noteworthy that ovari;
nerves contain vasoactive intestinal polypeptide (VI
(66), which is present in the rat ovary before the appea
ance of primary follicles (67). Moreover, VIP can stim
late cAMP production and induce aromatase activity
fetal ovaries (65) well before acquisition of responsiv
ness to FSH. These observations raise the possibility th
initiation of follicular growth in the rat may be i
fluenced by neurotransmitters reaching the ovary via tl
extrinsic ovarian innervation. Such a possibility is su

ported by the finding that the sympathetic innervation
the ovary develops before the formation of primordi
follicles (61).

gonad, they are surrounded by epithelial cells of the
ovarian rete, which is derived from the mesonephric tu¬
bules (see the chapter by Byskov and Hoyer). It is now
believed that these cells, and not those derived from the
coelomic epithelium, are destined to form the granulosa
cells. Formation of primordial follicles is preceded by
migration of mesenchymal cells that form stromal
"pockets" containing groups of presumptive granulosa
cells and clusters of oocytes. Subsequently, the mesen¬
chymal cells encircle single oocytes surrounded by a sin¬
gle layer of pregranulosa cells to form primordial folli¬
cles. Recent evidence suggests that this differentiation
may be influenced by neurotropins, a family of target-
derived growth factors that include nerve growth factor
(NGF) and three other members (63). Mesenchymal
cells have been found to contain a class of neurotropin
receptors known as p75, or low-affinity NGF receptors,
long before the formation of the first primordial follicles;
p75 NGF receptors are recognized by all members of the
NGF family. A selective increase in the gene expression
of neurotropin 4, the most recently identified neurotro¬
pin, occurs in oocytes shortly after birth, during the
hours preceding the formation of the first primordial fol¬
licles, suggesting a causal relationship between the two

Postnatal Development

The Prepubertal Period

This section first discusses the maturational ever

that occur at the hypothalamic-pituitary level ai
within the ovary during the neonatal, infantile, and jux
nile periods. Second, consideration is given to the char
ing interrelationships among these three basic comp
nents of the neuroendocrine reproductive axis.

The Hypothalamic-Pituitary Unit: Changes in
Gonadotropin Secretion and Their Relationship to
LHRH Release

Beginning shortly after birth, plasma FSH levels st;
to increase, reaching maximum values by day
(68,69). Thereafter, levels decline gradually, so that
the end of the juvenile period they are about one-fifth t
values present at day 12 (68,70). Plasma LH is also mc
elevated in neonatal-infantile rats than in juvenile ai
mals (68,70,71), but the elevation is less evident th
that of FSH. Release of LH in infantile rats appears
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conform to a pattern of moderately elevated levels of the
hormone interrupted by sporadic surges of release
(70,72). Such bursts appear to become less evident as the
animal grows and disappear completely with the advent
of juvenile development (73).

How do these patterns of gonadotropin release relate
to developmental changes in LHRH secretion? Little is
known regarding the functional development of the
LHRH-releasing system. The hypothalamic content of
LHRH increases markedly between the day of birth and
the end of juvenile development (33,39,74). Although
LHRH content is substantially lower during the
neonatal-infantile period than during juvenile develop¬
ment, in vitro experiments have shown that the LHRH-
releasing system is more responsive to a depolarizing
stimulus around the second week of postnatal life than
during the juvenile period (75). On the other hand, in
vitro experiments using hypothalamic explants have
shown that LHRH is secreted in a pulsatile fashion
throughout prepubertal development (76,77). This sug¬
gests that the infantile LHRH neuronal system already
has the capacity to generate LHRH secretory episodes in
the absence of extrahypothalamic inputs. That pulsatil-
ity may be an intrinsic property of LHRH neurons is
suggested by the finding that isolated LHRH neurons in
culture release LHRH in a pulsatile fashion in the ab¬
sence of any neural connections (78).

Although no published data exist regarding the devel¬
opmental changes in LHRH release from the hypothala¬

mus of female rats, the study of Bourguignon and Fran-
chimont (76) in developing male rats indicates that the
frequency of LHRH pulses increases during prepubertal
maturation. Demonstration of a similar increase in
LHRH pulse frequency in females could help to explain
why the secretion of FSH during the infantile phase of
development differs so markedly from that of LH. It is
conceivable that as the reproductive hypothalamus ma¬
tures during the first two weeks of postnatal life, LHRH
is released as infrequent discharges that are sufficient to
sustain a high level of FSH secretion but only generate
transient bursts of LH release. Such a differential pattern
of gonadotropin release has actually been observed in
ovariectomized rhesus monkeys bearing hypothalamic
lesions that were given low-frequency pulses of exoge¬
nous LHRH (79).

By the same reasoning, the hypothesis also implies
that the decrease in FSH levels that follows the peak of
secretion on day 12 results from an increase in LHRH
discharges. Support for this concept is provided by (a)
our unpublished observation that subcutaneous infusion
of LHRH as 1-hour pulses every other hour to infantile,
ovariectomized rats via osmotic minipumps decreases
plasma levels of FSH but not LH (Fig. 2). Moreover,
plasma FSH in untreated rats ovariectomized on postna¬
tal day 6 becomes greatly elevated on day 16 and then
decreases to an intermediate level. The decrease is ob¬
served at approximately the age at which serum FSH
levels normally begin to decline in intact rats, (b) Studies
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FIG. 2. Effect of exogenous LHRH on plasma
FSH (upper panel) and LH (lower panel) levels in
female rats. All of the animals were ovariecto¬
mized on day 10. Between days 22 and 28 (hori¬
zontal bar) they received either a 1-hour s.c. infu¬
sion of LHRH (1 /eg) every other hour (solid circles)
or served as untreated controls (open circles). The
procedure for intermittent infusion of LHRH via os¬
motic minipump was based on that described by
Lynch et al. (547). Each point represents the mean
of five to seven animals, and the SEM are depicted
as vertical lines. *p < 0.05; **p < 0.01. (H. F. Ur-
banski and S. R. Ojeda, unpublished data.)
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showing that pulses ofLHRH administered every 120 to
480 minutes increase the mRNA levels of FSH/3 but not
LH/3; on the other hand, LHRH pulses administered at a

high frequency (e.g., every 8 minutes) produce an in¬
crease in the mRNA levels of LH/3 but not FSH/3 (80).
Taken together, these results suggest that the frequency
of LHRH discharge may play an important role in deter¬
mining the pattern of FSH release during infantile days.
They also provide evidence that such changes may be, at
least in part, the consequence of steroid-independent
events of central origin.

Another factor that may contribute to the pattern of
gonadotropin release observed in infantile female rats as

compared with juvenile animals is a different pituitary
responsiveness to LHRH. It is now well established that
pituitary responsiveness to LHRH is much greater in
infantile rats (81-83) than in juvenile animals. This in¬
creased responsiveness may be related to the observation
that the pituitaries of the younger rats contain a greater
percentage of gonadotropes (84), and it may also be re¬
lated to a direct facilitatory effect exerted by nonaroma-
tizable androgens and progesterone (P) on the pituitary
gland. Ovariectomy has been found to reduce the FSH
response to LHRH, whereas 5d-dihydrotestosterone
(DHT) or P treatment restores it (83). A stimulatory ef¬
fect of DHT on FSH secretion has also been observed
within 24 hours of its administration to immature fe¬
male rats (85). A physiological role for DHT is further
indicated by the fact that, although its plasma levels are
low in female rats, 5a-reductase activity is elevated in the
anterior pituitary of infantile rats (86). Moreover, the
developmental pattern of pituitary 5a-reductase activity
closely follows that of serum FSH (86).

Still another factor that contributes to the elevated go¬
nadotropin levels in infantile rats is the relative ineffec¬
tiveness of estradiol (E2) negative feedback. Administra¬
tion of E2 has been repeatedly shown to be less effective
in depressing gonadotropin levels in ovariectomized in¬
fantile rats than in juvenile animals (87-89). Of particu¬
lar interest in this regard is the finding (90) that immuno-
neutralization ofserum E2 in infantile rats fails to induce
a rise in circulating gonadotropin levels, which would be
expected if E2 negative feedback is operative at this time.
The demonstration that RU2858, a synthetic estrogen
that does not bind to a-fetoprotein (AFP, vide infra),
strikingly inhibits the postovariectomy rise of serum go¬
nadotropins in infantile rats (91) firmly established the
concept that E2 negative feedback fails to operate in in¬
fantile rats because of the presence of AFP and not be¬
cause of a lack of specific E2 receptors. By day 16, AFP
levels have decreased sufficiently, allowing free E2 levels
to be detected for the first time (92-94). Coinciding with
this shift, the high serum FSH levels begin to decrease.
Thus, it appears that the infantile increase in serum FSH
levels may depend on at least three factors: (a) a slow

frequency of LHRH release, (b) a facilitatory effect
5a-reduced androgens produced in the anterior pituita
on LHRH-induced gonadotropin secretion, and (c) tl
failure of E2 negative feedback to operate at full capacit

Additional developmental changes include a shift
the molecular forms of pituitary FSH from forms wi
low biological activity to those with high ones (95). Ho\
ever, both pituitary and serum FSH from infantile ra
are biologically active, as they can induce ovarian grow
and follicular development (96). As with FSH, there
some evidence to suggest that LH also changes in natu
during puberty (97). With regard to LH secretion, infa
tile rats show sporadic bursts of LH secretion, which a
pear to result from activation of noradrenergic neuror
since the norepinephrine (NE) turnover in the POA h
been found to increase at the time of the LH secreto

discharges (98). On the other hand, the concept th
these bursts of LH release are caused by an early ex pre
sion of E2 positive feedback (99) has not been support!
by the observations that (a) E2 is unable to induce an L
surge before postnatal day 15 (94,100), (b) passive imm
nization against E2 fails to inhibit the LH surges (9(
and (c) environmental disturbance inhibits their occc
rence (101).

By the end of the infantile period, plasma FSH leve
have decreased substantially, and the bursts of LH seci
tion have begun to disappear. Throughout juvenile dev<
opment, plasma FSH continues to decrease, thou;
much less noticeably, and plasma LH levels remain
low values (68-73). The mode of LH release, however,
clearly pulsatile (22,102,103), with an interpulse inten
of about 30 minutes (22).

The low circulating gonadotropin levels seen in ju\
nile rats may not faithfully reflect the changes in hypotf
lamic activity that appear to occur during this period
development. This may be, at least in part, because o
low pituitary responsiveness to LHRH (81,83,10'
which does not increase until the day of the first prof
trus (105,106) (vide infra). This is in contrast with t
marked activation of LHRH gene expression observ
between the infantile and peripubertal periods, a tir
when proLHRH mRNA levels increase almost threefc
(107). Perhaps one of the most striking events that taf
place within the POA-MBH region at this time is t
morphological maturation of LHRH neurons (10
During neonatal-infantile days the soma of the major
of LHRH neurons has a smooth surface. In contra
LHRH cells with an irregular surface ("spiny cells") I
come predominant between weeks 4 and 5 of postna
life. Remarkably, it appears that this transformation c
curs independently of the ovaries (109). However,
may also play a role, because in the sheep E2 treatmc
has been found to increase the number of neuronal pi
cesses from LHRH neurons (110). Since in the prep
bertal rat the total number of LHRH cells does r



Puberty in the Rat / 369

change despite an increase in the number ofspiny cells, it
is evident that smooth LHRH cells have developed into
spiny ones. The physiological mechanisms underlying
these morphological changes are not understood, but
they may involve an increase in the number of synaptic
connections (111,112) and/or reflect an increase in cel¬
lular activity (113). This interpretation is indirectly sup¬

ported by the finding that in the arcuate nucleus of the
hypothalamus (114), as well as in other brain areas of the
developing rat (115), the greatest increase in synaptic
formation occurs before the fifth week of postnatal life.
The relevance that these morphological changes may
have for the initiation of puberty is unclear. Neither go-

nadectomy (109) nor food restriction (116) alters the for¬
mation of spiny neurons in spite of affecting in opposite
directions the activity of the LHRH-LH secreting sys¬
tem. Nevertheless, spiny neurons have been shown to be
more metabolically active than smooth neurons (113), a
feature that correlates well with the increase in LHRH
neuronal responsiveness that appear to occur during ju¬
venile development, i.e., at the time when formation of
spiny neurons is reaching completion. At this time, the
hypothalamic-pituitary unit becomes fully responsive to
the positive feedback effect of estradiol (94; vide infra).
Also, the capacity of LHRH neurons to release LHRH,
estimated by the in vitro challenge of median eminence
nerve terminals with prostaglandin E2 (PGE2), increases
gradually between postnatal days 22 and 34 (104). The
LHRH response to PGE2 may be considered a reliable
index of LHRH neuron function, since a sizable body of
evidence indicates that PGE2 is a physiological compo¬
nent in the process of NE-induced LHRH release (for a
review see ref. 117).

Interestingly, the age-related increase in the capacity
of LHRH neurons to release LHRH in response to PGE2
appears to be, at least partially, maintained by circulat¬
ing E2 levels. When juvenile rats were ovariectomized on

day 22, the subsequent LHRH response to PGE2 was
found to be blunted on day 34. On the other hand, resto¬
ration of juvenile E2 levels via E2-containing Silastic cap¬
sules significantly reversed the effect of ovariec¬
tomy (118).

The activity of neurotransmitter systems involved in
the control ofLHRH secretion also changes during juve¬
nile development. Thus, the turnover rates ofboth dopa¬
mine (DA) and NE have been shown to increase at this
time (119,120). Interestingly, the ability of DA to stimu¬
late adenylate cyclase activity decreases, suggesting a loss
in receptor sensitivity to the catecholamine (121). Al¬
though this change may be functionally related to the
increasing prolactin (Prl) levels observed during develop¬
ment (70,73,122), it may also reflect a loss of an inhibi¬
tory DA tone on LHRH release (121). Pertinent to this
issue is the observation of a change in the influence that
monoamines exert on gonadotropin secretion during

infantile-juvenile development (123,124). Blockade of
catecholamine synthesis in 16-day-old rats resulted in
elevation in plasma LH levels, but the same treatment
reduced LH levels in late juvenile 30-day-old rats, sug¬

gesting that whereas catecholamines inhibit LHRH se¬
cretion in young animals, they have a stimulatory effect
as the animal approaches the initiation of puberty.

Maturation of the Hypothalamic-Pituitary-Ovarian
Interrelationship: Modulatory Role ofOvarian Steroids

A predominant feature in the maturation of steroid
feedback mechanisms in the female rat is the relative

inability of E2 negative feedback to operate during
neonatal-infantile development (87-91). That a feed¬
back relationship is not operative at all during the first
few postnatal days is suggested by the finding that ovari¬
ectomy of neonatal rats fails to activate gonadotropin
release (125). When ovariectomy is performed during
the infantile period, serum gonadotropin levels increase,
but, as already mentioned, the capacity of E2 to suppress
this elevation is much reduced (87-91). It is now well
established (89-91) that the relative inability of E2 nega¬
tive feedback to operate is not related to the lack of spe¬
cific hypothalamic-pituitary estrogen receptors but
rather to the presence, in serum and tissues, ofextremely
high levels of AFP, which binds estrogen avidly
(126,127).

It seems that during the infantile period of female de¬
velopment, aromatizable androgens play a leading role
in the steroid negative feedback control ofgonadotropin
secretion. Both testosterone (T) and androstenedione
can be detected in the blood of infantile rats

(73,128,129). When T was administered via Silastic cap¬
sules to ovariectomized rats to mimic precastration lev¬
els of the androgen, it was found that physiological levels
of T were effective in preventing the postcastration rise
in serum gonadotropins (128). Whether the effect ofT is
related to its androgenic capacity per se or to prior local
aromatization to estrogens is unknown. Estradiol, if
given at sufficiently high doses that presumably over¬
come binding to AFP, can effectively inhibit gonadotro¬
pin release in infantile rats (88,89,91,94,130).

As levels ofAFP decline, the capacity of E2 to suppress
gonadotropin release increases (87-89), so that it be¬
comes maximally effective during the juvenile period
(87-89,128). This enhanced effectiveness is maintained
throughout juvenile development (128,130). In contrast
to these changes in E2 negative feedback, the capacity of
aromatizable androgens to inhibit gonadotropin release
remains relatively constant throughout infantile and ju¬
venile development (128). It can, therefore, be con¬
cluded that the steroid negative feedback regulation of
gonadotropin release changes from a predominantly
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androgenic control during infantile days to a dual
estrogenic-androgenic control during the juvenile
period.

Development ofEstradiol Positive Feedback

Although administration of sufficiently high doses of
E2 to infantile rats suppresses circulating gonadotropin
levels, a stimulatory effect of E2 on LH release cannot be
demonstrated before the third week of postnatal life
(94,131). Early experiments found that injections of E2
could not evoke a surge of LH in rats younger than 21 to
24 days of age (131,132). A more detailed study, in
which E2 was administered via Silastic capsules and the
resulting serum E2 levels were measured by RIA, demon¬
strated that before day 15, E2 levels as high as 400 pg/ml
are unable to stimulate LH release (94). Between days 16
and 20, E2 was found to be effective in inducing an LH
surge, but the serum levels needed to be twice as high as
those observed on proestrus. After day 20, however,
proestrus E2 levels were sufficient. At all of these ages the
LH surge occurred 54 hours after implantation of the E2
capsules, but when E2 was administered to animals older
than 28 days of age an LH surge occurred within 30
hours. It is therefore evident that as the animal matures,
the hypothalamic-pituitary unit becomes more sensitive
to the stimulatory effect of E2. This increased sensitivity
may be, at least in part, the result ofexposure to E2, since
pretreatment of juvenile rats with E2 prior to an E2 chal¬
lenge advances the age at which LH responds to the ste¬
roid with a surge of secretion (132). In addition to these
temporal changes, the magnitude of the LH response to
E2 also increases during the juvenile period (94,133), so
that by days 30 to 32 the surge of LH induced by E2 is
indistinguishable from that normally seen at first proes¬
trus. As discussed later in this review, by the end of the
juvenile period the LH-releasing system is so sensitive to
E2 that serum levels of the steroid even less than 50%
of those seen at proestrus suffice to elicit large,
preovulatory-like LH discharges.

There is no doubt that, in the rat, the stimulatory ef¬
fect of E2 on LH release involves the activation ofLHRH
secretion from the hypothalamus (106,134). Although
more information is now known about the mecha-

nism(s) underlying E2-induced LHRH release (vide in¬
fra), much remains to be learned regarding the inability
of E2 to induce LH release in infantile rats. It seems clear,
however, that even though the capacity of E2 to stimulate
LH release becomes established quite early, a precocious
preovulatory surge of gonadotropins fails to occur be¬
cause the ovary is not yet capable of producing E2 in
sufficient amounts, and for a sufficient period of time, to
stimulate LH release.

The Ovary: Hormonal Control

Evaluation of parameters such as E2 production (13(
cAMP formation (136), and the number of gonadotr
pin receptors (50-54) have revealed that the ovary is rel
tively insensitive to gonadotropin stimulation during tl
first week of postnatal life. Nevertheless, primary fol
cles can already be observed by day 4 (58,59), and, ;

though initiation of follicular growth is gonadotrop
independent (55-59), there is ample evidence that mai
tenance of follicular development depends on the conti
uous presence of gonadotropins (55-59,137,138).

Interestingly, neonatal (1-day-old) ovaries cultured
vitro develop responsiveness to LH in the absence of ai
hormones (137). This may indicate that responsivene
to gonadotropins is acquired after the formation of pi
mordial follicles, which—as indicated earlier in tf
review—appears to be a gonadotropin-independer
neurotropin-mediated process (for a review see ref. 6,
The mechanisms underlying the acquisition of respo
siveness to gonadotropins by the newly formed follicl
are not known. Since cAMP is able to induce granulo
cell differentiation (139), the possibility needs to 1
considered that the acquisition of responsiveness to g
nadotropins by the neonatal ovary is, at least in part,
cAMP-dependent phenomenon. As such, it may invol
neurotransmitter molecules such as VIP and/or catechc
amines, which are known to stimulate cAMP formatio
Both VIP and norepinephrine are present in the fefi
neonatal ovary (67,140), and VIP has been shown
stimulate cAMP formation and induce aromatase acti

ity in fetal ovaries (65). In early experiments, gonadotr
pins failed to stimulate ovarian steroidogenesis or cAIV
formation, even at as late a time as postnatal day :
(135,136). Because FSH receptors may be present by d;
4 (52,53), it would appear that uncoupling of new
formed receptors from adenylate cyclase (141) may o
cur during neonatal ovarian development. The contr
of ovarian follicular development by FSH may, indee
be initiated during the first 5 days of life, as suggested 1
the findings that by day 4, FSH can stimulate the convt
sion of T to E2 (64,137). Moreover, suppression of g
nadotropin release by daily subcutaneous injections
DHT propionate (DHTP) during postnatal days 1 to
but not between days 5 and 11, markedly decreases ove
ian FSH receptor content on day 12 (142). This effect
DHTP can be reversed by administration of FSH fro
days 1 through 5, suggesting that once follicular grow
is initiated, the presence of FSH is important for t
subsequent acquisition of FSH receptors by the develo
ing follicles.

Substantial evidence now exists that ovarian follicl
become subjected to strong gonadotropin control duri
the second week of postnatal life (57-59). Almost twi
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as many small follicles begin to move into a more ad¬
vanced developmental stage during the second postnatal
week than at later ages (143). Suppression of serum go¬
nadotropin levels by either DHTP treatment or immuno-
neutralization disrupts follicular and interstitial cell de¬
velopment at this time (57,144-146). The level of
plasma FSH necessary for maintenance and/or forma¬
tion of FSH receptors during the infantile period is no

greater than that observed during the late juvenile period
(~200 ng rat LH-RP-l/ml); suppression of serum FSH
from the high infantile levels to the low juvenile values,
using DHTP, failed to affect ovarian FSH receptor con
tent even when serum LH was reduced to undetectable
levels (142). During the infantile period, ovarian produc¬
tion of estrogen from exogenous precursors increases
markedly (147,148), and FSH becomes able to induce
aromatase activity (65). In addition, the ovary unequivo¬
cally demonstrates the capacity to respond to endoge¬
nous increases in serum gonadotropins with steroid re¬
lease (149).

It has been difficult to determine the actual impact
that the high infantile serum FSH levels have on subse¬
quent sexual maturation (144,145). Nevertheless, early
follicular growth is enhanced at this time, and comple¬
tion of follicular growth takes 15 to 19 days (143), which
suggests that many of the follicles that begin to grow
during this period may be destined to reach a preovula¬
tory, or even an ovulatory, condition at puberty.

The development of the neonatal infantile ovary ap
pears to be regulated by an additional modulatory mech¬
anism of maternal origin that becomes established
shortly after birth. Rat milk, like that of several other
species, contains an LHP,H-like substance that, as

judged from its chromatographic behavior in Sephadex
G-25 and high-pressure liquid chromatography (HPLC),
is indistinguishable from hypothalamic LHRH (150,151).
After suckling, LHRH-like immunoreactivity can be de
tected in the stomach content of the pups, and an in¬
crease in LHRH levels can be observed in plasma. More¬
over, available LHRH receptors in the pup's ovaries
decrease, an effect that can be prevented by prior intrave¬
nous administration of an antiserum to LHRH (151).
The decrease in available receptors is not a consequence
ofsuckling per se or of stomach distention because intra¬
gastric administration ofmilk, but not saline, repiuduces
the decrease in ovarian LHRH receptors associated with
suckling. These observations have led to the conclusion
that LHRH of maternal origin is transferred to the pup
via the milk; it crosses the gastrointestinal epithelium
and reaches the ovary via the bloodstream, where it
binds to specific receptors (151).

Milk LIIRII behaves like hypothalamic LHRH in
that it is able both to stimulate gonadotropin release
from the anterior pituitary in vitro (151,152) and to in¬

hibit gonadotropin-induced E2 and P release from gran¬
ulosa cells in culture (151). Since the rat pup suckles
frequently throughout the entire day, it would be ex¬

pected that milk LHRH is almost continuously available
for binding to the infant ovary. Chronic exposure to con¬
tinuous levels of LHRH is known to depress ovarian
function (for a review see ref. 153), and thus the sugges¬
tion may be made that milk LHR^H plays a physiological
role in restraining neonatal-infantile development of the
pup ovary. This phenomenon may represent an evolu¬
tionary mechanism by which the mother rat regulates
gonadal development of its offspring beyond intrautcr
ine life. Indeed, available ovarian LHRH receptor con¬
tent increases after postnatal day 15 (154,155), i.e., at the
time when pups begin to eat pelleted food and when
nursing episodes become less frequent or cease
altogether.

During juvenile development the ovary grows under
the influence of low serum levels ofLH and FSH. Several
excellent articles have reviewed the morphology
(59,143,145,156) and the hormonal control (1 57) of the
immature ovary. The interested reader is therefore re¬
ferred to these articles for more detailed information. It
is important to emphasize that tlnougliout the juvenile
period the ovary undergoes waves of follicular develop¬
ment and atresia (143,145,158), though in no instance
does a crop of follicles reach the ovulatory stage. This is
probably because of the relative lack of stimulatory in¬
puts because the juvenile ovary can ovulate if challenged
with sufficiently large amounts of exogenous gonadotio-
pins (159,160).

Under normal conditions there appear to be a multi¬
plicity of factors in addition to gonadotropins that con
tribute to regulating the gradual, orderly maturation of
the ovary. The responsiveness of the ovary to gonadotro¬
pins is negligible during the early neonatal period, rises
during infantile days, and becomes most prominent dur
ing the juvenile period (161,162). This change in respon¬
siveness appears to be related, at least in part, to an in¬
crease in the number of gonadotropin receptors (53,54).
Although the most pronounced change in FSH receptors
appears to occur between postnatal days 4 and 16, hCG
(LH) receptors increase more rapidly during juvenile
days (53).

Whether die hypothetical inhibitory control exeiled
by milk LHRH remains operative throughout infintile
development remains to be determined. Whether an
LHRH-like peptide, produced locally or transported to
the ovary via the nerves, contributes to the regulation of
juvenile ovarian function is not clear at present. How¬
ever, its presence is suggested by the changes in LHRH
receptors observed at this time. The highest content of
LHRH receptors occurs around day 25 (151,154,155).
Thereafter, the content declines gradually toward the
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first proestrus, with the sharpest decrease being observed
during early proestrus 1 (163) [i.e., the phase of puberty
when uterine fluid becomes apparent for the first time
(164)]. This decline in receptor content represents a true
loss of receptors and not a reduced availability for bind¬
ing, because dissociation (by MgCl2) of endogenous li-
gand(s) from ovarian membranes of late juvenile rats
fails to uncover additional binding sites (163). Although
the prepubertal decrease in receptor content has been
interpreted as being indicative of a declining LHRH in¬
hibitory influence on the ovary, the validity of this hy¬
pothesis remains to be established.

In addition to gonadotropins, two anterior pituitary
hormones appear to be involved in the regulation of pre¬

pubertal ovarian function. Both Prl and growth hor¬
mone (GH) have been shown to support ovarian mat¬
uration by facilitating the effects of gonadotropins. The
secretion of both somatomamotropins is low at the be¬
ginning of the juvenile period and increases gradually
thereafter (73,122,165,166). An adult-like pattern ofGH
release becomes established around the time of puberty
(166), whereas a quotidian pattern of Prl release, charac¬
terized by Prl discharges occurring approximately every
3 hours, has been reported to occur by the beginning of
the juvenile period (167). The most prominent Prl secre¬

tory episodes occur at midafternoon and during the early
morning hours (168). As the animal approaches the end
of the juvenile period, the nocturnal increases in Prl lev¬
els disappear, but the afternoon surge becomes even
more pronounced (168). The afternoon increase in Prl
levels can already be detected by the third week of post¬
natal life, i.e., during the infantile period (169).

It has been known for several years that Prl accelerates
the onset of puberty in females (170). This effect is ob¬
served following the systemic (99,170) or intrahypotha-
lamic (171,172) administration of Prl. It appears that
one of the mechanisms by which Prl exerts this effect is
by enhancing ovarian responsiveness to gonadotropins
(161). Prolactin may also act directly to enhance aroma-
tase P-450 gene expression, as shown in ovaries from
pregnant rats (173). Chronic stimulation of endogenous
Prl release by blockade of dopaminergic receptors ad¬
vances the onset of puberty and increases the P and E2
response of the ovary to hCG and FSH (161,174). The
ovaries from hyperprolactinemic rats exhibit an in¬
creased number of LH receptors (174), suggesting that a

significant part of the stimulatory effect of Prl on the
immature ovary is the facilitation of LH actions. In con¬
trast to these results, some authors have failed to find an

advancing effect of Prl on the timing of puberty in fe¬
male rats (175).

Other studies have shown that pharmacological inhibi¬
tion of Prl secretion by administration of bromoergo-
criptine (CB-154), an ergot alkaloid that activates DA
receptors, delays the onset of puberty, and reduces the

steroidal response to the ovary to gonadotropins (17<
Hypoprolactinemic rats also show a reduced number
ovarian hCG (LH) receptors. Although concomitant a
ministration of Prl can reestablish the inhibitory effect
CB-154, the possibility that subtle changes in LH relea
may play a role in these effects cannot be complete
ruled out. Such changes in plasma LH may have n
been detected by the heterologous LH assay employed
these studies.

Experiments involving removal of the adrenal glai
have revealed that Prl requires the presence of this glai
in order to fully facilitate the ovarian steroidogenic i
sponse to gonadotropins (174,177). Adrenalectomy
hyperprolactinemic rats blunts the enhanced P and
response of the ovaries to hCG, whereas corticostero
restores the P, but not the E2, response (174,177). Sin
hyperprolactinemic-ovariectomized rats do not she
increased serum levels of adrenal P or aromatizable a

drogens, it does not appear that the adrenal gland me<
ates the facilitatory effects of Prl on the ovary. Rath
Prl and adrenal products may act at different steps in t
sequence of events leading to formation of preovulatc
follicles (177).

Like Prl, GH has been shown to exert a facilitate
influence on sexual maturation of the female rat. Sc
pression of GH release by implantation of GH into t
medial basal hypothalamus (178) or by inoculation wi
the somatomedin-producing worm Spirometra manse
oides (179) can delay the onset ofpuberty, as determin
by the age at vaginal opening and at first ovulation. P;
of the facilitatory effect of GH on sexual maturation
likely to be exerted at the level of the ovary because C
treatment in vivo can increase the ovarian P response

gonadotropins in vitro (178). Jia et al. (180) showed tl
GH facilitates the capacity of FSH to induce LH rect
tors and to stimulate P secretion from cultured granule
cells of immature hypophysectomized rats. Moreov
GH also facilitates the stimulatory effect of cAMP a
forskolin on P secretion, indicating that the hormo
acts at more than one biochemical step to positively rej
late granulosa cell function (180). Although some of t
actions ofGH in the ovary may be exerted directly, th<
is now substantial evidence indicating that most of th(
are mediated by insulin-like growth factor I (IGF-I). 4
IGF-I is produced by granulosa cells and facilitate:
number of FSH-dependent effects such as induction
aromatase activity, progesterone secretion, and forn
tion of LH receptors (for a review see ref. 181).

Neural Control

It is now clear that ovarian function is regulated i

only by hormones but also by direct neural influen
(for reviews see refs. 182-185) that might provide fi
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minute-to-minute control. These neural inputs may also
participate in the initiation of ovarian function (see sec¬
tion entitled "Initiation of Ovarian Function: Pituitary
and Extrapituitary Regulation"). The immature rat
ovary is innervated not only by adrenergic but also by
peptidergic nerves. With regard to the adrenergic con¬
trol, the developing ovary exhibits both readily measur¬
able amounts ofNE (140,186) and a well-defined popula¬
tion of adrenergic receptors of the fi2 subtype, the
content of which varies in relation to the phases of pu¬

berty (187). The ^-adrenergic receptors are coupled to P
and androgen release, an effect that can be demonstrated
both by short-term incubation of whole ovaries and by
culture of ovarian cells (187-190).

The source of adrenergic input to the ovary appears to
be twofold: the adrenergic nerves and circulating epi¬
nephrine (EPI) of adrenal medullary origin. Adrenal me-

dullectomy of juvenile rats depresses plasma EPI levels
and delays the onset of puberty without altering serum
corticosterone levels (191). On the other hand, EPI at
nanomolar concentrations was found to stimulate P se¬

cretion and to amplify the stimulatory effect ofhCG and
FSH on P secretion from granulosa cells in culture
(187,191). These findings have led to the suggestion that,
under physiological conditions, circulating EPI may fa¬
cilitate the effect of gonadotropins on P secretion and
stimulate P secretion on its own (191).

The ovary is innervated by two main adrenergic
nerves: the superior ovarian nerve (SON), which carries
most of the noradrenergic fibers to the steroidogenic tis¬
sue of the gland, and the plexus nerve, which primarily
innervates the ovarian vasculature (192). Electrical stim¬
ulation of the SON increases P concentration in the

ovary of diestrus rats (193). Conversely, sectioning of the
SON, when performed in proestrus animals, results in an
acute drop in P and E2 levels in the ovarian vein effluent
(194). This suggests that activation of neural inputs
reaching the ovary via the SON contributes to maintain¬
ing and/or enhancing the increased steroid secretion that
occurs on the day of proestrus. In a longer time frame,
SON secretion results in a compensatory increase in /?-
adrenergic receptors (195). This increase is likely to be
accompanied by hypersensitivity of steroid secretion in
response to /32-adrenergic stimulation. In vitro experi¬
ments designed to test this notion have shown that gran¬
ulosa cells from juvenile ovaries, primed with FSH and
then incubated in the absence of NE, release P when
exposed to zinterol, a /32-adrenergic agonist (195). If the
cells are preincubated with a dose of NE that is high
enough to down-regulate the receptors, zinterol is no

longer effective in stimulating P secretion.
The noradrenergic control ofovarian function is initi¬

ated early in life, as suggested by the presence oftyrosine-
hydroxylase-containing nerves in fetoneonatal ovaries
(61). Norepinephrine itself is detected in the ovaries of

newborn rats (140,186). The catecholamine content de¬
creases at the time when serum FSH is elevated (second
to third week of life) but increases again during juvenile
development (140,186). That these fluctuations may be
related to changes in circulating FSH levels is suggested
by the finding that PMSG injection elicits a decrease in
NE content within a few hours of its administration
(196). This latter report, however, has not been verified
by other authors, who found that NE content in the
ovary increased rather than decreased after PMSG injec¬
tion (186).

The ovarian content of /S2-adrenergic receptors de¬
creases abruptly in the afternoon of the first proestrus
and remains at low levels during estrus (187), but neither
LH nor FSH can evoke a similar decrease in vitro (197).
This indicates that catecholamines, rather than gonado¬
tropins, are responsible for the decrease in receptor con¬
tent seen in the afternoon of first proestrus. Interestingly,
corticosterone at physiological levels can depress the /?-
adrenergic receptor content of granulosa cells in vitro by
60% (197), suggesting that ovarian /3-adrenoreceptors
may be tonically inhibited by corticosterone during pre¬
pubertal development.

Although the bulk of available evidence suggests that
NE plays a facilitatory role in ovarian steroidogenesis,
the turnover rate of ovarian NE has been found to de¬
crease 48 hours after PMSG administration (186), prior
to the preovulatory surge ofgonadotropins. This implies
that the activity of the ovarian NE system declines before
the gonadotropin surge. However, measurement offollic¬
ular NE during the normal proestrus showed that NE
content decreases only after the preovulatory surge of
gonadotropins (198). Perhaps the discrepancy results
from to the inability of PMSG treatment to faithfully
reproduce the changes in ovarian function at pu¬
berty (199).

That an activation of noradrenergic neurons project¬
ing to the ovary indeed occurs on the day of proestrus is
indicated by the finding of a rise in ovarian NE release at
the time of the preovulatory surge of gonadotropins de¬
tected in push-pull perifusates of the ovary of freely
moving animals (200). Furthermore, other experiments
demonstrated that electrical stimulation of ovaries in vi¬
tro causes a greater increase in [3H]NE release from the
ovary of animals in proestrus and estrus than at other
phases ofthe estrous cycle (201), indicating that the activ¬
ity ofovarian sympathetic nerves is enhanced during the
hours encompassing ovulation.

In addition to these observations, evidence exists that
the ovarian sympathetic innervation exerts a facilitatory
influence on follicular growth (for a review see ref. 183).
Support for this concept has been provided by experi¬
ments in which development of the ovarian sympathetic
innervation was prevented by immunosympathectomy
(202,203). Active immunosympathectomy was achieved
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by the administration of the adrenergic blocking agent
guanethidine (203), which, on chronic administration,
initiates an autoimmune response that selectively de¬
stroys adrenergic nerves. Passive immunosympathec-
tomy was achieved by treating newborn rats with anti¬
bodies to nerve growth factor (NGF) (202). Since the
ovary, as a target organ for sympathetic neurons, pro¬
duces NGF (204), it was expected that blockade of NGF
actions would prevent development of the ovarian in¬
nervation. This was indeed the case, as the treatment
almost completely eliminated the sympathetic nerves of
the ovary and reduced the sensory innervation of the
gland (202). Importantly, follicular development was sig¬
nificantly delayed (Fig. 3), estradiol release in response
to gonadotropins was reduced, puberty was delayed, and
the animals exhibited marked irregularities ofthe estrous
cycle. Since these abnormalities were observed long after
administration of the antibodies, the inevitable conclu¬
sion is that loss of the innervation abolished the sympa¬
thetic input to developing follicles and. therefore, de¬
prived them of a facilitatory influence. Without negating
the validity of this conclusion, recent experiments sug¬
gesting a participation of members of the NGF family in
the initiation of folliculogenesis (63) have indicated that
destruction of the ovarian sympathetic nerves by im-
munosympathectomy may not be the only explanation

for the alteration in follicular development observec
The interested reader is referred to pertinent reviews fc
a more detailed discussion of the matter (12,63,205).

The neural inputs arriving at the ovary are not limite
to noradrenergic fibers. Examination of ovarian sectioi
using immunohistofluorescence demonstrated the pre
ence of delicate nerve fibers containing either substanc
P (SP), VIP, or neuropeptide Y (NPY). These fibers ii
nervate the ovarian vasculature and interstitial tissi
and are associated with the thecal layers of developir
follicles (66,206,207). All three ovarian peptides are in
munologically and chromatographically indistinguisl
able from the authentic peptides, as revealed by the
cross-reactivity in the respective RIAs and their behavit
in Sephadex G-25 or FIPLC. Interestingly, the peptide
gic innervation of the ovary reaches the gland via diffe
ent routes: nerve fibers containing SP and NPY a
carried by the plexus nerve (207,208), and VIPerg
nerves travel within the superior ovarian nerve (208). 1
vitro experiments have shown that neither SP nor NP
affects ovarian steroidogenesis in the rat (209,210), a
though they may do so in porcine ovaries (211). Neur
peptide Y, on the other hand, has been shown to redu<
the release of NE from ovarian nerves via activation ■

prejunctional autoreceptors of the Y2 subtype (21C
suggesting that one of the functions of NPY in the ova:

Total Antral PreantralTAV 5oV <%.L" V 1 Aeij,\VV\V\\C
antral follicles mean diameter tym)

FIG. 3. Effect of neonatal administration of antibodies to NGF (NGF Ab) on follicular development of
juvenile 29- to 30-day-old rats. Morphometric analysis of follicular size was performed as described in
ref. 202. **p < 0.02; ***p < 0.001 (versus normal rabbit serum, NRS-treated controls). (From ref. 202,
with permission.)
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is to regulate the availability of NE to its ovarian
receptors.

In contrast to SP and NPY, VIP is a potent stimulator
of ovarian steroidogenesis, as it elicits progesterone, es¬
tradiol, and androgen release from either whole ovaries
or ovarian cells in culture (66,212). The molecular mech¬
anisms underlying these effects involve an enhanced syn¬
thesis of all three components of the cholesterol side-
chain cleavage (SCC) enzyme complex (213), the
rate-limiting enzyme in steroid biosynthesis, as well as
stimulation of aromatase enzyme activity (65,212). VIP"
appears to affect SCC synthesis by up-regulating SCC
cytochrome P-450 mRNA levels (214). That the peptide
may play a role in early granulosa cell function is sug¬
gested by the Ending that VIP targets a subpopulation of
granulosa cells that is unresponsive to FSH (215). More¬
over, VIP is an effective inducer of aromatase activity in
feto-neonatal prefollicular ovaries (65), which are unre¬

sponsive to gonadotropins. Conceivably then, VIP may
contribute to the process of granulosa cell differentia¬
tion, a possibility inferentially supported by the facts that
the actions of VIP are exerted via activation of cAMP

formation, and that cAMP itself induces granulosa cell
differentiation (216).

In addition to this role, VIPergic nerves may contrib¬
ute to facilitating the stimulatory effect ofgonadotropins
on ovarian steroid secretion at proestrus. This is sug¬

gested by the rapid drop in estradiol (E2) and progester¬
one (P) secretion that results from transection of the
SON in the afternoon of proestrus (194), at the time of
elevated plasma gonadotropin levels, and in the absence
of measurable changes in blood flow. Although part of
this effect may be caused by the loss of NE inputs, the
drop in estradiol secretion may be best attributed to the
transection of VIPergic fibers because VIP, but not cate¬
cholamines, stimulates estradiol secretion (66,187,188,
195,212).

An additional piece ofevidence supporting an involve¬
ment of ovarian nerves in the developmental regulation
of ovarian function was provided by the demonstration
that transplanted ovaries fully recover their ability to
keep gonadotropin secretion in check around the time
when their reinnervation is completed (217). These ex¬
periments also showed that if the reinnervation is pre¬
vented by neonatal immunosympathectomy, the nega¬
tive feedback loop controlling gonadotropin secretion is
disrupted because of the inability of the transplanted
ovary to maintain FSH secretion at basal levels.

In summary, the foregoing observations permit the
conclusion that the nervous system directs the matura¬
tion of the ovary via two main routes, a hormonal and a
neural one (Fig. 4). Whereas the former involves the se¬
cretion of hypothalamic factors that control the secre¬
tion of LH, FSH, Prl, and GH from the adenohypophy-
sis, the latter directly links the CNS to the ovary via

peptidergic and adrenergic nerves. Moreover, EPI of ad¬
renal medullary origin may facilitate ovarian function
after reaching the gland via the bloodstream. It appears
that most of these regulatory mechanisms become firmly
established during the juvenile period.

The Onset ofPuberty

The Initial, Gonadal-Independent Activation of
Pituitary Gonadotropin Secretion

It is now clear that the onset of puberty is determined
by a multiplicity of interrelated events, some of which
originate during the infantile period. Nevertheless, the
first unambiguous hormonal manifestation that puberty
is under way occurs only after the fourth postnatal week
of development and is expressed as a diurnal change in
the mode of LH release. The experiments of Meijs-
Roelofs et al. (218) were the first to demonstrate an un¬
equivocal prepubertal increase in mean LH levels, which
became apparent 8 to 9 days before the expected day of
first proestrus and appeared to be greater in the after¬
noons than in the mornings. An earlier characterization
of the mode of LH release in peripubertal rats (102)
showed that, starting around day 30 (vaginal opening
occurs around day 38), a diurnal pattern of release devel¬
oped in the female rat. This pattern was characterized by
an afternoon increase in LH pulse amplitude. In subse¬
quent experiments the mode of LH release was more
precisely characterized in blood samples obtained every
5 min (22) by means of an automated blood-sampling
technique (219). The results clearly indicated that, dur¬
ing the fifth postnatal week of life, both basal LH levels
and LH pulse amplitude become greater in the afternoon
than in the morning (Fig. 5). That this diurnal change in
the mode of LH release is physiologically relevant to the
functional development of the ovary is evidenced by ex¬
periments in which peripubertal ovaries were perifused
with LH regimens designed to mimic either morning or
afternoon pulses of LH secretion (220). The results dem¬
onstrated that LH pulses of an amplitude similar to that
seen in the afternoon of the peripubertal period elicited
significantly more E2 and P release than did morning-
type LH pulses. In addition to showing an afternoon
change in LH pulse amplitude, some peripubertal ani¬
mals also exhibited a more sustained midafternoon epi¬
sode of LH secretion, which has been termed a "mini-
surge" of LH (22). Mimicking such a secretory episode
in vitro also led to enhanced E2 and P secretion from the
ovary (220), thus suggesting that LH minisurges may
also be important for the peripubcrtal activation of ovar¬
ian function.

With regard to the mechanisms underlying the two
types of change in the mode of LH release, evidence ex-
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FIG. 4. Hormonal and neurogenic factors controlling ovarian development during the juvenile period of
the female rat. A similar pattern of LH release in the mornings and afternoons is assumed to reflect
similar patterns of LHRH release. Numbers indicate the different control mechanisms involved in regu¬
lating ovarian function; +, facilitatory; —, inhibitory; ?, effect not known; AM, morning; PM, afternoon;
CNS, central nervous system; LHRH, luteinizing hormone-releasing hormone; EPI, epinephrine; NE,
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FSH, follicle-stimulating hormone. (Modified from ref. 32.)

ists that the afternoon increase in LH pulse amplitude is
not ovarian dependent (221) and, more specifically, is
not E2 induced (222). On the other hand, the minisurges
of LH secretion appear to be caused by subtle increases
in serum E2 levels (222). These conclusions are based on

experiments in which short-term (48-hour) ovariectomy
of prepubertal rats was found to result in greater plasma
LH levels in the afternoon than in the morning (221).
Detailed examination of the LH release pattern at this
time, using an automated 5-minute bleeding paradigm
(219), revealed that these high LH values were not
caused by a sustained surge of LH release but were, in¬
stead, the consequence of the increased amplitude of the
LH pulses. When mean precastration serum E2 levels
were produced in short-term ovariectomized juvenile
rats via subcutaneous Silastic capsules, pulsatile LH re¬
lease was inhibited rather than enhanced. The use of

larger doses of exogenous E2 consistently failed to induce
an increase in LH pulse amplitude but instead resulted
in the appearance of minisurges and proper surges ofLH
secretion (222).

Additional support for the concept that the diurn
changes in LH secretion observed at the end of the juv
nile period are centrally driven comes from the results
experiments examining Prl release. It is known that F
secretion occurs episodically (167) and that during devf
opment of the female rat Prl levels become more el
vated in the afternoons than in the mornin
(27,168,169). Kimura and Kawakami (223) first o
served that ovariectomy of early juvenile rats did n
abolish the afternoon surges of Prl, indicating that the
secretory episodes could occur in the absence of the ov
ries. In other studies it was found that when neonat
female rats were ovariectomized and their plasma p;
terns of Prl subsequently examined at different ages,
least 50% of the animals exhibited a midafternoon seci

tory episode of Prl release, even as late as 40 days aft
ovariectomy (224). Restoration ofjuvenile serum E2 le
els via subcutaneous E2-containing Silastic capsules i
suited in amplification of the surge, which still occuro
at the same time of the day. Thus, these results (223,22
demonstrate that the neural mechanism responsible f
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FIG. 5. Representative afternoon plasma LH profiles from
juvenile (A: 27- to 29-day-old) and peripubertal (B: 30- to 38-
day-old) female rats bled continuously for 5 hours. Six individ¬
ual profiles from a total of 16 are depicted. Pulses of LH se¬
cretion are indicated by arrows. (From ref. 22, with
permission.)

the afternoon appearance of a Prl surge can develop in
the absence of ovarian influences and that ovarian E2
amplifies the magnitude of the Prl surge.

A quite different conclusion has been drawn from stud¬
ies performed to elucidate the mechanisms determining
the peripubertal "minisurges" of LH secretion (222).
Such sustained episodes of release could not be detected
in either short- or long-term ovariectomized rats. Only
when circulating E2 levels were slightly increased over
juvenile values (via subcutaneous E2-containing Silastic
capsules) did a minisurge of LH secretion occur, indicat¬
ing that they are E2 dependent.

Another factor that may play a role in accelerating
ovarian maturation at the end ofjuvenile development is
a change in the biological activity of circulating gonado¬
tropins. As already mentioned, evidence exists that as
the female rat matures, the biological activity ofpituitary
FSH increases (95). With respect to LH it appears that
the hormone exists as different molecular forms in the
bloodstream of prepubertal rats; when PMSG was ad¬
ministered to 27-day-old females, two different patterns
of serum LH emerged, depending on which of two anti-
sera was used in the RIA (225). Interestingly, this diver¬
gence was observed more clearly in the lighter animals
(<60 g body weight), which also failed to ovulate. The
same laboratory reported that LH released in PMSG-
treated rats lighter than 60 g was measurable by RIA but
was inactive in a cytochemical bioassay (97). In contrast,
LH released in PMSG-treated rats heavier than 60 g was

active in both the RIA and the cytochemical bioassay
employed. Surprisingly, however, both types of LH were

equally effective in stimulating T secretion from testicu¬
lar interstitial cells.

There is little doubt that the diurnal changes in pulsa¬
tile LH release detected at the initiation ofpuberty result
from the activation of LHRH secretion. The potential
mechanisms underlying this activation are discussed
later in this review. It appears clear, however, that the
resulting changes in LH secretion are important for the
continuation of puberty because, under the influence of
these LH secretory episodes, the ovary is stimulated to
produce more E2 (220). In turn, subtle increases in E2
levels appear to be able to evoke minisurges of LH secre¬
tion (222), which can induce further ovarian activation
(Fig. 6).

The Precipitation ofEvents: Activation of the Ovary

Once the diurnal pattern of LH release becomes estab¬
lished, a new cascade of events develops that culminates
with the first preovulatory surge ofgonadotropin and the
first ovulation. The necessity of examining the many
components of this cascade has made it important to
divide the process of puberty into different phases. Ac¬
cording to this classification, which is mainly based on
morphological criteria (27,164), puberty in the female
rat can be divided into the following phases:

1. Anestrus (A). Originally this phase was meant to
correspond to the late juvenile phase, but it now ap¬
pears to correspond to the phase during which the
changes in the mode of LH release begin to occur
(22). Animals in this phase are about 30 days of age,
their uteri are small (wet weight less than 100 mg),
and, importantly, no intrauterine fluid can be de¬
tected. The vagina is always closed.

2. Early proestrus (EP). Animals in this phase have
larger uteri with intraluminal fluid; their vagina is
closed. A further division into EP-1 and EP-2 sub-
phases has been proposed, based on the amount of
uterine fluid and the uterine weight observed (164).

3. Late proestrns (LP). This phase corresponds to the
day of first proestrus. Animals have large "bal¬
looned" uteri full of fluid, with a wet weight greater
than 200 mg. Their ovaries have large follicles. Most
animals in this phase show closed vaginae.

4. Estrus (E). This is the day of first ovulation, when
uterine fluid is no longer present, fresh corpora lutea
can be readily discerned, the vagina is open, and vagi¬
nal cytology shows a predominance of cornified cells.

5. First diestrus (D). This phase of puberty is character¬
ized by a vaginal cytology showing a predominance of
leukocytes as well as by the presence of mature cor¬
pora lutea within the ovaries.
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FIG. 6. Postulated cascade of initial events during the onset of puberty in the female rat. Activation of
LHRH release in the afternoon is proposed to be determined by an increase in excitatory inputs to LHRH
neurons coupled to a reduction in transsynaptic inhibitory influences. Whether or not the activity of
ovarian nerves also increases at this time is not known, but it is suggested by the changes in ovarian
/3-adrenergic receptors and ovarian VIP concentration. The numbers indicate the sequence in which
these events may occur. NPY, neuropeptide Y; NE, norepinephrine; EAA, excitatory amino acids. For
other abbreviations see Fig. 4. (Modified from ref. 32.)

With the onset of puberty already determined by the
activation ofpulsatile LH release, the single most impor¬
tant event that remains to be defined is the timing of the
first preovulatory surge of gonadotropins, which, in it¬
self, represents the climax of female neuroendocrine re¬

productive maturation. There is little doubt, in our view,
that both the occurrence and the timing of this final
event depend on the completion of ovarian maturation.
Only when the ovary becomes capable of producing E2
levels of sufficient magnitude, and for a sufficiently long
period of time, will the preovulatory LH surge occur.

A multitude of maturational changes appears to be
involved in hastening the acquisition of preovulatory
competence by the ovary (Fig. 6). Whereas FSH receptor
content is already maximal by the end ofjuvenile devel¬
opment, the number of LH receptors in granulosa cells
increases dramatically between the A and LP phases of
puberty (53,54). Concomitant with this increase, a de¬
cline in LHRH receptor content occurs, and the magni¬
tude of the decrease is more pronounced between A and
EP than at later times (163). The implications that these
two divergent changes in hormone receptor may have

for ovarian function have already been discussed. It
noteworthy that during the days preceding the preovul
tory gonadotropin surge, the steroidal responsiveness
the ovary to gonadotropins increases dramatical
(162,164), most likely reflecting the progressive develo
ment of the follicles destined to ovulate at the first estn

The neurogenic component of the ovary also unde
goes noticeable changes. The content of /3-adrenergic i
ceptors increases between A and LP and then declin
abruptly at the time of the proestrus surge (187). Paralli
ing the increase in receptor content, the release of P
response to /3-adrenergic stimulation becomes mo
prominent at LP. However, the greatest increase in i
sponse occurs after ovulation, more specifically duri
the first E. Surprisingly, at this time the receptor conte
is low.

The concentration of VIP in the ovary, which remai
almost unchanged between the second postnatal day ai
the end of juvenile development, increases significam
during the early part of the peripubertal period (days
to 35) (67). Moreover, the steroidogenic response to V
undergoes profound changes at the time of puberty (6i
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The E2 response to VIP, already distinct in juvenile rats,
increases noticeably during the EP and LP phases of
puberty. The P response to the peptide increases only
moderately at this time, then strikingly after ovulation.
Radioimmunoassayable SP content in the ovary also in¬
creases between A and LP (209). Although the function
of these changes in SP content is unknown, it would not
be unreasonable to suspect that they may be implicated
in the edematization of the ovary that occurs at puberty
(226) and/or in the changes in blood flow that occur

during the estrous cycle (227,228).
Presumably as a consequence of this marked enhance¬

ment in facilitatory inputs to the ovary, the pattern of
steroid production changes dramatically. Serum E2 lev¬
els increase markedly between A and LP (28,164,229,
230), reaching about 80 pg/ml during the morning of
LP (230). Serum P increases moderately before the LH
surge, but serum T levels do so more prominently (229,
230). This increase in T (or, in more general terms, aro-
matizable androgens) appears to be relevant to the mech¬
anism of vaginal opening. It has been shown that the
production of early proestrus plasma levels of T, via T-
containing Silastic capsules, in late juvenile rats results
in precocious vaginal opening but does not advance the
first ovulation (129). Examination of serum E2 levels in
animals treated with T shows that E2 is not increased by
the exposure to elevated T levels. Nevertheless, the vagi¬
nal epithelium is able to metabolize androgens via an
aromatase-like reaction (231), suggesting that the has¬
tening effect of physiological levels ofT on vaginal open¬

ing may result, at least in part, from local estrogen pro¬
duction by aromatization.

While the secretion of E2, P, and T increases, the se¬
cretion of 3a-androstanediol diminishes (232,233), a

change that becomes much more pronounced during the
hours encompassing the first preovulatory LH surge

(234,235) and that seems to be elicited, at least in part, by
the rising Prl levels (234). Based on the findings that
ovarian 5a-reductase activity decreases markedly at pu¬

berty (236) and that administration of 3«-diol delays the
timing of first ovulation (237), Eckstein and colleagues
(236,237) have proposed that 3«-diol is involved in re¬

straining the onset of puberty. A decrease in serum 3a-
diol, however, does not appear to have major conse¬

quences on gonadotropin release, since neither blockade
of 5a-reductase activity nor administration of physio¬
logical levels of 3a-diol was found to affect the time of
puberty in female rats (235). Moreover, the prepubertal
decrease in ovarian production of 3a-diol is not main¬
tained because levels of the steroid increase again on the
second proestrus (233).

The First Preovulatory Surge ofGonadotropins

The acquisition by the ovary of the capacity to secrete
sufficient E2 for an adequate period of time represents

the key event that determines the timing of puberty in
the female rat. Passive immunoneutralization of circu¬
lating E2 levels prevents the LH discharge and ovulation
(238), underscoring the importance of the steroid for the
occurrence of the first gonadotropin surge. Estrogen acts
on both the anterior pituitary and the hypothalamus to
bring about the proestrus surge. In the hypothalamus, it
evokes a discharge of LHRH release (106); in the pitu¬
itary, it sensitizes the gonadotropes to the stimulatory
effect of LHRH (239). A direct stimulatory effect of P on
LHRH release in immature rats has also been demon¬
strated (240). This finding suggests that the two- to three¬
fold increase in serum P observed before proestrus
(28,164,229,230) may have a role in facilitating the stim¬
ulatory effect of E2 on LHRH release.

The stimulatory effect of P on LHRH release may be
mediated, at least in part, by an increase in LHRH gene
expression, since P markedly increases steady-state
LHRH mRNA levels within 4 to 6 hours of its adminis¬
tration to immature rats (241,242). In the female rat, an
increase in pituitary responsiveness to LHRH is only ob¬
served on the day of proestrus (105,106), indicating that
some elevation in basal LHRH output may be necessary
for the responsiveness of the pituitary to increase in the
presence of elevated E2 levels. As a consequence of the
release of LHRH and/or LHRH-related peptides (243),
available pituitary LHRH receptors decline in the after¬
noon of proestrus (244,245). This phenomenon can be
reversed by preventing the expression of neural events
leading to LHRH release (244,245). The decrease in
LHRH receptors appears to reflect ligand-induced un¬
availability of receptor for binding, rather than represent¬
ing a true loss of receptors (245).

Little is known regarding the hypothalamic mecha¬
nism by which E2 activates an LHRH surge at puberty.
Although no E2 receptors have been detected in LHRH
neurons (246), molecular characterization of the 5'
flanking region of the human LHRH gene revealed the
presence of an estrogen response element approximately
500 base pairs upstream from the transcription initiation
site (247). Transient transfection experiments utilizing a
human choriocarcinoma cell line as the host and either
the luciferase or chloramphenicol acetyltransferase gene
as reporter genes demonstrated the ability ofE2 to stimu¬
late the transcriptional activity of the LHRH gene (247),
suggesting that, at least in humans, LHRH gene expres¬
sion may be directly regulated by E2. In contrast to this,
no estrogen response elements were detected in the 5'
regulatory region of the rat gene (248). These observa¬
tions suggest that a significant part of the stimulatory
action of E2 on LHRH gene expression (249) and secre¬
tion is exerted via a neurotransmitter system function¬
ally and anatomically coupled to LHRH neurons. Early
reports implicated catecholaminergic and serotoninergic
pathways in the process. More recently, evidence has ac¬
cumulated suggesting an involvement of two additional
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neuronal systems: one that uses NPY as a transmitter
and another that employs excitatory amino acids (see
below).

In regard to serotoninergic neurons, it has been shown
that blockade of serotonin synthesis depresses FSH se¬
cretion (250), delays vaginal opening (251), and inhibits
the gonadotropin surge induced by PMSG in immature
rats (252). Conversely, pharmacological activation of se¬
rotoninergic transmission facilitated E2-induced LH
surges (253,254) and restored the surge response of LH
to E2 in ovariectomized rats that lost the response after
chronic E2 treatment (255). Estradiol also increases sero¬

toninergic receptors in brain (256). Although these ob¬
servations suggest a facilitatory role of serotonin on go¬
nadotropin secretion, other results indicate that the
serotoninergic system may both facilitate and inhibit
steroid-induced gonadotropin release in immature rats.
Thus, blockade ofserotonin synthesis advances the onset
of E2/P positive feedback, whereas administration of
the serotonin precursor 5-hydroxytryptophan to rats
younger than 26 days of age stimulates LH release (123).
Clearly, more work is needed to define the role of seroto¬
nin in the initiation of puberty.

A stimulatory effect of catecholamines on LHRH re¬
lease at puberty is consistently supported by the available
evidence. For instance, inhibition of catecholamine bio¬
synthesis prevents ovarian compensatory hypertrophy
in prepubertal rats (257), and microinjection of a-

methyldopa, which results in the formation of "false"
catecholamines, blocks PMSG or hCG-induced LH re¬

lease when injected during the critical period of proes-
trus (258). These authors have concluded that DA is the
catecholamine involved in facilitating the proestrus
LHRH discharge, but others have contended that DA
plays an inhibitory role instead (121,259).

An involvement of NE in stimulating LHRH release
at puberty has been shown directly by the finding that
selective destruction ofNE terminals by intraventricular
injection of6-hydroxydopamine blunts the LHRH surge
induced by PMSG in immature rats (260). Noradrener¬
gic and serotoninergic turnover increases before the
proestrus surge ofgonadotropins occurs, with the former
increasing more noticeably during early proestrus and
the latter increasing on the day of first proestrus (261).
The peripubertal enhancement in NE activity may, at
least partially, result from an E2 action, because E2 has
been shown to increase NE turnover in the hypothala¬
mus (for reviews see refs. 262 and 263) and to promote
NE release from hypothalamic slices in vitro (264). Fur¬
thermore, noradrenergic neurons have been found to
contain E2 receptors (265), and NE-containing neurons
in the area of the nucleus tractus solitarius (A2 cells),
which project to the median eminence and rostral hypo¬
thalamus, have been shown to respond to E2 with geno¬
mic activation as shown by an increase in c-fos expres¬
sion (266).

A sizable body of evidence has accumulated in recent

years implicating NPY in the control of gonadotrop
secretion (for reviews see refs. 267-269). Its participate
in the maturational process that leads to the initiation
puberty is suggested by the marked increase in hypoth
lamic NPY content that occurs during the infantil
juvenile phases of development (270). That NPY is al
involved in the genesis of the first preovulatory surge
gonadotropins was demonstrated by the findings that t
secretion of NPY into the portal blood increases in t
afternoon of the first proestrus (270) and that immur
neutralization ofNPY on the day of firlst proestrus inh
ited the LHRH surge and attenuated the preovulatc
increase in plasma LH (271). The presence of E2 reci
tors in NPY neurons of the arcuate nucleus (272) si

gests that E2 acts directly on NPY neurons to affect th
secretory activity (273). The NPYergic neurons involv
in stimulating LHRH secretion may be those located
the hypothalamus rather than catecholaminergic nc
rons of the brainstem that coexpress the peptide with T
(268,269,274). Of potential relevance for the und
standing of the mechanisms underlying the diuri
change in pulsatile LH release that characterizes the in:
ation ofpuberty is the observation that NPY levels in t
suprachiasmatic and arcuate nucleus—but not in otl
hypothalamic nuclei—show a diurnal rhythm, w
peak levels occurring at the end of the light phase of 1
photoperiod (275).

Several other reports have provided rather compelli
evidence for the participation of still another neurotra:
mitter system in the mechanism by which estrad
elicits the first preovulatory surge ofgonadotropins. T
stimulatory system uses excitatory amino acids (EAA)
neurotransmitters. Experiments conducted indepi
dently in rhesus monkeys and rats first demonstrai
that pulsatile administration of TV-methyl-d-aspai
acid (NMDA) was able to elicit LH release and advar
the onset of puberty (276,277). That endogenous Ez
acting via activation of NMDA receptors are physiolc
cally involved in the genesis of the first preovulatt
surge of gonadotropins was demonstrated by the find:
that blockade of NMDA receptors with either comp<
tive or noncompetitive receptor antagonists delayed
initiation ofpuberty and inhibited the LH surge indui
by estradiol (278). A similar conclusion was reached
other authors in subsequent reports on the matter (21
285). Furthermore, treatment with E2 and P, which
itself increases plasma gonadotropin levels, has bi
shown to potentiate the stimulatory effect of NMDA
LH and FSH release (286). It thus appears that E2 a<
vates more than one neurotransmitter system functi*
ally coupled to LHRH neurons to elicit the first preo1
latory surge of gonadotropins. Whether activation
these systems is a synchronized, interdependent pheno
enon or simply represents a high degree of redundai
aimed at ensuring the occurrence of the surge is i
known.

With regard to the intracellular mechanisms undei
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ing the first preovulatory discharge of LHRH, evidence
exists that E2 may alter different steps in the sequence of
events leading to LHRH release. The capacity of the hy¬
pothalamus to synthesize PGE2 from arachidonic acid
increases during the days preceding the preovulatory LH
surge (287). This increase can be mimicked by the admin¬
istration of E2 to juvenile rats at a dose that evokes a
premature surge of LH.

Incubation of median eminences from animals ex¬

posed in vivo to proestrus levels of E2 with various con¬
centrations of NE or PGE2 indicated that E2 facilitates
LHRH release by acting at two different biochemical
steps (118). On the one hand, it permits PGE2 formation
to be stimulated by lower doses of NE. On the other
hand, it increases both the sensitivity and the responsive¬
ness of the LHRH terminals to PGE2.

These results suggest that E2 exerts part of its stimula¬
tory action on LHRH release by activating a NE and
PGE2-dependent pathway. On the other hand, evidence
exists that cAMP is involved in the process of LHRH
secretion and that formation of cAMP occurs at a step
subsequent to NE-induced synthesis of PGE2 (288,289).
Thus, PGE2 increases cAMP production in hypotha¬
lamic fragments in vitro, and methoxamine, an «r

adrenergic agonist, enhances both cAMP formation and
LHRH release, an effect that is blocked by indometha-
cin, an inhibitor of prostaglandin synthesis (288). Indo-
methacin also blocks NE-induced LHRH release with¬
out altering the stimulatory effect of PGE2 on LHRH

output (290). When adenylate cyclase activity is stimu¬
lated by forskolin, cholera toxin, or pertussis toxin,
LHRH release is enhanced without an increase in PGE2
formation (289). Since simultaneous exposure of me¬
dian eminence nerve terminals to PGE2 and forskolin
does not result in a greater LHRH response than that
elicited by either agent individually, PGE2 and cAMP
might act along a common pathway (288).

Because E2 can also increase cAMP formation in the
hypothalamus (291), it can be suggested that the preovu¬
latory surge of LHRH at puberty involves the activation
of a PGE2-cAMP pathway. This mechanism, however,
may not be the only one that operates at the first proes¬
trus, as suggested by the finding that activation ofprotein
kinase C, a Ca2+-activated phospholipid-dependent ki¬
nase (for a review see ref. 292), by either a synthetic diac-
ylglycerol or a phorbol ester results in LHRH release
(293). Moreover, phospholipase C, which in intact cells
catalyzes the hydrolysis of membrane polyphosphoino¬
sitides to generate diacylglycerol, also induces LHRH
release. Activation of this protein-kinase-C-dependent
pathway was found to induce release of LHRH indepen¬
dently of the PGE2-cAMP pathway. Thus, blockade of
PG synthesis fails to suppress diacylglycerol-induced
LHRH release or a phorbol-ester-induced LHRH release
without affecting PGE2 formation. Coexistence of both
pathways is indicated by the finding that exposure of
median eminences to maximally effective doses ofdiacyl¬
glycerol or phorbol ester together with NE, PGE2, or

Prepubertal Proestrus LHRH Neuron

EAAy>

NPY >■

NE >
(+)

Glial

cells
PGE,

LHRH

PGE2-cAMP
Ca2^

I ►] PK/PPH

FIG. 7. Postulated intracellular pathways involved in the transduction of neurotransmitter signals lead¬
ing to LHRH release during puberty in the female rat. During prepubertal days all pathways may be
operative, but the intensity of the extracellular inputs activating them is low (thin arrows). In the afternoon
of proestrus, an increased activity (thick arrows) of neurons that use NE or EAA as neurotransmitters,
and of another neurotransmitter system (NPY?) that presumably activates the PKC pathway, induces
the preovulatory discharge of LHRH. The effect of NE may be exerted via activation of glial PGE2 release.
NE, norepinephrine; PKC, protein kinase C; PGE2, prostaglandin E2; Ca2+, calcium; ?, unknown. (Modi¬
fied from ref. 20.) For simplicity, the cellular events leading to intracellular Ca2+ mobilization (e.g., phos¬
pholipase C activation, phosphatidylinositol hydrolysis) are not represented. The assumption is also
made that the stimulatory effect of Ca2+ on LHRH release involves activation of protein kinases (PK) and
protein phosphorylation (PPH).
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forskolin results in an additive effect on LHRH release

(293). It appears that activation of both cAMP and
protein-kinase-C-dependent intracellular pathways re¬
sult in up-regulation of LHRH gene expression (294) in
addition to the changes in LHRH output.

The aforementioned observations suggest that simulta¬
neous activation of both pathways may be required for
the proestrus surge of LHRH to occur (Fig. 7). Such a
mechanism implies that NE, by itself, acts on two sub¬
types of adrenergic receptors or that NE and another
neurotransmitter (NPY?) act on different receptors to
provide the extracellular dual signal that increases
LHRH release. That NPY may be a neurotransmitter
involved in this process is suggested by the ability of
NPY to stimulate LHRH release in an intracellular

Ca2+-dependent, PG-independent manner via activation
of Y-l receptors (295,296). In addition, a third pathway
that requires extracellular Ca2+ and is activated by the
interaction of EAA with NMDA receptors is postulated
to contribute to the proestrous LHRH surge. The effect
of NPY and NE may be exerted directly on LHRH neu¬
rons (297,298), but it is unclear whether EAAs act di¬
rectly or via NE neurons (299) to facilitate LHRH re¬
lease. An additional intracellular event triggered by
preovulatory levels of E2 is an increased expression of the
early immediate genes c-fos and c-jun in LHRH neurons
(300 and references therein). Although well docu¬
mented, it is unclear whether such a change is required
for the LHRH surge to occur or is a consequence of the
preovulatory LHRH discharge.

The model depicted in Fig. 7 assumes that both PGE2
and cAMP operate within the LHRH neuron itself, but
this may not be the case. Recent evidence obtained while
studying the ability of growth factors to affect LHRH
release suggests an alternative explanation, namely, that
PGE2 is produced by glial cells morphologically asso¬
ciated with LHRH neurons and that on release it acts on

the neurons to activate the intracellular steps that lead to
LHRH release (12) (Fig. 7). Though not yet firmly docu¬
mented, this interpretation is supported by the finding
that the neuronal LHRH-producing cell line GT1-7 re¬

sponds to PGE2 with LHRH release but is unable to pro¬
duce the PG in response to several secretagogues (301).

THE MALE

Fetal Development

Initiation ofLHRH and Gonadotropin Secretion

As mentioned earlier, Aubert et al. (33) detected traces
of LHRH in whole-brain extracts as early as gestational
day 12. However, in this study, male and female tissue
was pooled, and so it is unknown whether sex differences
exist during this early period of development. Likewise,

even though it is clear that the hypothalamus contai:
radioimmunoassayable LHRH by gestational day
(44), it is unknown whether any sex difference exists
this time. Significantly, LHRH receptors are already d
tectable in the anterior pituitary of male rats at gest
tional day 16 (33), suggesting an active involvement
LHRH in the control of fetal pituitary function. T]
number of receptors then increases in parallel with hyp
thalamic LHRH content, but with a phase delay of a fi
days. Studies using pooled pituitary homogenates fro
males and females have found radioimmunoassayat
LH and FSH as early as gestational days 15 and 19, i

spectively (39). However, studies in which the sexes we

segregated before use have yielded conflicting resu
with regard to sex differences. In one report, pituita
LH could be detected in male rats from gestational d
17 onward, but not in females (47). The bulk of the e1
dence, however, indicates that pituitary LH can be d
tected in both sexes at this age and that pituitary L
content tends to be greater in the female (33,39,45).

Initiation of Testicular Function

Sexual differentiation of the male gonad begins ve
early in life, with the seminiferous cords being formed
gestational day 13 (for a review see ref. 302). Testicul
LH receptors have been detected as early as gestatior
day 15.5 (303), and it is noteworthy that by this time L
stimulation causes an increase in cAMP and testostero

(T) production (304-306). The LH receptor content i
creases further at gestational day 18.5, and maximu
levels are attained around the time of birth. Coincide
with this rise, the number of interstitial cells increa:
(307), as does testicular T content (303,308). [Note: T
adult population of interstitial cells appears to be fur
tionally different from the population found in the fe
testis (307,309).] This fetal T is thought to play an ii
portant role in male sexual differentiation (310); its cc
centration declines soon after birth, most likely becai
of alterations within the steroidogenic pathway. Sert
cells are present within the seminiferous tubules befc
birth and undergo rapid division toward the end ofges
tion; within the first few weeks of postnatal life, howev
they cease to divide (311-314). The Sertoli cells pla}
key role in the initiation of spermatogenesis, and th
have been shown to possess FSH receptors from as ea
as gestational day 17.5 onward, rising markedly just I
fore birth (303,315,316). These findings suggest tl
FSH and LH are functional in controlling testicular c

velopment even before birth.

Postnatal Development

This section discusses postnatal development of t
hypothalamic-pituitary-testicular axis. Initially, a sef
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rate description is given of the changes that occur in each
of the system's components. An attempt is then made to
show how the basic components are integrated to pro¬
duce a functional neuroendocrine unit as well as how
this unit operates during the onset of puberty.

The Hypothalamic-Pituitary Unit

In the male rat, hypothalamic LHRH levels continue
to increase throughout postnatal development (310,
317-319). However, unlike the situation in the female,
where levels reach a maximum just before proestrus, in
the male they increase even during adulthood. This ulti¬
mately results in a significant sex difference between the
adult LHRH levels (44,74,320).

Similarly, the pituitary content of LH and FSH in¬
creases gradually with age, as does the responsiveness of
the gland to LHRH stimulation (44,319,321-323). In
the male, the maximum FSH response occurs between
25 and 35 days of age, whereas the maximum LH re¬

sponse occurs between 35 and 45 days of age (82,324).
This is several days later than the peak gonadotropin
response observed in females (81,83; also see subsection
entitled "The Hypothalamic-Pituitary Unit: Changes in
Gonadotropin Secretion and Their Relationship to
LHRH Release"). Examination of the ontogeny of pitu¬
itary LHRH receptors in the male rat has revealed a close
correlation between the number of LHRH receptors and
the pituitary content of LH. Both appear to stabilize
when the animals enter the peripubertal phase of devel¬
opment (~30 days) (325,326). When expressed as a con¬
centration rather than by content, pituitary LHRH re¬
ceptor levels show an increase during the first 4 weeks of
life, reaching a peak at around 30 days, and then decline
to the lower adult levels seen between 60 and 80 days of
age (154,325). This decline during the latter part of sex¬
ual development is inversely correlated with rising
serum T levels and, therefore, suggests an increased
negative-feedback action of testicular steroids on

hypothalamic-pituitary function (vide infra).
During the neonatal period, serum gonadotropin lev¬

els are high, though significantly lower than in females.
Within a few days, however, the levels fall drastically
(70,319). Numerous studies have attempted to character¬
ize the subsequent developmental changes in gonadotro¬
pin secretion in the male rat, but a consistent pattern has
not been forthcoming, especially for LH. Some reports
suggest that serum LH concentrations increase as pu¬
berty approaches (70,319,327,328), whereas at the other
extreme it has been suggested that they actually decrease
(325,329). In the majority of cases, however, no signifi¬
cantly consistent alterations have been observed in mean
serum LH levels (44,68,73,154,317,320). Such inconsis¬
tency most probably arises because of the pulsatile man¬
ner in which LH is released from the pituitary gland

(330-332), even before puberty (103). In the female, this
problem of fluctuating serum LH levels has been over¬
come either by using a very large number of animals in
the study (218) or by examining an individual's pulsatile
LH release pattern in detail (22,102). Whether or not
definite puberty-related changes in the pulsatile LH re¬
lease pattern occur in the male has yet to be convincingly
established (see ref. 262 for a comprehensive review of
factors that regulate LH secretion in the rat).

In contrast to the discrepant reports on LH secretion,
there is a general consensus that sexual maturation in the
male rat is associated with an increase in FSH secretion.
Serum FSH levels rise during postnatal life and reach a
maximum usually between 30 and 40 days of age. They
then fall gradually as serum testosterone concentrations
increase and attain relatively low adult levels (44,68,70,
73,317,319,325,327,328,333). Whether or not a peak of
FSH secretion also occurs around day 12, as is the case
for females, is uncertain, but this has been observed by
some investigators (70,154,320,334).

In addition to changes in the amount ofgonadotropin
released, or even possible changes in pulsatile pattern,
the chemical nature of the hormones may also change
during sexual development. This latter possibility is sup¬
ported by a finding that the isoelectric focusing pattern
of FSH changed in male rats undergoing sexual matura¬
tion. Unfortunately, it was not demonstrated whether or
not such chemical changes resulted in a form of the hor¬
mone with a greater biological activity (319). In this con¬
text it is relevant to reiterate that pleomorphism of pitu
itary FSH during prepubertal maturation in the female
rat has been shown to be associated with the appearance
of molecular forms of FSH that have greater biological
activity (95).

The Testis

Morphometry techniques have been used to quantify
developmental changes in the number of Sertoli cells
and germ cells within the rat testis (312,335). Details of
such changes as well as a review of physiological aspects
of testicular development are presented in the chapter by
de Kretser and Kerr. In the present section, discussion is
focused on the two major routes by which testicular sper¬
matogenesis and steroidogenesis in the rat are controlled
by the hypothalamic-pituitary unit.

Hormonal Control

The most important androgen produced by the male
gonad is T. It plays a pivotal role in several aspects of
sexual maturation, including behavior, spermatogenesis,
and differentiation and maintenance of accessory sex or¬

gans. Testosterone also exerts a tight control over gonad¬
otropin secretion by a negative feedback loop.
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During the infantile-juvenile period, however, T is
not the primary androgen produced by the rat testis.
Marked prepubertal changes in testicular androgen pro¬
duction arise because of differences in the development
of various enzymes (317,336-339). Most significantly,
the activity of 5a-reductase develops during the
infantile-juvenile period (336-339). Consequently, the
primary androgens produced by the immature rat tes¬
tes are androstenedione, 5a-androstanediol, and 5a-
reduced steroids such as DHT. From around day 25
onward, the activity of other enzymes also becomes ap¬
parent, most notably 17a-hydroxylase, C17_20 lyase, and
17/3-hydroxysteroid dehydrogenase. Therefore, as the
testes develop, more of the C21 precursors pass along the
T-synthesizing pathway. The activity of 5a-reductase de¬
clines after about 40 days of age, leaving T as the major
testicular androgen in the adult (337,340-342). Aroma-
tase activity in the Sertoli cells declines during matura¬
tion but increases in the interstitial cells (343). Neverthe¬
less, testicular production of estrogen is considerably
lower than that of the androgens.

During early postnatal development, serum T levels
are low. Although the levels begin to increase around the
first week of life, the most pronounced rate of increase
occurs much later, between 50 and 60 days of age
(73,328,342,344-346). Furthermore, it has been shown
that the actual pattern ofT secretion is highly correlated,
but phase-delayed, with pulses of LFI secretion (330).
With regard to puberty, it is clear that changes in the
secretion of the pituitary hormones precede the matura¬
tion of the testes. It is well established that FSF1 binds
within the seminiferous tubules to facilitate spermatogen¬
esis, whereas LH stimulates T secretion by a direct action
on the interstitial cells. It is also clear that prepubertal
increases in serum FSH levels promote the formation of
gonadotropin receptors within the testes (17,309,328,
347). Additionally, FSH has been shown to enhance the
production of steroid biosynthetic enzymes (348). Over¬
all, testicular growth proceeds in parallel with the FSH
increase (68). The effect of LH on the release of steroids
from immature testes can be blocked by hypophysec-
tomy, but treatment of the hypophysectomized animals
with FSH restores the effectiveness of LH (347). This is
probably because of the capacity of FSH to increase tes¬
ticular LH receptors (347). In view of these findings it
appears that a puberty-related increase in the production
of T might theoretically occur irrespective of whether
or not the tonic levels of serum LH actually change (as¬
suming that the prepubertal increase in serum FSH lev¬
els has primed the gonad to the actions of LH). It re¬
mains to be established whether subtle changes in the
pulsatile pattern of LH secretion play a role in modulat¬
ing prepubertal steroidogenesis in the male as they do in
the female (22,222).

Follicle-stimulating hormone is not the only hormone
that induces testicular responsiveness to LH. This ability

appears to be shared, to some extent, with GH and 1
(17,349,350), both of which show a progressive rise
their serum levels during sexual development (70,i
320,327). On the other hand, some reports have sho>
that the seminiferous tubules ofGH-deficient rats hav

qualitatively normal morphology during pubertal dev
opment; testicular endocrine function is also normal
these animals despite the small size of their testes (35
The involvement ofthyroid hormones in testicular dev
opment is also unclear. In support of its active role is t
observation that thyroidectomy of immature rats
verely inhibits gametogenesis and interstitial cell dev
opment (352,353). Interestingly, however, the inducti
of transient hypothyroidism during neonatal life, usin
reversible goitrogen, ultimately results in a lasting <
largement of the testes and other reproductive org*
when the animals become adults (354). LHRH has a
been shown to exert some control over prepubertal s
roidogenesis. Receptors to LHRH have been demc
strated in testicular interstitial tissue, and a finding si

gests that their binding capacity increases between
and 40 days of age, subsequently falling to a stable le
by day 60 (154,355). Moreover, it has been shown tl
LHRH can directly inhibit steroidogenesis in the rat t
tis (153,356), although the precise chemical identity
gonadal LHRH remains to be elucidated (for reviews:
refs. 153,357,358).

Testicular steroidogenesis is, therefore, influenced
at least two important factors: the secretory pattern
hypothalamo-hypophyseal hormones and the respc
siveness of the testes to these hormones. An analog*
situation exists for the physiological actions of T dur
puberty, at which time these actions are exerted only
specific target tissues. Since steroid hormones circul
in the plasma predominantly in a protein-bound form
is important to establish whether or not steroid-prof
binding changes during prepubertal development. /
parently it does not (359,360), but the metabolic cle
ance rate of T might. For instance, when Smith et
(361) gave male rats subcutaneous Silastic capsules c<
taining T, they found a progressive, age-related decre
in the clearance rate of T from the circulation. On
other hand, in an earlier study by Ulrich and Kent (36
the half-life for the disappearance of radiolabeled T \
found to be similar in immature and adult animals. 1
sides changes in the steroid production, the develop
testes also show an alteration in the capacity to seer
certain proteins (363). One of the most importanl
androgen-binding protein (ABP), which specific*
binds testosterone and 5-DHT and is thought to
under the direct control of FSH. Serum levels of A
rise sharply afterbirth, reaching a maximum at aroun
weeks of age. Its decline in the circulation seems to
related to the formation of the blood-testis barrier, al
which ABP is released primarily into the epidi-
mis (302).
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Neural Control

There is some evidence to suggest that testicular func¬
tion in the rat is regulated not only by hormonal factors
but also directly by autonomic innervation (364,365).
Testicular denervation in the immature rat has been
shown to cause a significant reduction in testicular
weight, especially if performed during the infantile pe¬

riod, when gonadotropic stimulation is still relatively
low (366). Severe disruption of the seminiferous tubules,
but not the interstitial tissue, was also found. Further¬
more, essentially similar results were obtained when tes¬
ticular sympathetic nerve terminals were destroyed with
6-hydroxydopamine (366). It remains to be established
whether such neural regulation of testicular develop¬
ment simply reflects modulation of testicular blood flow
or, indeed, represents a direct neuroendocrine action.

The Hypothalamic-Pituitary-Testicular
Interrelationship

One of the classic examples of a negative feedback
loop in endocrine systems is that of T and the
hypothalamic-pituitary unit. The existence of such a

loop in the rat has been demonstrated by surgical inter¬
vention. It is well known, for example, that orchidec-
tomy leads to an immediate increase in the level of go¬
nadotropin secretion, which can readily be suppressed
by the administration of exogenous T. Interestingly,
such a response is observed early in life, even during the
neonatal period (125,367-371). The increase in gonado¬
tropin secretion immediately after castration appears to
be greatest in sexually mature animals (371), although a
week later serum gonadotropin levels are the same irre¬
spective of age (369). It should perhaps be emphasized
that this lack of marked age-related response to castra¬
tion contrasts notably with the observations made in
agonadal humans (see the chapter by Plant).

The notion that the hypothalamic-pituitary unit be¬
comes progressively less sensitive to testicular negative
feedback has been the basis for a popular hypothesis that
tries to explain the initiation of sexual maturation in the
male rat. The reasoning behind this hypothesis is that, as
feedback sensitivity decreases, the hypothalamic-
pituitary unit will become more effective at stimulating
testicular development. Also, serum T levels will be able
to increase without completely suppressing the secretion
of the gonadotropins. Initial support for this hypothesis
was provided by Ramirez and McCann (367), who used
the ovarian-ascorbic-acid-depletion bioassay to demon¬
strate an age-related decrease in T feedback sensitivity in
orchidectomized rats. Numerous other studies, using
RIAs, have now either confirmed or extended these find¬
ings (361,371-374). Interestingly, when the steroid treat¬
ment was delayed for 5 days following orchidectomy, an

age-related alteration in feedback sensitivity was not
found (17). It has subsequently been suggested that re¬
moval of gonadal feedback might elevate the sensitivity
threshold of the hypothalamic-pituitary axis (371,375).
To date, however, actual changes in sensitivity (e.g., at
the receptor level) have not been demonstrated, nor is it
clear whether such changes are relevant to the processes
involved in the initiation of sexual development. Indeed,
Nazian and Piacsek (376,377) have shown that the expo¬
sure of male rats to low ambient temperatures delays the
onset ofpuberty, even though a corresponding change in
negative feedback sensitivity was not detected (see sub¬
section entitled "The Gonadostat Hypothesis" for fur¬
ther discussion of this subject).

A second negative feedback loop has been hypothe¬
sized for numerous years to account for the testicular
control of FSH secretion. The need for such a hypothesis
is quite evident when one considers the findings that, as
testicular development progresses, serum FSH levels fall,
even though mean LH levels increase little or remain
relatively unchanged. Evidence exists supporting the in¬
volvement of inhibin in the feedback regulation of FSH
secretion in maturing rats (378,379). Interestingly, the
distribution of inhibin appears to change from a predom¬
inantly extratubular to an intratubular pattern as the
testes mature (379). Circulating inhibin levels are espe¬
cially high during the neonatal period, most likely be¬
cause the blood-testis barrier is not yet fully complete
(380,381) and therefore allows passage of the hormone
out of the seminiferous tubules. Since serum inhibin lev¬
els decrease between 15 and 25 days of age (378), it is
possible that this decline is involved in determining the
increase in serum FSH levels that occur after day 25.
Another possibility is that pituitary binding sites for inhi¬
bin decrease with age (378). Neither case, however, ex¬
plains the subsequent fall in serum FSH that occurs after
day 40.

The Pubertal Activation of the
Hypothalamic-Pituitary-Testicular Axis

The current consensus is that the number of pituitary
LHRH receptors reflects, at least on a short-term basis,
hypothalamic secretion of LHRH (357,358). Since both
the hypothalamic content of LHRH and the pituitary
content of LHRH receptors begin to increase early in
life, it is very probable that developmental changes
within the LHRH-releasing centers provide one of the
earliest stimuli for initiating sexual maturation. Several
lines of evidence obtained from the male rat support this
view. Similarly to those in females, LHRH neurons in
males undergo morphological changes as puberty ap¬
proaches (108,109). As already discussed, these changes
consist of a significant increase in the proportion of cells
with spiny-like processes as opposed to cells with a
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smooth surface. Also, as in the case of the female, such
morphological changes in the LHRH neurons might re¬
flect an increase in puberty-related synaptic inputs to the
cells and be associated with an increase in central,
gonadal-independent drive. Likewise, this increase in
central drive may be the primary factor responsible for
the initiation of male puberty.

Another approach used to investigate the role of
LHRH in the initiation of puberty has been to block the
action of LHRH by passive or active immunization. If
this blockade is initiated during the infantile period (be¬
fore postnatal day 15), then testicular function is perma¬

nently impaired (382-384). Still another approach is
that employed by Bourguinon and Franchimont
(77,385), who examined the pulsatile release of LHRH
from the medial basal hypothalami of male rats in vitro.
A puberty-related increase in pulse frequency was de¬
tected, although a concomitant increase in pulse ampli¬
tude cannot be completely ruled out.

The possibility that the responsiveness of the pituitary
gland to LHRH stimulation changes during maturation
has already been mentioned, and it is particularly inter¬
esting that the peak gonadotropin responses occur dur¬
ing the peripubertal period ofdevelopment (82,324). Fur¬
thermore, androgens have been shown to have direct
effects on the pituitary gland; the studies of Nazian and
Mahesh (386,387) imply that T can potentiate the pitu¬
itary response to LHRH in immature but not adult
animals.

Another important developmental step in the pubertal
activation of the hypothalamic-pituitary-testicular
axis is the change in responsiveness of the testes to
hypothalamic-pituitary stimulation (vide supra). The
role of such changes in the initiation of sexual develop¬
ment is, however, more likely to be secondary to neuro¬
endocrine changes first occurring at the central level.
The same is probably also true for hypothetical alter¬
ations in the hypothalamic-pituitary sensitivity to testic¬
ular negative feedback (discussed later).

MODULATORY INFLUENCES REGULATING
THE TIMING OF PUBERTY

The Adrenal Gland

A variety of experiments reported over the years have
demonstrated that removal of the adrenal gland delays
the age at which both vaginal opening and first ovulation
occur (for reviews see refs. 388,389). Most, if not all, of
the studies on the involvement of the adrenal gland in
the onset of puberty have been performed using female
rats, perhaps because of the inherent difficulties encoun¬

tered in trying to alter the timing of puberty in the male
rat (15,16).

Adrenalectomy may delay puberty by at least four dif¬
ferent, but not necessarily exclusive, mechanisms. They

are (a) retardation of bodily growth, (b) loss of circul;
ing corticosterone levels, (c) elimination of circulati
EPI caused by the removal of the adrenal medulla, ai

(d) increased secretion of ACTH resulting from the lc
of corticosteroid negative feedback.

Adrenalectomized rats do not grow as much as intr
controls (389), probably because of the loss ofcorticos
roid support to intermediate metabolism. Although
low rate of bodily growth may by itself contribute to t
delay in puberty (133,390), corticosterone replaceme
alone has been shown to normalize the time of vagii
opening and first ovulation (388). This effect of cortk
sterone appears to be exerted, at least in part, at the le'
of the ovary. Corticosterone facilitates the stimulate
effect of FSH on ovarian steroidogenesis (391) and sr

ports the amplifying effect of Prl on the response of t
ovary to gonadotropins (174,177).

Further evidence that the adrenal gland contributes
the regulation ofovarian function is provided by the fir
ings that adrenalectomy decreases the ovarian respor
to PMSG (392), reduces the number of medium to larj
size follicles (393), and inhibits ovarian compensate
hypertrophy (394). Earlier experiments in which adren
ectomy was followed by reimplantation of the adrei
glands indicated that the medulla did not have any inf
ence on the timing of puberty (395). However, evider
has been presented that selective removal of the adrei
medulla, leaving the cortex intact, delays the age of va
nal opening and first ovulation without altering plasi
corticosterone levels or body weight (191). Becai
plasma EPI levels were found to be depressed, and,
nanomolar concentrations, EPI stimulated granule
cells to produce P, the conclusion was drawn that a 1<
of medullary products, presumably EPI, is responsil
for the delay in puberty (191).

Reports suggesting that ACTH may exert inhibitc
effects on the reproductive system have been publish
(396,397). Nevertheless, no agreement has been reach
as to whether this effect ofACTH is direct or is medial
by the adrenal gland.

Somatic Growth

The influence of metabolic cues on the timing of i

berty has been suspected for many years. The early wc
of Kennedy (398) indicated that vaginal opening v
more related to body weight than to chronological a
Subsequently, Kennedy and Mitra (390) postulated tl
the state of somatic growth is reported to the hypotha
mus by some metabolic cue that acts as a signal to in
ate puberty. Years later, Frisch and Revelle (399) mad
proposal, based on epidemiological data collected on 1
man females, that the attainment of a critical be
weight is essential for puberty to occur. This hypotht
was subsequently modified to state that a particular ra
of lean to fat tissue and a minimum percentage of be
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fat are necessary for the occurrence of puberty (400).
Experiments performed in the rat by Frisch and col¬
leagues (401) showed that females fed a high-fat diet had
their first estrus earlier than rats fed a low-fat diet, but
that the caloric intake at vaginal opening or first estrus
was similar in both cases. These authors postulated that
the constant caloric intake per unit of body weight at
estrus may indicate that puberty occurs at a particular
composition of fat/lean mass or fat/body weight. Further
support for this hypothesis was provided by a subsequent
report from the same laboratory (402) demonstrating
that the relative percentages of body water, protein, and
fat do not vary at the first estrus in female rats fed either a
high-fat or a low-fat diet.

The hypothesis, however, has been disputed by other
investigators. Some have concluded that, for the timing
of puberty, growth rate is more important than attain¬
ment of a particular body weight (403). These authors
have also presented evidence showing that the attain¬
ment of a certain percentage of body fat does not repre¬
sent a signal for puberty onset and have contended that
sexual maturation and increasing body fat are parallel,
rather than causally related, phenomena (403). Others
have further examined this issue and concluded that at¬

tainment ofa specific percentage of body protein is more
likely to be the metabolic signal for puberty (404).

In spite of these divergent conclusions it is clear that
metabolic disturbances associated with weight loss or de¬
creased rate of body growth are inhibitory to the repro¬
ductive system (for a review see ref. 405). This is in keep¬
ing with the hypothesis of Kennedy and Mitra (390) that
chemical signals derived from the body's metabolic activ¬
ity influence the reproductive hypothalamus and contrib¬
ute to its activation at puberty. The nature of these chem¬
ical signals is unknown, but experiments conducted by
different investigators indicate that there may, in fact,
exist an array of such substances able to alter the release
of LHRH via direct or indirect means. Insulin, amino
acids, and essential fatty acids have been implicated in
this role. Insulin has been shown to increase estrogen
binding to certain areas of the brain (406) and to facili¬
tate LHRH-induced gonadotropin release (407); avail¬
ability of amino acids that are precursors for neurotrans¬
mitter synthesis has been shown to affect the formation
of brain serotonin, acetylcholine, and catecholamines
(408). Also of interest in this context is the observation
that fasting reduces the turnover of DA and NE in the
hypothalamus (409).

That essential fatty acids may also play a role is indi¬
cated by the observation that when they are made defi¬
cient during fetal life, the age at vaginal opening and first
ovulation is delayed (410). Formation of PGE2 in re¬
sponse to appropriate stimuli is decreased in both hypo¬
thalamic and ovarian tissue. Moreover, the LH response
to E2 is delayed, and the E2 response of the ovary to hCG
is diminished.

These observations suggest that both dietary amino
acids essential for synthesis of brain neurotransmitters
and essential fatty acids necessary for formation of ara-
chidonate metabolites may be metabolic factors that con¬
tribute to regulate the timing of puberty. The relative
importance that these factors may have in influencing
the timing of puberty is, however, open to question, be¬
cause neither amino acids nor essential fatty acids have
been shown to change appreciably during the days ante¬
dating the initiation of puberty. In contrast, plasma lev¬
els of insulin-like growth factor I (IGF-I), a trophic factor
that mediates the biological effects of growth hormone,
increase strikingly during the onset of puberty in both
rodents and primates (411-413). At least in rats, this
increase occurs independently of the gonads (411). In
vitro exposure of median eminences from juvenile rats to
IGF-I resulted in a dose-related increase in LHRH re¬

lease (414), suggesting that IGF-I may be physiologically
involved in facilitating the changes in LHRH secretion
that occur at puberty. Since synthesis of IGF-I in the
postnatal hypothalamus is limited (415), the low levels of
IGF-I mRNA detected in the medial basal hypothala¬
mus do not appear to vary during puberty (W. L. Dees
and S. R. Ojeda, unpublished data), and IGF-I receptors
are highly concentrated in the median eminence (416-
418), the view has been advanced that IGF-I of periph¬
eral origin constitutes the predominant source of IGF-I
available to the median eminence during peripubertal
sexual development (414). This hypothesis also states
that the elevation in plasma IGF-I levels that accompa¬
nies the pubertal process may contribute to enhancing
LHRH release, and thus implicates IGF-I as one of the
elusive metabolic "signals" involved in regulating the
timing of mammalian puberty.

The Pineal Gland

At the present time there is little doubt that the pineal
gland of mammals functions as a true endocrine organ
that transduces neuronal information about day length
into endocrine secretions (for a review see refs. 419-
425). Melatonin is an indoleamine produced and re¬
leased by the pineal gland (426). Alterations in the secre¬
tory pattern of this hormone mediate many, if not all, of
the important effects of the pineal. Perhaps one of the
most impressive demonstrations of the pineal's function,
pertaining to the reproductive system, is found in sea¬
sonally breeding rodents such as hamsters. Normally,
when sexually mature male Syrian hamsters (Mesocrice-
tus auratus) are transferred from long to short photoperi¬
odic conditions (i.e., <12.5 hours of light per day), their
testes regress within 8 to 10 weeks, and the animals be¬
come sexually quiescent (427-430). Surgical removal of
the pineal gland, however, or its sympathetic denerva¬
tion completely blocks these photoperiod-induced
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changes (431). On the other hand, when exogenous mela¬
tonin is administered to such animals in an appropriate
mode, pinealectomy can be functionally reversed (432).

In contrast, the influence of the pineal gland on the
reproductive system of the laboratory rat appears to be
much less dramatic. This is not unexpected, because the
rat does not have a well-defined breeding season, even in
the feral condition. Under typical laboratory conditions
of ad libitum feeding, constant ambient temperature,
and constant long photoperiods, the pineal gland is es¬
sentially impotent from a functional point of view (420),
and its contribution to the control of sexual maturation
is greatly diminished. Nevertheless, there are certain ex¬

perimental procedures that can render the reproductive
system more sensitive to the pineal gland. For example,
the coupling ofpotentiating factors such as anosmia, neo¬
natal steroid treatment, or underfeeding with a reduced
lighting schedule significantly delays the onset of pu¬

berty in the rat; the same effect occurs in rats that have
been blinded (433,434). Furthermore, pinealectomy
can, on the whole, remove most of the inhibition. Some
effects of the pineal gland and melatonin can, however,
be detected even under typical laboratory environmental
conditions. Unfortunately, many of the earliest studies
of this phenomenon produced conflicting results, and
since details of important environmental factors, such as
the photoperiod, are frequently not reported, evaluation
of these data from a contemporary standpoint is often
difficult.

Overall, there is a general consensus that pinealec¬
tomy advances vaginal opening and can cause earlier
ovulation after PMS treatment. Although some re¬
searchers have consistently been unable to show an effect
of melatonin on sexual maturation in the rat (435),
others have clearly shown that daily melatonin injec¬
tions given at an appropriate time of day can suppress
the growth and functional activity of the ovary, delay
vaginal opening, and inhibit PMS-induced ovulation in
immature rats (436-446). In the male rat, pinealectomy
advances sexual maturation, whereas daily afternoon in¬
jections of melatonin cause a reduction in the weight of
the testes and seminal vesicles, decrease plasma levels of
testosterone, LH and FSH, and decrease the number of
pituitary LHRF1 receptors. Interestingly, these inhibi¬
tory effects are observed only when melatonin is admin¬
istered to animals during the juvenile-peripubertal pe¬
riod and not earlier or later (447-450).

At this point in time, it is unclear exactly where the
action of melatonin is exerted. A growing body of evi¬
dence indicates that the neuroendocrine centers of the
brain are the most likely primary target and that these
develop before birth (451-455). Additionally, a few in
vitro studies have suggested that melatonin may also af¬
fect the pituitary gland (456,457) and even the gonads
directly (458,459).

Pheromones

Pheromones are chemicals released from the body sp

cifically to serve as a means of communication betwee
members of the same species (see the chapter by Vai
denbergh). Since the rat does not possess specialized e:
ternal sweat glands, the most likely sources of its pheri
mones are the urine, the feces, and the skin that cove
the mammary glands (460-462). A classic example i

how pheromones can affect the reproductive system <

rodents is the so-called "Whitten effect" (463). Exposu
of female mice to male mice or to their excreta indue
estrus in approximately half of the females three nigh
later. In the context of puberty, it is well established th
sexual maturation in the female mouse can be accele
ated by the presence of an adult male or even by intr
ducing the female to a cage previously occupied by tl
male. On the other hand, if female mice are reared
groups, the onset of puberty is delayed compared to th
of singly caged animals (for reviews see refs. 464-46(
Similar studies in the rat are less well documented b

suggest that advancement or retardation of sexual mat
ration by male or female pheromones, respectively,
nowhere near as impressive as in the mouse and is,
best, only marginally significant (467,468).

THE MECHANISM OF THE ONSET OF
PUBERTY

The "Gonadostat" Hypothesis

The popular "gonadostat-resetting" hypothesis, fc
mulated to explain the onset of puberty, is based on e
periments originally performed in the rat. This hypoth
sis (367,469) proposes that, as the animal matures, tl
sensitivity of the hypothalamic-pituitary unit to stero
negative feedback decreases. Thus, a gradual increase
gonadotropin levels results and, in turn, stimulates fu
ther release of gonadal steroids.

The hypothesis of the gonadostat resetting original
in the early 1930s when Hohlweg and Dohrn (470) r
ported that formation of castration cells in the pituita
gland could be prevented in immature rats by a dose
E2 that is approximately 1% of that required in the adu
Ramirez and McCann coined the phrase "resetting
the gonadostat" and, based on their results using ca
trated male rats and T replacement therapy, develop*
the hypothesis as it is known today (367,469).

Once RIA technology became available and permitt*
the measurement of circulating gonadotropin leve
these early findings were confirmed in both femal
(471,472) and males (361,371,377,378). Steele ai
Weisz (471) demonstrated that when prepubertal ovai
ectomized rats were infused with E2 for several da}
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plasma LH levels were suppressed initially and
"escaped" from E2 inhibitory control at the time of vagi¬
nal opening. Further support for the gonadostat hypoth¬
esis was provided by the observation that E2 implanted
into the hypothalamus was more effective in suppressing
the postovariectomy rise of gonadotropins in immature,
as opposed to adult, rats (473).

It is evident, therefore, that immature rats are more
sensitive than postpubertal animals to the inhibitory ef¬
fect of gonadal steroids on gonadotropin release. How¬
ever, the concept that this change in sensitivity is respon¬
sible for the onset of puberty has been questioned on the
basis of experiments in which the inhibitory effect of E2
was examined at several intervals before and after the
first ovulation (474). In these experiments the animals
were ovariectomized at different ages or physiological
phases, and E2 was provided immediately after ovariec¬
tomy via subcutaneous Silastic capsules. A very low con¬
centration of E2 was equally effective in suppressing
serum gonadotropin levels in juvenile and peripubertal
rats, even when ovariectomy and E2 therapy were insti¬
tuted as late as the morning of the first proestrus. Once
ovulation had taken place, the effectiveness of E2 was
lost, so that the same dose of the steroid became unable
to suppress gonadotropin levels unless the higher P levels
observed in postpubertal rats were concomitantly re¬
placed (474). These results led to the conclusion that the
resetting of the gonadostat occurs after the first ovula¬
tion, and thus it cannot be implicated as the cause of
puberty. It appears that resetting is an event associated
with the first ovulation; in fact, resetting may be a conse¬
quence of the initiation of reproductive cyclicity. The
possibility still remains, however, that lower doses of E2
may have uncovered a gradual loss in sensitivity to the
steroid before first ovulation. It may also be contended
that E2 replacement in rats ovariectomized at proestrus
cannot provide an accurate estimation of the relative sen¬

sitivity to E2 inhibitory control because of the elevated
endogenous E2 levels present at this time. Although one
would expect the contribution of the high proestrous lev¬
els of E2 to be minimal because these levels decline very
rapidly after ovariectomy, a possible residual effect can¬
not be ruled out.

A further indication that resetting of the gonadostat
occurs mostly after the first LH surge was provided by
Docke et al. (473), who found that intrahypothalamic
implants of E2 became ineffective in suppressing post¬
ovariectomy LH levels when the implants were placed
on the day of the first estrus. In a subsequent study from
the same laboratory, it was concluded that the decrease
in estrogen negative feedback effectiveness does occur

prior to the first preovulatory surge of gonadotropins
(475). However, in these experiments no significant dif¬
ferences were found between the groups treated with es¬
tradiol, but instead there was a marked difference in go¬

nadotropin response to ovariectomy, which was two- to
threefold greater in juvenile animals than in rats ovariec¬
tomized on the day of first proestrus or first estrus. Other
investigators have reported that the effectiveness of E2 in
suppressing gonadotropin release changes little before
puberty (476).

The concept that "resetting of the gonadostat" is re¬

sponsible for the onset of puberty cannot, therefore, any
longer be considered a tenable hypothesis. Ofspecial rele¬
vance in this regard are the results, obtained in humans,
demonstrating that, in both males and females, the
gonadotropin-secreting system is remarkably sensitive to
the inhibitory effect ofgonadal steroids during both early
and midpuberty, i.e., when gonadotropin secretion has
already begun to increase (477,478). In searching for al¬
ternative explanations for the initiation of puberty, one
must consider the most obvious possibility, i.e., that the
onset of puberty depends on a gonadal-independent,
centrally originating mechanism(s) that activates LHRH
release.

The Loss of a Central Restraint

The concept that certain areas of the brain exert a
tonic inhibitory control of sexual development origi¬
nated from the early work of Donovan and van der
Werff ten Bosch (10). These authors demonstrated that
electrolytic lesions of the anterior hypothalamic area re¬
sulted in precocious puberty in female rats and postu¬
lated that the lesions initiated puberty because they elimi¬
nated an important area for steroid inhibitory control.
These initial findings have been amply confirmed by
other authors (479-482); moreover, evidence has been
provided that rats with lesion-induced precocious pu¬
berty are able to mate and rear litters (482,483), indicat¬
ing that the intrahypothalamic lesion induces a true pre¬
cocious puberty.

A puzzling finding is that localization of the lesion in a
precise site, or the age at which it is made, has little influ¬
ence on the ability of the lesion to advance puberty. Simi¬
lar results were obtained when anterior hypothalamic
lesions were placed at 3 to 4, 14 to 15, or 23 days of age
(14,482,484). In some cases, lesions in the posterior hy¬
pothalamus were also effective in advancing the time of
puberty (481).

Inhibitory influences originating within the limbic
system and in the cerebral cortex have also been evoked
as playing a role in restraining the initiation of puberty.
Elwers and Critchlow (11) first demonstrated that bilat¬
eral electrolytic lesions in the medial portion of the
amygdaloid complex induce precocious ovarian activa¬
tion. They postulated that this portion of the amygdala
exerts an inhibitory influence on gonadotropin secre¬
tion. Other authors have argued, however, that the re-
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suits were caused by an irritative effect of the electrolytic
lesion, because electrochemical stimulation of the amyg¬
dala induces, rather than suppresses, gonadotropin re¬
lease (485). In contradiction with this view, chronic bilat¬
eral electrochemical stimulation of the corticomedial

portion of the amygdala was found to delay, rather than
advance, puberty (486). Part of the confusion may derive
from the site of the lesion/stimulation within the amyg¬
daloid complex. This is suggested by the finding that le¬
sions made with platinum electrodes induce precocious
puberty only if they are placed in the anterior part of the
medial amygdaloid complex (487). In spite of these di¬
vergent findings, there is general agreement that amyg¬
daloid influences reach the hypothalamus via the stria
terminalis, since both amygdaloid-induced inhibition
and stimulation of gonadotropin release are prevented
by transection of the stria terminalis (485,488).

Additional extrahypothalamic structures considered
to exert a restraining effect on puberty are the hippocam¬
pus (489-491) and the cerebral cortex (492). Although
stimulation of the hippocampus inhibits gonadotropin
release (493,494), a specific inhibitory role of the hippo¬
campus in the onset of puberty is debatable because hip-
pocampal lesions actually delay puberty (489-491). This
delay, however, may be more related to a reduction in
body growth than to a specific effect on gonadotropin
secretion (490). Furthermore, electrochemical stimula¬
tion of the hippocampus has been found to advance,
rather than delay, the onset of puberty (495). Hemide-
cortication, on the other hand, though effective in induc¬
ing precocious puberty, does not permit identification of
the specific area(s) involved (492).

The advancement of puberty brought about by hypo¬
thalamic lesions has been attributed for many years to
the destruction of a center inhibitory to gonadotropin
secretion (10,496). However, the validity of this concept
has been challenged by the findings that the lesions do
not eliminate the ability of ovarian steroids to suppress

gonadotropin release (497) and do not result in elevated
basal levels of plasma gonadotropins (482). It thus ap¬
pears that the mechanisms underlying the advancing ef¬
fect of hypothalamic lesions on puberty must involve
mechanisms different from those originally postulated.
Although an "irritative" mechanism has been invoked
to explain the effect of lesions on other hypothalamic
functions (498), a more accurate interpretation is obvi¬
ously required. Since brain injury is followed by accu¬
mulation of mitogenic/neurotropic activities near the
site of injury (499), a recent study considered the possibil¬
ity that one of these activities is involved in the process
by which lesions advance the initiation of female pu¬

berty (500). Attention was focused on transforming
growth factor a (TGFa), a mitogenic polypeptide with
neurotropic activity that is produced in the hypothala¬
mus and is able to stimulate LHRH release from median
eminence nerve terminals in vitro (501). The results dem¬

onstrated that lesions of the anterior hypothalamic ar
that advanced puberty also resulted in activation
TGFa gene expression in reactive astrocytes surroun
ing the lesion site (500).

That an increased production of TGFa contributes
the acceleration of puberty induced by the lesion w

suggested by the ability of an inhibitor of epiderrr
growth factor (EGF) receptors infused into the lesion s:
to prevent the advancing effect of the lesion on puberi
An inhibitor of EGF receptors was used because most
the biological effects of TGFa are thought to be exert
via activation ofEGF receptors (502). Further characfi
ization of the hypothalamic response to injury demo
strated that reactive astrocytes also displayed an increa
in EGF receptor gene expression (503), a change accoi
panied by an increase in biologically active EGF recept
protein, as determined by the ability of the receptor
autophosphorylate on dimerization. Experiments usi
double immunohistochemistry demonstrated that in i
tact animals EGF receptor immunoreactivity is locat
in glial cells of the hypothalamus and tanycytes of t
third ventricle but not in LHRH neurons (504). Puber
advancing lesions, which markedly increased EGF :
ceptors in reactive astrocytes, did not result in the appe;
ance of EGF receptors in LHRH neurons (50
suggesting that the stimulatory effect of TGFa
LHRH neurons is exerted indirectly via the intern
diacy ofglial cells. Since TGFa has been shown to stirr
late LHRH release through activation of EGF receptc
and requires the intermediacy of PGE2 (501), the 1
pothesis has been proposed that TGFa produced in ;
trocytes acts in a paracrine/autocrine fashion to stirr
late the glial release of prostaglandins, which, in turn,;
on the LHRH nerve terminals to stimulate release of t

neuropeptide (for a review see ref. 12).
Other experiments provided additional insights ir

the possible sequence of events by which hypothalan
lesions enhance the secretory activity of LHRH neurc
(505). The information thus far obtained in this a
other recent studies may be summarized as follo>
Within 20 hours after injury there is a marked genon
activation of cells adjacent to the lesion site, includi
astrocytes, as revealed by an increase in c-fos expressi
(505). This activation does not occur in LHRH neuro
since they show no increase in c-fos levels at this tin
Nevertheless, LHRH neurons do respond to the inji
with a loss in spinyness. This phenotypic change prol
bly represents reversal to a more immature morpholo
cal type, since spiny LHRH neurons have been shown
be more densely innervated (111) and to be metabt
cally more active than smooth neurons (113). These i
tial changes are followed by an intermediate phase (
hours to 4 days) during which the astrocytes near 1
lesion site become reactive and exhibit an increased <

pression of the genes encoding TGFa and its recep
(500,503). the morphology of LHRH neurons returns
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normal (505), and TGFa may begin to stimulate glial
production of PGE2, which would then act on LHRH
neurons to stimulate LHRH release (501). It appears
that this effect requires neither activation of LHRH gene
expression nor enhanced processing of the LHRH pre¬
cursor peptide (505). The increase in LHRH output that
presumably would result from PGE2 action would then
stimulate LH release, which would begin to stimulate the
ovary to produce estradiol. Finally, a resolution phase
ensues when estradiol levels become sufficiently elevated
to acutely activate the secretory activity of LHRH neu¬
rons via their associated neuronal-glial circuitry. The re¬

sulting precocious preovulatory increase in LHRH out¬
put, presumably induced by estradiol, is accompanied
by cell-specific genomic activation as determined by the
selective appearance of c-fos protein in LHRH neurons
on the day of the precocious first proestrus (505). This
sequence of postulated events is depicted in Fig. 8.

These findings make it clear that the advancing effect
of hypothalamic lesions on puberty is not caused by re¬
moval of an inhibitory tone on gonadotropin release, as
postulated in earlier reports (10,496,506). They also cast
doubts on the hypothesis that loss of a central restraint is
responsible for the initiation of puberty. There is, how¬
ever, evidence for the existence of an opioid inhibitory
mechanism operating during prepubertal days. Opiater-
gic neurons may directly influence LHRH neuronal ac¬

tivity because they synapse with LHRH neurons (507).
In females, at least, opiates appear to play an active role
in inhibiting gonadotropin release well before puberty
(508). Such an ability has been found to decrease during
the days preceding the first ovulation, although it should
be emphasized that in males it increases (509) during

sexual development (510). The decreased effectiveness
in opioid tone seen in peripubertal female rats has been
interpreted as being indicative of an involvement of the
opiate system in mediating the pubertal "resetting of the
gonadostat" (510), a conclusion based on the earlier sug¬

gestions that opiates mediate the negative feedback effect
of gonadal steroids on LH release (511,512). The same
authors have reported that the capacity of the opiate sys¬
tem to suppress gonadotropin release depends on the
presence of gonadal steroids (513) and have suggested
that the coupling ofhypothalamic opiate receptors to the
LH regulatory mechanisms is dependent on gonadal ste¬
roids. A similar conclusion has been reached by other
investigators (514). The interaction between the opiate
system and gonadal steroids appears to be more complex
because, in intact prepubertal rats, E2 has been found to
inhibit the capacity of naloxone to elicit LH re¬
lease (508).

Although the relative preponderance of opiate-
mediated mechanisms in the initiation of puberty has
not been elucidated, it appears that the opiate system
does, indeed, affect the pace of sexual maturation. This
has been shown by the finding that naloxone adminis¬
tered to female rats during the first 10 postnatal days
results in precocious puberty (515). A sex difference ex¬
ists in that naloxone is very effective in inducing LH
release in infantile females but not in males. Conversely,
as the animals mature, naloxone becomes less effective
in the female but more effective in the male (508,509,
516-518). A transient diurnal loss of opiate inhibitory
tone may also contribute to the initiation of the peripu¬
bertal afternoon increase of LH release in females. This
is suggested by the finding that the effectiveness ofnalox-
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INTERMEDIATE PHASE
(20 h - 6 days)
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(6 - 8 days)
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FIG. 8. Hypothetical sequence of events in¬
volved in the advancement of puberty induced by
hypothalamic lesions. The duration of each re¬
sponse phase is measured in hours or days after
injury, f, increase; T decrease; —, no change; +,
stimulation; ?, insufficient information; IR, irregu¬
lar. For details see text. (From ref. 505, with
permission.)
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one in enhancing LH release decreases in the afternoon
of the peripubertal period (519).

Gamma-aminobutyric acid (GABA)ergic neurons
constitute another major inhibitory neurotransmitter
system that may contribute to restraining the prepuber¬
tal secretory activity ofLHRH neurons. GABAergic neu¬
rons synapse onto LHRH neurons (520) and appear to
inhibit LHRH secretion via GABA receptors of the B
subtype (521). In peripubertal female rats, however, acti¬
vation of GABAa receptors has been shown to suppress
gonadotropin secretion (522). In spite of the effective¬
ness of these inhibitory systems, it is unlikely that the
actual initiation of puberty is determined only by the
removal of opiate or GABAergic restraining influences.
A more plausible view is that the initiation of puberty is
facilitated by a loss of such restraining influences, but
that it is primarily dependent on the activation of excit¬
atory inputs (13). The concept of an increasing preva¬
lence of excitatory inputs overriding a declining inhibi¬
tory opiate tone has been discussed by other authors
(515,523).

The Activation of Excitatory Inputs

Although a decreased sensitivity to steroid negative
feedback and a reduction in inhibitory neurotransmitter
inputs to LHRH neurons may be modulatory compo¬
nents of the pubertal process, the initiation of puberty
appears to depend on the activation of a still poorly un¬
derstood series of events collectively known as the "cen¬
tral drive." According to this concept, prepubertal
LHRH neurons have a low level of activity that is en¬
hanced at the end of the juvenile period by a change in
stimulatory inputs, resulting in the activation of the
pituitary-gonadal axis. Although LHRH neurons un¬

dergo a series of maturational changes during juvenile
development (see the section on "Postnatal Develop¬
ment"), it does not appear that the neurons themselves
constitute a limiting factor for puberty to occur, because
their secretory activity can be prematurely enhanced by
experimental manipulations. Examples of such manipu¬
lations are the electrical stimulation of the hypothala¬
mus (524-526) and the administration of NMDA
(276,280), both ofwhich have been shown to be effective
in accelerating the onset ofpuberty. It would then appear
that puberty is initiated by the activation of stimulatory
neural pathways functionally and anatomically con¬
nected to LHRH neurons. The increases in LHRH
mRNA level (107) and neuropeptide content (74) that
occur during the juvenile-peripubertal transition period,
the greater LHRH secretory response to secretagogues
observed in late juvenile animals as compared with early
juveniles (118), and the increased number ofLHRH neu¬
rons with a more mature, "spiny," morphological ap¬
pearance detected in juvenile-peripubertal animals as

compared with younger rats (108) may be maturation
changes that facilitate the secretory response of LHR
neurons to the pubertal increase in central drive.

As already discussed in the section on "The Onset i

Puberty," there are at least three neuronal systems th
may be implicated in the pubertal activation of LHR
neurons. They are those that use NE, NPY, and EAAs;
neurotransmitters. At least two of these neuronal sy
terns (NE, NPY) have been shown to be associated wii
LHRH via direct synaptic contacts (297,298). In add
tion to this transsynaptically mediated control syster
there is now evidence (500,501,503,505) that LHR
neuronal function may be regulated by trophic mol
cules, such as TGFa, that do not act as neurotransmi
ters, but rather mediate cell-to-cell interactions betwet
neurons and glia, the two major cell types in the nervoi
system (vide infra).

Although rather compelling evidence exists suppoi
ing a facilitatory involvement of NE, NPY, and EA^
that operate via NMDA receptors in the initiation ar

progression of puberty (261,270,271,276,278-284,52'
nothing is known about the molecular mechanisms th
set the process in motion, i.e., that enhance the transsy
aptic activity of these stimulatory neuronal system
Equally unresolved is the question of whether the thr
systems function independently or are related to ea<
other by some form of hierarchy. The demonstratic
that the activity of NMDA receptors increases before tl
onset of puberty in a gonadal-independent mann
(527,528) does not resolve this issue but further suppoi
the view that the pubertal increase in central drive is, tc
significant extent, a gonadal-independent phenomeno
Furthermore, although NMDA receptors appear to pi;
a physiological role in mediating the effects of endog
nous EAAs in the pubertal process (278-282), it does n
appear that other EAA receptor subtypes such as kaina
or AMPA, shown to release LHRH in adult rs
(529,530), are also involved in the pubertal pr
cess (531).

The postnatal changes in LHRH mRNA levels (10
and the striking ability of E2 and P to increase LHR
gene expression within a few hours of their administr
tion (241,242) raise the question of whether the neur
transmitter systems stimulatory to LHRH secretion a
able to affect LHRH gene expression, or, more direci
stated, whether or not a change in LHRH gene exprt
sion is required for them to enhance LHRH secreto
output. Evidence exists that activation of NMDA rece
tors results in a rapid increase in LHRH mRNA lev<
that parallels that in plasma LH (532). It is unclear, ho
ever, if the increase in LHRH mRNA is a direct result
NMDA receptor activation or represents a homeosta1
adjustment triggered by the activation of peptide relea:
Other experiments have shown that blockade of nora
renergic a, receptors in ovariectomized rats decreas
LHRH mRNA levels (533), thus suggesting that a nora
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renergic tone operating through a, adrenoreceptors con¬
tributes to maintaining LHRH gene expression. Again,
it is not known whether such an effect on LHRH gene
expression is required for NE to stimulate LHRH
secretion.

As indicated above, evidence now exists that trophic
factors may also contribute to the peripubertal activa
tion of LHRH neurons. The involvement of one such

polypeptide factor, TGFa, in the mechanism by which
hypothalamic lesions induce sexual precocity has been
proposed (vide supra), and recent studies have provided
evidence that TGFa may also play a role in the initiation
of normal female puberty (242). In this study, TGFa
mRNA and protein were detected in several hypotha¬
lamic nuclei concerned with LHRH release, including
the suprachiasmatic, arcuate, and ventromedial nuclei,
and in the median eminence and tanycytes of the third
ventricle. Although some neurons were immunoreac-
tive, most of the TGFa immunoreactivity was localized
to astroglial cells. Intriguingly, the highest TGFa levels
were seen in astrocytes present in the abovementioned
hypothalamic nuclei, indicating that glial expression of
the TGFa gene in the hypothalamus is predominant in
subpopulations of glial cells associated with specialized
neuronal subsets. TGFa mRNA levels, quantitated with
a sensitive RNase protection assay, increased signifi¬
cantly during the second week of postnatal development,
declined during the late infantile-juvenile phases of de¬
velopment, and increased again on the day of the first
preovulatory surge ofgonadotropins in both the preoptic
region and median eminence-arcuate nucleus area.
Treatment of ovariectomized late juvenile rats with es
tradiol and progesterone at doses that increased LHR.H
mRNA levels was also effective in elevating TGFa
mRNA levels in both the preoptic region and the median
eminence-arcuate nucleus region (242). Pharmacologi
cal blockade of EGF-like receptors targeted to the me¬
dian eminence delayed the onset of pubcity, suggesting
that a site-specific activation of EGF receptors is an es¬
sential component of the neuroendocrine process that
leads to reproductive capacity.

Based on these considerations, it may be suggested

that the LHRH neuronal network develops under the
influence of both excitatory and inhibitory inputs (Fig.
9). The excitatory inputs appear to be provided via both
transsynaptic stimulation and glial-neuronal interac¬
tions. Thus far, only inhibitory inputs of neuronal origin
have been described. With regard to the neuronal sys¬
tems that may contribute to the initiation of puberty via
transsynaptic stimulation of LHRH neurons, it appears
that the neurons that utilize EAAs, NPY, and NE are the
most promising candidates to fulfill this role. The glial
influence on LHRH neurons, on the other hand, is me¬

diated by at least one polypeptide trophic factor, TGFa,
which appears to affect mainly the LHRH release mecha¬
nism and utilizes PGE2 as an intermediate. The morpho¬
logical basis for this interaction is provided by the tight
relationship that exists between LHRH nerve terminals
and glial cells—tanycytes of the median eminence (534).

The main inhibitory neuronal systems that may partic¬
ipate in the control of puberty are the opiatergic and
GABAergic systems. In female rats, opiate tone appears
to be most intense during infantile days (508) but contin¬
ues to operate throughout postnatal development
(508,517,518). A decrease in its inhibitory effectiveness
per se may not result in the pubertal activation ofLHRH
release unless there is a concomitant increase in excit¬

atory inputs to the LHRH neuronal network (Fig. 9).
Furthermore, the relevance of a decreasing opiate tone
to the onset of puberty is equivocal, because in male rats
the sexual development is associated with an increase,
rather than a decrease, in opiate tone (509). The predomi¬
nance of these excitatory inputs at the end of juvenile
development and its coupling to the ongoing rhythmic
activity of a hypothalamic circadian oscillator (535) may
result in the diurnal synchronization of LHRH release
Indeed, the activity of the NF (536) and NPY (269) sys¬
tems has been shown to be higher in the afternoon than
in the morning, as opposed to the activity of the opiate
and GABAeigic system, which is lower in the afternoon
than in the morning (519,537). In addition to the estab¬
lishment of a functionally appropriate integration be
tween excitatory neurotransmitter systems and LHRH
neurons, the synaptic interconnectivity of LHRH neu-

FIG. 9. Possible mechanisms underlying the onset
of puberty in the female rat. Available evidence sug¬
gests that the simultaneous occurrence of events 1
and 2 and their synchronization with the hypotha¬
lamic circadian oscillator (suprachiasmatic nu¬
cleus?) may be the underlying mechanisms responsi¬
ble for the development of the afternoon increase in
LH release that signals the initiation of puberty.
(Modified from ref. 20.)
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rons (538,539) may be a critical factor that ensures the
synchronized activation of the LHRH neuronal network
to secrete physiologically effective pulses of LHRH se¬
cretion and then a preovulatory discharge of the
neuropeptide.

Estradiol may facilitate maturation of the overall pro¬
cess through its neurotropic effects. Estradiol enhances
neurite growth (540) and has been shown to induce syn-
aptogenesis in the hypothalamus ofjuvenile rats at doses
that elicit a preovulatory surge of gonadotropins (541).
The neurotropic effects of E2 appear to involve an in¬
crease in gene expression of the cytoskeletal proteins
GAP-43 (542), class II-/3-tubulin (543), and Tau (544).
GAP-43 is a phosphoprotein predominantly found in
developing axons, Class II-/3-tubulin isotype is a micro-

I

tubule protein predominantly expressed in developii
and injured neurons, and Tau is also a microtubul
associated protein found in elongating axons. In adc
tion to these neurotropic effects, E2 has recently be<
found to act on hypothalamic astrocytes to increa
TGFa gene expression (545).

CONCLUSIONS

The Female

The developmental process that leads to puberty
the female rat is based on an extraordinarily compl
series of interrelated events (Fig. 10). The CNS plays

n in

CNS
PITUITARY

OVARIES

INFANTILE JUVENILE PERIPUBERTAL

FIG. 10. Proposed sequence of developmental events leading to the first preovulatory LH surge in the
female rat. The Roman numerals represent the various activational periods of the hypothalamic-pituitary
unit identified during prepubertal postnatal development. The numbers indicate the sequence in which
the events may occur. The vertical dashed line represents 12:00 p.m. on the day of the first proestrus.
The box outlined by dotted lines indicates that a loss in central restraint may contribute but may not be
the predominant factor for the synchronized activation of LHRH-secreting neurons. (Modified from ref.
19.)
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critical role by controlling both anterior pituitary func¬
tion, through the secretion of hypothalamic factors, and
the ovary, via pituitary hormones and direct neural in¬
puts. Gonadotropins play a decisive role at all stages of
sexual development with the exception of the fetal pe¬
riod, during which ovarian development is gonadotropin
independent. Three major periods ofactivation ofgonad¬
otropin secretion can be identified during postnatal
development.

Thefirst activationalperiod occurs during infantile de¬
velopment and is manifested as an enhancement in FSH
secretion with sporadic elevation in LH levels. Although
this strikingly different pattern of gonadotropin release
may result, to a significant extent, from the interplay of
steroidal influences, its primary determinant appears to
have a central origin. It may, in fact, reflect a "disorga¬
nized" activity of LHRH neurons, which, under the in¬
fluence of nascent excitatory inputs, fail to discharge
synchronously. Infrequent, randomly occurring synchro¬
nization may result in low-frequency LHRH discharges,
which, in turn, would maintain high plasma FSH levels.
A strong inhibitory (opiate) influence capable of slowing
down the frequency of LHRH discharges may also con¬
tribute to the infantile pattern of gonadotropin release.
During the second week of postnatal life, ovarian devel¬
opment comes under firm gonadotropin control. Driven
by the increased FSH levels, a large crop of primordial
follicles, some of which are destined to ovulate at pu¬

berty, is incorporated into a proliferative pool and begins
to grow

The second activationalperiod denotes the end ofjuve¬
nile development and results in the first overt hormonal
manifestation of the onset of puberty. It is initiated by
the ovarian-independent activation of transsynaptic in¬
puts (NE, NPY, EAA) to, and perhaps glial interactions
(TGFa?) with, LHRH neurons and is manifested as a
diurnal change in basal T.H levels and pulsatile LH re¬
lease. A decrease in neuronal inhibitory influences
(opioids, GABA) on LHRH secretion may also contrib¬
ute to the process. Both basal release of LH and the mag¬
nitude of LH secretory episodes increase in the after¬
noon. These changes stimulate the ovary to produce
more E2, which then evokes minisurges of LH secretion.
In turn, the surge further stimulates ovarian develop¬
ment and steroidogenesis. Establishment of this diurnal
rhythm in LH release may reflect coordination of the
hypothalamic circadian oscillator that resides within the
suprachiasmatic nucleus with excitatory neuronal sys¬
tems stimulatory to LHRH release and the synchroniza¬
tion of LHRH discharges. This perhaps results from
completion of the synaptic circuitry impinging on
LHRH neurons, the interconnections between these neu¬

rons, and their morphological and functional matura¬
tion. The overall process may be facilitated by the neuro¬

tropic effects of E2 but is not determined by a decrease in
hypothalamic sensitivity to negative feedback.

The third and final activational period occurs more

abruptly and is predominantly determined by an in¬
creased output of ovarian steroids, especially E2. This
period corresponds to the preovulatory discharge of
LHRH, which evokes the first surge of gonadotropins.
The sequence of changes in LH release postulated to oc¬
cur at puberty is shown in Fig. 11, which depicts individ¬
ual profiles of LH release observed in peripubertal rats.

It is clear that this last activational phase is a result of
the expression of E2 positive feedback. Estradiol positive
feedback develops by the end of the infantile period. At
this time the ovary is unable to secrete sufficient levels of
E2 to produce a surge ofLH. Completion of ovarian mat¬
uration is, therefore, essential for the preovulatory gonad¬
otropin discharge to occur. The ovaries grow under the
influence of pituitary gonadotropins. During neonatal-
infantile development, this influence may be modulated
by milk LHRH; afterwards it is facilitated by GH and
Prl. An additional facilitatory control mechanism ap¬

pears to be provided by adrenergic and peptidergic
nerves, neurotropic factors produced within the ovary,
and also EPI ofadrenal medullary origin. The adrenergic
inputs to the ovary facilitate P secretion either directly or
by amplifying the effect of gonadotropins. VIPergic
nerves appear to be involved in stimulating the secretion
of all the main steroids (E2, P, and aromatizable andro¬
gens). NPYergic nerves appear to modulate the availabil¬
ity of NE to its receptors and, in conjunction with SP,
may also be involved in regulation of blood flow.

Under the influence of all these factors, the steroid
output of the ovary increases more rapidly as proestrus
approaches. The pace of follicular development is accel¬
erated by an increase in LH receptors and possibly by a
decrease in local LHRH inhibitory influences. The in¬
creased serum E2 levels then set in motion the central
component of E2 positive feedback, possibly by enhanc¬
ing the transsynaptic activity of stimulatory neuronal
systems associated with the LHRH neuronal network
and the secretory activity of associated glia. The intracel¬
lular mechanisms underlying the resulting surge of
LHRH release may involve activation of a PGE2 and
cAMP-dependent pathway that appears to mediate the
stimulatory effect of NE on LHRH release. The PGE2
component of this pathway may not be located within
LHRH neurons but rather on adjacent (glial?) cells. The
function of an independent diacylglycerol and protein
kinase C-mediated mechanism set in motion by neuro¬
transmitters other than NE (DA, EAA?) may also in¬
crease at this time. Simultaneous stimulation of both
pathways may then trigger the procstrus surge ofLHRH,
which, in turn, by acting on a pituitary sensitized by E2,
elicits the first preovulatory surge of gonadotropins. The
gonadotropin discharge induces the first ovulation,
which occurs on the early morning of estrus. On this day,
estrogenic stimulation of the vaginal epithelium results
in canalization of the vagina, an event that provides the
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FIG. 11. Postulated sequence of changes in the mode of LH release during the onset of puberty in the
female rat. Roman numerals indicate the phases in which different afternoon patterns of LH release were
observed in conscious, free-moving peripubertal animals bled every 5-minutes using an automated
bleeding technique. Each profile is derived from a different animal. (I) Low-amplitude pulses similar to
those seen in the morning; (II) increased basal LH release and LH pulse amplitude; (III) minisurge of LH
secretion; (IV) proper proestrus surge of LH. (From ref. 20, with permission.)

first somatic manifestation that reproductive compe¬
tence has been attained.

The Male

Much less is known regarding the mechanisms that
underlie the onset of puberty in male rats than in female
rats. It is clear, however, that males attain sexual matu¬
rity in a much less climactic manner than females.
Though well defined, the developmental changes ob¬
served at each of the three levels of the hypothalamic-
pituitary-testicular axis are, relatively speaking, very
gradual. Contrary to the female, the interrelations be¬
tween the hypothalamic-pituitary unit and the gonads
of the male are already functional before birth. Thus, the
first few weeks of postnatal life may be envisaged as a
period of synchronization or fine-tuning of the various
interrelated processes rather than as a period during
which these interrelationships become established. Avail¬
able evidence permits the suggestion that, as in the fe¬
male, the primary events that set into motion the onset
of male puberty originate within the central nervous sys¬
tem. Studies using male hamsters have shown that the

major endocrine events associated with puberty are p
ceded by an increase in the size of LHRH neuronal pt
karya (546). These changes may reflect changes in 1
synthesis and/or alteration in the secretory pattern
LHRH, leading to the initiation or enhancement of 1
pubertal rise of gonadotropin secretion. Such endocri
developments, and possibly also direct neural factors,
turn influence the growth and maturation of the tesfi

One of the most significant testicular developme
occurring at this time involves changes in the sterok
genie pathways so that T becomes the predominant t
ticular androgen. Furthermore, as the animal matu
the testes become more sensitive to the stimulate
actions of the gonadotropins, primarily because of e
vated FSH secretion, and so the level of T prodi
tion becomes enhanced. Meanwhile, both T and 1
gonadotropins provide the basic stimulus for initiati
spermatogenesis. Each wave of sperm production rr
actually take several weeks to be completed, and il
therefore not surprising that attempts to advance the <
set of puberty experimentally in the male rat have bt
largely unsuccessful. The increased output of T a
produces the physical alterations that are typically as
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ciated with puberty, namely, the development and main¬
tenance of the accessory sex organs. In addition, T and
inhibin act as negative feedback agents to attenuate go¬
nadotropin secretion. It has previously been hypothe¬
sized that the onset of male puberty results from a de¬
crease in sensitivity of the hypothalamic-pituitary unit
to negative feedback. This change in sensitivity would
permit gonadotropin secretion to increase in spite of an
enhanced production of androgens by the developing
testes. The hypothesis, however, does not explain the di
vergent patterns of FSH and LH secretion observed in
developing males. Several observations, including the
finding that the pattern of LHRH release (assessed in
vitro) changes as the animal matures, suggest that an ac¬
tivation of LHRH release, independent of steroid nega¬
tive-feedback control, may play the primary, if not the
most decisive, role in the initiation of puberty in the
male rat.
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1. INTRODUCTION

It is common knowledge that humans reproduce at all times of the year, but
it is often overlooked that most feral animals do not. Instead, they confine
reproductive activity to a well-defined breeding season, which in turn ensures
that their offspring are born at a time of year when chances of survival are most
favorable. Such a reproductive strategy is especially prevalent in mammals that
are indigenous to non-equatorial regions of the world, because winters there are
generally characterized by hostile environmental conditions. It is easy, there¬
fore, to envision how offspring bom in mid-winter would be severely handi¬
capped by limited food availability and low ambient temperatures. In the face
of such adverse conditions, not only would they themselves have a poor chance
of survival but also they would impose a heavy toll on the energy reserves of
their parents and thus jeopardize survival of the species as a whole.

Although environmental factors such as food availability and ambient tem¬
perature are likely to be ultimately responsible for the evolution of seasonal
breeding strategies, these generally play only a secondary role in determining
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the timing of the breeding season in relation to a particular time of the year.
Instead, the neuroendocrine mechanisms that control the onset and termination
of the breeding season tend to be primarily dependent upon more proximate
environmental cues, such as the seasonal changes in day length.'"5 Such factors
are far more useful, because they reliably occur several weeks before the envi¬
ronmental conditions begin to show a major deterioration, and thus they give
potential parents sufficient time to make appropriate adjustments to their repro¬
ductive behavior and physiology. This is especially important to large mammals
such as sheep and deer, because their gestation period lasts for several months,
and so to avoid producing offspring in winter they must refrain from breeding
during the summer and confine their reproductive activity to a time of year when
day lengths are short. By contrast, small mammals such as hamsters have a much
shorter gestation period, of only a few weeks, and so they usually breed through¬
out the spring and summer while day lengths are long.

2. PHOTO-NEUROENDOCRINE
REPRODUCTIVE AXIS

It should be made clear at the outset that the period of restricted reproductive
activity shown by seasonal breeding mammals is not simply a behavioral
phenomenon. Rather, it involves profound neuroendocrine changes at all levels
of the hypothalamic-pituitary gonadal axis that ultimately result in arrested
gametogenesis and infertility; at the end of the nonbreeding season, the repro¬
ductive axis becomes reactivated, showing developmental changes that in
many respects resemble those occurring for the first time at puberty. For
example, when male Syrian (golden) hamsters (Mesocricetus auratus) are
maintained under photoperiods comprising more than 12.5 h of light per day,
they become sexually mature and continue to breed indefinitely. On the other
hand, when adult hamsters are transferred to shorter photoperiods, they show
a decrease in pituitary gland content of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH). The serum concentrations of these gonadotropins
also decline markedly during this time, and this in turn results in regression of
the testes accompanied by arrested spermatogenesis and a significant reduction
in serum testosterone concentrations (Figure 9.1)6"12; the complete transition
from a breeding to a nonbreeding state usually takes between 6 to 10 weeks,
depending upon the strain of hamster.

The clear-cut, photoperiod-driven alterations within the pituitary-gonadal axis
can be readily reversed by transferring the animals back from short to long days.
Although changes in sensitivity to negative sex-steroid feedback may play a part
in this regression of the reproductive axis, the underlying driving mechanism
appears to be primarily gonad-independent, since even gonadectomized hamsters
show a ten-fold decrease in gonadotropin levels when transferred from long days
to short days (Figure 9.2).1314 In both long-day and short-day breeding species,
the underlying photo-neuroendocrine circuitry involves many common basic
components, and major differences between the two groups stem largely from
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FIGURE 9.1. Components of the reproductive axis of adult male hamsters maintained on long
days (open bars) or exposed to short days (solid bars) for 8 weeks. Each bar represents the mean
value from eight animals and the SEM are shown as vertical lines. *p < 0.05, **p < 0.01 (paired
Student's r-test). (From Urbanski, H. F.,et al., J. Reprod. Fertil., 90, 157, 1990. With permission.)

FIGURE 9.2. Components of the reproductive axis of adult male hamsters, orchidectomized 1
week before use and then maintained on long days (open bars) or exposed to short days (solid bars)
for an additional 6 weeks. Each bar represents the mean value from either 11 or 12 animals, and
the SEM are shown as vertical lines. *p < 0.05, **p < 0.001 (paired Student's r-test). (From
Urbanski, H.F., Endocrinology, 131, 1665, 1992. With permission.)
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differences in their responses to the pineal hormone, melatonin (for reviews see
Alleva,13 Reiter,1618 and Goldman and Darrow19). In essence, the photo-neu-
roendocrine pathway includes the eyes for detection of light, the suprachiasmatic
nuclei for measurement of time, the superior cervical ganglia, and the pineal
gland. Nocturnal melatonin secretion from the pineal gland is thought ulti¬
mately to be transduced into a specific pattern of luteinizing hormone-releasing
hormone (LHRH) secretion, which in tum provides the primary link between
the brain and the rest of the reproductive axis.

3. INHIBITORY NEUROTRANSMITTERS
AND LUTEINIZING HORMONE-RELEASING
HORMONE SECRETION

One might expect that the photoperiod-induced changes seen at the level
of the pituitary gland and the gonads would ultimately reflect changes in the
synthesis of LHRH within the brain (Figures 9.1,9.2, and 9.4). Surprisingly,
this does not appear to be the case. In hamsters, LHRH mRNA levels
continue to be elevated under short days,20 and radioimmunoassayable LHRH
levels do not show an obvious decrease within the hypothalamus (Figures
9.1, 9.2, and 9.3)"13-21; additionally, the size of immunoreactive LHRH
neuronal perikarya and the area of the immunoreactive LHRH fibers in the
median eminence does not decrease under short days but, rather, increases.22 24
These observations are all consistent with the idea that the influence of

photoperiod on the activity of the reproductive axis is mediated primarily
through a modulation of LHRH secretion and not synthesis. Although exten¬
sive studies have already been performed to elucidate the neurotransmitter
pathways controlling LHRH secretion in the rat,23 very few have been aimed
specifically at understanding the photo-neuroendocrine pathways control¬
ling LHRH secretion in seasonally breeding species, especially under
nonstimulatory photoperiods.810-26

Overall, attempts to provide evidence for inhibitory neural circuits
playing a major role in the suppression of LHRH secretion under short
days in the hamster have been unsuccessful. For example, although the
administration of opioid antagonists to long-day hamsters produces a clear
increase in plasma LH levels (and by inference, LHRH secretion), the
response gradually disappears after the animals are transferred to short
days (Table 9.1).27 It is unlikely, therefore, that an increase in negative
opioid tone is responsible for the sustained suppression of plasma gona¬
dotropin levels during the non-breeding season. Such findings have led in
recent years to an increase in the popularity of a plausible alternative
hypothesis that photoperiodic inhibition of LHRH secretion is associated
more with a decrease in stimulatory inputs to the LHRH-releasing neural
circuitry than with an increase in inhibitory inputs. Recent findings, though
inconclusive, strongly suggest that excitatory amino acid neurotransmit¬
ters may play a key role in this process.
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FIGURE 93. Components of the reproductive axis after continuous maintenance of sexually
quiescent hamsters on short days (solid bars) or after 2 weeks of exposure to long days (open bars).
In the third group, the animals were maintained on short days but additionally were given daily
intraperitoneal injections of NMDA for 2 weeks (25 mg/kg body weight; hatched bars); the two
control groups received daily injections of saline vehicle alone. Each bar represents the mean value
from seven hamsters, and SEMs are shown as vertical lines. The data were analyzed by one-way
ANOVA followed by the Newman-Keuls test. *p < 0.05, **p < 0.01, with respect to the short-day
controls. (From Urbanski, H.F., Endocrinology, 127, 2223, 1990. With permission.)
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FIGURE 9.4. The plasma LH response of adult long-day and short-day hamsters to a single i.v.
injection of NMDA (20 mg/kg body weight). Blood samples (300 pi) were collected immediately
before injection (open bars) and again 10 min after (shaded bars). Each bar represents the mean value
from seven animals, and the SEMs are shown as vertical lines. One additional group of five hamsters
received an i.v. injection of the inhibitory LHRH analog, [D-Phe2, Pro3, D-Phe6)-LHRH (6.7 mg/kg
body weight) concomitantly with the NMDA. *p < 0.05, with respect to the preinjection values
(paired Student's r-test). (From Urbanski, H.F., Endocrinology, 127, 2223, 1990. With permission.)

4. EXCITATORY AMINO AC IDS AND LUTEINIZING
HORMONE-RELEASING HORMONE SECRETION

Excitatory amino acids (EAAs) such as glutamate are the most abundant
stimulatory neurotransmitters found within the mammalian central nervous
system.28-29 They have been implicated in physiological processes such as

TABLE 9.1
Effect of Naltrexone on Gonadotropin Secretion

in Male Hamsters

Treatment Plasma LH (ng/ml) Plasma FSH (ng/ml)

Controls (LD) 183 ± 40 280 + 29

Naltrexone (LD) 548 ± 79** 228 ± 27

Controls (7 weeks SD) 61 ± 20 136 + 5

Naltrexone (7 weeks SD) 181 + *oT 155 + 7

Controls (10 weeks SD) 34 + 21 127 ± 15

Naltrexone (10 weeks SD) 77 + 27 150 + 20

*
p < 0.05, ** p < 0.001 (student's /-test); N = 8 or 9 per group.

Blood (300 pi) was collected 15 min after intra-peritoneal injection of naltrexone
(2 mg/kg body weight).
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learning and memory and also in neurodegenerative diseases such Alzheimer's
and Huntington's (see Chapter 10).30-32 From the perspective of neuroendocri-
nology, however, the discovery that EAA agonists could stimulate LH secre¬
tion opened up a floodgate of studies aimed at elucidating their role in the
regulation of reproductive function in mammals.33-36 Initially, these included
the demonstration that the timing of puberty in rats and monkeys could be
significantly advanced by the pulsatile administration of A-methyl-D-aspartate
(NMDA), an EAA agonist37-38 Evidence that endogenous EAAs might be
playing a physiological role in the pubertal process was subsequently demon¬
strated through the use of MK-801 ((+)-5-methyl-10,ll-dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine maleate), a noncompetitive NMDA re¬
ceptor antagonist, which was found to significantly delay the onset of vaginal
opening and first ovulation in female rats.39

A comprehensive review of the evidence implicating EAAs in the control
of the onset of puberty is presented in Chapter 4, while details of the EAA
receptor subtypes and their distribution within the brain are provided in Chap¬
ter 2. The focus of this chapter is to review the growing body of literature that
describes the influence of EAAs on the reproductive axis of adult seasonally
breeding mammals, especially Syrian hamsters. Literature on how EAAs inter¬
act with the underlying circadian neural circuitry has already been reviewed in
the preceding chapter (Chapter 8).

5. ACUTE EFFECTS OF A-METHYL-D-ASPARTATE
IN SYRIAN HAMSTERS

That EAAs may play a role in mediating the effects of photoperiod on
LHRH secretion was initially provided by the observation that an intravenous
injection of NMDA (20 mg/kg body weight) caused a significant increase in
plasma LH levels, both in adult hamsters maintained under long days and also
in adult sexually quiescent hamsters maintained under short days (Figure
9.4).40 Because the stimulatory effect of NMDA could be blocked by the
concomitant administration of an inhibitory LHRH agonist, it is likely that
NMDA's primary site of action was exerted at the level of the LHRH neurons
within the hypothalamus rather than at the level of the gonadotropes within the
pituitary gland; other in vivo and in vitro studies also support the view that the
pituitary gland is unlikely to be a primary site for EAA's stimulatory action on
LH secretion.4'-45 More recently, it has been demonstrated that in long-day
hamsters, repeated intravenous injections of NMDA cause the plasma LH
response to gradually decrease after each injection, while in short-day hamsters
the response gradually increases.46 Other investigators have established more
detailed NMDA/LH dose-response curves using subcutaneous injections of the
agonist and have reported comparable observations; using a 75 mg/kg body
weight dose, the LH response to NMDA was found to be equally dramatic in
long-day and short-day hamsters, but at lower doses it was considerably lower,
and even insignificant, in the former group.47 One possible interpretation
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offered for these paradoxical results is that the LHRH releasable pool may
become diminished under long days, as a consequence of increased LHRH
pulse generator activity. An alternative, but not mutually exclusive, hypothesis
is that the level of endogenous EAA stimulation of the reproductive axis is
itself much higher under long days than short days. Therefore, the effects of
exogenous EAAs, such as NMDA, would appear to have a less marked
stimulatory effect under the former photoperiod. It is also possible that the
EAA receptors that are functionally coupled to the LHRH-releasing circuitry
are more responsive to endogenous and exogenous ligands when the animals
are in their breeding condition under long days; this photoperiodic modulation
of EAA receptor-mediated responsivity could theoretically be achieved through
a change in receptor density or affinity, or even through an alteration in the
predominance of a particular EAA receptor subunit. There is already evidence
from the mouse to suggest that the expression of NMDA receptor channel
subunits changes during brain development,48-49 and so it is plausible that
NMDA receptor changes might also occur in association with the profound
physiological developments that occur during the transition between the breed¬
ing and non-breeding condition, and vice versa.

Further support for this idea stems from the observation that the specific
binding of MK-801 to the preoptic area of the hamster brain was greater in long-
day hamsters with fully developed testes than in short-day hamsters with re¬
gressed testes45; the preoptic area is where the majority of the LHRH neuronal
perikarya are located in the hamster brain.22-23 On the other hand, because this
noncompetitive NMDA antagonist binds more effectively to its receptor when
the integral ionic channel is open (i.e., when the receptor is in an activated state)
the observed increase in MK-801 binding under long days may also suggest that
there is more endogenous EAA stimulation of the LHRH-secreting circuits under
long days than under short days. Indeed, this latter explanation is equally
plausible for the NMDA-induced responses observed in orchidectomized ham¬
sters.13 Overall, the administration of NMDA to orchidectomized long-day ham¬
sters appears to have no obvious stimulatory effect on LH secretion and may even
cause a slight inhibition; although the reason for this inhibition is still unclear,
similar observations in the rhesus monkey have been accounted for by NMDA-
induced activation of various components of the adrenal axis that themselves can
be inhibitory to LH secretion.50

A major problem with assessing NMDA-induced responses based on single
sample measurements stems from the episodic nature of LH secretion, which in
the absence of the sex-steroid negative feedback loop is characterized by high
amplitude pulses.13 In a more recent study, therefore, the problem of a fluctuating
baseline was avoided by determining the mean NMDA-induced LH response of
orchidectomized hamsters based on three plasma samples, collected during a 30-
min period following intravenous injection of the NMDA (Figure 9.5).13 As
demonstrated previously, no obvious stimulatory action was observed in the
long-day hamsters, which had an overall mean plasma LH level of 363 ± 89.6
ng/ml before the NMDA injection and 492 ± 34.2 ng/ml afterwards. As expected,
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FIGURE 9.5. Plasma LH (a) and FSH (b) (continued on next page) levels from six orchidectomized
hamsters maintained either under long days (upper panels) or short days (lower panels). Three
blood samples (100 pi) were collected at 10-min intervals both before and after intravenous
administration of NMA (a racemic mixture containing 15 mg NMDA/kg body weight). The
corresponding mean gonadotropin values (bars) and SEMs (vertical lines) are depicted on the left
and right of each panel, respectively. The 37% increase in overall mean plasma LH levels in the
long-day group of hamsters is not statistically significant. In contrast, the 294% increase in the
short-day group is highly significant (p < 0.01, by Student's /-test). NMA had no effect on plasma
FSH levels, regardless of photoperiodic treatment. (From Urbanski, H.F., Endocrinology, 131,
1665, 1992. With permission.)

the overall mean preinjection plasma LH level of the short-day hamsters, 94 ±
21.0 ng/ml, was much lower than in the long-day group. However, after the
NMDA injection it increased markedly to 370 ± 29.9 ng/ml and became similar
to the level shown by the long-day hamsters. This observation adds further
credence to the view that the hamster's reproductive axis may receive less
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FIGURE 9.5b. (Continued)

endogenous EAA stimulation under short days, which results in a decrease in
LHRH and gonadotropin secretion, and ultimately in regression of the testes.
Moreover, the observation helps to explain why exogenous EAAs appear to be
more stimulatory to the reproductive axis when administered to hamsters during
the non-breeding than during the breeding condition (i.e., in the latter condition,
the receptors that mediate the effect of EAAs on LHRH secretion are likely to
be already near maximally stimulated by endogenous EAAs). Whether or not
analogous changes in the strength of EAA inputs to the LHRH-releasing circuits
underlie changes in LH secretion associated with the onset of puberty, as well as
with various forms of centrally originating infertility, is an interesting question
and warrants further investigation.
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6. CHRONIC EFFECTS OF iV-METHYL-D-
ASPARTATE IN SYRIAN HAMSTERS

Because the onset of puberty in rats and primates is preceded by an increase
in the amplitude of plasma LH pulses,25-51 the first experiments aimed at
inducing precocious puberty using EAA agonists involved administering NMDA
in a pulsatile manner with the intention of producing similar high-amplitude
LH pulses.37-38 However, subsequent studies have clearly demonstrated that
such an elaborate NMDA administration paradigm is unnecessary to preco¬
ciously activate the quiescent reproductive axis of hamsters maintained under
short days or to prevent gonadal regression after transfer from long to short
days.40-52 Indeed, it appears that single daily intraperitoneal injections of NMDA
(25 mg/kg body weight) are all that are necessary.

Syrian hamsters of the LSH Ss/Lak strain typically show complete testicular
regression after 6 weeks of exposure to short days. Yet after 6 weeks of daily
NMDA injections, short-day hamsters remained reproductively functional, as
determined by their maintenance of large testes and their continued ability to
sire offspring. In the converse experiment, the daily administration of NMDA
to short-day hamsters that had previously undergone testicular regression
resulted in reactivation of gonadotropin secretion and testicular recrudescence
(Figure 9.3). Indeed, this reactivation was more dramatic than that induced by
transferring hamsters from short to long days; within only 2 weeks of NMDA
treatment, testicular mass had increased more than four-fold, and mean serum
testosterone concentrations were already in the adult range. Moreover, testicu¬
lar histology revealed that spermatogenic activity was extremely advanced
relative to that observed in the short-day control hamsters or in those that were
transferred to long days for 2 weeks; Sertoli cells and spermatogonia were the
only cell types present in the seminiferous tubules of the short-day controls,
while in the long-day group some spermatocytes were also present. In the
NMDA-treated hamsters, however, all of the germ cell types were present in
some, but not all, of the seminiferous tubules, and several spermatids were
clearly visible with their tails protruding into a well-defined tubule lumen
(Figure 9.6).

Although these profound effects of NMDA on the reproductive axis of
hamsters are undoubtedly pharmacological and do not prove that EAAs nec¬
essarily play a physiological role in controlling seasonal breeding, they do
nevertheless provide important insights into the function of LHRH neurons
under different photoperiods.

7. ANTAGONISM OF EXCITATORY
AMINO ACID RECEPTORS

Whether or not EAAs play a physiological role in the initiation and main¬
tenance of the hamster's breeding season is unclear, and attempts to clarify this
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FIGURE 9.6. Photomicrographs showing the histological appearance of regressed testes from
hamsters maintained continuously on short days (A) and after 2 weeks of photoperiod- and
NMDA-induced recrudescence (B and C, respectively). Original magnification xl60. (From
Urbanski, H.F., Endocrinology, 127, 2223, 1990. With permission.)

issue have relied largely on the use of specific EAA receptor antagonists to try
and block the stimulatory action of long days. So far, however, no firm
evidence has been obtained. For example, the increase in plasma gonadotropin
levels that occurs when sexually quiescent hamsters are transferred from short
to long days could be delayed for one week by the continuous subcutaneous
infusion of MK-801 (5 pg/h, delivered using implanted osmotic mini-pumps),
but not completely blocked.40 Although it is possible that the hamsters devel¬
oped tolerance to the MK-801 during the 3-week administration,53 no obvious
effect of MK-801 (0.6 mg/kg body weight) on LH secretion has been observed
even when administered acutely to gonadal-intact hamsters.47

The exact reason for this lack of a significant response to MK-801 is not
clear, but it is quite likely that excitatory inputs other than those acting through
NMDA receptors also play a significant role in stimulating LHRH release, and
thus they also need to be antagonized before an appreciable suppression of
plasma LH levels is to occur. Following this rationale, one might expect a
combined treatment with MK-801 and DNQX (an antagonist of AMPA/kainate
EAA receptor subtypes) to be more effective at exerting a suppressive effect
on plasma LH levels; the stimulation of non-NMDA EAA receptors using
AMPA (DL-a-amino-3-hydroxy-5-methylisoxazole-proprioniate) has been
shown to cause an increase in LH secretion, both in long-day and short-day
hamsters.54 The problem with testing such a hypothesis experimentally, how¬
ever, is that complete blockade of all of the excitatory neurotransmitter inputs
is likely to severely compromise the survival of the animal, especially when the
drugs are administered chronically for several weeks.

Nevertheless, in a previously unpublished study, an attempt was made to
induce gonadal regression in adult male Syrian hamsters through the partial
blockade of hypothalamic NMDA and AMPA/kainate receptors, using a con-

I
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TABLE 9.2

Effect of MK-801 and DNQX on the
Reproductive Axis of Adult Male Hamsters

Plasma Plasma Testicular Body
LH FSH Width Weight

Treatment N (ng/ml) (ng/ml) (mm) (g)

SD Controls 8 30+ 18* 28 ± 8** 4.1 ±0.1** 159 ± 7

LD Controls 8 171 ± 22 219 + 29 10.4 ±0.2 164 ±7

SD + Pulse 6 140 ± 17 250 ± 38 10.7 ± 0.2 164 ±9
SD + Pulse + MK-801 6 101 ± 23 313 ±40 10.3 ±0.3 175 ± 6

SD + Pulse + DNQX 6 162 + 25 269 + 41 10.9 ±0.3 160 ± 5

SD + Pulse + MK-801/DNQX 7 166 ± 20 312 ± 30 10.3 ±0.4 165 ± 7

Note: The measurements were made 10 weeks after exposing adult hamsters to either long
days (LD; lights on 23:00-13:00 h), short days (SD; lights on 3:00-9:00 h), or to short
days with an extra 1-h pulse of light from 17:00-18:00 h (SD + Pulse). Each day at
17:00 h, some of the hamsters received subcutaneous injections of either MK-801 (0.2
mg/kg body weight), DNQX (0.02 mg/kg body weight), or both MK-801 and DNQX.

*p < 0.05, **p < 0.001 (versus LD controls, Newman-Keuls test).

comitant daily administration of MK-801 and DNQX. The experimental de¬
sign exploited the fact that hamsters are nocturnal, and so their photo-neuroen-
docrine circuits do not need to perceive light continuously throughout the
daylight period of a long day in order to maintain an activated reproductive
axis; exposing the animals to a "skeleton photoperiod" in which short days are
supplemented with a 1-h pulse of light in the middle of the night also results
in maintenance of an activated reproductive axis. In this experiment, hamsters
exposed to stimulatory "skeleton photoperiods" continued to maintain elevated
plasma gonadotropin levels and large testes despite being treated for 10 weeks
with daily subcutaneous injections (during the 1-h light pulse) of either MK-801
(0.2 mg/kg body weight), DNQX (0.02 mg/kg body weight), or both MK-801
and DNQX (Table 9.2). Although higher doses of MK-801 may have been
more inhibitory, they were deliberately avoided in this study because prelimi¬
nary observations indicated that they cause hamsters to become unconscious
for several hours; furthermore, it has been reported that high doses of MK-801
can exert inhibitory effects on nicotinic acetylcholine receptor channels, and so
some of its specificity for the NMDA receptor channel may be lost.55

Although the results fail to demonstrate any obvious sustained suppressive
effect of EAA receptor blockade on the reproductive axis of hamster, it should
be emphasized that even in non-photoperiodic species such as the rat, there is
little if any evidence demonstrating that antagonism of EAA receptors can
suppress tonic LH secretion in gonad-intact, sexually mature animals. In the
rat, for example, the daily administration of MK-801 was found to significantly
delay but not prevent the onset of puberty.39 Furthermore, the most clear-cut
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suppressive effects of NMDA antagonists on plasma LH concentrations were
observed when the level of LH secretion was extremely elevated to begin with,
such as during the estrogen-induced surge or after gonadectomy.39-56 59

8. EFFECTS OF EXCITATORY
AMINO ACIDS IN SHEEP

The exact role played by EAAs in controlling LHRH secretion in short-day
breeding species such as sheep is still unclear. An attempt to stimulate LH
secretion in orchidectomized male lambs using a dose of NMDA known to
produce a response in monkeys was unsuccessful.60 Similarly, treatment of
ovariectomized female lambs with NMDA failed to produce an increase in
mean plasma LH concentrations except when the plasma LH levels were first
attenuated using exogenous estradiol.61 Moreover, intracerebroventricular ad¬
ministration of D,L-2-amino-5-phosphonovalerate (AJP-5), a competitive NMDA
receptor antagonist, had little if any suppressive effect on pulsatile LH secre¬
tion in ovariectomized lambs.62 The apparent lack of response to NMDA is
likely to be related in some way to the abnormally high level of LH secretion
that characterizes the agonadal condition, because in intact rams the intrave¬
nous administration of NMDA has clearly been shown to cause an acute
increase in plasma LH levels within 2 to 4 min, and a peak at 20 min63; in the
ram, as in the hamster, an acute increase in plasma LH concentrations can also
be induced using the non-NMDA EAA receptor agonist AMPA.63 Also, as in
the hamster, the LH response to NMDA appears to be most pronounced during
the sexually inactive phase, which in sheep occurs when day lengths are long.

9. DISTRIBUTION OF EXCITATORY
AMINO ACID RECEPTORS

It has been demonstrated recently that immortalized mouse LHRH neurons
(GT1-1 and GT1-7 cells)64 grown in vitro contain mRNA for the NMDA-R1
receptor.65-66 Furthermore, these cells seem capable of responding to the stimu¬
latory action of glutamate, NMDA, AMPA, and kainate by showing increased
Ca2+ influx and subsequent LHRH secretion.66-67 In the light of these in vitro
observations, one might also expect the LHRH neurons of hamsters to show a
high level of EAA receptor gene expression and to respond directly to EAA
stimuli in vivo. So far, however, there is no convincing evidence supporting the
idea of a direct stimulatory action of EAAs on LHRH secretion in hamsters.

For example, repeated attempts to induce expression of the immediate-early
gene c-fos in LHRH neurons of long-day or short-day male hamsters by third-
ventricular administration of NMDA has been unsuccessful (Doan, A. and
Urbanski, H. F., unpublished observation), even though c-fos expression is
quite pronounced in LHRH neurons of female hamsters during the proestrous
preovulatory surge (Figure 9.7).68 The distribution patterns of different EAA
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FIGURE 9.7. Photomicrographs of hamster LHRH neurons processed for double-label immuno¬
cytochemistry. The brain sections were first stained using an polyclonal antibody to Fos and
diaminobenzidine/nickel chloride as the chromogen (blue-black); the sections were then stained
using a monoclonal antibody to LHRH and diaminobenzidine as the chromogen (brown). Panels
A and C show colocalization of Fos and LHRH, detected by dense staining of the cell nucleus (Fos)
and also the perikaryon (LHRH). Panels B and D show LHRH neurons in which an absence of Fos
expression is indicated by a pale nucleus. Original magnification X270. (From Doan, A., and
Urbanski, H.F., Biol. Reprod., 50, 301, 1994. With permission.)

receptor subtypes within the brain are presented in detail in Chapter 2, and
essentially similar patterns have been observed in the hamster (Munro, G. and
Urbanski, H. F., unpublished observations). Furthermore, with the cloning of
various EAA receptor cDNAs (for recent review, see Hollmann and
Heinemann69) and the commercial availability of specific EAA receptor anti¬
bodies (see Chapter 2), it is now possible to perform double-label histochem¬
istry to address the issue of whether LHRH neurons express EAA receptor and,
therefore, most likely respond directly to the stimulatory action of EAAs.

Recent studies have made use of double-label fluorescence immunocy-
tochemistry as well as immunocytochemistry combined with in situ hybridiza¬
tion histochemistry. So far, however, neither the NMDA-R1 mRNA nor pro¬
tein have been found to be co-localized within the LHRH neurons of adult male

Syrian hamsters70-71; other investigators have similarly failed to detect a signifi¬
cant level of NMDA-R1 gene expression in the LHRH neurons of Djungarian
hamsters (Ebling, F. J. P. and Alexander, H. M., personal communication).
Preliminary studies using double-label fluorescence immunocytochemistry
with antibodies specific to LHRH,72 and GluRl, GluR2/3, or GluR4 EAA
receptor units,73 again do not show signs of obvious co-localization of AMPA
receptors within the LHRH neurons of hamsters (Figure 9.8).74 Taken together,
these findings do not provide compelling evidence for a direct interaction
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FIGURE 9.8. Double-label fluorescence immunocytochemistry showing a lack of co-localiza¬
tion of GluRl receptors within LHRH neurons of hamsters. The upper panel depicts LHRH
neurons labeled using a mouse monoclonal LHRH antibody (HU4H), tagged with a fluorescene
secondary antibody. The same field of view, shown in the lower panel, depicts a non-LHRH
neuron labeled using a rabbit polyclonal GluRl antibody (Chemicon), tagged with a rhodamine
secondary antibody. Original magnification x200. (From Munro, G. and Urbanski, H.F. Unpub¬
lished observations.)

between EAAs and LHRH neurons and suggest that interneurons may be
involved in mediating the stimulatory response of EAAs on LHRH secretion.

In view of these data, it is unclear why GT1-1 and GT1-7 cells clearly
express EAA receptor genes in vitro, although one possibility may be related
to the fact these cells were already immortalized before they had migrated from
their embryonic origin in the olfactory placode to their adult location in the
preoptic area. If this explanation is correct, it may imply that the LHRH
neurons of hamsters may also express EAA receptor genes more obviously
when the animals are exposed to short days (i.e., inhibitory photoperiods) and
their response to exogenous EAAs becomes enhanced. On the other hand, it is
clear from electron microscopy studies that glutamatergic nerve terminals are

I
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Glutamate GluR1

NR1 NR2B

FIGURE 9.9. Photomicrographs of coronal sections through hamster brain depicting uptake of
systemically administered 3H-glutamate into the medial basal hypothalamus (dense silver grains).
The same brain region shows a moderate to high degree of glutamate receptor gene expression,
especially in the ventromedial hypothalamic area on each side of the third ventricle (GluRl, NRl,
and NR2B receptor mRNA detected by in situ hybridization histochemistry using 35S-labeled
riboprobes). Original magnification x2.5. (From Urbanski, et al. Unpublished observations.)

abundant in the medial basal hypothalamus of hamsters and that systemically
administered glutamate can penetrate into this region of the brain (Figure
9.9),65 but probably not into the preoptic area where the majority of the LHRH
neuronal perikarya are located. Moreover, both NMDA (e.g., NRl and NR2B)
and AMPA (e.g., GluR 1) receptor mRNAs are clearly expressed in the hamster
hypothalamus, especially in the ventromedial and arcuate regions (Figure 9.9).
Therefore, it is quite probable that at least some of the stimulatory action of
exogenous EAAs on LHRH secretion is mediated through interneuronal recep¬
tors located in this area of the brain, in the vicinity of the LHRH axons and
nerve terminals.

Studies performed using non-photoperiodic rodents have demonstrated that
EAAs can stimulate the release of hypothalamic norepinephrine and also
induce c-fos protein in noradrenergic neurons of the locus coeruleus.75 Because
catecholamines are generally considered to be major regulators of LHRH
secretion, they may well play a significant role in mediating the stimulatory
effects of EAAs on reproductive function.

10. UNRESOLVED ISSUES

One of the most interesting, but still unresolved, aspects of the gonadotropin
response to EAA stimulation in hamsters is that repeated daily administrations
of NMDA can produce a sustained elevation in the plasma levels of both LH
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and FSH40-76; this is in contrast to the rapid, but temporary, elevation of plasma
LH that occurs within the first hour of NMDA administration, both in photo¬
periodic and non-photoperiodic species.37-46 For example, the elevation of
mean plasma gonadotropin levels in NMDA-treated short-day hamsters was
maintained even though the 2-week treatment period had finished (i.e., no
NMDA was administered on the day that the plasma sample was collected). It
is also interesting that the plasma FSH levels were clearly elevated at this time,
because NMDA does not appear to have an acute stimulatory effect on plasma
FSH levels (Figure 9.2).77 One possibility is that NMDA not only exerts an
acute stimulatory effect on the LHRH-releasing circuits, but also exerts a long-
term stimulatory effect that is mediated by those neural circuits that process
photoperiodic information and transduce it into a specific pattern of melatonin
secretion.

Already there is evidence that EAAs may play an important role in the
circadian neural circuits that are part of the photo-neuroendocrine axis (see
Chapter 8). Additional evidence in support of this hypothesis stems from
observations made on the effects of NMDA in melatonin-treated hamsters.

Normally, melatonin is secreted during the night, and so circadian plasma
melatonin profiles depend greatly on the duration of the night period (i.e.,
whether the animal is exposed to long or short days); not unexpectedly,
therefore, pinealectomy or disruption of the neural inputs to the pineal gland
render Syrian hamsters unresponsive to the inhibitory effects of short days.1519
On the other hand, it is well known that the inhibitory effects of short days can
be mimicked in long-day hamsters through daily afternoon, but not morning,
injections of exogenous melatonin52-76-78'82; these afternoon injections are thought
to supplement the animal's own endogenous circulating melatonin levels and
thereby lead to a simulation of short-day plasma profiles.

Surprisingly, daily injections of NMDA are incapable of overcoming the
inhibitory influence of this exogenous melatonin on the reproductive axis,
even though a similar NMDA injection paradigm can completely overcome
the inhibitory influence of short days (Figure 9.10). These findings are
reminiscent of previous observations that ^-adrenergic blockers can prevent
the testicular regression in hamsters induced by short days, but not by
afternoon melatonin treatment under long days.80-81 The findings are also in
harmony with another previous observation, that NMDA could not prevent

FIGURE 9.10. (See facing page.) Effects of NMDA, melatonin, and photoperiod on (a, top)
testicular weight and (b, bottom) serum testosterone levels in sexually quiescent adult Syrian
hamsters. Each bar represents the mean value from five to eight animals, and SEM are depicted
as vertical lines. LD, exposure to long days; SD, exposure to short days; M(am), daily morning
subcutaneous injection of melatonin (25 pg); M(pm), daily afternoon subcutaneous injection of
melatonin (25 pg); NMA, daily afternoon subcutaneous injection of NMDA (25 mg/kg body
weight). (Note that the maximal testicular size attained by adult hamsters of this strain is approxi¬
mately 2500 mg). **p < 0.01, ***p < 0.001 compared with paired treatment group, by Student's
/-test. (From Urbanski, H. F., et al., J. Endocrinol., 137, 247, 1993. With permission.)
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melatonin-induced regression of the reproductive axis in sexually mature
hamsters maintained under long days.52 It is possible that the afternoon dose of
melatonin (25 p.g) that is commonly used by investigators to induce short-day
like responses in hamsters is, in fact, a more potent inhibitor of the reproductive
axis than the level of endogenous melatonin released under short days, and
consequently its suppressive effects are less readily overcome by NMDA or (3-
adrenergic blockers; the number of melatonin binding sites in the pars tuberalis
may also differ significantly between the two groups.83

However, another possible explanation for the failure of NMDA to exert a
long-term stimulatory action on the reproductive axis in the presence of exog¬
enous melatonin is that this stimulatory action is itself mediated through
changes in the pattern of endogenous melatonin synthesis and secretion. Thus,
under short days, NMDA injections might inhibit melatonin output and pro¬
duce an overall plasma melatonin profile that is more characteristic of long
days than short days. In turn, this would lead to reactivation of the quiescent
reproductive axis. Moreover, because the NMDA injections are also likely to
be exerting an acute stimulatory effect on LHRH secretion at the level of the
LHRH-releasing neural circuits, the rate of testicular recrudescence is likely to
be greater than that shown by hamsters upon transfer from short to long days
(e.g., Figures 9.4, 9.5, and 9.10). By contrast, NMDA injections in melatonin-
treated long-day hamsters would exert only an acute stimulatory action on
LHRH release; because any inhibitory effect of NMDA on melatonin secretion
would be overridden by the administration of exogenous melatonin, no long-
term stimulatory effect would be manifested.

Unfortunately, attempts to substantiate this seemingly rational explanation
in seasonally breeding species have so far been unsuccessful. For example, a
single afternoon injection of NMDA (25 mg/kg body weight, given subcuta-
neously at 14:00 h) had no obvious effect on the nocturnal melatonin secretion
in hamsters that were maintained under short days (lights on from 09:00 to
15:00 h).76 Similarly, in the soay ram, intravenous injections of either NMDA
(4 mg/kg body weight) or AMPA (0.2 mg/kg body weight) during the night
failed to perturb the normal plasma melatonin profiles, even though an acute
increase in plasma LH levels occurred.84 Although these initial observations
fail to support the hypothesis that the long-term stimulatory action of EAAs on
the reproductive axis are mediated through a modulation of melatonin secre¬
tion, this hypothesis cannot be ruled out completely until the effect of repeated
daily NMDA injections is examined.

It is also plausible that the effects of NMDA on pineal function are more
subtle, being mediated through the suprachiasmatic nucleus (SCN) and causing
a shift in the melatonin peak rather than causing an inhibition. Studies per¬
formed both on rats and hamsters support the hypothesis that EAAs are
involved in transducing photic information from the retina to the SCN and
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pineal gland via the retinohypothalamic tract. For example, injection of NMDA
into the SCN of rats acutely suppressed plasma melatonin levels and pineal
N-acetyltransferase activity while pretreatment with AP-5 blocked the sup¬
pressive effect of a light.85 In the hamster, injection of NMDA intra-cerebro-
ventricularly, adjacent to the SCN, induced the expression of c-fos in the
nuclei, while systemic or intracerebroventricular treatment of the animals with
MK-801 partially blocked light-induced c-fos expression as well as light-
induced shifts in circadian locomotor activity (see Chapter 8).86

Taken together, these findings are consistent with the hypothesis that in
seasonally breeding species, EAAs may control LH secretion via at least two
distinct pathways: (1) through an acute-stimulatory action exerted either di¬
rectly or indirectly on the LHRH neurons, and (2) through an alteration in the
timing and/or duration of melatonin secretion, that, in turn, is ultimately ^

transduced into a more sustained modulation of the LH secretory pattern.
Although the first pathway appears to be common to both seasonal and non-
seasonal breeders, the second pathway is less likely to be of functional signifi¬
cance to adult non-seasonal breeders, such as the rat and humans, that do not

readily show reproductive responses to changes in melatonin levels.

11. CONCLUDING REMARKS

From a biological perspective, the neuroendocrine mechanisms used by
mammals to seasonally control the activity of their reproductive axis is
intrinsically fascinating. In most temperate-zone species, including the rhesus
macaque,87 day length is the primary environmental cue used to synchronize
the breeding season with a particular time of the year, and even though
humans can reproduce at any time of the year, they too show seasonal
breeding patterns, albeit much more subtle ones (Figure 9.1 1).88-89 Therefore,
it is quite likely that parts of the neural pathway responsible for suppressing
LHRH secretion during the non-breeding season in hamsters, sheep, and
macaques also exist in humans and may become activated during various
pathological conditions. Consequently, elucidation of the role played by EAAs
in the photo-neuroendocrine pathway of seasonally breeding species would
also significantly further our understanding of the etiology of human repro¬
ductive disorders such as precocious and delayed puberty, amenorrhea, and
also menopause.
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Abstract

Siberian hamsters (Phodopus sungorus) transferred from stimulatory photoperiods (long days: LD) to inhibitory photoperiods (short days:
SD) undergo testicular regression within 8 weeks. This reproductive response to photoperiod was blocked by systemic daily treatment
with the glutamatergic agonist N-methyl-D-aspartate (NMDA: 20 mg/kg BW, sc). This powerful effect of NMDA demonstrates the potential
for endogenous glutamate to regulate reproductive function.

The overall aim of the subsequent studies was to investigate the site and mechanism of action of this glutamatergic agonist in order
to identify potential mechanisms through which endogenous glutamate might act. To investigate whether the effect of systemic NMDA
was via an effect on the circadian timing system, alterations in gonadal regression and recrudescence, seasonal coat changes (pelage)
and body weight (BW) were examined. It would be predicted that long-term cycles of all these seasonal parameters would be affected if
the action of NMDA were to perturb the transduction of photoperiodic information. Daily treatments with NMDA, which initially maintained
reproductive function in hamsters exposed to SD, did not influence the time course of subsequent testicular recrudescence, nor did they
influence long-term cycles of pelage and BW. Moreover, treatment with NMDA induced a dose-dependent increase in serum concentrations
of LH within 15 min of systemic injection. These data are consistent with the hypothesis that systemic NMDA exerts it reproductive effects
not via an action on the circadian system, but via an action on secretion of GnRH.

To investigate potential central sites of action of glutamate, induction of the immediate early gene c-fos, an acute marker of cellular
response, was evaluated immunocytochemically (ICC) in brain areas after treatment with NMDA. Although dual-label ICC studies revealed
that NMDA did not induce c-fos within GnRH neurons, NMDA did induce c-fos in many cells in the region of the organum vasculosum of
the lamina terminalis (OVLT), an area containing a large number of GnRH perikarya, and in the arcuate nucleus, a region close to GnRH
secretory terminals in the median eminence. The lack of c-fos induction in GnRH cells argues against a direct effect of NMDA on GnRH
neurons. Thus, we examined immunocytochemically the distribution of the common NMDAR1 glutamate receptor subunit to evaluate
further the potential sites of glutamatergic action. As expected, NMDAR1-ir was widespread in perikarya throughout the brain, including
the region of the OVLT and the arcuate nucleus. However, NMDAR1-ir was also observed in cell processes in hypothalamic areas, including
the median eminence, demonstrating the potential for actions of glutamate on neurosecretion in this structure. Collectively, these
pharmacological, endocrine and neuroanatomical studies suggest that NMDA acts to release GnRH when delivered systemically, though
not necessarily via a direct action on GnRH neurons. These findings are consistent with the view that glutamate is an important regulator
of seasonal changes in reproductive function.

The neurotransmitter glutamate is now recognised to be a major
regulator of the reproductive axis (1). Previous studies in the
male Syrian hamster (2, 3) have revealed that the inhibitory
effects of short days (SD) on testicular activity can be blocked or
reversed by chronic treatment with the glutamatergic agonist
NMDA. This observation has contributed to the view that

changes in the activity of stimulatory glutamatergic mechanisms
in the brain are involved in the seasonal regulation of the
reproductive axis, thus a decrease in glutamatergic input may

underlie SD-induced gonadal regression. However, before it can
be determined whether such pharmacological treatments mimic
an endogenous process underlying the induction or maintenance
of reproductive function in long days (LD), it is necessary to
understand the central action(s) of NMDA.

Experimental evidence exists for two types of action. First,
glutamate has been implicated in the photic regulation of circadian
rhythms, probably as a neurotransmitter in the retinohypothal-
amic tract (4-6 for review). The circadian system in mammals is
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556 Glutamate and seasonal reproduction
crucial for the generation of a pattern of melatonin secretion
from the pineal gland which reflects daylength (7, 8 for review).
Therefore, it might be hypothesized that treatment with NMDA
prevents gonadal regression in SD by influencing the circadian
system such that a LD melatonin pattern is generated, or at least
to the extent that perception of the SD is blocked. The observa¬
tions that NMDA can mimic the effects of light in suppressing
the secretion of melatonin in the rat (9), and that MK801, a
glutamatergic antagonist, can block a light-induced decline in
pineal melatonin content in the Syrian hamster (10), provide
direct evidence for this interpretation. However, glutamate has
also been implicated in the control of GnRH secretion. For
example, acute treatment with NMDA stimulates secretion of
LH in several species (1, 11-13), and concurrent treatment with
GnRH antagonists blocks this effect of NMDA, indicating an
action of NMDA on secretion of GnRH rather than an effect on

the pituitary gland (e.g. 13). Thus, it might be hypothesized that
treatment with NMDA could maintain testicular function in

inhibitory photoperiods by stimulating secretion of GnRH, i.e.
by acting at a level downstream of the measurement and trans¬
duction of photoperiodic information.

Given these two different potential actions of NMDA in
blocking photoperiodic responses to SD, the main aim of the
current studies was to investigate further the site and mechanism
of action of NMDA. The first experimental approach was to
determine whether a period of treatment with NMDA which
delayed initial regression of the reproductive axis in SD could
delay subsequent spontaneous reactivation (Fig. 1). The Siberian
hamster (Phodopus sungorus) was chosen as the experimental
subject because this species shows a wide range of seasonal
responses (e.g. 14. 15), and in particular, changes in body weight
and pelage provide a non-invasive means of monitoring seasonal
cyclicity. Moreover, the phenomenon of spontaneous gonadal
recrudescence under prolonged exposure to SD is well charac¬
terised in this species (16). If NMDA acts to block perception of
daylength when given during exposure to SD, then spontaneous
testicular recrudescence should be correspondingly delayed
(Fig. 1a). The onset of winter pelage coloration and body weight
loss, and the timing of the return to summer pelage and restoration
of body weight would also be expected to be delayed.
Alternatively, if the action of NMDA is to maintain GnRH
secretion more directly, thus bypassing photoperiodic time meas¬
urement, then it would be predicted that spontaneous testicular
recrudescence should not be delayed relative to controls treated
with vehicle (Fig. 1b). Likewise, pelage and body weight cycles
would be unaffected.

We also investigated whether the time of day of treatment with
NMDA might influence immediate and long-term responses to
SD. If NMDA were to act via modification of the endogenous
pattern of secretion of melatonin, then it might be predicted that
hamsters treated at the end of the light phase (shortly before
onset of nocturnal secretion of melatonin) might respond differ¬
ently from those treated at the start of the daily light phase.
Because these studies were carried out in the Siberian hamster, a

species in which the effects of NMDA were previously unknown,
we also assessed the acute effects of treatment with NMDA on

secretion of LH.
The aim of the subsequent studies was to investigate potential

sites of action of NMDA, in order to provide information as to
where endogenous glutamate might act. Two approaches were

LD NMDA ISDl

8 16 24

Weeks (short days)

0 8 16 24

Weeks (short days)

Fig. 1. Experimental design and rationale. Short days (SD) rapidly indue
testicular regression (solid line), but spontaneous recrudescence normal]
occurs, beginning approximately 150 days after first exposure to SE
Chronic treatment with NMDA (broken line) sustains testicular functio
in hamsters exposed to inhibitory SD, but after the eight week period c
treatment ends, regression then occurs. If the mechanism of action c
NMDA in sustaining testicular function is to block perception of SE
then spontaneous testicular recrudescence should be delayed relative t
controls (outcome a, top panel). If the mechanism of action of NMD;
in sustaining testicular function is to maintain secretion of GnRH/Ll
irrespective of photoperiod, then the timing of spontaneous testicuk
recrudescence should not differ from controls (outcome B, bottom panel

adopted. First, the expression of the immediate early gene c-fc
in response to systemic NMDA treatment was examined. Prcvioi
studies in female rodents have revealed that a high proportion c
GnRH immunoreactive (GnRH-ir) neurons have enhance
expression of this gene at the time of the mid-cycle LH surge c
following steroidal treatments which elicit an LH surge (17-20
Moreover, induction of c-fos is widespread in response to gluts
mate agonists injected centrally (21, 22), thus it was anticipate
that enhanced expression of this gene would identify areas of tb
CNS to which NMDA delivered systemically has access (23
Second, the location of glutamate receptors was mapped in tb
Siberian hamster using ICC for splice variants of the commo
NMDAR1 subunit which have previously been reported to t
the most abundant forms in the adult rat (24).

Results

The aim of the first two experiments was to determine if blockac
of SD-induced testicular regression by NMDA for a period of
weeks resulted in a corresponding delay in spontaneous testicuk
recrudescence when hamsters were maintained in SD. Testis inde

(TI), pelage scores and body weight in the first experiment ai
shown in Fig. 2. The treatment with NMDA given daily at tt
end of the light phase completely blocked the initial SD-induce
testicular regression (Fig. 2 top, week 8, ANOVA effect of grouj
F = 19.2, P = 0.0006). However, testicular regression did sul
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Weeks (short days)

Fig. 2. Reproductive status (top: testis index = L x W/BW), pelage
(middle) and body weight (bottom) in hamsters previously maintained in
LD then exposed to SD and treated once daily with either vehicle (solid
bars/solid circles) or NMDA (20 mg/kg BW, s.c., open bars/open circles)
for the first 8 weeks on short days as indicated by the bar. Values are
group mean + SEM, n as indicated. ***P<0.001 vs vehicle-treated control
at week 8.

sequently occur by 6 weeks after the treatment with NMDA had
finished, i.e. after 14 weeks exposure to SD (Fig. 2 top). In
contrast to the difference in the timing of testicular regression,
there was no subsequent difference between the groups in the
timing or degree of recrudescence of the testes (Fig. 2 top, weeks
21 and 28). As shown in Fig. 2 (middle panel), the NMDA
treatment significantly delayed the onset of winter pelage in SD
(ANOVA group x time interaction: F = 2.87, P<0.0001).
Flowever, there was no difference in the timing of return to
summer pelage (Fig. 2 middle). Both groups showed clear cycles
in body weight: SD terminated the previous gradual weight gain
in LD, and induced a substantial decrease in body weight,
followed by spontaneous recovery. ANOVA revealed a significant
effect of time (repeated measure F = 31.8, P<0.0001), and also a
significant interaction (time x group F = 1.88, P = 0.005) indicat¬
ing that body weight changes did not occur in parallel in the two
groups. Inspection of the data indicates that this is due to lower
body weights overall in the NMDA-treated group throughout
the latter part of the experiment after treatment with NMDA
had ended. There does not appear to be a clear difference in the
timing of the increase in body weight after prolonged exposure
to SD (Fig. 2 bottom panel).

The second experiment investigated whether the daily time of
administration of NMDA influenced its effectiveness in preventing
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testicular regression and delaying subsequent regrowth, as might
be predicted if the mechanism of action were to perturb the
circadian system and photoperiodic time measurement. Testis size
(weeks 7, 21, 28) and palpation indices (weeks 0 and 14) for
hamsters in this experiment have been illustrated together in
Fig. 3 to emphasize trends across the course of the experiment.
Control hamsters in LD treated with vehicle maintained large
testes throughout the experiment (Fig. 3 top), whereas testicular
regression had occurred after 8 weeks in control hamsters in SD
treated with vehicle either at the start (n = 4) or end (n=4) of
the daily light phase (ANOVA effect of group F=14.2,
P< 0.0001). Data were combined from these two vehicle-treated
SD control groups for subsequent analyses as no significant
difference occurred at any time point between them. As in the
first experiment, treatment with NMDA completely blocked
SD-induced testicular regression (Fig. 3 lower panels, week 7).
Daily treatment with NMDA was successful at maintaining

— Long day vehicle (LD-V)

2

1.5

1

0.5

0

2

1.5

1

0.5

0

ffl
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n=10 n=10 n»8 n=7 n=:

Short day vehicle (SD-V)

Short day NMDA early (SD-NE)
***
o

Short day NMDA late (SD-NL)

— 2
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jQ)
1

0.5

0

2

1.5
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0.5

0
0 7 14 21 28

Weeks (short days)

Fig. 3. Reproductive activity in hamsters maintained in long days (LD-V:
top panel) or transferred from LD to SD and treated once daily with
either vehicle (SD-V: second panel) or NMDA (20 mg/kg BW, sc) given
early (SD-NE: third panel) or late (SD-NL: bottom panel) in the daily
light phase for the first 8 weeks in SD. Testes were assessed by laparotomy
at weeks 7, 21 and 28 to determine testis index (=LxW/BW), and by
palpation at weeks 0 and 14. Values for testis index are group mean ± SEM,
n as indicated. ***P<0.001 vs vehicle-treated control (SD-V) and
°P<0.01 v.t LD group (LD-V) at week 7.
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testicular function whether given at the start or end of the daily
light phase. Surprisingly, at week 7, testis index was significantly
greater in hamsters treated with NMDA early in the light phase
as compared to LD controls (PcO.Ol, Dunnett's test). Palpation
confirmed that testicular regression had occurred in all individuals
after 14 weeks exposure to SD (i.e. by 6 weeks after the treatment
with NMDA ended). There was no difference in the timing or

degree of testicular recrudescence between groups after prolonged
exposure to SD (weeks 21 and 28, Fig. 3). Thus, the NMDA-
induced delay in testicular regression did not affect the later
stages of the photoperiodic cycle.

Pelage and body weight cycles throughout the experiment are
shown in Fig. 4. As in the initial experiment, there was a clear
change in pelage colour in vehicle and NMDA-treated hamsters
in SD (ANOVA effect of time F = 50.6, P<0.0001), whereas the
vehicle-treated control hamsters kept in LD maintained summer

pelage throughout (Fig. 4, upper panel). However, the timing
and degree of pelage change did not differ significantly between
the vehicle and NMDA-treated hamsters in SD (Fig. 4; no
time x group interaction when LD group removed from
ANOVA). Likewise, all the vehicle and NMDA-treated groups
showed a characteristic loss followed by a restoration of body
weight when exposed to SD. In contrast, hamsters kept in LD

continued to increase body weight throughout the experimt
(Fig. 4, lower panel).

Acute effects ofsystemic NMDA on LH secretion
The aim of this study was to examine the acute effect of NMI
on secretion of LH. There were clear dose-dependent increases
serum concentrations of LH at 15 min after NMDA treatment

both photoperiods (Fig. 5; ANOVA effect of dose F = 13
P< 0.0001). There was a significant main effect of photoperi
(F=13.7, P = 0.0005), and a significant interaction of dose
photoperiod (F = 4.6, P = 0.0027), indicating that the effect
NMDA was not constant across photoperiod, so the data
each photoperiod were analysed separately using a one-v
ANOVA followed by Dunnett's tests to compare treatment me:
to their respective vehicle control values. These analyses revea
a highly significant effect of dose in SD (F=12.4, P<0.000
and that all the doses tested elicited a significant incre;
(P <0.005) in serum LH in this photoperiod (Fig. 5). In L
there was also an overall effect of dose of NMDA (F = 6.4, I
0.0011). In contrast to the effects of NMDA in hamsters in S
treatment with lOmg/kg NMDA did not elicit an increase
serum concentrations of LH; significant increases were o
observed at the 20, 30 and 40 mg/kg doses (Fig. 5).
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Fig. 4. Pelage (top) and body weight (bottom) in hamsters maintained in long days (OLD-V) or transferred from LD to SD and treated once d
with either vehicle (#SD-V) or NMDA (20 mg/kg BW, s.c.) given early (ASD-NE) or late (ASD-NL) in the daily light phase for the first 8 week
SD as indicated by the bar. Values are group means, pooled SEM for each group are indicated to simplify presentation of data. P indicates occasi
on which testes were palpated, L indicates occasions on which laparotomies were carried out (Fig. 3).
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Short days Long days

I I [ I

0 10 20 30 40 0 10 20 30 40

NMDA (mg/kg BW)

Fig. 5. Dose-response effects of acute treatment with NMDA (s.c.) on serum concentrations of LH in reproductively inactive hamsters raised in SD
aged 80-120 days (left), and in age-matched reproductively active hamsters maintained in LD (right). Blood samples were collected 15 min after
NMDA treatment. Values are group mean + SEM, n as indicated. *P<0.05, **P<0.01, ***P<0.001 vs vehicle-treated control within photoperiod.

Acute effects ofsystemic NMDA on the expression ofc-fos in the
forebrain
The aim of this study was to use the enhanced expression of c-
fos, as inferred from immunocytochemical localization of its
protein product, to determine potential forebrain sites of action
of systemically administered NMDA. Hamsters were injected (sc)
with 20 mg/kg BW NMDA, thus the treatment was delivered at
the same dose and route as in the chronic studies. C-fos-

immunoreactivity (c-fos-ir) was detected exclusively within the
nucleus of cells. In vehicle-treated hamsters (n = 6 SD, n = 4 LD),
a low density of c-fos-ir cells occurred throughout the hypothal¬
amus and preoptic area (e.g. Fig. 6a, b) and forebrain areas
including the diagonal band of Broca and the septum. Although
there was a tendency for a greater density of c-fos-ir in the
arcuate nucleus of vehicle-treated hamsters in SD compared to
those in LD (Table 1), in other forebrain areas no major differ¬
ences in the density or distribution of c-fos-ir cells were observed
with respect to photoperiodic history (e.g. Table 1). Treatment
with NMDA (n = 7 SD, n = 5 LD) induced striking increases in
the density of c-fos-ir cells, but only within very restricted areas.
Significant induction (P<0.0001) of c-fos-ir nuclei occurred in

the region of the organum vasculosum of the lamina terminalis
(OVLT), and the arcuate nucleus in the mediobasal hypothalamus
(Fig. 6c-f, Table 1). The actual density of NMDA-induced c-fos-
ir cells was greater in the arcuate nucleus than in the OVLT
region (Table 1). There was no significant effect of treatment with
NMDA on the density of c-fos-ir nuclei in the paraventricular
nucleus of the thalamus or the area of cingulate cortex analyzed
(Table 1), indicating that the increased density of c-fos-ir nuclei
in brains was not a generalized response of the whole brain to
systemic NMDA. The distribution and pattern of induction of
c-fos-ir by NMDA in the OVLT region and arcuate nucleus
appeared to be similar in hamsters housed in SD and LD;
ANOVA revealed that no significant interactions between photo-
period and NMDA occurred in either area. Induction of c-fos-ir
by NMDA therefore occurred in a region which contains GnRH
perikarya (OVLT: Fig. 6e, 6g-i), and in a nucleus in close
proximity to GnRH terminals in the median eminence (Fig. 6f).
However, dual-label studies failed to identify c-fos-ir within
GnRH-ir cells following treatment with NMDA (Fig. 6g-i; 382
GnRH-ir cells counted from 5 NMDA-treated hamsters). NMDA
treatment did not decrease the number of GnRH-ir neurons

Table 1. Density of c-/os-Inimunoreactive Nuclei in Male Siberian Hamsters Treated with Vehicle or NMDA (20 mg/kg body weight,
s.c.) 1 h before Perfusion

Photoperiod SD SD LD LD Effect of Effect of
treatment vehicle NMDA vehicle NMDA photoperiod treatment

n 6 7 4 5
PTW' (mg) 31+7 37 + 5 449 + 94 463 + 84 P< 0.0001
ARC2 0.73+0.22 2.80 + 0.38 0.15 + 0.05 2.11+0.19 P = 0.043 P <0.0001
OVLT3 0.61 +0.16 1.93 + 0.13 0.16 + 0.07 1.92 + 0.20 ns P< 0.0001
PVT4 1.73+0.21 1.66 + 0.20 1.66 + 0.24 1.91+0.21 ns ns

cortex5 0.66 + 0.1 0.72 + 0.08 0.98 + 0.23 0.88 + 0.14 ns ns

Density values are mean (+SEM) nuclei per 1000 pm2. 'Paired testes weight; 2arcuate nucleus; 3region of the organum vasculosum of the lamina
terminalis; 4 paraventricular nucleus of the thalamus; 5 cingulate area.
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detected as compared to vehicle-treated controls (data not
shown).

Localization ofNMDA receptors using NMDAR1
immunoreactivity
The aim of this study was to use a selective anti-peptide antiserum
to detect common splice variants of the NMDAR1 receptor
subunit as an alternative approach to identifying potential sites of
action of NMDA in the Siberian hamster. Immunocytochemistry
was carried out on tissue from 8 hamsters. NMDARl-ir cells
were widespread throughout the brain (Fig. 7). In agreement
with the original studies in the rat using this antiserum (24),
immunoreactive perikarya were striking in the cortex (Fig. 7j),
dentate gyrus and CA1-3 fields of the hippocampus (Fig. 7i) and
cerebellum (Fig. 7h). NMDARl-ir perikarya were abundant in
all forebrain regions including the preoptic area (Fig. 7a) and in
nuclei within the hypothalamus including the suprachiasmatic
nucleus (Fig. 7g), supraoptic and paraventricular nuclei (not
shown), arcuate nucleus (Fig. 7c) and ventromedial nucleus
(Fig. 7c). Surprisingly, immunoreactivity was also present within
cellular processes, often appearing as beaded varicosities (Fig. 7b,
d, e, f ). This type of immunoreactivity was detectable in hypothal¬
amic and preoptic areas but not in other forebrain areas (thal¬
amus, cortex, hippocampus, striatum); NMDARl-ir fibers were
noticeable in the median eminence (Fig. 7d, e). Not all hypothal¬
amic nuclei contained NMDARl-ir cell processes. In particular,
the ventromedial nucleus (Fig. 7d) and the suprachiasmatic nuc¬
leus (not shown) were distinguished by the relative paucity of
NMDARl-ir processes even though NMDARl-ir perikarya were

widespread in these structures.

Discussion

Chronic effects ofNMDA upon reproductivefunction and seasonal
somatic cycles
The current results demonstrate the potency of chronic treatment
with a glutamate agonist to sustain reproductive activity in the
Siberian hamster exposed to inhibitory photoperiods, a phenom¬
enon previously observed in the Syrian hamster (3), and possibly
akin to the glutamatergic induction of sexual maturation previ¬
ously observed in rats (2, 25) and primates (26). The failure to
delay the decline in body weight which occurs in this species
when exposed to SD indicates that the NMDA treatment did not
block all SD-dependent responses. Moreover, since spontaneous
recrudescence of the reproductive axis, the return to summer
pelage and the long-term increase in body weight were not
delayed, it seems unlikely that the systemic treatment with NMDA
used in the current experiments impaired the transduction of
photoperiodic information. The ability of NMDA to sustain
testicular function whether given early or late in the light phase
also provides circumstantial evidence against a circadian effect.

Finally, a recent study carried out in the male sheep in whic
systemic NMDA did not perturb the nocturnal secretion c
melatonin also argues against the notion that this drug influence
seasonal cycles via an action on circadian function (27). Rathe
the rapid increase in LH secretion in the Siberian hamste
following sc NMDA injection supports the view that the primal
action of chronic treatment with NMDA in maintaining repre
ductive function in SD is via the stimulation of secretion c

GnRH/LH. This conclusion is somewhat surprising given the lo
frequency of NMDA treatment (once per day). In a study i
which repeated blood samples were collected from male Syria
hamsters, plasma LH concentrations had returned to pretreatmei
levels by approximately 1 h after a lOmg/kg BW intravenot
NMDA injection (14). However, in a similar detailed study i
the sheep in which blood samples were collected at 10 mi
intervals, a single NMDA injection (20mg/kg i.v.) elicited
series of LH pulses lasting 2-4 h (13). The minimum duratic
and amplitude of gonadotrophin secretion necessary to sustai
testicular function in the hamster has not been determined, an

it is not known whether NMDA treatment acutely stimulati
FSH secretion.

Although the treatment with NMDA did not delay the Ion:
term return to summer pelage in the chronic experiments, tl
treatment clearly delayed the onset of winter coloration in one <
the current studies and in a pilot study (Urbanski, unpublished
This may be due to the continued presence of high circulatir
testosterone concentrations in the hamsters treated with NMDy
as inferred from the maintenance of testicular volume. It h;
been established that high concentrations of testosterone del:
and inhibit the change to winter pelage in Siberian hamste
exposed to short photoperiods (28, 29). The delay in onset <
winter pelage might also indicate another neuroendocrine effe
of systemic treatment with NMDA. Prolactin is known to play
key role in regulating pelage in the Siberian hamster, hij
circulating concentrations maintaining a summer coloratic
(28-31). The short-term effects of treatment with NMDA c
pelage could therefore be mediated by the maintenance of L
prolactin concentrations despite the SD photoperio
Unfortunately prolactin concentrations were not measured in tl
current studies, but previous studies in the sheep (27, 32) and r
(33, 34) have shown a clear stimulatory effect of treatment wi
NMDA on circulating prolactin levels in intact individuals.

Neuroanatomical studies

The conclusion that chronic NMDA treatment maintains repr
ductive function in SD via stimulation of GnRH/LH secretion
supported by the neuroanatomical studies. The current ai
previous (23, 35, 36) studies utilizing induction of c-fos as an ei
point indicate that systemic NMDA activates very few CNS sit
at the range of doses used in the current studies. However, tv
areas where systemic NMDA does induce cellular changes are

Fig. 6. Induction of c-fos-ir (brown nuclei) in cells by systemic NMDA treatment (20 mg/kg BW, sc). a, b: coronal sections from a vehicle-treat
control at the level of the organum vasculosum of the lamina terminalis (ovlt) (a) and through the mediobasal hypothalamus (b), note the relativi
low density of c-fos-ir cells. oc = optic chiasma, v = ventricle, c-f: coronal sections at the level of the ovlt (c, e) and MBH (d, f) from a hamster treat
with NMDA, note the substantial increase in number of c-fos-ir nuclei in the region of the ovlt and arcuate nucleus (ARC) compared to controls.
f: sections were dual-labelled to reveal GnRH-ir perikarya and fibers (blue granular product), note fibers in lateral region of the median eminer
(arrow), g-i higher power view of GnRH-ir neurons in the preoptic area and diagonal band of Broca, note that although they are in close proxim
to c-fos-ir cells, the GnRH-ir neurons do not colocalize c-fos-ir after treatment with NMDA. Scale bar in a= 100 pm for low power (a-f); and sc;
bar in i = 50 pm for high power (g-i).
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great importance to GnRH secretion: the mediobasal hypothal¬
amus, and the region of the OVLT, where the greatest density of
GnRH perikarya exists in the Siberian hamster. The current study
only examined the forebrain, and it should be noted that in
studies in the rat using c-fos as a marker of response, systemic
NMDA has been shown to influence brain stem sites which
contribute to the regulation of GnRH secretion (36). In common
with several previous studies, no evidence was found that NMDA
acts upon GnRH perikarya insofar as c-fos expression is induced
(35-37). Interpretation of this negative result is limited in that
the significance of c-fos induction in GnRH neurons is unknown.
However, the lack of enhanced c-fos expression in GnRH neurons
under conditions where GnRH/LH secretion increases provides
no support for the notion that glutamate acts directly upon
GnRH perikarya.

The immunocytochemical studies identifying NMDAR1 recep¬
tor subunits were carried out as an alternative approach for
identifying potential sites of action of glutamate in regulating
GnRH release. The distribution of NMDARl-ir cells throughout
the brain of the Siberian hamster, including the cortex, hippocam¬
pus (e.g. CA1-CA3 pyramidal cells) and cerebellum (e.g. Purkinje
cells) corresponds precisely with the original observations of
Petralia et al. in the rat (24), the species in which the anti-peptide
antiserum has been extensively validated. As might be expected
from the immunocytochemical and in situ hybridization studies
in the rat (24, 38), NMDARl-ir cell somata were distributed
ubiquitously throughout hypothalamic and forebrain regions
where GnRH perikarya are also present. A high density of
NMDARl-ir cells was observed in the arcuate nucleus and in
the region of the OVLT, areas where systemic NMDA induced
c-fos expression. A widespread presence of punctate
NMDARl-immunoreactivity in cell processes in the hypothal¬
amus and forebrain was also observed. Although punctate stain¬
ing was noted in the original study using the NMDAR1 antiserum
in the rat, its distribution and nature were not described in detail
(24). The presence of beaded varicosities, reminiscent of pep¬
tidergic fibers, could indicate that the NMDARl-ir is a protein
being transported within axons, rather than the actual site of
insertion of NMDA receptors in the plasma membrane. The
punctate immunoreactivity in cell processes resembles in some
ways that recently described for the metabotropic glutamate
receptor mGluRl in the hypothalamus (39). However, in that
study, the mGluRl immunoreactivity was thought to be dendritic
rather than axonal, and was noticeably absent from the median
eminence (39). The current study reveals NMDARl-ir within the
median eminence; providing evidence that the immunoreactivity
is on axonal terminals in addition to dendrites. Clearly, ultrastruc-
tural studies are essential for full interpretation of the NMDAR1
immunoreactivity, but the current observations at the level of the
light microscope are consistent with the view that glutamate
might regulate secretion of peptides and transmitters via actions
at receptors located on axons and nerve terminals.

Although the results of the current studies indicate that t
profound effects of NMDA on seasonal reproduction are like
to be via actions on secretion of GnRH, it is unclear as

whether glutamate acts directly and exclusively on GnRH ne
rons. Since NMDARl-ir fibers occur throughout the medi;
eminence, rather than predominantly in the lateral regions as
the case with GnRH-ir fibers, the current study provides i
evidence that the NMDAR1 receptor is present directly on GnR
terminals. Likewise, a recent study in rhesus and cynomolog
monkeys failed to detect glutamate-immunoreactive appositio
to GnRH fibers in the median eminence/infundibular stalk (4(
Indeed, given the lack of evidence for synapses within the medi,
eminence (see 40), the NMDARl-ir studies may indicate pare
rine actions of glutamate in this structure. In support of t
hypothesis that glutamate acts directly on GnRH neurons, t
immortalized GnRH cell line, GT1, expresses NMDAR1 mRN
(41, 42), albeit at a low abundance. Moreover, glutamate agoni:
elicit secretion of GnRH by GT1 cells (42). However, studies
vivo have, as yet, been largely unsuccessful at colocalizi
NMDAR1 mRNA or NMDARl-ir in GnRH neurons (43-^
Ebling and Alexander, unpublished observations). If glutarm
does act directly on GnRH neurons, the actions may not be a
synapses on dendrites and perikarya, because glutamatergic age
ists appear to be effective in eliciting GnRH secretion frc
explants of rat mediobasal hypothalamus that would not
expected to contain GnRH cell bodies (46-48).

In summary, the current results reinforce the view that NME
is a potent regulator of reproductive function, able to overri
the inhibitory effects of SD. The mechanism of action of or
daily systemic injections is more likely to be via maintenance
GnRH secretion than via actions on the transduction of dt

length. The ability of NMDA to induce intracellular responses
limited areas of forebrain and mediobasal hypothalamus, and t
presence of NMDARl-ir cells and processes in these same regie
indicate the potential for endogenous glutamate to regulate GnF
secretion via actions in these areas. The issue of whether increa:
in endogenous glutamatergic activity do underlie maturatioi
increases in GnRH secretion is unresolved. Evidence for t

hypothesis is provided by our current studies in Siberian hamst
which reveal that LD-induced testicular maturation is delayed
treatment with NMDA-receptor antagonists (49), and also
previous studies in which such antagonists delay onset of vagii
opening in female rats (50, 51). However, interpretation of sr
studies is confounded by the widespread behavioural and phys
logical effects of glutamate receptor antagonism. In particul
the decreased rate of body weight gain in some of these stud
(49, 51) could contribute to the delay in sexual maturatii
Clearly, techniques which will allow selective blockade of gluta
atergic pathways influencing GnRH secretion will be necess;
to confirm the physiological role of glutamate in the regulati
of reproduction.

Fig. 7. a, c: Brightfield visualization of NMDARl-ir cells in coronal sections from Siberian hamster brain through the preoptic area (a) and ros
mediobasal hypothalamus (c). oc = optic chiasma, v = ventricle, mPOA = mediaI preoptic area, VMN = ventromedial nucleus, ARC = arcuate nuclt
b, D sections viewed under darkfield illumination, note the prevalence of NMDARl-ir processes. Scale bar in a = 100 pm for all low power views (a-
e: high power view of NMDARl-ir fibers in median eminence depicted in c, scale bar= 50 gm. r: high power brightfield view of NMDARl-ir fiber:
the preoptic area, note beaded varicosities (arrows), scale bar = 20 pm. g-j: coronal sections through Siberian hamster brain with NMDARl-ir cell:
expected areas: g: suprachiasmatic nucleus (SCN), AHA = anterior hypothalamus, h: cerebellum (arrow indicates Purkinje cells), i: hippocam
(DG = dentate gyrus), j: cerebral cortex, scale is same as in a, except for hippocampus (i) where scale bar = 200 pm.
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Materials and methods

All studies were carried out in adult male Siberian hamsters (Phodopus
sungorus) which were obtained from a breeding colony in the Department
of Anatomy, University of Cambridge (52). Long days (LD) consisted
of 16 h light (300-400 Lx): 8 h dark (^14 Lx), with lights off at 15:00.
Short days (SD) consisted of 8 h light: 16 h dark. Food and water were
available ad libitum.

In the first experiment, hamsters were transferred from LD to SD, and
for the next eight weeks were given a daily subcutaneous (sc) injection
late in the light phase of either 0.1M phosphate buffer (pH 7.4) vehicle
(n = 14) or NMDA (n=13). Testicular size was estimated by palpation
on the day of transfer to confirm that the hamsters had large testes. For
this and all subsequent studies, NMDA was purchased from Sigma
(Poole, UK) as the purified active D isomer. For the chronic studies it
was dissolved in 0.1 M phosphate buffer (pH 7.4) at a dilution of 2 mg/'ml,
and injected sc at a dose of 20 mg/kg BW. Laparotomies were carried
out alternately on the left and right side to allow direct measurement of
testicular size (length and width) after 7, 14 and 21 weeks in SD. Animals
were weighed weekly throughout the study, and pelage colour was also
scored at weekly intervals using a modification of a four-point scale
devised by Duncan and Goldman (28, 29): 4—full summer pelage: agouti
with brown and black markings; 3—approximately 10-50% white winter
pelage, the first appearance of moult usually being around the eyes and
behind the ears; 2—approximately 50-90% winter pelage, area as above
and on the rump; 1 — 3=90% winter pelage: white fur covering the whole
body except for a dark mid-dorsal stripe. The experiment was terminated
after 28 weeks in SD.

In the second experiment, 25 hamsters were transferred from LD to
SD, and 10 remained on LD as a control group. The hamsters in SD
were given a daily injection at the start (n = 9) or at the end (n = 8) of
the light phase of NMDA (20 mg/kg BW, s.c.) for the next eight weeks.
Control hamsters in SD were treated with 0.1 M phosphate buffer vehicle
at the start (n = 4) or end (n = 4) of the light phase; LD control hamsters
were also treated daily with vehicle at the end of the light phase (n = 10).
Testicular size was estimated by palpation on the day of transfer to
confirm that the hamsters had large testes. A laparotomy was carried out
to allow direct measurement of testicular size (length and width) after
the 8 week treatment period. The testes were palpated 6 weeks after the
end of the treatment (i.e. after 14 weeks in SD) to confirm that testicular
regression had occurred subsequent to the treatment period. A second
laparotomy was carried out on the contralateral side after 21 weeks in
SD, and the experiment was terminated after 28 weeks in SD to allow a
final measurement of testis size. Body weight and pelage were monitored
at weekly intervals throughout the experiment. All procedures were
licensed under the Animals (Scientific Procedures) Act of 1986 and were
conducted in accordance with the University of Cambridge Scientific
Procedures on Animals Code of Practice.

Acute effects ofsystemic NMDA on LH secretion
Male Siberian hamsters which had been raised on either LD (16L:8D)
or SD (8L: 16D) from weaning at 18 days of age were studied at 80-120
days of age, i.e. when the SD hamsters had prepubertal testes but the
hamsters raised in LD were reproductively mature. Hamsters received a
subcutaneous injection of vehicle (0.1 M phosphate buffer, pH 7.4) or
NMDA dissolved at a dilution of 2 or 4 mg/ml, such that they received
a dose of either 10, 20, 30 or 40 mg/kg BW. Blood samples were collected
by cardiac puncture under light ether anaesthesia 15 min after the
injection. This interval was chosen because previous time course studies
in the rat revealed that NMDA induces maximal serum LH concentrations
at 15 min after injection directly into the medial preoptic area (53) and
similarly at 10 min after systemic (i.v.) injection (25, 54). Also, this time
interval previously revealed stimulatory effects of NMDA treatment on
LH secretion in Syrian hamsters (35, 55, 56). Blood samples were allowed
to clot at room temperature overnight, centrifuged, and serum removed
and stored at — 20°C until radioimmunoassay. Serum LH concentrations
were measured using rabbit § 15 antiserum (57), iodinated rat LH tracer
(rat preparation LH-I-9) and standard (rat preparation RP-3) provided
by the NIDDK. Using the ft 15 antiserum, sera collected from Siberian
hamsters housed in LD and SD generated tracer displacement curves
which were parallel with the rat standard. Measurements of LH concentra¬
tions were made in a single assay; the limit of detection was 0.04 ng/tube

(=0.4 ng/ml when using 100 pi serum), and mean intra-assay CV on
basis of the duplicates was 8.0%.

Acute effects ofsystemic NMDA on expression ofc-fos in theforebrain
Male Siberian hamsters which had been raised in SD (n= 13) or LD (i
9) were studied at 80-90 days of age. They received a subcutanei
injection of vehicle (0.1 M phosphate buffer, pH 7.4) or NMDA dissof
at a dilution of 2 mg/ml, such that they received a dose of 20 mg/kg B
One h after treatment, hamsters were deeply anaesthetized with Eutht
(pentobarbitone sodium, Rhone Merieux, Harlow, UK). The chest cai
was opened, and 500 units of heparin (CP Pharmaceuticals Ltd, Wrexh;
UK) were injected intracardially. The hamsters were then perfused
gravity flow through the ascending aorta with PBS (0.01 M phosph;
buffered 0.9% saline, pH 7.2) for 3 min followed by 4% formaldeh;
(made up in 0.1 M phosphate buffer, pH 7.2) for 5 min. Brains were tl
dissected out and placed in 4% formaldehyde (made up in the sa
buffer) for 3-4 h and were then cryopreserved by placing in 20% sucr
in PBS overnight. Brains were sectioned in the coronal plane on a freez
microtome at a thickness of 40 pm, and immunocytochemical (IC
procedures were carried out on free-floating sections at room temperati
All reagents were purchased from Sigma (Poole, UK) unless indica
otherwise. The primary antiserum for c-fos protein, supplied by Drs C
Hancock and G. Evan (ICRF, Lincoln's Inn Fields, London, L'K), 1
used at a final dilution of 1:8000. This antiserum was raised against
N-terminal sequence of 16 amino acids conserved in human, mouse ;
rat c-fos protein. It has been used for many previous immunocytochem
studies in the rat and Syrian hamster brain (21, 58). Preincubation
antiserum with 10 pg/ml of the peptide against which it was rai
completely eliminated staining in tissue from the Siberian hamster (d
not shown). The immunocytochemical procedures were as folio
Sections were treated with H202 for 10 min to reduce endogen
peroxidase activity, then normal goat serum for 1 h, then incubatec
primary antiserum (in PBS containing 1.0% BSA and 0.3% Triton X-l
overnight at room temperature. After three washes in PBS contain
0.3% BSA and 0.1% Triton X-100, the sections were incubated
biotinylated porcine anti-rabbit IgG (Vector Labs, Peterborough, L
diluted 1 :300 in PBS-BT for 60 minutes. After 3x10 min wash in P
the sections were incubated in ABC-HRP complexes (Elite kit, Vec
Labs, Peterborough, UK) diluted 1:600 in PBS for 60 min. The secti
were then washed in PBS alone, and developed in 0.01% diaminobenzic
containing 0.02% H202. The reaction was terminated by three washe
PBS. Sections were then mounted onto gelatin-coated glass slides, dr
dehydrated in 70%, 95% and 100% ethanol, delipidified in Histo-C
(National Diagnostics, Atlanta, GA), and then coverslipped with Dep
(BDH, Poole, UK).

Dual-label ICC was also carried out to determine whether syste
NMDA induced c-fos-ir within GnRH neurons. A procedure u:
benzidine dihydrochloride as a chromogen described by Mikkelsen ei
(59) was adopted, using a mouse monoclonal antibody against Gn
(HU4H) at a final concentration of 1:1000. The production and cha:
terization of this GnRH-specific antibody has been described previoi
(60, 61).

For quantitative analysis of c-fos-ir cells, single-labelled sections v
viewed under brightfield microscopy, scanned with a Hamamatsu C
camera, and displayed using contrast enhancement (NIH Image vl.
on a Macintosh Ilci computer. One investigator delineated the regioi
the OVLT and the arcuate nucleus (three sections per structure
hamster). Counts of c-fos-ir nuclei were then made in these specified a:
by a second investigator who did not know the identity of the sectii
Two other regions in the same series of coronal sections (cingulate cor
paraventricular nucleus of the thalamus) were analysed in a sim
manner as a control procedure because previous studies (Ebling, unp
lished observations) had indicated that these areas would be expectei
have a relatively high density of c-fos-ir nuclei even in unstimul;
hamsters. Cell counts were expressed as their density, (i.e. numbei
c-fos-ir cells per unit area of 40 |im section).

Localization ofNMDA receptors using NMDAR1 immunoreactivity
Male Siberian hamsters raised in SD or in LD were studied at appr
mately 60 days of age. They were perfused and immunocytochemi
carried out as described above. The primary antiserum for NMDA
used at a final dilution of 1:100, was obtained from Chemicon (Temec
CA, USA); its production, characterization and validation for ICC
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been described previously (24). This antiserum recognises a C-terminal
epitope of the common NMDAR1 subunit, however since the gene can
be alternatively spliced in the C-terminal region, the antiserum would be
expected to detect the NMDAR1 la, lb, 2a, 2b splice variants but not
the NMDAR1 3a, 3b, 4a, 4b splice variants (terminology adopted from
Hollmann et al 62).

Statistical analysis
Data were analyzed by factorial or repeated measures ANOVA as
appropriate (Statview, Calabas, CA, USA), followed by post-hoc
Dunnett's t-tests where necessary. Hormone concentrations falling below
the limit of detection were assigned this value for the purposes of statistical
analysis and presentation of data.
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rstract

The transfer of adult male hamsters from long days (LD) to short days (SD) (i.e. < 12 h of light per day) typically results in marked
iticular regression and a decline in plasma testosterone concentrations. To help disclose key brain regions responsible for mediating this
otoperiodic response male hamsters received either chemical (i.e. JV-methyl-D-aspartate; NMDA) or radiofrequency current lesions in
3 bed nucleus of the stria terminalis (BNST), and were then exposed to SD for 15 or 12 weeks, respectively. Although body weights
;re similar between sham-lesioned controls and the NMDA-lesioned hamsters, the latter showed a significant attenuation of testicular
jression; additionally, their plasma testosterone concentrations remained at typical LD levels. When radiofrequency current-lesioned
msters were transferred from LD to SD they also failed to show significant signs of testicular regression, nor a decline in plasma
;tosterone concentrations, nor a complete arrest of spermatogenesis. In contrast, sham-lesioned controls or hamsters that were lesioned
rsally to the BNST at a site primarily involving the lateral septum all showed the expected degree of testicular regression, a decline in
rsma testosterone concentrations, and complete arrest of spermatogenesis; body weights were similar in all of the experimental group,
iken together, these findings suggest that the BNST, a brain area traditionally not associated with reproductive function, may play an
iportant role in mediating photoperiodic information to the neural circuits that control the reproductive axis.

■ywords: Photoperiodism; N-Methyl-D-aspartate; Testosterone; Testes

Introduction

' The precise neuroanatomical substrate for mammalian
lOtoperiodism, the process whereby changing day-length
ives seasonal modulation of several physiological sys-
ms including the reproductive axis [16], remains unclear,
is well known that this process requires the nocturnal
neration of the hormone melatonin by the pineal gland
id that the duration of the melatonin secretory pulse
rves as an index for distinguishing between long and
ort days [19]. The location of central melatonin receptors
the brain of the Syrian hamster (Mesocricetus auratus),
paradigmatic model for mammalian photoperiodism

2,38], has also been mapped [37,43], and there is evi¬
nce that melatonin receptors in the medial hypothalamus

Corresponding author. Division of Neuroscience, 505 NW 185th
■enue, Beaverton, OR 97006, USA. Fax: (1) (503) 690-5384.

play a key role in hamster photoperiodism [4,13,20,33].
However, steps in the process distal to the detection of the
melatonin signal by these hypothalamic receptors remain
uncertain. Somehow the melatonin signal, or some deriva¬
tive of that signal, modulates the secretion of luteinizing
hormone-releasing hormone (LHRH). It has often been
assumed that the link between melatonin receptors in the
medial hypothalamus and the LHRH-secreting system is
direct and intrahypothalamic; e.g., the suggestion has been
made that melatonin-sensitive neurons in the anterior hy¬
pothalamic area directly signal LHRH-secreting neurons
either at the cell-body level in the medial preoptic area
(MPOA) or at the nerve-terminal level in the median
eminence [13]. Yet as Herbert [14] has pointed out, pho¬
toperiodism may require one or more 'comparators' inter¬
posed between, and anatomically distinct from, the mela¬
tonin-sensitive regions of the medial hypothalamus and the
LHRH-secreting neurons. Such a 'comparator' (or series
of them), afferented by neurons devoted to the detection of

D6-8993/95/S09.50 © 1995 Elsevier Science B.V. All rights reserved
OI 0006-8993(95)01152-8
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light versus dark, i.e., to 'primary readout' of the mela¬
tonin signal, would be responsible for higher-order calcula¬
tions crucial to photoperiodism, particularly whether pho-
tophase is increasing or decreasing [14].

In the present experiment we sought to establish whether
a region extrinsic to the hypothalamus proper, namely the
bed nucleus of the stria terminalis (BNST), plays a role in
hamster photoperiodism, e.g., whether the BNST might be
a possible candidate for the location of the 'comparator'
posited by Herbert [14] as a mediator between melatonin
'readout' and the reproductive axis. Several reasons sug¬
gested that the BNST might play some role in photoperi¬
odism. First, the BNST has reciprocal connections with the
medial hypothalamus [39] and provides efferents to the
MPOA [36], so that there is anatomic warrant for viewing
it as a possible mediator between melatonin target tissues
and the LHRH-secreting system. Indeed, activity of BNST
neurons modulates LHRH secretion [2], Second, the BNST
plays a role in another aspect of hamster reproduction,
namely sexual function [44]. Third, the BNST has neural
connections with another extrahypothalamic region, namely
the olfactory bulbs [35], ablation of which prevents Syrian
hamsters from displaying the expected reproductive re¬
sponse (i.e. testicular regression) to short photoperiods
[8,26]. Fourth, the BNST in many mammalian species
including the Syrian hamster receives direct innervation
from retinal ganglion cells [10]. We therefore chose to
investigate whether or not ablation of the BNST, particu¬
larly the posterior region most closely related to the medial
hypothalamus [39], the olfactory bulbs [35], and the retina
[10], might also impair the expected response of male
hamsters to short photoperiods. Preliminary findings have
already been reported [31].

2. Materials and methods

2.1. Animals

Male Syrian hamsters (Mesocricetus auratus) of the
Lak:LVG (SYR) stock (Charles River Laboratories Inc.,
Wilmington, MA) were housed under long days, compris¬
ing 14 h of light and 10 h of darkness (LD), until 10 weeks
of age and were then used in the study. Room temperature
was maintained at 21-22°C at all times and pelleted rodent
chow and water were available ad libitum.

2.2. Experiment 1: chemical lesions

The overall aim of this study was to investigate the
effect that lesioning of the bed nucleus of the stria termi¬
nalis (BNST) would have on the SD photoperiodic re¬

sponse of adult male hamsters. In the first, preliminary,
experiment local administration of the excitotoxic amino
acid, M-methyl-D-aspartate (NMDA), was used to produce
the lesions. The hamsters were anesthetized using tribro-

moethanol and their heads held securely in a stereotax
frame (David Kopf Instruments, Tujunga, CA). Using tl
BNST coordinates reported by Knigge and Joseph in the
Syrian hamster stereotaxic atlas [17], the tip of a 10-/
syringe needle (Hamilton Company, Reno, NV; mod
701N) was positioned 1.1 mm anterior to bregma and 1
mm lateral to the mid-sagittal suture. The needle was the
lowered to a position 3.0 mm below the dura and eith
NMDA (0.2 pA of a 40 nmol solution), or an equal volun
of sterile vehicle (123 mM NaCl, 4.8 mM KC1, 0.8 m]
CaCl2, 1.2 mM MgS04, 10.2 mM Na2HP04, and 1.8 m]
NaH2P04; pH 7.4), was infused over a 1-min period. Tl
procedure was repeated on the contralateral side of tl
brain. Stainless steel wound clips (MikRon Precision Ini
Gardens, CA) were used to close the skin incision on t!
head and the animals were allowed to recover consciou
ness on a heated pad. One day after surgery the BNST-1
sioned hamsters (n = 9) and the sham-lesioned contra
{n = 5) were transferred to short days comprising 6 h '

light and 18 h of darkness (SD); a group of untreate
age-matched controls (n = 9) was also maintained und
LD. Fifteen weeks later, all of the animals were exposed
a lethal overdose of ether. Determinations were made

body and paired testis weights. A blood sample (500 p
was collected from the heart for subsequent measureme
of plasma testosterone by RIA [34,41], and the animal
brains were fixed by transcardiac perfusion with a 4
paraformaldehyde, 50 mM Tris solution (pH 7.6).

2.3. Experiment 2: radiofrequency current lesions

Gross examination of the lesioned brains in the previo
experiment revealed extensive damage, not only to tl
BNST but also a pronounced enlargement of the later
ventricles which distorted the brain morphometry. A
though it was clear that the NMDA-induced lesion did n
spread to the hypothalamus, the exact location or extent
the lesion in the vicinity of the BNST could not 1
determined accurately. Consequently, in the second expe
ment, a Grass LM4 radiofrequency current lesion mak
(Grass Medical Instruments, Quincy, MA) was used
produce more localized lesions. As before, 10-week-c
male hamsters were anesthetized using tribromoethan
and their heads held securely in a stereotaxic frame,
stainless steel electrode (diameter = 0.5 mm), insula!
except for 0.75 mm at the tip, was used to deliver 6 mA
current for 10 s to the same bilateral anterior and latei
BNST coordinates but to a depth of 3.5 to 4.0 mm belt
the dura. In sham-lesioned controls, the electrode w

lowered to a point 3 mm below the dura but no curre
was applied. One day after surgery the lesioned hamste
(n = 17) and the sham-lesioned controls (n = 8) we

transferred to SD. Calipers were used to measure testicul
width in each of the animals on the day of transfer to S
and again 4 and 8 weeks later. After a total of 12 weeks
exposure to SD, the animals received a lethal overdose
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ether. Determinations were made of body and paired testes
weights; the testes were fixed in Bouin's fluid and subse¬
quently processed for histological examination using Lee's
and hematoxylin stains. A blood sample (500 /cl) was also
collected by cardiac puncture for subsequent measurement
of plasma testosterone by RIA. The animals' brains were
fixed using 4% paraformaldehyde and 50-yu.m-thick Vi-
bratome sections were subsequently stained using thionin
to disclose the precise site and extent of the radiofrequency
current-induced lesions.

2.4. Statistical analysis

In both experiments, between-group differences in body
weight, testicular weight, and serum testosterone concen¬
trations were analyzed using the Kruskal-Wallis ANOVA
followed by the Mann-Whitney U-test.

3.2. Effect of radiofrequency current induced lesions on
the SD response

Based on light-microscopical examination of the
thionin-stained brain sections the radiofrequency current-
lesioned hamsters could be separated into two distinct
groups. In one group of 10 animals (D-BNST), the lesions
were centered dorsal to the BNST, entirely sparing the
BNST but damaging other regions including much of the
lateral septal area, particulatly its ventral division, and
parts of the medial septum, posterior septal region, fornix,
and stria medullaris (Fig. 2, left panel); as in Expt. 1, there
was no evidence of tissue damage in the vicinity of the
hypothalamus. In another group of 7 animals (D + BNST),
the same areas were damaged but the bilateral lesions
extended unequivocally into the BNST (Fig. 2, right panel);
again, there was no evidence of tissue damage within the
hypothalamus. Although the lesions in these two groups

3. Results

3.1. Effect of NMDA-induced BNST lesions on the SD
response

The administration of toxic concentrations of NMDA
into the hamster brain produced lesions not only in the
BNST but also in surrounding regions. Overall, this led to
a gross enlargement of the lateral ventricles which, in turn,
distorted brain morphology. Consequently, the precise lo¬
cation of the site of lesion could not be determined from

gross morphological examination and subsequent examina¬
tion of thionin-stained brain sections using light-mi¬
croscopy. On the other hand, it was clear that the anatomi¬
cal structure of the hypothalamus was unaffected by the
NMDA-induced lesions. Despite maintaining a normal
body weight the lesioned hamsters' testicular response to
SD differed markedly from that of the sham-lesioned
controls (Fig. 1). In contrast to the expected marked
testicular regression shown by the latter group (P < 0.001,
relative to the LD controls) the testes of the BNST-le-
sioned hamsters remained large. The testes were signifi¬
cantly heavier than those of the sham-lesioned hamsters
(P < 0.01) but also significantly lighter than those of the
LD controls (P < 0.001). Only three of the nine BNST-le-
sioned hamsters showed the usual SD testicular regression
pattern with testicular weight falling below one gram (the
testicular weights of these three animals were included in
the computation of the group mean). Plasma testosterone
measurements at Week 15 revealed a similar attenuation of
the SD photoperiodic response in the BNST-lesioned ham¬
sters (Fig. 1). Plasma testosterone concentrations were

significantly lower in the sham-lesioned group than in both
the LD controls and the BNST-lesioned hamsters (P <
0.05); the plasma testosterone concentrations did not differ
significantly (P > 0.05) between the latter two groups.
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Fig. 1. Effect of NMDA-induced lesions on the short-day photoperiodic
response of Syrian hamsters. The animals were either lesioned in the
vicinity of the bed nucleus of the stria terminalis (BNST) or sham
lesioned (SD); both groups were then exposed to short days for 15 weeks.
A third, age-matched control group, did not undergo surgery and re¬
mained exposed to long days throughout (LD). Each bar represents the
mean value; the S.E.M.s are depicted as vertical lines and the number of
animals in each group is indicated by the adjacent numbers. = P < 0.05;

= P < 0.01; P < 0.001; relative to the SD group; Kruskal-Wal¬
lis ANOVA followed by the Mann-Whitney U-test. Body weights were
similar in all three groups.
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were in general quite extensive it should be emphasized
that only damage to the BNST differentially affected the
response to SD photoperiod (e.g. damage to the lateral
septum, which occurred in both the D-BNST and D +
BNST groups, did not correlate with an impaired SD
response whereas ablation of the BNST in the D + BNST
group did). Additionally, although certain structures imme¬

am

diately adjoining the BNST, especially parts of the fornix
and the stria medullaris, sustained damage in the D +
BNST group, their ablation cannot be said to correlate with
non-response to SD because these fiber tracts also regu¬
larly sustained damage elsewhere in their course in the
D-BNST group (i.e. in the lesioned animals which demon¬
strated a completely normal SD response). Although body

am

mpoa

mpoa A

D - BNST D + BNST
Fig. 2. Schematic diagram of coronal hamster brain sections, from rostral to caudal, depicting the location of representative radiofrequency current lesions
(shown in red) that either include or exclude the bed nucleus of the stria terminalis (D + BNST and D-BNST, respectively). Abbreviations: al, am,
av = anterolateral, anteromedian anteroventral BNST; pi, pi, pm = posterointermediate, posterolateral, posteromedial BNST; alac = anterior limb of
anterior commissure; fx = fornix; LSv = lateral septum, ventral division; oc = optic chiasm; sm = stria medullaris; st = stria terminalis; mpoa = medial
preoptic area. Labeling of BNST subnuclei adapted from Wood and Newman [44],
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weight was not significantly different between the four
groups of animals (P> 0.05), both testicular weight and
plasma testosterone concentrations were significantly lower
ip 0.001) in the sham-lesioned hamsters (SD) and non-

NST-lesioned controls (D-BNST) than in the BNST-le-
ioned hamsters (D + BNST) and LD controls (LD); nei-
her testicular weight nor plasma testosterone concentra-
ions differed significantly (P>0.05) between the latter

o groups (Fig. 3). Throughout the 12-week exposure to
D, testicular width of the D + BNST hamsters remained

bssentially similar to that of the LD hamsters, while in the
D-BNST and SD groups signs of testicular regression were
already apparent by Week 4 (Table 1). Histological exami¬
nation of testicular sections revealed a characteristic re¬

gressed cellular composition in the SD and D-BNST groups
[29]; the seminiferous tubules comprised Sertoli cells and
spermatogonia with a smaller number of spermatocytes

Table 1

Mean testicular size in radiofrequency current-lesioned hamsters
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-ig. 3. Effect of radiofrequency current lesions on the short-day photope¬
riodic response of Syrian hamsters. The animals were either lesioned in
he vicinity of the bed nucleus of the stria terminalis (D + BNST) or in a
nore dorsal region (D-BNST), or were sham lesioned (SD); all three
;roups were then exposed to short days for 12 weeks. A fourth, age-
natched control group (also referred to in Fig. 1), did not undergo
urgery and remained exposed to long days throughout (LD). Each bar

represents the mean value; the S.E.M.s are depicted as vertical lines and
the number of animals in each group is indicated by the adjacent
numbers. P < 0.001; relative to the SD group; Kruskal-Wallis
ANOVA followed by the Mann-Whitney U-test. Body weights were
similar in all four groups.

Treatment n Week 0 Week 4 Week 8 Week 12

SD 8 11.0 9.6 5.5 (472 mg)
D-BNST 10 11.0 9.1 6.4 (452 mg)
D + BNST 7 11.0 11.0 9.7 (2,580 mg)
LD 9 11.0 11.0 10.0 (3,300 mg)

The hamsters were either lesioned in the vicinity of the bed nucleus of the
stria terminalis (D + BNST) or in a more dorsal region (D-BNST), or
were sham lesioned (SD); all three groups were then exposed to short
days for 12 weeks. A fourth age-matched control group, did not undergo
surgery and remained exposed to long days throughout (LD). Testicular
width was measured through the scrotal wall to the nearest millimeter
using calipers (Weeks 0-8); the testes were also weighed at the end of
the experiment (Week 12).

(Fig. 4). In contrast, the seminiferous tubules of the D +
BNST and LD groups were considerably larger in diameter
and the degree of spermatogenesis was more advanced; all
of the D + BNST and LD hamsters had spermatozoa in at
least a few of the tubules, although the overall quantitative
aspects of spermatogenesis were less complete in the
former group.

Although the effect of the radiofrequency current le¬
sions did not permit precise conclusions to be drawn as to
which subnuclei of the BNST may be involved in mediat¬
ing photoperiodic responses, it is clear that damage to the
posterior region of the BNST correlated best with the
hamsters' inability to show normal testicular regression
under SD. Bilateral damage to the most prominent subnu-
cleus within this region, the posteromedial nucleus [21]
(also commonly referred to as the principal nucleus [15])
as well as to the adjoining posterointermediate nucleus
[21], was a regular feature of those animals displaying the
most marked impairment of the expected SD response. The
two animals in the D + BNST group that displayed the
least impairment of the SD response (i.e. with final testicu¬
lar weights < 2 g) proved to be the only ones bearing, on
one side of the brain, a partially intact posteromedial and
posterointermediate nuclear group.

4. Discussion

In the present study, ablation of a posterior region of
the BNST led to a marked impairment in the hamster's
ability to respond as expected to SD; typically, Syrian
hamsters of the Lak:LVG (SYR) stock undergo complete
testicular regression within 10-12 weeks of transfer from
LD to SD [42] but the BNST-lesioned hamsters showed
little or no sign of regression even after 12-15 weeks.
Therefore, it is plausible that a locus within the BNST,
especially in the posterior region, may play an important
role in hamster photoperiodism.

The results of this study raise three issues in particular.
First, could the D + BNST lesions have achieved their



Fig. 4. Effect of radiofrequency current lesions on the histological appearance of testes from Syrian hamsters. The animals were either lesioned in the
vicinity of the bed nucleus of the stria terminalis (D + BNST) or in a more dorsal region (D-BNST), or were sham lesioned (SD); all three groups were
then exposed to short days for 12 weeks. A fourth, age-matched control group, did not undergo surgery and remained exposed to long-day photoperiods
throughout (LD). Note, the enlarged diameter of the seminiferous tubules in the testes of the D + BNST and LD hamsters as well as the presence of
spermatozoa in the lumen. Bar = 0.2 mm.
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effect by destroying cell groups adjoining or afferent to the
BNST? Second, are the results explicable on some basis
other than interference with photoperiodism? Third, if
photoperiodism as such was indeed obviated by BNST
lesions, what role might the BNST play in photoperi¬
odism?

Previous studies have examined the possible role in
hamster photoperiodism of certain cell groups adjoining or
communicating with the BNST. (The pertinence of two
such regions, the olfactory bulbs and the paraventricular
nucleus of the hypothalamus, will be discussed later.) The
possibility that the D + BNST lesions achieved their effect
by destroying amygdaloid afferents projecting either
through the stria terminalis or the ventral amygdalofugal
tract is rendered unlikely by previous studies showing that
interruption of the stria terminalis did not impair regres¬
sion in blinded hamsters [32] and that ablation of the
medial amygdala [40] or indeed of the entire amygdala
(Urbanski, Garyfallou and Raitiere, unpublished observa¬
tions) did not prevent SD-induced gonadal regression. That
lesion of the thalamic paraventricular nucleus in the pre¬
sent study bore no discriminatory value with respect to SD
response (i.e. it is lesioned to some extent in both the
D-BNST and D + BNST groups) is compatible with a
previous study showing that ablation of the thalamic par¬
aventricular nucleus does not interfere with SD regression
in this species [11], It is also unlikely that lesion of fibers
in the fornix or medial corticohypothalamic tract coursing
adjacent to the BNST contributed to the present results, for
we found that large lesions of the ventral subiculum, a
primary source of afferents to the hypothalamus via the
fornix and medial corticohypothalamic tract, had no effect
on SD regression (Urbanski, Garyfallou and Raitiere, un¬
published observations). Therefore, we believe that inter¬

ference with photoperiodism in the D + BNST group de¬
rives from ablation of cell groups intrinsic to the BNST.

Second, it may be argued that the present results, while
deriving from lesion of the BNST, are explicable on some
basis other than impairment of photoperiodism as such.
Conceivably a lesion of the BNST, whether in a LD or a
SD animal, could disinhibit gonadotropin secretion rather
than truly disabling a photoperiodic response; the in-i
creased gonadotropin levels in SD could offset or mask a
preserved SD-driven decrease in gonadotropin levels
thereby leading to a false impression of non-response t<
SD. This argument has been advanced to account for thi
apparent disabling of SD regression in the Syrian hamste
by olfactory bulbectomy, a lesion which may be appositi
to the present study since the accessory olfactory bulb
project directly to the posterior BNST [35], Since bulbec
tomy inhibits the negative feedback of testosterone [27
and disinhibits tonic secretion of gonadotropins in both LI
and SD hamsters [30], it has been argued that the non-re

sponse of bulbectomized hamsters to SD [8,26] may b
apparent rather than real, the result of an early disin
hibitory effect on gonadotropins followed by a later, par
tially preserved, SD-driven decline which returns go
nadotropin levels toward baseline [8,27,30].

Although we did not examine whether a BNST lesio
would be disinhibitory to gonadotropins secretion in th
LD hamster, we doubt that such disinhibition could ac
count for the results in the D + BNST group. First, had
significant rise in FSH secretion occurred in the D + BNS'
group during the first few weeks one would expect to hav
detected a corresponding increase in testicular size, ye
none was observed (see Table 1). Second, the previou
report of diametrically opposite effects upon the LH surg
in freely moving, unanesthetized female rats followiri]

5
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lectrochemical stimulation of the medial vs the lateral

NST, medial stimulation advancing and lateral stimula-
on blocking the LH surge [2], suggests that obliteration of
oth medial and lateral aspects of the BNST at the same
me, as was the case in our relatively large D + BNST
:sions, would yield a minimal net immediate effect upon

onadotropin levels. Third, it is by no means clear that the
isinhibitory effect of bulbectomy on gonadotropins in
oth LD and SD male hamsters [30] precludes a genuine
ffect of the same lesion on SD regression; the biphasic
:sponse to bulbectomy, with an early rise in go-
adotropins at weeks 0-4 followed by a later decline in
:productive-system indices that occurs at the time ex-
ected for a photoinhibitory effect (weeks 8-12) but that
>r the most part is significantly less profound when
ompared to SD controls, suggests that two temporally
;gregated factors, i.e., early disinhibition followed by
artially disabled involution, could better account for the
/ailable evidence ([8,26,27,30]; cf. also [29]) than the
irmer factor alone. (That bulbectomy unmasks photoperi-
lism in normally nonphotoperiodic rats [23,24], also sug-
;sts an effect of rodent bulbectomy that cannot be re-
aced to a change in tonic gonadotropin levels alone.) In
le current D + BNST group of hamsters, we believe that
ath factors may actually play a role, with some degree of
tiotoperiod-independent disinhibition accounting for the
larginally higher final testosterone levels as compared to
D controls (see Fig. 3), but that the latter factor, i.e.,
npairment of the photoinhibitory effect, predominated,
ince the posterior BNST not only includes many andro-
m-sensitive neurons [1] but also represents a convergence
3ne for photic information (deriving both from the retina
0] and from melatonin-sensitive regions [7]), it is not
uprising that lesion of the BNST might interfere both
ith androgen feedback (thereby altering tonic go-
idotropin levels) and with the modulation of the repro-
rctive axis by photoperiod; these two factors are not
igically exclusive and their relative contribution to con-
ol of reproduction, both in bulbectomized and in BNST-
sioned hamsters, remains to be determined.
Finally, if photoperiodism as such was in fact impaired

i the D + BNST group, at what point in the sequence of
/ents linking the perception of photoperiod to the repro-
jctive axis might the BNST play a role? Lesion of the
NST may conceivably have affected either the generation
F melatonin or the 'readout' and further processing of the
lelatonin signal. Although it was not possible in the
■esent study to test the former hypothesis directly by
jmparing the plasma melatonin profiles of lesioned haul¬
ers versus controls, it is unlikely to be correct. The
NST is extrinsic to the primary pathway driving mela-
min secretion, i.e., that leading from retina to the pineal
and via the retinohypothalamic tract, suprachiasmatic
rclei, hypothalamic paraventricular nucleus, and sympa-
etic efferents arising in the thoracic spinal cord, and the
+ BNST lesion did not encroach on any site in this

pathway. The BNST does provide an input to the hypotha¬
lamic paraventricular nucleus [9], ablation of which blocks
SD regression by intefering with melatonin synthesis
[3,5,18,25,45]; more speculatively, lesion of poorly defined
pinealopetal fibers originating in or passing through the
paraventricular nucleus [6] could conceivably affect pho¬
toperiodic responses. However, the traditional view that
the paraventricular nucleus is a way-station in the sympa¬
thetic pathway controlling melatonin secretion is open to
question [22]; central pinealopetal efferents from the par¬
aventricular nucleus have no known role in photoperi¬
odism; and olfactory bulbectomy, which may comprise a

partial analogue to the lesions produced in the current
study, interferes with testicular regression without altering
the melatonin secretory profile [3,28].

It is more likely that ablation of the BNST abrogates
photoperiodism by interfering with the 'readout' and fur¬
ther processing of the melatonin signal than with its gener¬
ation. The BNST is well placed to mediate between the
initial 'readout' of the melatonin signal within the medial
hypothalamus [4,13,20,33] and the LHRH-secreting sys¬
tem. First, it has strong reciprocal connections with the
medial hypothalamus [39], receiving a dense afferentation
in particular from the ventromedial hypothalamic nucleus
[7] which may include the melatonin target cells most
relevant to photoperiodism [20], Second, it encloses neu¬
rons which modulate LHRH secretion [2], presumably
through known efferents to the adjoining MPOA [36]. The
BNST, in other words, may include one or more of the
'comparators' which, as Herbert has cogently argued [14],
may be interposed between, and anatomically distinct from,
the tissues devoted to 'primary readout' of melatonin and
those responsible for LHRH secretion.

On the other hand, it cannot be inferred from a lesion's
abrogation of a function that the circuits critical to that
function are enclosed within the lesioned area. The BNST,
rather than containing a primary substrate for photoperi¬
odism, may simply play a secondary or incidental role by,
for example, altering the sensitivity of neurons bearing
melatonin receptors in the medial hypothalamus.

In summary, the present results demonstrate that abla¬
tion of a brain region centering on the posterior subnuclei
of the hamster BNST can markedly perturb the SD-in-
duced testicular regression of male Syrian hamsters. The
posterior BNST may therefore participate in hamster pho¬
toperiodism but whether the BNST plays a primary role in
that process, e.g., whether it transduces melatonin inputs
into signals that are stimulatory/inhibitory to the luteiniz¬
ing hormone-releasing hormone circuits, or whether it
plays a more adventitious role remains to be determined.
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Abstract

The distribution of glutamate receptors in the cerebellar cortex of the rhesus macaque was examined by light microscopic
immunocytochemistry using an antibody specific to the /V-methyl-D-aspartate (NMDA) R1 receptor subunit (i.e. NMDAR1) as well as
antibodies specific to a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor subunits (i.e. GluRl, GluR2/3, and
GluR4). NMDAR1 immunolabeling was most prevalent in the Purkinje cell perikarya and dendrites, but was also significant in the
stellate and basket cells of the granular layer and Golgi cells of the molecular layer. On the other hand, GluRl and GluR4
immunolabeling was concentrated principally in the processes of the Bergmann glia located in the vicinity of the Purkinje cell perikarya.
Although GluR2/3 immunolabeling also occurred in these Bergmann glia processes as well as in the Bergmann fibers, it was more
pronounced in the Purkinje cell perikarya and dendrites; additionally, significant GluR2/3 labeling was evident in the stellate and basket
cells of the molecular layer and medium-size soma of the granular layer (most likely Golgi cells). In situ hybridization histochemistry
(ISHH), using cRNA probes to NMDAR1, GluRl, GluR2, and GluR3, showed glutamate receptor mRNA distribution patterns consistent
with those disclosed in the immunocytochemical study. Furthermore, the ISHH findings suggest that the positive immunocytochemical
labeling of Purkinje cells with the GluR2/3 antibody is most likely due to the gene expression of both GluR2 and GluR3 AMPA receptor
subtypes. Taken together, the results are potentially important for the elucidation of mechanisms that control aspects of cerebellar
function, such as long-term depression.

Keywords: Purkinje cell; Glutamate; Immunocytocheniistry; In situ hybridization

ELSEVIER

1. Introduction

The cerebellar cortex has a clearly defined cytoarchitec-
ture consisting of three layers and five main types of
neurons (reviews: [7,9,32,57]). The outermost, molecular
layer, which is adjacent to the pial surface contains the
basket cells, outer stellate cells, Purkinje cell dendrites,
and the axons of the granule cells (the parallel fibers). The
intermediate layer, consists primarily of Purkinje cell
perikarya, while the innermost granular layer contains
granule and Golgi type II cells. Also, the two afferent
pathways into the cerebellar cortex have already been
well-established. These are the mossy fibers, which form
synapses in the granular layer with Golgi and granule cells,
and the climbing fibers which form synapses directly with
the Purkinje cell dendrites in the molecular layer. Interest-

Corresponding author. Fax: (1) (503) 690-5384.

ingly, both pathways appear to be glutamatergic
[10,11,14,21,24,31,34,37,59,62,66,72],

Glutamate is considered to be the principal stimulatory
neurotransmitter within the CNS of mammals and its

receptors are generally divided into two broad groups, the
ionotropic and the metabotropic receptors. There are three
main classes of ionotropic glutamate receptors; these form
cation-selective channels and each is named after its prin¬
ciple receptor agonists: X-methyl-D-aspartate (NMDA),
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA), and kainate [23,28,38,45,46,51-55,65,67]. Radi-
oligand-binding studies have already determined the gen¬
eral distribution pattern of NMDA, AMPA, and kainate
receptors in the three major laminae of mouse, rat, and
human cerebellar cortex [26,35,36,47-49,56,71], More re¬

cently, numerous subunits to these receptors have been
cloned [2,3,6,17,28,29,38,50-55,63] and specific antibod¬
ies to many of these subunits have become commercially
available [25,30,60,61,70], Consequently, it is possible to

0006-8993/96/S15.00 © 1996 Elsevier Science B.V. All rights reserved
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study both ionotropic glutamate receptor gene expression
and protein distribution patterns within individual cell
types, and not just within cell layers, using techniques,
such as immunocytochemistry and in situ hybridization
histochemistry (ISHH).

In the present study, both of these techniques were used
to determine the detailed distribution pattern of NMDA
and AMPA receptor subunits in the different cell types of
the primate cerebellar cortex. The results, which have
already been reported in abstract form [22], are important
to our understanding of cerebellar function because they
shed light on the organization of receptors used in commu¬
nication between the different types of neurons.

2. Materials and methods

2.1. Animals and tissue preparation

Four adult female rhesus monkeys (Macaco mulatto)
were used in the present study. They were cared for by the
Oregon Regional Primate Research Center in accordance
with the NIH Guide for the Care and Use of Laboratory
Animals and were euthanatized, primarily as part of an
unrelated study. The animals were anesthetized with
sodium pentobarbital and perfused through the heart with 1
1 of 0.9% saline followed by 6.5 1 of ice-cold 4% para¬

formaldehyde in 3.8% sodium tetraborate buffer (pH 9.5).
Their brains were removed immediately after perfusion
and the entire cerebellum was immersed in fresh fixative
for an additional 3 h (4°C). The tissue blocks were then
cryoprotected, first by immersion for 24 h in a 10%
glycerol solution in 0.02 M phosphate buffer containing
2% dimethyl sulfoxide (DMSO) and then by immersion
for an additional 72 h in a similar phosphate/DMSO
solution containing 20% glycerol. The tissue blocks were
then rapidly frozen in 2-methylbutane that was pre-cooled
in an ethanol/dry-ice bath, and stored at — 85°C. Frozen
sagittal cerebellar sections (25 /cm) were cut on a sliding
microtome and were then processed either for immuno¬
cytochemistry or in situ hybridization histochemistry. In
the latter case, the sections were mounted on glass micro¬
scope slides (Fisherbrand Superfrost/Plus; Fisher, Auburn,
WA), air-dried for 30 min, vacuum-dried overnight, and
then stored at — 85°C for later use.

2.2. Immunocytochemistry

The localization of the NMDAR1, GluRl, GluR2/3,
and GluR4 subunits in the rhesus cerebellar cortex was

achieved using rabbit polyclonal antibodies that are im-
munospecific to the C-terminus of the corresponding rat
receptor subunits; the NMDAR1 antiserum has been shown
to recognize four of the seven splice variants (i.e. R1A,
RIB. R1C, and R1F) of the rat NMDAR1 receptor subunit
[60,61,70], The immunocytochemistry was performed on

free-floating cerebellar sections using a standard avidin-
biotin-peroxidase system with 3,3'-diaminobenzidine tetra¬
chloride (DAB) as the chromogen. To reduce the level of
non-specific immunolabeling the sections were preincu-
bated for at least 1 h at room temperature in a 50 mM Tris
buffer (pFI 7.6) containing 0.9% NaCl, 0.1% Triton X-100
(Tris A), and 2% normal goat serum. The sections were
then incubated with polyclonal rabbit antibodies specific to
either the NMDAR1, GluRl, GluR2/3, or GluR4 gluta¬
mate receptor subunits (Chemicon International, Temecula,
CA). These antibodies were diluted to concentrations of
1-4 /xg/ml in Tris A and the primary incubations were
performed at 4°C for 30 h on an orbital shaker. The
sections were then washed with Tris A (3 X 10 min) and
incubated for 1 h at room temperature with biotinylated
goat antirabbit IgG (1:1000 dilution. Vector Laboratories,
Burlingame, CA). They were then washed again in Tris A
(3 X 10 min) and incubated for 1.5 h with a peroxidase-
coupled avidin-biotin complex (Peroxidase-ABC Kit; Vec¬
tor Laboratories) for 1.5 h. After further washing of the
sections with Tris A, they were incubated in Tris-saline
solution containing DAB (10 mg/ml) and 0.003% H202
for ~ 10 min. The sections were rinsed in Tris-saline
buffer, mounted on glass microscope slides (Fisherbrand
Superfrost/Plus), air-dried, dehydrated, cleared, and cov-
erslipped using DPX mounting medium.

2.3. In situ hybridization histochemistry

Although the GluR2/3 antibody used for the immuno-
cytochemical study produced dense immunostaining, espe¬
cially within the Purkinje cells, it is unclear from these
observations if GluR2, GluR3, or both of the two AMPA
receptor subunits is being expressed. Consequently, in situ
hybridization histochemistry (ISHF1) was performed on the
cerebellar sections, using specific 35S-labeled cRNA probes
in order to distinguish between the GluR2 and GluR3
receptor subunits. The results from the immunocytochem¬
istry revealed abundant NMDAR1 and GluRl immuno-
reactivity in the Purkinje cells and Bergmann glia pro¬
cesses, respectively. Consequently, for control purposes,
ISHH was also performed using NMDAR1 and GluRl
cRNA probes. The NMDAR1 antisense probe (450 bp)
corresponded to the region between the PstI and ZscoRI
restriction sites of the NMDAR1 cDNA [52], while the
GluRl, GluR2, and GluR3 antisense probes were tran¬
scribed from the corresponding Flop cDNAs, which were
cut at the Xmnl, Sphl, and Sal I restriction sites, respec¬
tively (i.e. 273, 428, and 623 bp from the 3' end of the
corresponding cDNA) [6,29]. In each case, synthesis of the
RNA transcripts was performed following the instructions
supplied with a transcription kit (Promega, Madison, WI).

The cerebellar sections were postfixed in 4% para¬

formaldehyde, 0.1 M phosphate buffer, pH 7.4, for 15 min.
rinsed in Tris-EDTA, and then were treated with pro¬
teinase K (10 /xg/ml) in Tris-EDTA buffer (pH 8.0) for
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30 min. Next, they were acetylated, dehydrated with
ethanol, dried under vacuum for 2 h, and then hybridized
overnight at 60°C with 25 /x\ of antisense 35S-labeled
riboprobe diluted to 10X106 cpm/ml of hybridization
buffer (50 mM dithiothreitol, 250 /rg/ml tRNA, 50%
formamide, 0.3 M NaCl, 1 X Denhardt's solution, 20 mM
Tris (pH 8.0), 1 mM EDTA (pH 8.0), and 10% dextran
sulfate). The posthybridization step involved washing off
coverslips in 4 X saline-sodium citrate buffer (SSC; the
20 X stock solution comprised 175.3 g sodium chloride
and 88.2 g sodium citrate/1 (pH 7.0)) containing 20 mM
dithiothreitol. The sections were then incubated in Tris-
EDTA buffer (pH 8.0) containing RNAase A (10 /rg/ml)
for 30 min at 37°C, followed by two 30-min washes with
2 X SSC at room temperature, and a final wash with
0.1 X SSC at 70°C. The mounted sections were then dehy¬
drated using an ascending ethanol gradient, containing 0.3
M ammonium acetate, and then air-dried for 30 min. To
visualize the hybridization pattern of the 3:,S-labeled RNA
probes, the section were dipped in NTB-2 photographic
emulsion (Eastman Kodak, Rochester, NY) and exposed
for 5 days at 4°C in a light-tight box. The mounted
sections were subsequent processed with Kodak developer

(D-19) and fixer, counterstained with 0.1% thionin, dehy¬
drated with ethanol, cleared with xylenes, and finally
coverslipped using DPX mounting medium.

3. Results

3.1. Immunocytochemistry

NMDAR1 immunolabeling was most prevalent in the
Purkinje cell perikarya and dendrites, but was also signifi¬
cant in the stellate and basket cells of the molecular layer
and in the Golgi cells of the granular layer (Fig. 1). In
contrast, antibodies immunospecific to the C-terminal por¬
tions of the AMPA-receptor subunits GluRl and GluR4
were responsible for little, if any, staining of these neu¬
ronal cell types. Instead, GluRl and GluR4 immuno-
staining was concentrated in the Bergmann glia processes,
especially in the vicinity of the Purkinje cell perikarya at
the interface between the molecular and granular layers of
the cerebellar cortex (Fig. 1B,D). The immunocyto-
chemical staining of GluR2 and GluR3 receptor subunits
involved the use of a polyclonal antibody that recognizes

Fig. 1. Medium-power brightfield photomicrographs depicting immunocytochemistry of glutamate receptors in the rhesus macaque cerebellum. In each
panel, the narrow Purkinje-Bergmann cell layer extends diagonally from the bottom left to the top right corners, with the molecular and granular cell layer
located in the top left and bottom right sectors, respectively. A: distribution of NMDAR1; B: distribution of GluRl: C: distribution of GluR2/3; D:
distribution of GluR4. Scale bar. 250 /xm.



V.T. Garyfallou et al./Brain Research 716 (1996) 22-28 25

th the GluR2 and GluR3 subunits. GluR2/3 immuno-
dning was most prevalent in the Purkinje cell bodies and
hr dendrites, which extend into the molecular layer of
; cerebellar cortex (Fig. 1C). Moderate GluR2/3 im-
rnostaining occurred in the Golgi cells of the granular
/er and the stellate and basket cells of the molecular
^er as well as in the Bergmann glia fibers (Fig. 1C).

1. In situ hybridization histochemistry

Isotopic 35S-labeling of NMDAR1 mRNA was most
ense in the Purkinje cell layer, especially within the
rkinje cell perikarya themselves (Fig. 2A). Similarly,
ense hybridization of the GluRl occurred in the Purk-
e cell layer but this appeared to be confined solely to the
rgmann glia (Fig. 2B). This differential hybridization of
: NMDAR1 and GluRl probes at the interface of the
tlecular and granular cell layers corroborate the results
im the immunocytochemical study (Fig. 1A,B). Both
uR2 and GluR3 probes showed intense hybridization
thin the Purkinje cells (Fig. 2, C and D, respectively),
hough clear-cut hybridization within individual cells of

the molecular and granular layers was only apparent using
the latter probe.

4. Discussion

Numerous radioligand-binding studies have already
demonstrated the presence of glutamate receptors in the
different laminae of the cerebellar cortex of rodents and

primates [26,35,36,47-49,56,71], Overall, these studies
have been valuable in establishing that NMDA-binding
sites are highly abundant in the granular layer and less so
in the molecular layer. In contrast, AMPA-binding sites
appear to be more pronounced in the molecular layer than
in the granular layer. Unfortunately, the use of
radioligand-binding to study glutamate receptor gene ex¬
pression in the CNS has some major limitations, including
the inability to distinguish between many of the different
glutamate receptor subunits as well as the poor cellular
resolution that is generally achieved through radioligand
autoradiography.

Consequently, several investigators have begun to uti-

. 2. Low-power darkfield photomicrographs depicting in situ hybridization histochemistry of glutamate receptor mRNAs in the rhesus macaque
:bellum. In each panel, the narrow Purkinje-Bergmann cell layer extends diagonally from the bottom left to the top right corners, with the molecular
granular cell layer located in the top left and bottom right sectors, respectively. A: distribution of NMDAR1 mRNA; B: distribution of GluRl mRNA;

listribution of GluR2 mRNA; D: distribution of GluR3 mRNA. Scale bar, 500 gm.
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lize techniques that incorporate glutamate receptor cDNAs
as well as commercially available glutamate receptor anti¬
bodies in their studies. Both in situ hybridization histo¬
chemistry (ISHH) and immunocytochemistry have recently
been used to provided insight into the glutamate receptor
subunit composition of specific neurons in the cerebellar
cortex of rodents [1,4,8.20,25,38,44,50,52.58,61,68,69] and
humans [5], In the present study, similar histological tech¬
niques were used to elucidate the distribution pattern of
glutamate receptor subunits in cerebellar neurons of the
adult rhesus macaque. Overall, the results parallel previ¬
ously reported findings from rodent studies. High levels of
NMDAR1, GluR2, and GluR3 receptor subunit mRNA
and protein were found in the Purkinje cells as well as in
neurons of the molecular and granular layers of the rhesus
cerebellum.

These findings are potentially important for the elucida¬
tion of mechanisms that control aspects of cerebellar func¬
tion. For example, a form of motor learning known as
long-term depression (LTD) consists of an anti-Hebbian
process in which the simultaneous activation of the parallel
and climbing fiber inputs to the Purkinje cells induces a

prolonged depression at the parallel fiber-Purkinje cell
excitatory synapse, where glutamate is the primary neuro¬
transmitter [18,27,33,41-43]. This persistent reduction in
excitability of the Purkinje cells to parallel fiber inputs
results in an overall depression of the Purkinje cell's
inhibitory influence on the deep nuclei of the cerebellar
cortex. Although the exact neural mechanisms involved in
this process are still unclear, it has been proposed that one
of the principal roles of ionotropic AMPA receptors in
LTD is to modulate the influx of Na+ into the Purkinje
cell dendrites. The resulting activation of a Na+-Ca2 +
exchanger, in turn, inhibits Ca2+ efflux and thereby sus¬
tains elevated internal Ca2+ levels. It has also been pro¬
posed that the climbing fibers activate voltage-gated Ca2+
channels in the Purkinje cells which results in Ca2+ influx.
Interestingly, the degree of Ca2+ permeability shown by
AMPA receptors appears to be related to the composition
of their heteromeric subunits, permeability being particu¬
larly low when the GluR2 subunit is expressed [28]. The
findings from the present ISHH study, indicating that the
Purkinje cells express mRNA not only for the GluR3 but
also the GluR2 receptor subunit, is particularly important
in this context because it helps to elucidate what physio¬
logical role AMPA receptors may play in the process of
LTD. Not only are the AMPA receptors likely to be
involved in modulating the influx of Na+ into the Purkinje
cells but they may also be directly involved in modulating
the influx of Ca2 + . On the other hand, the present histo-
chemical findings as well as those previously obtained
from rodent studies need to be treated with caution before

assumptions are made regarding the involvement of spe¬
cific glutamate receptor subunits in cerebellar function. For
example, although both immunocytochemistry and ISHH
clearly suggest the presence of NMDAR1 gene expression

in the Purkinje cells, both in the present and previous
published studies, the existence of functional NMDA i
ceptors in these cells remains controversial because numt
ous electrophysiological studies have generally failed
detect strong electrical responses to NMDA and its antag
nists [ 11 -13,16,19,31,39,40,59,62,64],

In addition to the demonstration of NMDA and AMF

receptor subunit expression in various neuronal cell typ
of the primate cerebellar cortex, the present results al
clearly demonstrate the expression of GluRl and Glul
exclusively in the Bergmann glia processes along t
Purkinje cell layer, which also showed moderate GluR2,
immunostaining. This finding is in harmony with previo
reports from rodent studies [38,60]. The Bergmann g
processes play key supportive roles in the cerebellar cor
cal functions and aid in cytostructural development. Th
regulate and recycle the amount of glutamate neurotrar
mitter in the excitatory synapses of the molecular layer
the cerebellar cortex by absorbing glutamate released frc
glutamatergic synapses, transforming glutamate into gl
famine, and releasing the glutamine back into the excii
tory synapses to be taken up by the glutamatergic neuro
(the granule cells) for reuse [15,32],

Taken together, the results from the present stu
demonstrate NMDA and AMPA receptor subunit ge

expression in different cells of the primate cerebellar cc
tex. Because glutamate neurotransmission is thought
play a key role in cerebellar function the present findin
should help to elucidate how the different cells commui
cate with each other and contribute to motor learning.
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Excitatory amino acids, such as glutamate, exert a profound stimulatory effect on the repro¬
ductive axis of several mammals. Although glutamate receptor agonists stimulate GnRH
secretion, both in vivo and in vitro, it is unclear whether GnRH neurones respond directly to
glutamatergic excitation. Immortalized GnRH neurones (GT1 cells) express glutamate recep¬
tors when grown in culture and also show enhanced GnRH secretion in response to glutamate
receptor agonists. In addition, immunocytochemical evidence at the electron microscope
level supports the possibility of a direct interaction between glutamatergic and GnRH
neurones. In general, however, double-label histochemical studies (using immunocytochem-
istry, in situ hybridization, or a combination of these techniques) have not shown significant
glutamate receptor gene expression in GnRH neurones of adult animals. It remains to be deter¬
mined whether a higher degree of glutamate receptor gene expression occurs during develop¬
ment. This general lack, or very low amount, of glutamate receptor gene expression in the
GnRH neurones of adults supports the view that excitatory amino acids exert their stimulatory
action on the reproductive axis primarily through interneuronal pathways that impinge on the
GnRH neurones, rather than by stimulating GnRH release directly.

Acidic amino acids, such as glutamate and aspartate, are gen¬
erally considered to be the predominant excitatory neurotrans¬
mitters within the mammalian central nervous system. They
have been implicated in physiological processes such as learn¬
ing and memory and, because of their excitotoxic potential, in
neurodegenerative diseases such as Huntington's, Parkinson's
and Alzheimer's diseases, and amyotrophic lateral sclerosis
(McDonald and Johnston, 1990; Baron et al, 1995; Kalb, 1995).
Because glutamate receptors are most abundant in the hippo¬
campus, cerebral cortex and cerebellum, these areas of the brain
were the focus of early radioligand binding studies, while the
hypothalamus was largely ignored (Meeker et al., 1994). Never¬
theless, it has been known for some time that excitatory amino
acids (EAAs) stimulate LH secretion, in rodents and in non-
human primates (Ondo et al., 1976; Wilson and Knobil, 1982; Taj
et al., 1983; Gay and Plant, 1987). Numerous experiments in vivo
have now confirmed the marked stimulatory effects of EAAs on
the reproductive axes of several species. For example, in juvenile
female rats and also in male rhesus macaques, the pulsatile
intravenous administration of N-methyl-D-aspartate (NMDA),
an EAA receptor agonist, induces precocious puberty (Urbanski
and Ojeda, 1987; Plant et al., 1989). In addition, in photoperiodic
species such as hamsters, single daily systemic injections of
NMDA prevent the regression of the testes that occurs when
the animals are transferred from long to short days (Urbariski,
1990; Ebling et al., 1995). Support for the idea that endogenous
EAAs may be physiologically involved in controlling the mam¬
malian reproductive axis is strengthened by observations that
EAA receptor antagonists inhibit the preovulatory LH surge in
female rats and significantly delay the onset of puberty (Lopez
et al., 1990; Urbanski and Ojeda, 1990). In recent years, the num¬
ber of studies implicating EAAs in the control of reproductive

function has increased exponentially (for recent reviews see
Brann and Mahesh, 1994; Brann, 1995; Brann et al., 1995;
Urbahski, 1995; van den Pol et al., 1995). However, it is still un¬
clear exactly where along the hypothalamo-pituitary-gonadal
axis EAAs exert their primary stimulatory influence.

Glutamate receptor subtypes
Receptors that are activated by EAAs or glutamate are divided
into two broad groups, the metabotropic and the ionotropic,
the former being G protein-coupled receptors while the latter
are ligand-gated ion channels (Hollmann and Heinemann, 1994;
Kalb, 1995; Petralia and Wenthold, 1995). It is the ionotropic
glutamate receptors that have become the focus of much neuro¬
endocrine research. There are three main classes of ionotropic
glutamate receptor and each is named after its principal recep¬
tor agonist: NMDA, a-amino-3-hydroxy-5-methylisoxazole-4-
propionate (AMPA), and kainate (Table 1).

These receptors are composed of different subunits which
are thought to occur in multimeric groups and collectively de¬
termine the functional properties of the receptor. The NMDA
receptors, for example, are believed to contain an NR1 (also re¬
ferred to as NMDAR1) subunit and one or more of the follow¬
ing subunits, which together form pentameric complexes:
NR2A, NR2B, NR2C or NR2D. In addition, because of possible
alternate splicing of the primary RNA transcripts, the presence
of numerous variations is possible (Hollmann and Heinemann,
1994). Similarly, AMPA receptors are thought to be multimeric
complexes consisting of combinations of subunits GluRl, GluR2,
GluR3 and GluR4 (originally referred to as GluRA, GluRB,
GluRC and GluRD). As with the NMDA receptors, the specific
combination of subunits determines the functional properties of
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Table 1. Classification of major ionotropic glutamate receptors

Subtype Subunits Agonists Antagonists

NMDA NR1, NR2A, NR2B, NR2C, NR2D Glu, NMDA, Gly D-AP5, MK-801, CPP
AMPA GluRl, GluR2, GluR3, GluR4 Glu, AMPA, KA, QA Quinoxalinediones
Kainate GluR5, GluR6, GluR7, KA1, KA2 Glu, KA, QA, DM Quinoxalinediones

AMPA: cc-amino-3-hydroxy-5-methylisoxazole-4-propionate; D-AP5: 2-amino-5-phosphonopentanoate;
CPP: 3-[2-carboxypiperazin-4-yl] propyl-l-phosphonate; DM: domoate; Glu: glutamate; Gly: glycine;
KA: kainate; MK-801: (+)-5-methyl-10,n-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine hydrogen
maleate; NMDA: N-methyl-D-aspartate; QA: quisqualate.

For a more comprehensive description of glutamate receptor subtypes, agonists and antagonists see
reviews by Hollmann and Heinemann (1994), Kalb (1995) and Petralia and Wenthold (1995).

the AMPA receptor complex. Although functional kainate recep¬
tors are likely to be composed of various combinations of GluR5,
GluR6, GluR7, KA1 and KA2 subunits, their structure and bio¬
chemical characteristics remain to be elucidated (for review see
Hollmann and Heinemann, 1994). In general, the AMPA and
kainate receptors underlie fast excitatory postsynaptic poten¬
tials and allow the permeation of Na+ and K+ ions, although
combinations of AMPA subunits that do not include GluR2 are

also thought to be permeable to Ca2+ ions. The NMDA receptors
operate over a slower period but are highly permeable to Ca2+
ions (Hollmann and Heinemann, 1994; Kalb, 1995; Petralia and
Wenthold, 1995). With the recent cloning of cDNAs encoding
EAA receptors and the commercial availability of antibodies to
many of the subunits, it has become technically feasible to ex¬
plore the distribution of glutamate receptors within specific
neurones, including those that produce GnRH. However, be¬
cause there is little published information regarding the role of
metabotropic EAA receptors in neuroendocrine function (Brann
and Mahesh, 1994; Brann, 1995; Brann et al., 1995) this review
will focus on recent studies aimed at disclosing the presence of
ionotropic glutamate receptors in GnRH neurones.

Supra-pituitary site of action for excitatory amino acids
Although there is some evidence to suggest that the anterior
pituitary gland may express glutamate receptors, it is question¬
able whether these receptors function in the same capacity as
those present within the hypothalamus (Ondo et al., 1976,1988;
Meeker et al., 1994; Bhat et al., 1995). Most of the published data
supports the view that EAAs influence reproductive neuro¬
endocrine function by acting primarily at a supra-pituitary level.
In vitro studies using rat hypothalamic explants demonstrate
that GnRH secretion can be stimulated by EAA receptor agon¬
ists and inhibited by specific antagonists (Bourguignon et al.,
1989a, b; Lopez et al., 1992). Similarly, EAAs stimulate GnRH
secretion from immortalized GnRH neurones (that is, GTj.j cells;
Mahachoklertwattana et al., 1994). In vivo, NMDA has been
shown to significantly increase cellular concentrations of mRNA
coding for GnRH in male rats (Petersen et al., 1991) and, when
infused into the medial preoptic nucleus (in the vicinity of the
GnRH neuronal perikarya), it was more effective at stimulating
LH release than when infused into the hypothalamus itself
(Ondo et al., 1988). In female rats, glutamate release is enhanced
in the preoptic area at the time of the preovulatory LH surge and
may play a causal role in stimulating GnRH secretion (Jarry et al.,
1995). In addition, it has been demonstrated using in vivo push-

pull perfusion that NMDA stimulates GnRH secretion in the
stalk-median eminence of pre- and peripubertal female rhesus
macaques (Claypool and Terasawa, 1989). Finally, it has been
shown in rats and hamsters (Urbanski, 1990; Luderer et al., 1993),
as well as in rhesus macaques (Fig. 1) (Gay and Plant, 1987;
Plant et al., 1989), that the stimulatory effects of NMDA on LH
secretion are blocked or significantly attenuated by the concomi¬
tant administration of a GnRH receptor antagonist; presumably
because the stimulatory effect of NMDA is mediated primarily
through enhanced GnRH secretion. Taken together, these find¬
ings suggest that the stimulatory influence of EAAs on gonado-
trophin secretion is exerted primarily on the GnRH neuronal
system. Nevertheless, it has not yet been determined whether
this excitation influences GnRH secretion directly by acting
through receptors located on the GnRH neurones themselves or
whether interneurones or glial cells play an intermediary role.

Direct interaction between excitatory amino acids and
GnRH neurones

Glutamatergic nerve fibres are abundant in the hypothalamus
and preoptic area and most of the neurones in these areas can
be depolarized with EAAs (van den Pol et al., 1990,1995). These
observations alone warrant the assumption that a direct inter¬
action between glutamatergic neurones and GnRH neurones is
likely. More direct evidence in support of this hypothesis is the
immunocytochemical demonstration, at the electron micro¬
scope level, that GnRH neurones of macaques closely interact
with glutamate-immunoreactive neurones of the hypothalamus
(Goldsmith et al., 1994; Thind and Goldsmith, 1995). On the basis
of these findings, it is possible that GnRH neurones show a high
expression of the glutamate receptor gene. Indeed, in situ hybrid¬
ization studies have already established that mRNA encoding
EAA receptors of both the NMDA and non-NMDA subtypes is
present in the hypothalamus and in brain areas that contain
GnRH neuronal perikarya (Urbanski et al., 1994; van den Pol
et al., 1994), although it should be emphasized that the expression
is considerably lower than that in the hippocampus or cerebral
cortex (Fig. 2). However, because GnRH neuronal perikarya are
scattered throughout various forebrain regions, rather than
being confined to discrete nuclei, it is impossible to establish
with single-label histochemistry whether they express EAA re¬
ceptors. Similarly, because of this characteristic diffuse distrib¬
ution of GnRH neurones in the forebrain, electrophysiological
examinations of whether they can be depolarized by EAAs are
not practicable (the electrical recordings need to be performed
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Fig. 1. Plasma LH concentrations in female rhesus macaques, during the luteal phase of their menstrual cycle. Blood samples were collected
remotely, at 10 min intervals, through indwelling jugular vein catheters and plasma LH was determined using a mouse Leydig cell bioassay.
At time 0, the animals received an intravenous injection of either (a) saline, or (b) and (c) N-methyl-D-aspartate (NMDA); the NMDA was
administered in the form of a racemic mixture (20 mg kg"1 body mass). In addition, one of the NMDA-treated groups (c) received an intra¬
venous injection of a GnRH receptor antagonist ([D-Phe2, Pro3, D-Phe6]-LHRH; 0.4 mg kg"1 body mass) at time -20 min. Each point represents
the mean of four or five animals and the SEM are shown as vertical lines. Note that in the presence of the GnRH receptor antagonist the
plasma LH response to NMDA was significantly attenuated.

'blind', without a priori knowledge of whether the individual
neurones being examined are GnRH-immunopositive). One way
of overcoming this problem has been to study glutamate gene
expression in immortalized GnRH neuronal cell lines, such as
GT1 cells (especially the GTj.j and GTj.y subtypes). These were
produced originally in mice by specifically targeting expression
of the oncogene SV40 T-antigen to neurones that express the
GnRH promoter (Mellon et al., 1990). Numerous investigators
have demonstrated that these cells have the capacity to both
synthesize and secrete GnRH and to respond to depolarizing
stimuli (for review see Wetsel, 1995). Furthermore, they can be
cultured on microscope slides and processed for histochemical
staining (Fig. 3a). In addition, they can be grown on a three-
dimensional matrix, such as one consisting of collagen-coated
beads, and their secretion of GnRH can thus be studied in a

dynamic perfusion system (Fig. 3b). By taking advantage of
the high density at which GT1 cells can be grown, it has been
possible to extract sufficient mRNA from monocultures to
perform northern blot analysis using molecular probes specific
to glutamate receptors. At least two laboratories have used
northern blot analysis to demonstrate the expression of the NR1
receptor subtype in GT1 cells (Mahachoklertwattana et al, 1994;
Urbanski et al., 1994). This finding is corroborated by the in situ
hybridization and northern blot data shown in Fig. 3c and d,
respectively. Studies have also shown that these cells respond
to NMDA in vitro by releasing GnRH (Mahachoklertwattana
et al., 1994; Spergel et al., 1994). Taken together, these findings

ctx

ms

NR1 GluR1

Fig. 2. In situ hybridization histochemistry of coronal hamster
brain sections using 35S-labelled cRNA probes specific to NR1 and
GluRl receptor subunits. The autoradiographic images were ob¬
tained by apposing the hybridized sections to pmax Hyperfilm
(Amersham Corporation, Arlington Heights, IL). Compared with
the hippocampus (hip) or cerebral cortex (ctx), very little hybrid¬
ization is evident in the medial septum (ms), an area rich in
GnRH neuronal perikarya. More hybridization is evident in the
hypothalamus (hyp) in the vicinity of GnRH neuronal fibres, the
most intense hybridization being in the ventromedial and arcuate
regions.
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Fig. 3. Glutamate receptor gene expression in two GnRH-producing mouse cell lines (GT1 cells) (a) Immunocytochemistry performed on cul¬
tured GTj.j neurones showing strong positive GnRH immunostaining (using monoclonal HU4H antibody, the avidin-biotin-peroxidase com¬
plex, and 3,3'-diaminobenzidine tetrachloride as the chromogen). Scale bar represents 50 (im. (b) Scanning electron photomicrograph of GTj_7
neurones cultured on collagen-coated beads (approximate diameter: 175 (jm; Cytodex, Pharmacia LKB Biotechnology, Piscataway, NJ) showing
a dense three-dimensional network, (c) In situ hybridization histochemistry performed on cultured GT]_7 neurones, showing a strong hybrid¬
ization signal (using a digoxygenin-labelled antisense cRNA probe of approximately 450 bp that is specific to the NR1 receptor subtype). Scale
bar represents 50 fim. (d) Northern blot analysis of RNA extracted from GTj.j and GTj.7 neurones and hybridized with a 450-bp 32P-labelled
cRNA probe specific to the NR1 receptor subtype. The arrow indicates an mRNA band of approximately 4.2 kb. Lanes 1 and 3 were loaded with
10 tig of total RNA from GT^ and GTj.7 neurones, respectively, while lanes 2 and 4 were loaded with 10 tig of poly(A)+ RNA from GTj.j
and GTj_7 neurones, respectively.

are consistent with the hypothesis that GnRH neurones express
functional EAA receptors.

Indirect interaction between excitatory amino acids and
GnRH neurones

Although the evidence obtained from GT1 cells suggests that
glutamatergic neurones interact directly with GnRH neurones
in vivo, the findings should be treated with caution. First, because
the GT1 cells are transformed cells and are typically grown in
monoculture, in the absence of glia or normal target tissue, they
may not necessarily express the same genes as GnRH neurones
in vivo. Second, although GTj.j and GTj_7 cells can be cultured
readily in enormous quantities it should not be overlooked that
ultimately they are each descendants of only a single immortal¬
ized GnRH neurone, which may or may not be representative of
the GnRH neuronal population as a whole. Third, because the
GT1 cells were transformed at a very early stage of development,

their gene expression and function may not be truly reflective
of fully differentiated and mature GnRH neurones in vivo.
Mindful of these limitations, workers in several laboratories
have attempted to examine EAA receptor gene expression in
GnRH neurones that have matured naturally in vivo, by per¬
forming double-label histochemistry on brain sections (Munro
and Urbanski, 1994; Munro et al., 1994; Ulibarri et al., 1994;
Abbud and Smith, 1995; Urbanski et al., 1995; Eyigor and
Jennes, 1996). One such approach has been to combine immuno¬
cytochemistry for GnRH with in situ hybridization histochem¬
istry for EAA receptors (Fig. 4). Although this double-labelling
technique is quite feasible, certain precautions need to be taken
to ensure maximum preservation of the mRNA within the tis¬
sue. For example, in our laboratory we perfuse-fix brains using
4% (w/v) paraformaldehyde fixative in borate buffer (pH 9.5).
Immunocytochemistry is performed first, on free-floating frozen
sections, 20-30 fim thick, using diethyl pyrocarbonate-treated
water for all of the antibody solutions and buffers. The sections
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Fig. 4. Examples of double-label histochemistry used to examine the expression of glutamate receptors by GnRH neurones of rhesus
macaques, (a - d) In situ hybridization histochemistry for the GluRl glutamate receptor subunit combined with immunocytochemistry on
rhesus macaque brain sections. Bright-field photomicrographs are shown in (a) and (b) and corresponding dark-field photomicrographs are
depicted in (c) and (d). Dense silver grain deposition (c) is clear over a small population of GnRH immunopositive neurones found in the
extreme lateral portion of the horizontal limb of the diagonal band of Broca (indicated by black arrows in (a)). In contrast, the amount of
silver grain deposition (d) over the GnRH immunopositive neurones of the arcuate region (indicated by white arrows) in (b) is similar to
the background amount. For the immunocytochemistry, 3,3'-diaminobenzidine tetrachloride was used as the chromogen (brown) and
thionin was used as a Nissl counter stain (blue), (e, f) In situ hybridization histochemistry for GnRH combined with immunocytochemistry
for GnRH on rhesus macaque brain sections. Bright-field photomicrographs showing dense silver grain deposition over immunopositive
(brown) neurones, confirming that both the lateral (e) and arcuate (f) populations produce mRNA coding for GnRH, despite having a dif¬
ferent perikaryal morphology. Scale bar represents 50 pm.
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Fig. 5. ((a) NR1, (b) GluRl, (c) GluR2/3) Double-label fluorescence confocal microscopy demonstrating a general lack of excitatory amino
acid receptors (red) in GnRH neurones (green) of Syrian hamsters; colocalization of both fluorophores (tetramethyl rhodamine and fluores¬
cein isothiocyanate, respectively), had it been present, would have appeared in yellow. The antibodies to NR1 (that is, NMDAR1), GluRl,
and GluR2/3 were all rabbit polyclonals and are commercially available (Chemicon International Inc., Temecula, CA). The GnRH antibody
was a mouse monoclonal, HU4H, produced in our laboratory. Scale bar represents 50 fim.

are then mounted on RNase-free glass microscope slides and
processed for in situ hybridization histochemistry. So far, we
have used this double-label histochemical approach to examine
several thousand immunopositive GnRH neurones for evidence
of GluRl, GluR2, GluR3 or NR1 EAA receptor subunit gene
expression, both in male hamsters and in female rhesus ma¬
caques. Overall, we have been unable to detect any significant
expression of RNA encoding EAA receptor in GnRH neurones
of any adult animal (Munro et al., 1994; Urbanski et al., 1995),
except in a small population of GnRH neurones that lie in
the extreme lateral portion of the diagonal band of Broca of
the rhesus macaque brain (Fig. 4a, c). Although these GnRH
neurones are immunopositive for GnRH and show strong
in situ hybridization to a monkey GnRH cRNA probe (Fig. 4e)
(Rodrigues et al., 1996), their perikarya do not show the usual
fusiform morphology characteristic of mature GnRH neurones
(Fig. 4b, d, f); instead, their perikarya are more spherical and re¬
semble those of embryonic GnRH neurones before they begin
their migration from their place of origin in the olfactory placode
(Schwanzel-Fukuda et al., 1992). A slightly different double-
labelling approach was adopted by Abbud and Smith (1995),
who used a digoxygenin-labelled cRNA probe to identify GnRH
neurones of adult male and female rats, and an 35S-labelled
cRNA probe to identify mRNA encoding for NR1 receptor sub-
unit. When compared with non-GnRH neurones in the hypo¬
thalamus or cerebral cortex, the NR1 hybridization in GnRH
neurones was negligible: fewer than 5% of the GnRH neurones
were considered to be double-labelled. Similar results were

reported by Eyigor and Jennes (1996) and L. Jennes (personal
communication), who used double-label fluorescence immuno-
cytochemistry as well as a combination of immunocytochem-
istry and in situ hybridization histochemistry to examine the
expression of a wide spectrum of NMDA, AMPA and kainate
receptor subunits in the GnRH neurones of rats. Few, if any, of
the GnRH neurones appeared to express the NR1, NR2A,
NR2B, NR2C, NR2D, GluRl, GluR2, GluR3 or GluR4 receptor
subunits. The only notable expression was that of the KA2
receptor subunit: 32% of the 484 GnRH neurones examined

showed positive colocalization. Other studies have relied on
double-label fluorescence immunocytochemistry using com¬
mercially available antibodies to specific glutamate receptor sub-
units (Munro and Urbahski, 1994; Urbanski et al., 1995). Several
hundred immunopositive GnRH neurones were examined in
adult male hamsters and few, if any, showed GluRl, GluR2/3,
GluR4 or NR1 immunopositive staining. The main advantage
of using double-label fluorescence immunocytochemistry over
combined in situ hybridization histochemical approaches is that
it helps to establish the extent to which the mRNA encoding
the glutamate receptor is translated; also, from a practical per¬
spective it avoids problems associated with the maintenance of
an RNase-free environment. However, trying to colocalize
glutamate receptor immunoreactivity within GnRH immuno¬
positive neurones is associated with its own set of problems.
First, most of the glutamate receptor immunoreactivity occurs
in the perimeter of the neurone, in association with the cell
membrane, whereas the GnRH immunoreactivity typically
occurs within the cell body itself, making visualization of
colocalization difficult; this problem can be overcome to some
extent by using confocal microscopy (Fig. 5; NR1, GluRl,
GluR2/3). Second, because secretory neuropeptides such as
GnRH are usually present only within perikarya, axons and
terminals, any glutamate receptors that are localized post-
synaptically on GnRH neuronal dendrites may escape de¬
tection. Of all of the recent published studies aimed at
disclosing glutamate receptor gene expression in GnRH neur¬
ones of adult mammals, only one claims to have observed sig¬
nificant colocalization (Ulibarri et al., 1994). With the use of
in situ hybridization histochemistry, 28.9% of immunopositive
GnRH neurones were shown to express significant mRNA en¬
coding GluRl in ovariectomized rats, and the percentage in¬
creased to 47.5% after treatment with oestradiol. It is unclear
whether the discrepancy between these and the previous data
stems from differences in gonadal status of the animals or from
differences in the specific glutamate receptor probes that were
used. However, it may also be significant that the study in which
significant GluRl gene expression was observed in GnRH
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Fig. 6. The proposed neuronal pathways by which excitatory amino acids may influence the secretion of
GnRH, and in turn LH. Glutamate is the primary stimulatory neurotransmitter within the mammalian
central nervous system and although it may exert some of its influence on GnRH secretion directly, most is
likely to be mediated indirectly through known stimulatory and inhibitory circuits. Consequently, the net
response of GnRH neurones to excitatory amino acids is likely to be context-dependent, showing marked
changes during puberty, during the oestrous cycle, during lactational anoestrus and after gonadectomy.

neurones was the only one in which the animals were pre-
treated with colchicine 48 h before they were killed.

Given that so many neurones in the hypothalamus respond
to EAAs (van den Pol et al, 1995), it is surprising that GnRH
neurones appear to show so little glutamate receptor gene ex¬
pression, especially when compared with neurones of the hippo¬
campus. One possible reason for this difference is that GnRH
neurones, unlike other hypothalamic neurones, originate outside
of the brain, in the olfactory placode, and migrate in during em¬
bryonic development (Schwanzel-Fukuda et al., 1992). Alterna¬
tively, the general lack of glutamate receptor expression in GnRH
neurones may reflect sensitivity limitations of the double-
labelling techniques used, and low amounts of expression may
be disclosed in the future as more sensitive techniques become
developed. However, it should be emphasized that without sup¬
porting electrophysiological data any positive colocalization of
mRNA encoding glutamate receptor or corresponding protein
in GnRH neurones does not in itself prove that functional recep¬
tors are expressed. For example, cerebellar Purkinje cells clearly
express abundant amounts of mRNA encoding both NR1 recep¬
tor and protein but, in numerous electrophysiological studies,
these cells have failed to show strong electrical responses to
NMDA and its antagonists (Garyfallou et al., 1996).

If the primary influence of endogenous glutamate on GnRH
secretion is indirect then which interneurones play a role? Both

stimulatory and inhibitory circuits are known to influence GnRH
secretion (Fig. 6). Furthermore, because glutamate is ubiquitous
within the mammalian central nervous system, it may exert some
degree of influence on all of them. It is likely, therefore, that the
overall response of GnRH neurones to EAAs is context depen¬
dent, showing either a net increase or decrease depending on the
physiological state of the animal and the relative strength of the
underlying stimulatory and inhibitory inputs (Fig. 6). In sup¬
port of this idea are results from rhesus macaques showing that
NMDA can markedly stimulate LH secretion in the early follicu¬
lar and luteal phases of the menstrual cycle, but not in the mid-
follicular phase. Moreover, in ovariectomized macaques NMDA
strongly inhibits LH secretion (Reyes et al., 1990,1991; Urbanski
and Garyfallou, 1995). Exactly which neurotransmitters play a
principal role in mediating the effects of EAAs on GnRH se¬
cretion is unclear. However, it is well established that catechol-
aminergic neurones form synapses with GnRH neurones and
that noradrenaline can stimulate GnRH secretion. In addition,
it has been demonstrated in rodents that NMDA induces ex¬

pression of the immediate early gene c-fos, an acute marker of
neuronal activation, in catecholaminergic neurones of the locus
coeruleus (Saitoh et al., 1991), but not in GnRH neurones (Abbud
and Smith, 1995; Ebling et al., 1995; Urbanski, 1995). In addition,
mRNA encoding NMDA receptor has been demonstrated in this
nucleus (Luque et al., 1995); because efferents from the locus
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coeruleus represent one of the major sources of noradrenaline
into the hypothalamus, these neurones are anatomically well
placed to influence GnRH secretion. Further support that the pri¬
mary influence of EAAs on GnRH secretion may be mediated
through noradrenaline comes from the observation that the
stimulatory effect of NMDA on LH secretion in rats is blocked
by the concomitant administration of prazosin, an cq-adrenergic
receptor antagonist (Suh et al., 1994). The importance of such in¬
direct stimulatory pathways on gonadotrophin secretion in other
species is presently unclear; although the locus coeruleus of
rhesus macaques also appears to express glutamate receptors
(Urbahski and Kohama, 1996), the administration of prazosin at
doses that obliterate pulsatile LH secretion in ovariectomized ani¬
mals appears to have little, if any, effect at suppressing NMDA-
induced increases in plasma concentrations of LH (Urbahski and
Garyfallou, 1995). The reason for the discrepancy between the
responses to NMDA/prazosin in rats and monkeys is unclear
but may stem from differences in the anatomical distribution of
the GnRH neurones, as well as differences in their morphology.
In rats, the GnRH neurones rarely possess more than one or
two neurites and their perikarya are generally less fusiform in
shape compared with GnRH neurones in monkeys. In rats, the
perikarya are located primarily in the preoptic/medial septum
and in the diagonal band of Broca, whereas in monkeys, a large
population is also located more caudally in the hypothalamus,
especially in the arcuate region, which is itself rich in glutamate
receptors. Although the involvement of other stimulatory and
inhibitory interneurones in glutamate-mediated GnRH secretion
is highly plausible, this remains to be established experimentally.

Conclusions

Excitatory amino acids, such as glutamate and aspartate, are
distributed widely throughout the mammalian central nervous
system and probably exert some stimulatory influence on most
neurones, including those that secrete GnRH. Whether a direct
stimulation of GnRH neurones is the primary route by which
EAAs influence gonadotrophin secretion is not entirely clear.
There is evidence to suggest that EAAs may be involved in con¬
trolling the neural circuits associated with time measurement,
especially in photoperiodic seasonal breeding species (Colwell
and Menaker, 1995). Some of the long-term stimulatory effects
of EAAs on the reproductive axis in hamsters, therefore, may
be attributed to this relatively indirect pathway (Urbahski, 1990,
1995). However, the rapid and short-lived stimulatory effect
of EAAs on gonadotrophin secretion (Fig. 1) is most likely me¬
diated either directly through the GnRH neurones themselves
or through other neurotransmitter circuits closely associated
with GnRH secretion (Fig. 6).

Overall, the body of published evidence does not provide
strong support for glutamate receptor gene expression in a sig¬
nificant number of GnRH neurones, at least not in adult mam¬

mals, suggesting that the stimulatory effects of excitatory amino
acids on GnRH secretion are likely to be mediated indirectly. In
contrast to GnRH neurones in vivo, immortalized GT1 cells ap¬
pear to express abundant mRNA encoding the glutamate re¬
ceptor. One possibility for this discrepancy is that the GT1 cells
represent GnRH neurones that were immortalized at a very im¬
mature stage of development. It may be significant that the only
GnRH neurones of adult rhesus macaques that expressed

significant amounts mRNA encoding GluRl mRNA (Fig. 4a, c)
were the ones that had a relatively simple non-fusiform morph¬
ology. Moreover, preliminary double-immunocytochemical ob¬
servations of GnRH neurones in the olfactory placode of fetal
macaques (before their developmental migration to the preoptic/
medial septal area and hypothalamus) suggest that NMDA and
AMPA receptor gene expression is greater than in the adult
(H.F. Urbahski, S.G. Kohama and O. Rormekleiv, unpublished).
Similarly, double-immunocytochemical observations made in
peripubertal female rats suggest that approximately 36% of the
GnRH neurones express the NR1 receptor subunit (Gore et al.,
1996). Therefore, as with other brain neural circuits (Kalb, 1995),
EAAs may play an important role in GnRH neuronal migration,
elaboration of GnRH neural circuits and activity-dependent
GnRH neurone maturation in general. In adults, EAAs are
clearly capable of exerting profound stimulatory effects on
gonadotrophin secretion. So far, however, it has not been con¬
vincingly demonstrated that EAAs play an important role in
directly modulating the pattern of GnRH secretion. However, if
interneurones are involved in mediating the response, these
also remain to be elucidated.
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Abstract

The stimulatory influence of A'-methyl-D-aspartate (NMDA), a glutamate receptor agonist, on LH secretion is well established in
several mammalian species including the rhesus macaque. Although the mechanism of excitation appears to involve enhanced GnRH
secretion, it is unclear whether the GnRH neurons respond directly to this excitation or whether stimulatory inter-neurons are involved.
This study investigated the possibility that noradrenergic afferents play a major role in mediating the response of the primate
hypothalamo-pituitary reproductive axis to NMDA. In situ hybridization histochemistry, using a cRNA probe coding for the NMDAR1
receptor subunit, revealed abundant mRNA in the locus coeruleus, a brain area rich in noradrenergic neurons. Furthermore, using
double-label fluorescence immunocytochemistry, the tyrosine hydroxylase immunopositive neurons of the locus coeruleus showed
immunoreactivity for the NMDAR1 receptor subunit protein. A second experiment examined whether prazosin, an a,-adrenergic receptor
antagonist, could attenuate NMDA-induced stimulation of LH release. Prazosin (either 1 or 5 mg/kg b.wt., i.v.) was administered to
female rhesus macaques during the luteal phase of the menstrual cycle, 40 min before administration of NMDA (10 mg/kg b.wt., i.v.).
Regardless of the prazosin pre-treatment, plasma LH concentrations showed a significant increase (P < 0.01) within 10 min of the
administration of NMDA. Therefore, in spite of the evidence that at least some of the noradrenergic neurons of the primate hindbrain
express the NMDAR1 receptor subunit, it is unlikely that noradrenergic inter-neuronal pathways alone play a major role in mediating the
stimulatory action of NMDA on GnRH/LH secretion in primates. Indeed, because the GnRH neurons of the rhesus macaque are located
diffusely in various regions of the hypothalamus and medial-septal/preoptic area, their net response to excitatory amino acids is likely to
be more complicated, involving a combination of both stimulatory and inhibitory inter-neurons, and possibly also a direct interaction.

Keywords: Prazosin; Idazoxan; Glutamate; GnRH; Locus coeruleus

1. Introduction

Acidic amino acids such as glutamate are the most
abundant excitatory neurotransmitters within the mam¬
malian brain and can profoundly stimulate the reproductive
axis of several species, including primates (reviews:
[3,36,40]). In rhesus macaques the administration of N-
methyl-D-aspartate (NMDA), a potent glutamate receptor
agonist, has been shown to cause a rapid increase in the
plasma concentration of luteinizing hormone (LH)
[9,17,18,22,29,39,42]. Furthermore, repeated administra¬
tion of NMDA to juvenile males can advance the onset of
puberty [22]. However, it is unclear at which level of the
primate reproductive axis excitatory amino acids (EAAs)
exert their primary stimulatory action. Several lines of

Corresponding author. Fax: + 1 (503) 690-5384.

evidence support the view that NMDA enhances go¬
nadotropin release indirectly by stimulating gonadotropin-
releasing hormone (GnRH) release, which in turn stimu¬
lates the gonadotropes. For example, results from push-pull
perfusion experiments demonstrate that NMDA can induce
GnRH release in pre- and peri-pubertal female macaques
[4], In addition, administration of GnRH antagonists can
significantly attenuate the NMDA-induced increase in
plasma LH concentrations in both males and females
[8,22,39], suggesting a supra-pituitary site of action for
NMDA. Nevertheless, it is unclear whether the stimulatory
action of NMDA is exerted directly at the level of the
GnRH neurons themselves or whether inter-neuronal cir¬
cuits are involved. On the one hand, it has been demon¬
strated using electron microscopy that the GnRH neurons
of primates interact with glutamatergic neurons [12,35] and
also that immortalized mouse GnRH neurons (GTM and

0006-8993/97/$ 17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.
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GT,_7 cells) express mRNA coding for the NMDAR1
receptor subunit [16,37,39]. Therefore, it is possible that
some of NMDA's stimulatory action is exerted directly on
the GnRH neurons. On the other hand, there is little
evidence to indicate that the GnRH neurons of the primate
mediobasal hypothalamus express significant amounts of
glutamate receptor mRNA [30,39]. In contrast, numerous
reports have shown that noradrenergic neural inputs play a
major role in controlling the pulsatile release pattern of
GnRH and LH in primates [2,10,11,23,25,32,34]. Taken
together, these findings raise the possibility that NMDA's
stimulatory influence on the reproductive axis of primates
is mediated primarily through an indirected neural path¬
way, possibly involving noradrenergic inputs to the GnRH
releasing circuits [14]. The aim of the present study was to
examine this issue further by: (1) Establishing whether
noradrenergic neurons of the rhesus macaque locus
coeruleus express NMDA receptors and by inference re¬
spond to excitatory amino acids, and (2) Determining
whether the stimulatory action of NMDA on LH secretion
can be attenuated by a-adrenergic receptor antagonists.

2. Materials and methods

2.1. Animals

Adult female rhesus macaques (Macaca mulatto),
weighing 4-6 kg, were leased from the Oregon Regional
Primate Research Center (ORPRC) and were cared for in
accordance with the NIH Guide for the Care and Use of
Laboratory Animals. They were housed under a 12L:12D
photoperiod (i.e. 12 h of light per day; lights on at 07:00 h)
and were fed twice daily with Purina monkey chow; fresh
fruit was also provided daily and drinking water was
available ad libitum. Measurement of plasma estradiol and
progesterone concentrations [13,27], as well as daily moni¬
toring of the animals for signs of menstrual bleeding, were
used to determine the phase of the menstrual cycle at the
start of each experiment.

2.2. Collection of blood

For the purpose of remote blood sampling, each animal
was surgically fitted with an indwelling jugular vein
catheter at least 1 week before use in an experiment. The
surgical procedure was approved by the ORPRC Institu¬
tional Animal Care and Use Committee in accordance with
the NIH Guide for the Care and Use of Laboratory
Animals. The catheter was exteriorized in the mid-scapula
region of the back and the distal end connected via a
swivel assembly (Alice King Chatham Medical Arts,
Hawthorne, CA) to a sampling/infusion port located in an
adjacent room. To maintain catheter patency, a sterile
heparin solution (5 U/ml of 0.9% saline, w/v) was
continuously infused using a peristaltic pump (0.6 ml/h).

This remote sampling system was used for the collection
of serial blood samples (800 /xl) from conscious, unre¬
strained animals and also for the intravenous administra¬
tion of NMDA, LHRH (GnRH), and a-adrenergic receptor
antagonists.

2.3. Tissue preparation

Hindbrain tissue containing the locus coeruleus was
collected from four adult rhesus macaques, which were
euthanized primarily for use in another study [7]. They
were anesthetized with sodium pentobarbital and perfused
through the heart with 1 liter of 0.9% saline followed by
6.5 liters of ice-cold 4% paraformaldehyde in 3.8% sodium
tetraborate buffer (pH 9.5). Their brains were removed
immediately after perfusion and the hindbrain was im¬
mersed in fresh fixative for an additional 3 h (at 4°C). The
tissue was cryoprotected, first by immersion for 24 h in a
10% glycerol solution in 0.02 M phosphate buffer contain¬
ing 2% dimethyl sulfoxide (DMSO) and then by immer¬
sion for an additional 72 h in a similar phosphate/DMSO
solution containing 20% glycerol. The tissue was then
rapidly frozen in 2-methylbutane that was pre-cooled in an
ethanol/dry-ice bath, and stored at — 85°C. Subsequently,
frozen coronal sections (25 p.m) were cut using a sliding
microtome and were processed either for immunocyto-
chemistry or in situ hybridization histochemistry. In the
latter case, the sections were mounted on glass microscope
slides (Fisherbrand Superfrost/Plus; Fisher, Auburn, WA),
air dried for 30 min, vacuum dried overnight, and then
stored at — 85°C for later use.

2.4. Immunocytochemistry

To identify the locus coemleus, immunocytochemistry
was performed on free-floating sections using a mouse
monoclonal antibody specific to tyrosine hydroxylase
(Boehringer-Mannheim Corp., Indianapolis, IN). To re¬
duce the level of non-specific immuno-labelling the sec¬
tions were pre-incubated for at least 1 h at room tempera¬
ture in a 50 mM Tris buffer (pH 7.6) containing 0.9%
NaCl, 0.1% Triton X-100 (Tris A), and 2% normal horse
serum. They were then incubated overnight at 4°C with the
tyrosine hydroxylase antibody at a dilution of 1:500 in Tris
A. After washing with Tris A (3 X 10 min) the sections
were incubated for 1 h at room temperature with biotinyl-
ated horse anti-mouse IgG (1:1000 dilution, Vector Labo¬
ratories, Burlingame, CA). They were then washed again
in Tris A (3 X 10 min) and incubated for 1.5 h with a

peroxidase-coupled avidin-biotin complex (Peroxidase-
ABC Kit; Vector Laboratories). After further washing with
Tris A, the sections were incubated in Tris-saline solution
containing 3,3'-diaminobenzidine tetrahydrochloride (10
mg/ml) and 0.003% H202 for approximately 10 min.
They were then rinsed with Tris-saline buffer, mounted on
glass microscope slides (Fisherbrand Superfrost/Plus),
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air-dried, dehydrated, cleared, and coverslipped using DPX
mounting medium.

2.5. In situ hybridization histochemistry

In situ hybridization histochemistry was performed on
hindbrain sections which were adjacent to those showing
strong immunopositive tyrosine hydroxylase staining. A
35S-labelled antisense cRNA probe (450 bp) was tran¬
scribed from rat cDNA that codes for the NMDAR1

receptor subunit, between the Pstl and EcoRI restriction
sites [18]. The cRNA transcript was synthesized following
instructions supplied with the transcription kit (Promega
Corporation, Madison, WI) and has previously been shown
to hybridize to NMDAR1 receptor mRNA in paraformal-
dehyde-fixed primate brain tissue [7], The hindbrain sec¬
tions were post-fixed in 4% paraformaldehyde, 0.1 M
phosphate buffer, pH 7.4, for 15 min, rinsed in Tris-EDTA,
and then were treated with proteinase K (10 /xg/ml) in
Tris-EDTA buffer (pH 8.0) for 30 min. Next, they were
acetylated, dehydrated with ethanol, dried under vacuum
for 2 h, and then hybridized overnight at 60°C with 25 /xl
of antisense 35S-labeIled riboprobe diluted to 10 X 106
c.p.m. per ml of hybridization buffer (50 mM dithio-
threiotol, 250 /xg/ml tRNA, 50% formamide, 0.3 M
NaCl, 1 X Denhardt's solution, 20 mM Tris (pH 8.0), 1
mM EDTA (pH 8.0), and 10% dextran sulfate). The
post-hybridization step involved washing off coverslips in
4x saline-sodium citrate buffer (SSC; the 20 X stock solu¬
tion comprised 175.3 g sodium chloride and 88.2 g sodium
citrate per liter (pH 7.0)) containing 20 mM dithiothreitol.
The sections were then incubated in Tris-EDTA buffer (pH
8.0) containing RNase A (10 /xg/ml) for 30 min at 37°C,
followed by two 30-min washes with 2 X SSC at room
temperature, and a final wash with 0.1 X SSC at 70°C.
The mounted sections were then dehydrated using an
ascending ethanol gradient, containing 0.3 M ammonium
acetate, and air dried for 30 min. To visualize the hy¬
bridization pattern of the 35S-labelled RNA probe, the
section were dipped in NTB-2 photographic emulsion
(Eastman Kodak Company, Rochester, NY) and exposed
for five days at 4°C in a light-tight box. The mounted
sections were subsequently processed with Kodak devel¬
oper (D-19) and fixer, counterstained with 0.1% thionin,
dehydrated with ethanol, cleared with xylenes, and finally
coverslipped using DPX mounting medium.

2.(5. Double-label fluorescence immunocytochemistry

To determine whether the catecholaminergic neurons of
the locus coeruleus express NMDA receptor protein, free-
floating brain sections were first pre-incubated for 1 h at
room temperature with a blocking solution that comprised
2% normal goat serum in a 50 mM Tris buffer (pH 7.6).
rhe sections were then incubated overnight at 4°C with a
fris A solution containing a mouse monoclonal antibody

specific to tyrosine hydroxylase (1:500 dilution;
Boehringer-Mannheim Corp., Indianapolis, IN) and a rab¬
bit polyclonal antibody specific to the NMDAR1 receptor
subunit of the NMDA receptor (2.5 /xg/ml dilution;
Chemicon International Inc., Temecula, CA); the latter
antibody has previously been validated for use in the
rhesus macaque brain [7]. After washing with Tris A
(3 X 10 min) the sections were incubated for 1 h at room

temperature with a secondary antibody mixture containing
fluorescein isothiocyanate (FITC)-labelled goat anti-mouse
IgG and tetramethyl rhodamine isothiocyanate (TRITC)-
labelled goat anti-rabbit IgG (both antibodies were used at
a dilution of 1:50; Jackson ImmunoResearch Laboratories
Inc., West Grove, PA). They were then rinsed with Tris-
saline buffer, mounted on glass microscope slides (Fish-
erbrand Superfrost/Plus), and coverslipped using an aque¬
ous mounting medium (Biomeda Corp., Foster City, CA).

2.7. Design of in vivo experiments

Although previous studies have shown that doses of
prazosin as low as 0.2 mg/kg b.wt., i.v. can completely
suppress pulsatile GnRH and LH secretion in ovariec-
tomized rhesus macaques [10,11], 5- and 25-fold larger
doses of prazosin were used in the present study to ensure
more complete blockade of a,-adrenergic receptors. In the
first in vivo experiment involving five luteal-phase and
four mid-follicular-phase animals, A-methyl-D,[.-aspartate
(Sigma Chemical Co.; 20 mg/kg b.wt., i.v.) was adminis¬
tered at a dose that is capable of inducing a significant
increase in the plasma concentration of LH without caus¬
ing seizures [39]; this dose was assumed to contain 10
mg/kg b.wt. of the bioactive enantiomer, NMDA. Blood
samples were collected from each animal at 10-rnin inter¬
vals for 40 min before the injection and for 60 min
afterwards; they were subsequently assayed for LH. The
experiment was repeated at the same time the next day,
using the same animals. This time, however, prazosin
(prazosin hydrochloride, Sigma Chemical Co, St. Louis,
MO; 1 mg/kg b.wt., i.v.) was administered 40 min before
the NMDA. The results from this experiment suggested
that the reproductive axis was relatively insensitive to the
stimulatory effects of NMDA during the mid-follicular
phase of the menstrual cycle. To test whether this might
stem from relative insensitivity of the gonadotropes to
GnRH, synthetic GnRH (luteinizing hormone-releasing
hormone; Peninsula Laboratories, Belmont, CA; 50 ng/kg
b.wt., i.v.) was administered to five mid-follicular-phase
and six luteal-phase animals. Serial blood samples (800
/xl) were collected for 2 h after the GnRH administration
and the plasmas were assayed for LH. In an additional in
vivo experiment, five luteal-phase animals received N-
methyl-D,L-aspartate (20 mg/kg b.wt., i.v.) on three con¬
secutive days. Forty minutes before each administration
the animals received either vehicle (0.9% saline, w/v,
i.v.), prazosin (5 mg/kg b.wt., i.v.), or idazoxan (an
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ar2-adrenergic receptor antagonist; Sigma Chemical Co., 5
mg/kg b.wt., i.v.) on days 1-3 respectively. Based on

previous reports [11], blockade of a2-adrenergic receptors
was not expected to suppress the NMDA-induced LH
secretion and the idazoxan treatment on the day 3 was
intended to serve as an additional negative control. On
each of the three days, blood samples were collected from
each animal at 10-min intervals for 40 min before the

injection and for 60 min afterwards; the plasmas were
subsequently assayed for LH.

2.8. Hormone measurement and data analysis

Bioactive LH concentrations were measured in the

plasma samples using a previously reported mouse Leydig
cell bioassay [5], which could detect as little as 3 ng

LH/ml using cynomolgus LH RP-1 as the reference

preparation. In order to eliminate bias from inter-assay
variation, all of the plasma samples from each individual
animal were assayed together in a single LH assay; the
intra-assay coefficient of variation did not exceed 12% in
any of the assays and the inter-assay coefficient of varia¬
tion was 20%. Differences between the mean plasma LH
concentrations on different days of the experiment were

analyzed by 2-way analysis of variance followed by the
Student-Newman-Keuls multiple range test.

3. Results

Immunocytochemistry and in situ hybridization histo¬
chemistry were performed on hindbrain sections from adult
female rhesus macaques in order to determine whether
glutamate receptor gene expression occurs in brain areas

Fig. 1. Expression of NMDA receptor mRNA and protein in the rhesus macaque locus coeruleus. A: immunocytochemistry using a tyrosine hydroxylase
specific antibody was used to identify the catecholaminergic neurons of the locus coeruleus (bright-field photomicrograph). B: in situ hybridization
histochemistry, using a 35S-labelled cRNA probe, was used to detect mRNA coding for the NMDAR1 receptor subunit in the locus coeruleus of an
adjacent brain section, (dense silver grain deposition, indicative of intense hybridization, is depicted as white in the dark-field photomicrograph). Scale bar
for A and B = 1 mm. In addition, double-label fluorescence immunocytochemistry was used to confirm that the tyrosine hydroxylase immunopositive
neurons of the locus coeruleus express the NMDAR1 subunit protein. C: catecholaminergic neurons were identified using a mouse monoclonal antibody
specific to tyrosine hydroxylase and a FTTC-labelled secondary antibody. D: neurons expressing NMDA receptor protein were identified in the same
section using a rabbit polyclonal antibody specific to NMDAR1 and a TRITC-labelled secondary antibody. Scale bar for C and D = 200 gm.
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Fig. 2. Effect of W-methyl-D-aspartate (NMDA, 10 mg/kg b.w., i.v.) on

plasma LH concentrations in female rhesus macaques. Serial blood
samples were collected from each animal on two consecutive days, either
during the mid-follicular (O) or luteal (•) phase of the menstrual cycle.
NMDA was administered to all of the animals at time 0. In addition, on

the second day, prazosin (1 mg/kg b.w., i.v.) was administered at time
— 40 min (right panel). A significant LH increase was detected 10 min
after the NMDA administration during the luteal phase (P<0.01) but
this increase was not blocked by the prazosin pre-treatment (P > 0.05).
No NMDA-induced increase in plasma LH concentrations occurred dur¬
ing the mid-follicular phase on either of the two days (P > 0.05). Each
point represents the mean LH concentration (±SEM) from four or five
animals (Note, during the follicular phase, many of the SEMs are very
small and are obscured by the symbol).

containing noradrenergic neurons. The locus coeruleus was
localized by immunocytochemistry using an antibody spe¬
cific to tyrosine hydroxylase, the rate limiting enzyme in
the catecholamine synthesis pathway (Fig. 1A). In situ
hybridization histochemistry was performed on adjacent
brain sections using a cRNA probe for NMDAR1, the
obligatory subunit in NMDA receptor complexes, and
showed intense hybridization throughout the locus
coeruleus (Fig. IB). In addition, double-label fluorescence

60 80 100 120

Time (minutes)
Fig. 3. Effect of luteinizing hormone-releasing hormone (LHRH, 50
ng/kg BW, i.v.) on plasma LH concentrations in female rhesus macaques.
Serial blood samples were collected from each animal either during the
mid-follicular (O) or luteal (•) phase of the menstrual cycle. LHRH was
administered to all of the animals at time 0. A significant LH increase
was detected 10 min after the LHRH administration during the luteal
phase (P <0.01) but a significant increase was not observed using the
same dose during the mid-follicular phase (P > 0.05). Each point repre¬
sents the mean LH concentration ( + SEM) from four or five animals.
(Note: LHRH = synthetic preparation of GnRH; Peninsula Laboratories.)
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Fig. 4. Effect of iV-methyl-!>aspartate (NMDA) on plasma LH concentra¬
tions in rhesus macaques during the luteal phase of the menstrual cycle.
The three panels in each row depict the plasma LH profiles from the
same animal, bled serially on three consecutive days. NMDA (10 mg/kg
b.wt., i.v.) was administered on each day at time 0. In addition, each
animal received either vehicle (0.9% saline, w/v, i.v., left panels),
prazosin (5 mg/kg b.wt., i.v., middle panels) or idazoxan (5 mg/kg
b.wt., i.v., right panels) at time —40 min on days 1-3 respectively.

immunocytochemistry was performed to determine whether
the NMDAR1 gene expression was present in tyrosine
hydroxylase immunopositive neurons or in other neurons
of the locus coeruleus. All of the neurons of the locus
coeruleus that were immunopositive for tyrosine hydroxyl¬
ase (Fig. 1C) were also immunopositive for NMDAR1
(Fig. ID).

In the first in vivo experiment, the effect of NMDA on
plasma LH concentrations was examined at different phases
of the menstrual cycle (Fig. 2, left panel). A marked
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Fig. 5. Effect of A/-methyl-D-aspartate (NMDA) on mean plasma LH concentrations in luteal-phase rhesus macaques serially bled on three consecutive
days. NMDA (10 mg/kg b.wt., i.v.) was administered on each day at time 0. In addition, each animal received either vehicle (0.9% saline, w/v, i.v., left
panel), prazosin (5 mg/kg b.wt., i.v., middle panel) or idazoxan (5 mg/kg b.wt., i.v., right panel), at time —40 min on days 1-3 respectively. On each of
the three days, plasma LH concentrations increased significantly (P < 0.01) within 10 min of the NMDA administration and the magnitude of this response
was similar (P > 0.05). Each point represents the mean LH concentration (±SEM) from the five animals depicted in Fig. 4.
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increase in plasma LH concentrations occurred within 10
min of NMDA administration (10 mg/kg b.wt., i.v.) dur¬
ing the luteal phase (P<0.01) but not during the mid-
follicular phase ( P > 0.05). On the second day of the
experiment, prazosin, an a,-adrenergic receptor antago¬
nist, was administered (1 mg/kg b.wt., i.v.) to the same
animals 40 min before administration of NMDA (10
mg/kg b.wt., i.v.) (Fig. 2, right panel). Again, in the
luteal-phase animals a marked increase (P <0.01) in
plasma LH concentrations occurred within 10 min of the
NMDA administration, whereas in the mid-follicular-phase
animals no increase was apparent (P > 0.05). Overall, the
LH responses to NMDA were similar regardless of whether
or not the animals were pre-treated with prazosin (P >
0.05).

The administration of GnRH (50 ng/kg b.wt., i.v.) to
luteal-phase and mid-follicular-phase animals resulted in
differential responses, similar to those observed after
NMDA administration (Figs. 3 and 2). During the luteal
phase, a significant (P < 0.01) increase in plasma LH
concentrations occurred within 10 min of the GnRH ad¬
ministration. In contrast, no significant increase was ob¬
served during the mid-follicular phase, using the 50 ng/kg
b.wt. dose (P> 0.05).

Because of this relative insensitivity of the reproductive
axis to NMDA/GnRH during the mid-follicular phase of
the menstrual cycle the subsequent in vivo experiment
used only luteal-phase animals. As before, the administra¬
tion of NMDA (10 mg/kg b.wt., i.v.) caused an expected
increase in plasma LH concentrations (/5<0.01), within
10 min (Figs. 4 and 5, left panels). Pre-treatment of the
same animals 40 min earlier with prazosin (5 mg/kg
b.wt., i.v., an aq-adrenergic receptor antagonist) or ida¬
zoxan (5 mg/kg b.wt., i.v., an a2-adrenergic receptor
antagonist), on the second and third days, respectively,
failed to attenuate this NMDA-induced increase (Figs. 4
and 5, middle and right panels). In a preliminary experi¬
ment, prazosin (5 mg/kg b.wt., i.v.) was administerd to

luteal-phase animals 10 min (rather than 40 min) before
the NMDA administration. This prazosin pre-treatment
paradigm also completely failed to attenuate the stimula¬
tory LH response (data not shown). Overall, therefore, in
none of the in vivo experiments did blockade of a,-adren¬
ergic receptors exert any noticeable suppression on
NMDA-induced LH release.

4. Discussion

Although numerous studies have already demonstrated
that NMDA can stimulate the reproductive axis of pri¬
mates (review: [20]), the underlying neuroendocrine mech¬
anisms involved are still poorly understood. In the adult
female macaque, it has been demonstrated that the LH
response to NMDA is dependent upon the phase of the
menstrual cycle in which it is administered, most likely
because of changes in the animal's sex-steroid environ¬
ment [28,29]. The results from the present study corrobo¬
rate these previous observations by demonstrating a signif¬
icant NMDA-induced increase in plasma LH concentra¬
tions during the luteal phase but not during the mid-follicu¬
lar phase. Interestingly, there is evidence from rodent
studies suggesting that the expression of NMDA receptors
in the hippocampus is sex-steroid dependent [41]. There¬
fore, it is plausible that the sex-steroid environment of
rhesus macaques during their luteal phase renders the
GnRH-releasing centers more responsive to NMDA-in¬
duced excitation. On the other hand, the present study
clearly demonstrates that the plasma LH response to ex¬
ogenous GnRH is significantly greater in the luteal phase
of the cycle than in the mid-follicular phase. Consequently,
it is unneccessary to postulate that the sensitivity of the
GnRH neurons to excitatory amino acids changes through¬
out the menstrual cycle; all of the differential LH re¬
sponses observed in the present and previous studies [28,29]
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can be explained by changes in gonadotrope sensitivity to
GnRH alone.

There is already a wealth of evidence from rodent
studies to indicate that EAAs can influence adrenergic
neuronal activity. For example, it has been demonstrated
that NMDA can induce c-fos gene expression in adrenergic
neurons of the mouse locus coeruleus but not in GnRH
neurons [31], that the rat locus coeruleus expresses NMDA
receptor subunit mRNA [15], and that NMDA antagonists
can block the stimulatory action of iontopheretic NMDA-
induced activation of locus coeruleus neurons [6]. Further¬
more, because catecholaminergic axons project from the
hindbrain to areas where GnRH neurons are located [14]
NMDA-induced activation of LH secretion may be ulti¬
mately mediated through a neuronal pathway involving
noradrenergic inputs to the GnRH neuronal circuits. Al¬
though little is known about the noradrenergic axonal
projections to the hypothalamus in the primate, the organi¬
zation of monoamine cell groups in the hind brain appears
to be quite similar to that in rodents [19]. Furthermore, it is
well established that in primates norepinephrine is a major
neurotransmitter stimulating pulsatile GnRH secretion
[2,10,11,23,25,32,34]. Because the tyrosine hydroxylase-
immunopositive neurons of the primate locus coeruleus
clearly express the NMDAR1 receptor subunit (this study)
it is plausible that these neurons, as well as other noradren¬
ergic neurons of the hindbrain, are involved in mediating
the stimulatory action of excitatory amino acids to the
hypothalamus. On the other hand, it is also clear from the
present study that prazosin had no effect on NMDA-in¬
duced LH secretion, regardless of the dose used (1 or 5
mg/kg b.wt.) or the time of administration (— 10 or —40
min). Therefore, assuming that responsiveness to the sup¬

pressive influence of prazosin is not significantly attenu¬
ated by sex-steroids in luteal-phase animals, it is unlikely
that a [-adrenergic receptors play a major role in mediating
the stimulatory effect of excitatory amino acids on the
primate reproductive axis. It is also unlikely that 8-adren-
ergic receptors play a major role in this mediation because
their blockade (e.g. using propranolol) appears to have no
effect on GnRH release [10].

Interestingly, these negative findings contrast markedly
with those previously obtained from rodent studies. When
prazosin was administered to juvenile male rats it was
found to block an NMDA-induced rise in mRNA coding
for GnRH [33]. Although the exact reason for the discrep¬
ancy between the present and this previous study is un¬
known, it may stem from differences in the maturational
state and sex of the animals used (i.e. cycling adult female
primates vs juvenile male rodents). Another possible rea¬
son for the discrepancy between the effects of prazosin in
primates and rodents may stem from major differences in
the number and distribution pattern of GnRH neurons
within the brain. The forebrain of rhesus macaques con¬
tains approximately 2,500 GnRH neurons whereas in ro¬
dents there are fewer than 1,000 (H.F. Urbanski and S.M.

Rodrigues, unpublished observations). Furthermore, in the
macaque brain numerous GnRH neurons are located not
only in the medial-septal/preoptic areas as in rats and
mice but also within the hypothalamus itself, especially in
the vicinity of the arcuate nucleus, an area known to be
rich in glutamate receptors [21,39], Therefore, any direct
interaction between GnRH neurons and glutamatergic af-
ferents is likely to be more pronounced in primates. Im-
munocytochemical studies of the primate hypothalamus,
performed at the electron microscope level, have indeed
shown a significant interaction between GnRH and gluta¬
matergic neurons [12,35]. In addition, double-label histo-
chemical studies have shown that at least some of the
GnRH neurons in the primate brain express EAA receptor
mRNAs, but so far there has been little convincing evi¬
dence in support of this view in rodents [1,30,39]. Overall,
the present findings suggest that the stimulatory influence
of excitatory amino acids and the reproductive axis of
primates is more complicated, possibly involving a combi¬
nation of stimulatory neurotransmitters such as nor¬
epinephrine and neuropeptide Y [24,26]. It is also possible
that some of the stimulation is mediated directly through
glutamate receptors expressed by GnRH neurons them¬
selves but this has yet to be demonstrated convincingly
[39].
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ABSTRACT

To elucidate the neural circuitry involved in the photoperi¬
odic control of seasonal reproduction, adult male Syrian ham¬
sters, previously housed under long photoperiods (LD; 14 h of
light per day), received sham or bilateral radiofrequency-current
lesions directed towards one of three anterior-to-posterior levels
of the bed nucleus of the stria terminalis (BNST; far anterior,
anterior, posterior). They were then transferred to a short pho-
toperiod (SD; 6 h of light per day) for 12 wk, and their testicular
weights and plasma FSH, LH, and testosterone concentrations
were determined. All of these parameters became markedly in¬
hibited in the sham-lesioned SD controls and also in the far
anterior and posterior BNST lesioned groups. In contrast, this
inhibitory response to SD was completely abolished in 8 of 14
animals that had received anterior BNST lesions; only in these
8 animals did the lesion encompass the lateral aspect of the
anterior BNST. In a second experiment, hamsters that had pre¬
viously been exposed to SD for 12 wk in order to induce testic¬
ular regression were lesioned in the anterior BNST and for the
next 4 weeks were either exposed to LD or further maintained
in SD. However, in neither case did the anterior BNST lesions
perturb the normal photoperiodic response. Paired testes
weights and plasma FSH, LH, and testosterone concentrations
at 4 wk did not differ significantly (p > 0.05) between the le¬
sioned animals and their respective sham-lesioned LD and SD
controls, which, respectively, showed recrudescence of the re¬
productive axis or remained in a regressed condition. Taken to¬
gether, the results suggest that lateral aspects of the anterior
BNST contain a cell group that is critical for perception of the
SD neuro-inhibitory signal; obliteration of this cell group inter¬
rupts the transmission of the inhibitory signal to the reproduc¬
tive axis but does not directly stimulate it.

INTRODUCTION

The Syrian hamster (Mesocricetus ciuratus), a popular
model for the study of mammalian photoperiodism, dis¬
plays a pronounced involution of the reproductive axis in
short photoperiods [1, 2], It is well known that this process
requires the generation of melatonin by the pineal gland,
that the duration of the melatonin secretory pulse serves to
distinguish long days (LD) from short days (SD) [3], and
that melatonin receptors in the medial hypothalamus play
a key role in transduction of the SD signal [4, 5]. However,
the precise steps that are interposed between the processing
or "readout" of the melatonin signal by these hypothalamic
target cells and the modulation of the reproductive axis re¬
main unknown. It has often been supposed that the link
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between melatonin readout and the GnRH-secreting cells
may be direct and intrahypothalamic, e.g., that melatonin-
sensitive neurons in the anterior hypothalamic area directly
signal GnRH-secreting neurons either at the level of their
cell bodies in the medial preoptic area (MPOA) or at the
level of their nerve terminals in the median eminence [6].
Yet we recently found evidence suggesting that an extra-
hypothalamic region, the bed nucleus of the stria terminalis
(BNST), may play a role in communicating the melatonin
signal to the GnRH system, for lesions in the hamster
BNST impaired the expected regressive response to SD [7].
We suggested that the BNST may enclose a "comparator"
which, as Herbert has suggested [8], may be interposed
between, and be anatomically distinct from, the tissues re¬
sponsible for "primary readout" of melatonin and those
responsible for GnRH secretion.

However, it was not clear from our previous results [7]
whether the BNST lesion truly interfered with photoperi¬
odism proper or whether it simply disinhibited gonadotro¬
pin secretion in a nonspecific fashion. This question has
complicated previous studies of hamster photoperiodism.
For example, while it is known that ablation of the hamster
olfactory bulbs impairs the expected reproductive response
to SD [9, 10], it is not clear that this lesion truly interferes
with photoperiodism since bulbectomy disinhibits gonado¬
tropins to some extent regardless of photoperiod, i.e., in
hamsters under both SD and LD [11]; the resulting high
gonadotropin levels could thus be offsetting or masking a
partially preserved SD-driven decrease in gonadotropins,
thereby yielding a false impression of nonresponse to SD
[10-12]. A similar argument may thus be invoked to ex¬
plain the apparent nonresponse to SD of the BNST-lesioned
hamster.

In the present study, we attempted therefore to clarify
whether tfie previously noted impairment of SD gonadal
regression in the Syrian hamster bearing a BNST lesion [7]
derives from a true interference with circuits mediating
readout of the SD melatonin signal or rather from nonspe¬
cific disinhibition or stimulation of GnRH cells. We ad¬
dressed this question by evaluating the effect of a BNST
lesion upon the hamster reproductive axis under varying
photoperiodic conditions, i.e., we sought to determine
whether the BNST lesion not only blocks gonadal regres¬
sion in a reproductively competent hamster newly exposed
to SD but also stimulates gonadotropins in a hamster ren¬
dered reproductively quiescent by previous exposure to SD.
Secondly, we attempted to determine whether specific sub-
regions of the BNST might play a role in photoperiodism
by placing far smaller lesions than we had achieved in the
previous study [7], We focused in particular on the possible
involvement of the anterior division of the BNST in the

photoperiodic response to SD. This region not only receives
a dense afferent input from the ventromedial nucleus of the
hypothalamus [13, 14], a nucleus that plays a key role in
readout of the SD melatonin signal [5], but also contains
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cell bodies projecting directly to brainstem noradrenergic
systems [15] that undergo significant seasonal change in
activity preceding and probably driving seasonal changes
in gonadotropin levels [2, 16, 17]. We therefore viewed the
anterior division of the BNST as an attractive candidate for
the locus of a comparator [8], interposed between the read¬
out of the SD melatonin signal and the reproductive axis.
We reasoned that ablation of such a locus might block the
hamster's perception of the SD signal and its subsequent
gonadal response without stimulating or disinhibiting its re¬
productive axis under other photoperiodic conditions.

MATERIALS AND METHODS

Animals

Male Syrian hamsters (Mesocricetus ciuratus) of the Lak:
LVG (SYR) stock (Charles River Laboratories Inc., Wil¬
mington, MA) were housed under LD photoperiods, com¬
prising 14 h of light and 10 h of darkness, until 10 wk of
age and were then used in the study. Room temperature
was maintained at 21-22°C at all times, and pelleted rodent
chow and water were available ad libitum. All experiments
were performed in accordance with NIH guidelines and
with the approval of the Institutional Animal Care and Uti¬
lization Committee.

BNST Terminology
Several detailed descriptions of the rat BNST, each with

varying nomenclature, subdivide the region on the basis of
cytoarchitectural, chemoarchitectural, and connectional
data [18-20]. While the hamster BNST has not been stud¬
ied in equivalent detail, recent studies in the hamster [21]
suggest a close resemblance to the rat BNST. For the pur¬
poses of this study, we have focused on the most salient
subnuclei of the BNST and have named them according to
Moga et al. [19], but we have segregated these subnuclei
into anterior vs. posterior groups as outlined by Ju and
Swanson [20]. Accordingly, the anterior division includes
the antromedial BNST (am), dorsolateral BNST (dl), ven¬
trolateral BNST (vl), ventromedial BNST (vm), and par-
astrial (ps) subnuclei; and the posterior division includes
the posteromedial BNST (pm), posterointermediate BNST
(pi), and posterolateral BNST (pi) subnuclei (see Fig. 1 for
depiction of these subnuclei). We have also identified the
rostral-most extent of the BNST, i.e., rostral to the point at
which the anterior commissure crosses the midline, as the
"far anterior (FAnt)" BNST, thus permitting identification
of three distinct rostral-to-caudal levels (far anterior, ante¬
rior, posterior; see description of groups below). We have
included the ps subnucleus as part of the BNST in view of
its similarities to the BNST in cytoarchitecture and peptide
content [19].

Experiment I: Effect of BNST Lesions on Testicular
Regression in SD

A Grass LM4 radiofrequency-current lesion maker
(Grass Medical Instruments, Quincy, MA) was used to pro¬
duce fine bilateral lesions in the brains of sexually mature
male hamsters. The animals were anesthetized using tribro-
moethanol, and their heads were positioned in a stereotaxic
frame (David Kopf Instruments, Tujunga, CA), with breg¬
ma and lambda in a horizontal plane. A small hole (diam¬
eter = 1 mm) was drilled in the cranium, and a stainless-
steel electrode (diameter = 0.38 mm), insulated with sili¬
cone coating except for 0.38 mm at the tip, was used to

deliver 2 mA of current (at 95 volts) for 20 sec to one of
three anterior-posterior regions; FAnt BNST, anterior (Ant)
BNST, and posterior (Post) BNST (2.0, 1.1, and 0.7 mm
anterior to bregma, respectively); all of the lesions were
placed bilaterally 1.1-1.2 mm from the mid-sagittal suture
and 5.2-5.7 mm below the dura. Sham-lesioned controls
underwent surgical procedures identical to those for the le-
sioned animals except that the electrode was not lowered
into the brain. Stainless-steel wound clips (MikRon Preci¬
sion Inc., Gardens, CA) were used to close the skin incision
on the head, and the animals recovered from anesthesia on

a heated pad. One to 5 days after surgery, 25 lesioned an¬
imals and 7 sham-lesioned controls were exposed to SD
photoperiods (6L:18D); 7 sham-lesioned animals also re¬
mained under LD, serving as additional controls. Calipers
were used to measure testicular width in each of the ani¬
mals at Week 0 (i.e., day of transfer to SD) and again 4, 8,
and 12 wk later. All of the animals received a lethal over¬

dose of ether at Week 12, and determinations were made
of body and paired testes weights; the testes were fixed in
Bouin's fluid and subsequently processed for histological
examination using Lee's and hematoxylin stains. A blood
sample (1 ml) was collected by cardiac puncture for sub¬
sequent RIA of plasma FSH, LH, and testosterone [22], and
the animals' brains were then perfusion-fixed using a 4%
paraformaldehyde, 50 mM Tris solution (pH 7.6) [23],

Experiment 2: Effect of BNST Lesions on Testicular
Recrudescence in LD

Twenty-three adult male hamsters were exposed to SD
photoperiods in order to induce testicular regression. By 12
wk all of the animals had shown a decrease in testicular
size, from an initial width measurement of 11-12 mm to
< 5 mm, and were randomly assigned to one of four treat¬
ment groups. One group received bilateral radiofrequency-
current lesions in the Ant BNST, using stereotaxic coordi¬
nates described in experiment 1; 2 mA of current (at 95
volts) was administered for 10 sec. One to 5 days after
lesioning, these animals were exposed to LD photoperiods,
while a second anterior BNST-lesioned group remained ex¬
posed to SD. Two additional groups of animals served as
LD and SD sham-lesioned controls. After 4 wk, all of the
animals received a lethal dose of ether, and body and paired
testes weights were determined; the testes were fixed in
Bouin's fluid and subsequently processed for histological
examination using Lee's and hematoxylin stains. A blood
sample (1 ml) was collected by cardiac puncture for sub¬
sequent RIA of plasma FSH, LH, and testosterone [22], and
the animals' brains were then perfusion-fixed using a 4%
paraformaldehyde, 50 mM Tris solution (pH 7.6) [23].

Brain Histology
To verify placement of the lesions, the brains were sec¬

tioned coronally (25 pm) using a freezing-stage microtome
and were stained using thionin. The information contained
in these sections provided the primary basis for the lesion
maps depicted in Figures 6 and 11. However, to aid with
the localization of the lesion sites and to determine the ex¬

tent of associated glial proliferation, some of the sections
were also processed for immunocytochemistry using an an¬
tibody to glial fibrillary acidic protein (GFAP; 20 pg/ml
dilution; Boehringer-Mannheim Biochemicals, Indianapo¬
lis, IN) and the standard avidin-biotin-peroxidase system
(Vector Laboratories, Burlingame, CA) with 3,3'-diamino-
benzidine tetrahydrochloride (DAB) as the chromogen [23].
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PostFIG. 1. Schematic diagram of coronal
hamster brain sections, from rostral to cau¬
dal, depicting the subnuclei of the BNST
(upper panels, left to right). Photomicro¬
graphs showing the location of representa¬
tive lesions from animals in experiment 1
are depicted in the corresponding lower
panels, using Nissl staining, ac, anterior
commissure; cp, caudate putamen; f, for¬
nix; ic, internal capsule; oc = optic chias-
ma; sm, stria medullaris (other abbrevia¬
tions given in Materials and Methods). x
5.4.

FAnt

In addition, some of the sections from the sham-lesioned
animals were processed for DAB immunocytochemistry us¬
ing antibodies to either vasoactive intestinal peptide (VIP;
1:4,000 dilution; ICN Biomedicals Inc., Costa Mesa, CA)
or tyrosine hydroxylase (TH; 1:500 dilution; Boeringer-
Mannheim), the rate-limiting enzyme in the catecholamin-
ergic synthesis pathway.

Statistical Analysis
In experiment 1, the between-group differences in body

weight, testicular weight, testicular width, and plasma hor¬
mone concentrations were analyzed using ANOVA; the
Dunnett two-tailed test was subsequently used to assess the
degree of statistical difference relative to the SD control
group. In experiment 2, the between-group differences in
body weight, testicular weight, and plasma hormone con¬
centrations were analyzed by ANOVA followed by the
Newman-Keuls test.

RESULTS

Experiment 1: Effect of BNST Lesions on Testicular
Regression in SD

On the basis of post-hoc histology, lesioned animals
were separated initially into three groups as a function of
lesion location along the anterior-to-posterior axis (Fig. 1):
those with bilateral lesions involving only the far anterior
BNST (SD FAnt); those with bilateral lesions including, at
a minimum, the anterior BNST (SD Ant); those with bilat¬
eral lesions involving only the posterior BNST (SD Post).

As shown in Figures 2-5, SD-induced testicular regres¬
sion developed as expected in the SD controls: these sham-
lesioned animals previously maintained in LD and then
transferred to SD displayed a pronounced involution of the
reproductive neuroendocrine axis at 12 wk, with markedly
decreased testicular width (Fig. 2), testicular weight (Fig.
3), and plasma FSH, LH, and testosterone concentrations
(Fig. 4); testicular failure was also evident histologically by
an overall decrease in the diameter of the seminiferous tu¬
bules and absence of spermatozoa (Fig. 5). No such
changes occurred in age-matched LD control animals, all
of which maintained full reproductive competence as ex¬
pected.

In the animals bearing bilateral BNST lesions located
either at the far anterior level (SD FAnt) or at the posterior
level (SD Post), reproductive-axis regression proceeded as

expected; i.e., these lesions had no effect whatsoever on the
expected gonadal response to SD (Figs. 2-5).

Since the 14 animals bearing bilateral BNST lesions cen¬
tered in the anterior BNST (SD Ant) displayed one of two
markedly different responses, they were subdivided into
two groups. In one group consisting of 8 animals (SD
Ant(l)), the lesion was associated with virtually complete
abolition of the expected regressive response to SD. Thus
at 12 wk, these animals displayed testicular width (Fig. 2),
testicular weight (Fig. 3), plasma gonadotropin and testos¬
terone concentrations (Fig. 4), and testicular histology (Fig.
5) that were indistinguishable from those of the animals
kept in LD (LD Cont). In the second group, comprising the
remaining 6 animals (SD Ant(2)), the testosterone concen¬
trations at Week 12 were comparable to those of the SD
controls (SD Cont). However, in 2 of these animals, the
testes were only partially regressed and contained sperma¬
tozoa.

Although the location of the anterior BNST lesions in
the animals with an abolished SD regressive response (SD
Ant(l)) appeared superficially similar to that in the animals
with a largely intact SD response (SD Ant(2)), certain sub¬
tle differences between the two lesion groups were noted
(cf. Fig. 6). In the 8 lesioned animals with complete block¬
ade of regression (SD Ant(l)), the lesion tended to involve
the more lateral (the VL or DL or both) rather than the
more medial (the AM and PS) subnuclei. In the 3 nonre-

gressed animals with the smallest effective lesions (animals
1, 4, and 5), cellular damage was centered on the VM and
VL subnuclei, spared the DL subnuclei, did not enter the
far anterior BNST, and partly invaded the lateral aspect of
the posterior division; although some damage occurred in
the PL, all of the PM and most of the PI subnuclei appeared
to be spared. In contrast, in the 4 fully regressed SD Ant(2)
animals, i.e., those in which the anterior BNST lesion had
no effect on the course of regression (animals 11-14), cel¬
lular damage tended to be more medial, often involving the
AM but sparing either the DL or the VL subnuclei. The
only animal bearing an anterior BNST lesion that fully
spared both the VL and the DL subnuclei bilaterally (ani¬
mal 13) showed full testicular regression. The 2 animals
with partial regression and evidence of spermatozoa in tes¬
ticular sections showed unilateral sparing either of the DL
and VL subnuclei on the same side (animal 9) or of the DL
subnucleus alone (animal 10). Some subnuclei clearly had
no differential value in the comparison between regressors
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FIG. 2. Effect of radiofrequency-current lesions on SD-induced testicular
regression in adult Syrian hamsters. The bilateral lesions were centered
within the SD Ant or were placed either in an SD Post or SD FAnt region.
Additional animals served either as SD or LD sham-lesioned controls
(Cont). The sizes of the testes were determined every 4 wk by measuring
their width through the scrotal wall, 4 mm representing the minimum
palpable size. Each bar represents the mean; the SEMs are depicted by
vertical lines, and the number of animals per group is indicated by the
adjacent numbers. ** = p < 0.01 (Dunnett two-tailed test, relative to SD
Cont).

and nonregressors: the PS subnuclei were fully spared in 5
of 8 nonregressors and in 5 of 6 regressors, and the PM
subnuclei were spared in 6 of 8 nonregressors and signifi¬
cantly damaged in 4 of the 5 regressors in the SD Post
group, suggesting that the PS and PM subnuclei do not
comprise part of the circuitry mediating regression. In sum¬
mary, while ablation of no single subnucleus could be iden¬
tified as a sine qua non for blockade of the SD regressive
response, the lesions most effective in abolishing this re¬
sponse tended to be centered in the anterior BNST, to in¬
volve the DL or VL subnucleus or both, and on occasion

FIG. 3. Effect of radiofrequency-current lesions on SD-induced testicular
regression in adult Syrian hamsters after 12 wk of photoperiodic treatment
(see Results for definitions of treatment groups). Each bar represents the
mean; the SEMs are depicted by vertical lines and the number of animals
per group is indicated by the adjacent numbers. ** = p < 0.01 (Dunnett
two-tailed test, relative to the SD Control group).

to extend somewhat into the lateral aspect of the posterior
division. Lesions involving only the rostral-most BNST, the
medial aspects of the anterior division, or the medial as¬
pects of the posterior division had no effect on the SD
regressive response.

Comparison of some sections from sham-lesioned ani¬
mals processed for antibodies to VIP and TH with sections
from lesioned animals in the SD Ant(l) group aided in the
characterization of the sites effective in blocking the SD
response. The effective lesions involved a dense plexus of
TH-positive and VIP-positive fibers most evident in the lat¬
eral aspects of the anterior BNST (Fig. 7). The location of
the TH-positive fibers corresponds to that of known nor¬
adrenergic and dopaminergic projections that terminate
most densely in the VL subnucleus and the DL subnucleus,
respectively [24-27], and the location of the VIP-positive
fibers corresponds to that of known VIP projections that
terminate in the lateral subnuclei at this level of the BNST
[28, 29]; thus the approximate superimposition of the ef¬
fective lesion on these two fiber plexuses corroborated the
view that the lesion centered on the lateral and particularly
the VL and DL subnuclei.

Nonquantitative inspection of sections processed for
GFAP, useful in precise delineation of lesion borders (Fig.
7), did not reveal any visible differences in glial prolifer¬
ation at these borders in sections from nonregressed vs.
fully regressed animals lesioned in the anterior BNST
(groups SD Ant(l) and SD Ant(2), respectively).

Experiment 2: Effect of BNST Lesions on Testicular
Recrudescence in LD

As expected, pretreatment of male hamsters with 12 wk
of SD resulted in complete testicular regression. Subse¬
quent exposure of these animals to LD resulted in progres¬
sive testicular recrudescence during the ensuing 4 wk
whereas animals remaining in SD for an additional 4 wk
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FIG. 4. Effect of radiofrequency-current lesions on SD-induced inhibi¬
tion of the reproductive neuroendocrine axis in adult Syrian hamsters after
12 wk of photoperiodic treatment (see Results for definitions of treatment
groups). Each bar represents the mean plasma hormone concentration,
and the SEMs are depicted by vertical lines. * = p < 0.05, ** = p <
0.01 (Dunnett two-tailed test, relative to the SD Control group).

continued to display complete gonadal involution. Lesions
of the anterior BNST in two groups of animals undergoing
the same photoperiodic protocol had no effect on the ex¬
pected response: those switched to LD recrudesced to the
same extent as the matched controls while those remaining
in SD displayed no evidence of recrudescence (Figs. 8-10).
Post-hoc analysis of lesion placement revealed that 4 of 6
animals in the LD-exposed group (LD BNST) sustained
bilateral destruction of the DL subnucleus, as did 4 of 7
animals in the SD-exposed group (SD BNST). The anterior
BNST lesions in experiment 2 (Fig. 11) did not exactly
replicate those in experiment 1 (in particular, the lesions in
experiment 2 tended to destroy the supracommissural re¬
gion including the DL subnucleus but to spare the subcom¬
missural region including the VL subnucleus). Nonetheless,
the lesions in experiment 2 regularly involved at least one
of the subnuclei (i.e., DL), ablation of which in experiment
1 was associated with blockade of the SD response. Indeed,
in certain cases there was hardly any discrepancy between
lesions in experiment 1 and those in experiment 2. Thus
lesions that abolished the regressive response in animals 6
and 8 of experiment 1 (see Fig. 6) were nearly identical to
lesions that failed to stimulate regression in animals 1, 2,
and 3 of the SD group in experiment 2 and to lesions that
failed to interrupt photostimulation in animals 3, 4, and 5
of the LD group in experiment 2 (see Fig. 11).

FIG. 5. Effect of radiofrequency-current lesions on the histological ap¬
pearance of testes from adult Syrian hamsters. Note the large diameter of
the seminiferous tubules in the testes of controls maintained under LD (A)
and in hamsters that were exposed for 12 wk to SD but received lesions
in the anterior BNST (E). Note also the presence of spermatozoa in the
lumen. In contrast, animals in the other groups showed all of the usual
signs of seasonal testicular regression. Their seminiferous tubules showed
a marked reduction in diameter, and spermatogonia represented the pre¬
dominant cell type. A) LD Cont; B) SD Cont; C) SD FAnt; D) SD Post; E)
SD Ant(1); F) SD Ant(2) (see Results for definitions of treatment groups).
Scale bar = 0.2 mm.

DISCUSSION

Ablation of a relatively small region centered in the an¬
terior division of the BNST was associated with a pro¬
nounced impairment in the Syrian hamster's ability to de¬
velop the expected gonadal response to SD. Syrian ham¬
sters of the Lak:LVG(SYR) stock ordinarily achieve com¬
plete testicular regression within 10-12 wk of transfer from
LD to SD [30], a response exemplified in our control SD
group. On the other hand, 8 of the 14 hamsters that received
lesions in the anterior BNST, those proving to have lesions
encompassing the lateral aspects of this division, displayed
no regression even after 12 wk of SD. Interestingly, abla¬
tion of other BNST regions had no effect on the normal
course of regression. It therefore appears that cell groups
within lateral subnuclei of the anterior BNST may play an
important role in photoperiodism.

While the current results support our previous findings
on the role of the BNST in photoperiodism, they suggest
that we were mistaken in assuming that the key BNST lo¬
cale for perception of the SD signal resides in the posterior
division [7], The earlier study's utilization of relatively
large lesions obscured any reliable conclusions as to selec¬
tive involvement of BNST subregions, a deficit that we
attempted to correct in the current study by making far
smaller lesions, checking their boundaries with GFAP stain¬
ing, and confirming lesion placement by examining TH and
VIP immunohistochemistry in the region of interest.

The results of this study raise two important questions.
First, are the effects of the anterior BNST lesions on SD-in¬
duced gonadal regression apparent rather than real; i.e.,
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FIG. 6. Schematic diagrams of coronal brain sections from hamster, depicting the location where radiofrequency-current lesions were centered in
experiment 1. Data pertaining to the reproductive axis of these animals are presented in Figures 2-5. Animals in which SD-induced testicular regression
was either completely or partially blocked are indicated by * and #, respectively.

could they be explained on some basis other than interfer¬
ence with photoperiodism proper such as nonspecific stim¬
ulation of the reproductive axis? Second, if the photoperi¬
odic response to SD as such was indeed abolished by the
anterior BNST lesion, at what point in the generation and
processing of the SD signal does this region exert an influ¬
ence?

First, it may be argued that the BNST lesion did not
truly impair the response to SD but rather nonspecifically

stimulated the neuroendocrine reproductive axis. The ef¬
fects of this lesion would thus be analogous to those of
olfactory bulbectomy in the hamster: while bulbectomy im¬
pairs SD-induced gonadal regression [9, 10], the same le¬
sion also disinhibits gonadotropins to some extent in ham¬
sters under both LD and SD [11], and it has therefore been
argued that this disinhibitory effect masks a partially or
entirely preserved SD response [10-12]. In the case of the
BNST, one mechanism for such nonspecific disinhibition

FIG. 7. Photomicrograph depicting a rep¬
resentative lesion of the BNST, using im-
munocytochemistry for GFAP (right panel);
arrows are used to delineate the extent of
the lesion. Location of the lesion is also
shown by reference to dense immuno-
staining of VIP and TH fibers (left and mid¬
dle panels, respectively), ac, anterior com¬
missure. X12.
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FIG. 8. Effect of radiofrequency-current lesions on body and testicular
weights in adult hamsters that had been previously maintained under SD
photoperiods for 12 wk. At the start of the experiment (experiment 2), all
of the animals had regressed testes, with a diameter of < 5 mm. The
animals were then either lesioned in the anterior region of the BNST or
served as sham-lesioned controls (Cont). Half of the animals in each
group were then either exposed to LD photoperiods or remained under
SD photoperiods; all weights were determined 4 wk later. Each bar rep¬
resents the mean; the SEMs are depicted by vertical lines; the number of
animals per group is indicated by the adjacent numbers. Values marked
with the same letter indicate that no significant difference was detected
between them (p > 0.05; ANOVA followed by Newman-Keuls test).

might involve the trauma-driven release of growth factors
known to possess a direct stimulatory effect on GnRH cell
bodies [31-33], The proximity of the BNST to several pop¬
ulations of GnRH neurons, particularly those in the adjoin¬
ing MPOA [34], lends credence to this possibility.

However, the results of the current study argue strongly
against the hypothesis of nonspecific disinhibition, whether
through release of progonadotropic growth factors or
through some other mechanism. First, an anterior BNST
lesion closely resembling one that blocked regression in the
hamster transferred from LD to SD (experiment 1) had vir¬
tually no effect on the reproductive status of the fully in¬
voluted hamster remaining in SD (experiment 2). Had the
anterior BNST lesion been directly stimulatory to GnRH
cell bodies, one would have expected a rapid increase in
gonadotropins and testicular size over the 4-wk post-lesion
interval, but no increase was noted during that period. Sec¬
ond, we found no evidence that the size of the lesions
played a role in determining their effect on the reproductive
axis. If trauma-generated progonadotropic growth factors
were stimulating GnRH production and release, one would
expect that a large lesion would have stimulated gonado¬
tropin levels to a greater extent than a small one. The op¬
posite was found: large lesions rostral or caudal to the an¬
terior BNST and (in the case of the posterior BNST) equal¬
ly close to GnRH neurons were associated with less, not
more, impairment of the regressive response than lesions
of the same magnitude or smaller centered in the anterior
BNST. Third, no difference was noted in the quantity of
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FIG. 9. Effect of radiofrequency-current lesions on the neuroendocrine
reproductive axis of adult hamsters previously maintained in a sexually
quiescent condition under SD photoperiods (experiment 2). The hormone
measurements were made on terminal plasma samples obtained after 4
subsequent weeks of exposure to either SD or LD photoperiods. Each bar
represents the mean plasma hormone concentration from 5-7 animals;
the SEMs are depicted by vertical lines. Values marked with the same
letter indicate that no significant difference was detected between them
(p > 0.05; ANOVA followed by Newman-Keuls test).

GFAP expression at lesion borders in fully regressed vs.
nonregressing hamsters, again suggesting that trauma-driv¬
en changes (insofar as these are reflected in GFAP expres¬
sion) bore little relationship to reproductive status. Fourth,
it has recently been shown that electrolytic lesions directly
within the MPOA itself, one of the primary GnRH cell-
containing loci, do not interfere significantly with the Syr¬
ian hamster's reproductive response to SD [5], essentially
ruling out the hypothesis that generation of progonadotrop¬
ic growth factors by small lesions in immediate proximity
to GnRH cells can overcome the hamster's SD photoperi¬
odic response, and also highlighting the markedly site-spe¬
cific effect of the lesion in the adjoining anterior BNST
which abolishes that response. It should be emphasized that
lack of any obvious nonspecific stimulatory effect resulting
from the anterior BNST lesion does not necessarily rule out
the possibility that this lesion may have a subtle stimulatory
influence in addition to its primary effect of blocking the
inhibitory SD response. Overall, we conclude that an an¬
terior BNST lesion in the present study truly interfered with
the transmission of the SD photoperiodic signal to the re-
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FIG. 10. Effect of radiofrequency-current lesions on the histological ap¬
pearance of testes from hamsters that had been previously maintained in
a sexually quiescent condition under SD photoperiods (experiment 2).The
testes were examined after 4 subsequent weeks of exposure to either SD
or LD photoperiods. Note the enlarged diameter of seminiferous tubules
in the testes of the control and BNST-lesioned hamsters that were exposed
to LD photoperiods for 4 wk, as well as the presence of spermatozoa
inside a well-defined lumen (C and D, respectively). In contrast, the sem¬
iniferous tubules of the SD control and SD BNST-lesioned hamsters are

approximately half the diameter of those in the corresponding LD ani¬
mals. The testes of the two SD groups also show very little or no sper-
matogenic activity, spermatozoa being completely absent from the sem¬
iniferous tubules and spermatogonia representing the predominant ger¬
minal cell type (A and B, respectively). Scale bar = 0.2 mm.

productive axis while having little direct stimulatory effect
on GnRH neurons in this or other photoperiodic contexts.

If the expected photoinhibitory response of the Syrian
hamster to SD was therefore blocked by a small, site-spe¬
cific lesion in the anterior BNST, at what point in the se¬
quence of events linking the perception of the SD signal to
the reproductive axis might this region exert its influence?
A lesion abolishing the hamster's response to SD may con¬
ceivably affect either the generation of the melatonin signal
or its readout within the medial hypothalamus and further
processing. Although we did not test the former hypothesis
directly by examining nocturnal melatonin profiles in le-
sioned vs. control SD hamsters, it is unlikely that the BNST
lesion has a significant effect on secretion of melatonin.
The BNST is extrinsic to the primary pathway driving mel¬
atonin secretion, i.e., that leading from retina to pineal
gland via the retinohypothalamic tract, suprachiasmatic nu¬
cleus, hypothalamic paraventricular nucleus, and sympa¬
thetic fibers arising in the thoracic spinal cord. The BNST
does provide an input to the hypothalamic paraventricular
nucleus [35], ablation of which blocks SD regression by
impairing melatonin synthesis [36-40]. However, the tra¬
ditional view that the paraventricular nucleus is a necessary
way-station in the pathway controlling melatonin secretion
has been questioned [41], Further, if the anterior BNST le¬
sion were functionally equivalent to pinealectomy, one
would have expected rapid gonadal recrudescence in the
group of fully regressed hamsters lesioned and left in SD
(cf. experiment 2), since pinealectomy of fully regressed
hamsters left in SD induces premature recrudescence [42].
The observed absence of any post-lesion recrudescence un¬
der SD (see Figs. 8-10) therefore suggests that the anterior
BNST lesion is not functionally equivalent to pinealectomy
and consequently that this lesion's blockade of the SD re¬
sponse cannot be ascribed to an impairment in the gener¬
ation of the SD melatonin signal.

FIG. 11. Schematic diagrams of coronal hamster brain sections depict¬
ing the location where radiofrequency-current lesions were centered in
experiment 2. Data pertaining to the reproductive axis of these animals
are presented in Figures 8-10.

It seems more likely that the anterior BNST plays a role
not in the generation of melatonin but in the transfer of
information distal to the readout of the melatonin signal in
the medial hypothalamus. The BNST is well placed to me¬
diate between this readout and the GnRH-secreting cell sys¬
tem. First, several subnuclei of the BNST including the VL,
VM, and AM receive a dense efferentation from the ven¬

tromedial hypothalamus [13, 14], the nucleus that probably
bears major responsibility for initial readout of the mela¬
tonin signal destined for the reproductive axis in this spe¬
cies [5]. Second, the BNST encloses neurons that modulate
GnRH secretion [43]. The substrate for such modulation
may involve either short projections from the BNST to the
adjoining MPOA [44] or longer projections from the BNST
to the brainstem. The lateral BNST, comprising part of the
"central extended amygdala," has been distinguished from
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the medial BNST, a component of the "medial extended
amygdala," on the ground that the lateral system subserves
central autonomic regulation through extensive projections
to brainstem loci including the dorsal vagal complex [45,
46] and midbrain central gray [47], whereas the medial sys¬
tem subserves neuroendocrine regulation through intercon¬
nections with the medial hypothalamus [48]. This distinc¬
tion, however, breaks down somewhat in the region impli¬
cated in photoperiodism by experiment 1: the VL subnu-
cleus in particular is strongly associated not only with the
medial hypothalamus [13, 14, 19] but also with brainstem
centers involved in both neuroendocrine and autonomic

regulation. Most relevant to photoperiodism may be pro¬
jections from the VL and nearby subnuclei that establish
direct synaptic contact with noradrenergic cell bodies in the
brainstem including the Al, A2, and A6 cell groups [15,
45, 49]. The Al noradrenergic cell group comprises the pri¬
mary source of noradrenergic fibers to GnRH cell bodies
in the MPOA and other basal forebrain regions [50-52],
and A1 noradrenergic outflow represents a well-known pos¬
itive influence on GnRH secretion [53, 54], Since seasonal
changes in noradrenergic activity precede and are believed
to drive seasonal changes in gonadotropin levels [2, 16, 17],
since the key BNST cell bodies projecting to and modu¬
lating the noradrenergic system seem to be most densely
concentrated in the anterior division [15, 45, 49], and since
the influence exerted by cells in this BNST region on nor¬
adrenergic function seems to be generally inhibitory [55-
58], we propose that the DL, VL, and related anterior
BNST subnuclei may contain cell groups that respond to
the SD melatonin signal by inhibiting Al noradrenergic
outflow, an inhibition that subsequently results in decreased
GnRH secretion and gonadal regression.

However, the results of experiments 1 and 2 taken to¬
gether suggest that BNST neurons, while responsible for
the initial inhibition of GnRH release in SD, are apparently
not required for maintenance of the regressed state once it
is fully achieved, since lesion of these neurons in experi¬
ment 2 failed to stimulate fully regressed animals remaining
in SD. Since the anterior BNST lesions in experiment 2 did
not exactly replicate those in experiment 1, it may be ar¬
gued that the slight discrepancy in lesion location accounts
for the nonstimulatory effect of the lesions in experiment
2. However, the discrepancy seems minimal, for in some
cases lesions that abolished the regressive response in ex¬
periment 1 are nearly identical to those that failed to stim¬
ulate fully regressed animals remaining in SD (see Results).
It seems, therefore, that the differential response between
hamsters lesioned before SD exposure and those lesioned
after full regression suggests that the role of the BNST is
limited to induction rather than to maintenance of the re¬

gressive state. Indeed, other aspects of hamster photoperi¬
odism support the view that the orientation of the repro¬
ductive axis with respect to the SD signal is a dynamic
property that changes once regression has been achieved.
Just as a distinction can be drawn between the induction
and the maintenance of the refractory state [59], one can
be drawn between the induction and the maintenance of

regression. In a sense, the Syrian hamster's eventual refrac¬
toriness to melatonin [59] may be equivalent to refractori¬
ness to the anterior BNST signal (if so, the fully regressed
hamster may be viewed as having initiated its own BNST
"lesion" before introduction of the experimental lesion).
Conceivably, gonadal regression itself, apparently a prereq¬
uisite for induction of the refractory period ([60], further
discussion in [59]) may lead to structural changes both in

the BNST and in brainstem noradrenergic nuclei that would
correlate with refractoriness to the initiating SD signal, as
both the BNST [61-63] and the Al and A2 noradrenergic
cell bodies [64] strongly express sex steroid receptors. Fur¬
ther experiments would be required to determine whether
the hamsters' changing responsiveness to melatonin may
correlate with progressive structural change in the anterior
BNST-noradrenergic circuitry.

Finally, the results of experiment 2 suggest that ablation
of the anterior BNST cell groups involved in mediating the
initial response to SD has no effect on the regressed ham¬
ster's ability to respond appropriately to an LD photostim-
ulatory signal; indeed, that the lesion neither blocked nor
accelerated the photostimulatory response suggests that this
response must involve stimulation by a neural circuit en¬
tirely extrinsic to the lateral cell groups of the anterior
BNST rather than a disabling of the inhibitory circuit. In
this respect, the two parts of experiment 2, i.e., the nonres-
ponse of the regressed animal to the lesion and the appro¬
priately stimulatory response of the lesioned regressed an¬
imal to LD, are compatible with each other in that they
indicate that the BNST inhibitory circuit plays no role after
the achievement of regression.

In summary, the results of the present study demonstrate
that ablation of a relatively restricted region centering on
the anterior BNST and including in particular the VL and
DL subnuclei profoundly disturbs the ability of reproduc-
tively competent hamsters to initiate an inhibitory gonadal
response to a nonstimulatory photoperiod. However, such
a lesion does not activate the neuroendocrine reproductive
axis of hamsters previously rendered reproductively qui¬
escent by 12 wk of SD. Thus, rather than exerting a tonic
negative influence on GnRH cell bodies regardless of pho¬
toperiod, the anterior BNST subnuclei targeted by this le¬
sion seem to respond only to the contingency of the SD
melatonin signal by transmitting an inhibitory message to
the GnRH cell system. This inhibitory message may be
mediated in part by an SD-triggered damping of noradren¬
ergic outflow. However, it remains to be determined wheth¬
er the anterior BNST cells implicated in the formulation
and transmission of the photoinhibitory message are related
to those anterior BNST cells known to communicate recip¬
rocally with the Al, A2, and A6 noradrenergic brainstem
cell groups.
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Abstract

The distribution of subunits for the M-methyl-D-aspartate (NR1, NR2A/B), a-amino-3-hydroxy-5-methyl-4-isoxazole propionate
(GluRl, GluR2/3, GluR4) and low affinity kainate (GluR5/6/7) ionotropic glutamate receptors was examined by immunocytochemistry
in the temporal cortex and hippocampus of the rhesus macaque (Macaca mulatto). Neurons expressing NR1, NR2A/B, GluR2/3, and
GluR4 subunits were widely distributed in all of the cortical layers but the overall density of the GluR4-immunopositive neurons was very
low. Neurons expressing the GluRl subunit were found predominantly in cortical layers V and VI while those expressing the GluR5/6/7
subunits were concentrated in layer V and were readily distinguishable by the thick elongate shape of their primary apical dendrites.
Subcellular differences in the immunostaining pattern were also noted between the different glutamate receptor subunits. NR1 and
NR2A/B immunoreactivity was most pronounced in somatic and primary dendritic compartments and to a lesser extent in cortical and
hippocampal molecular layers. GluRl immunoreactivity was more intense than GluR2/3 in the hippocampal molecular layers whereas
GluR4 was undetectable. GluR5/6/7 immunoreactivity was very intense in the dentate molecular layer, and the CA1 pyramidal cells had
a subcellular distribution of GluR5/6/7 that was similar to the cortical neurons. Overall, the distribution patterns of the different
glutamate receptor subunits was identical in animals that had been ovariectomized and in ovariectomized animals that had subsequently
undergone estradiol or estradiol/progesterone hormone replacement. Taken together, these findings demonstrate a differential spatial
arrangement of glutamate receptor subunits in the primate temporal cortex and hippocampus, which may have functional significance for
the integration of excitatory inputs to these areas. Furthermore, they show that in adult macaques, sex steroids do not play a major role in
determining the distribution patterns of these receptor subunits. © 1997 Elsevier Science B.V.

Keywords: Immunocytochemistry; A-Methyl-D-aspartate; AMPA; Kainate

1. Introduction

The non-human primate is generally considered to be a
valuable animal model for studying complex human cogni¬
tive processes, such as learning and memory [23], In these
animals the medial temporal cortex appears to be espe¬
cially important for the process of declarative memory and
it has been shown to contain complex, reciprocal connec¬
tions to other cortical areas that are considered to be sites
of memory storage [48]. Some of these regions include the
hippocampus, subiculum and adjacent entorhinal, perirhi¬
nal and parahippocampal cortices [61]. These areas also
communicate with each other by reciprocal connections
[1,21,26,51,52,58], many of which are excitatory in nature
[49],

Corresponding author. Fax: + 1 (503) 6905384.

There is a wealth of evidence from radioligand binding
studies that excitatory neurotransmission in the temporal
cortex is mediated by a dense concentration of ionotropic
glutamate receptors [10,15,31,41], These receptors are gen¬
erally classified according to ligand binding preferences
into at least three broad categories: the /V-methyl-D-aspar-
tate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole
propionate (AMPA), and kainate (KA) receptor families
[32], Moreover, cloning studies have revealed the existence
of numerous glutamate receptor subunits, as well as alter¬
nate splice variants [reviewed in [18,30,36,47]]. Although
the exact structure of glutamate receptors is still unclear, it
is thought that various subunits are assembled into multi-
meric complexes [22,35,46,56], the composition of which
influences ion conductance across the plasma membrane
and thus ultimately influences neuronal function.

In recent years, elucidation of the amino acid sequences
of ionotropic glutamate receptor subunits has spurred the

0006-8993/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
PU S0006-8993(97)00686-0
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levelopment of antisera specific to the corresponding pro-
eins [19,56]. Consequently, it has now become feasible to
:xamine in detail the distribution patterns of the various
ilutamate receptor subunits and to establish their precise
elationships. Although several immunocytochemical stud-
es have already made significant inroads into elucidating
he distribution of these receptor subtypes in the rodent
train [4,9,28,38-40,54], few have focused specifically on
he primate brain and none has comprehensively examined
he distribution patterns of all the subtypes in the temporal
:ortex and hippocampus [8,12,13,16,44,45],

NMDA receptors are thought to play a central role in
nechanisms of learning and memory [7,34,50] and it is
nteresting, therefore, that estradiol can affect NMDA
tinding in the hippocampus, at least in rats [55]. Whether a
imilar effect also occurs in the primate hippocampus is
currently unknown but the question is clinically relevant in
'iew of the marked alterations in circulating estradiol
:oncentrations that occur in women after menopause. The
dm of the current study was to shed light on the above
ssues by: (1) comprehensively establishing the distribution
>atterns of ionotropic glutamate receptor subunits in the
irimate temporal cortex and hippocampus, and (2) deter-
nining the extent to which these distribution patterns are
nfluenced by sex steroids.

1. Materials and methods

'.7. Animals

The tissue from nine adult female Rhesus monkeys
Macaca mulatto) used in the current research originated
rom a prior study [24]. Briefly, all the animals were
ivariectomized (ovx), and assigned to one of three groups
n = 3/group): (1) ovx, (2) ovx plus estradiol (E), and (3)
ivx plus estradiol and progesterone (E + P). The steroid-
eplacement therapy was in the form of subcutaneously-
mplanted elastomer capsules which restored plasma sex-
teroid concentrations to their pre-ovx level [24], After 4
reeks of treatment, all of the animals were sacrificed,
vhile under deep ketamine/pentobarbital anesthesia, ac-
ording to procedures established by the Panel on Euthana-
ia of the American Veterinary Society. The left ventricle
if the heart was cannulated and the animals were perfused
kdth 1 1 of physiological saline, followed by 6.5 1 of 4%
laraformaldehyde in 3.8% aqueous borate solution (pH
'.5).

.2. Tissue handling

Brains were removed, cut into blocks in the coronal
lane, and then postfixed at 4°C for an additional 3 h. To
revent freezing artifact, tissue blocks were equilibrated at
°C for 24 h in 10% glycerol, 2% dimethyl sulfoxide in
.02 M potassium phosphate buffer (pH 7.4). This was

followed by 4 days of immersion in 20% glycerol, 2%
DMSO in 0.02 M potassium phosphate buffer (pH 7.4).

Following cryoprotection, the tissue blocks were frozen
in isopentane, which had been precooled in a beaker
immersed in a dry-ice ethanol bath. Tissue blocks were
then stored at — 80°C in polypropylene screw-top jars that
also contained frozen diethylpyrocarbonate-treated water.
For sectioning, blocks were removed from the freezer,
placed into powdered dry-ice, and then cut on a freezing
sliding microtome at 20 p,m. Coronal sections were col¬
lected at the level of the main body of the hippocampus
and processed for immunocytochemistry.
2.3. Immunocytochemistry

All immunocytochemistry procedures were performed
on free-floating sections. Because of their large size, they
were processed individually in 6-well cell culture plates
(Corning Brand, Fisher Scientific, Santa Clara, CA). The
sections were rinsed several times in 0.05 M Tris buffer

(pH 7.6) containing 0.9% NaCl. This was followed by a
wash in Tris-saline buffer containing 0.1% Triton X-100
(Tris A). Preliminary studies showed that endogenous
peroxidase activity was not a problem with these tissues,
so pretreatment for this condition was omitted.

Following the buffer rinses, the sections were incubated
for 20 min in 2% normal goat serum to decrease non¬
specific secondary antibody binding. Sections were rinsed
again in Tris A, then incubated overnight with primary
antibody at 4°C with gentle rotary agitation. Rabbit poly¬
clonal antibodies against NMDA (NR1, NR2A/B) and
AMPA (GluRl, GluR2/3 and GluR4) receptor subunits
were purchased from Chemicon International (Temecula,
CA). A mouse monoclonal antibody which recognizes the
low affinity kainate subunits GluR5/6/7 was purchased
from Pharmingen (San Diego, CA). Antibodies to GluRl,
GluR2/3 and GluR4 [38,56] were diluted in Tris A and
used at a concentration of 2.5 p.g/ml whereas GluR5/6/7
[19] was used at 1:400. NR1 [39] and NR2A/B [40] were
used at a concentration of 0.5 and 1 |xg/ml, respectively.

On the following day, the sections were rinsed in Tris
A, then incubated for 1 h at room temperature in biotinyl-
ated goat anti-rabbit antibody at a dilution of 1:500. For
the GluR5/6/7 procedure, sections were incubated with
biotinylated goat anti-mouse antibody, also at a dilution of
1:500. Both of the biotinylated secondary antibodies were
obtained from Vector Laboratories (Burlingame, CA). The
sections were again rinsed, then incubated at room temper¬
ature together with avidin-biotin complexed to peroxidase
(ABC kit; Vector Laboratories) for 1.5 h. Following addi¬
tional rinses, the receptors were visualized by development
in a solution of 0.02% 3,3'-diaminobenzidine tetrahydro-
chloride containing 0.003% hydrogen peroxide. Following
development, the sections were rinsed in Tris buffer and
mounted onto glass microscope slides (FisherBrand Super-
frost/Plus). They were then dehydrated, cleared in xylenes,
and coverslipped with DPX mounting medium.
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3. Results

3.1. Regional distribution

Regional differences in the distribution pattern and
relative intensity of immunostaining of the various gluta-
mate receptor subunits are illustrated in low-magnification
photomicrographs (Fig. 1). Note that because the staining
intensities and distribution patterns were similar in all

three treatment groups, only one representative photomi
crograph for each of the receptor subunits is presented
irrespective of the treatment group from which it wa
derived. Overall, the GluRl subunit showed the mos

heterogeneous distribution within the temporal lobe, witl
the hippocampus being more immunoreactive than tb
adjacent cortex. The basal layers of the entorhinal corte:
were also heavily immunostained for GluRl, but thi
difference in labeling intensity between the cortical layer

GluRl GluR2/3

GluR5/6/7GluR4

NR2A/B

Fig. 1. Low-magnification photomicrographs of hippocampal sections immunostained for AMPA, KA and NMDA receptor subunits. Note the differe:
distribution patterns for the different receptor subunits. LGN, lateral geniculate nucleus; temp ctx, temporal cortex; 28, entorhinal cortex.
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vas not as pronounced in the temporal cortex. In the
ntermediate layers of both the entorhinal and temporal
:ortex the intensity of GluRl staining was notably weak,
n addition, very weak and moderate GluRl labeling was
)bserved in the adjacent lateral geniculate nucleus (LGN)
ind basal ganglia, respectively.

The overall intensity of hippocampal GluR2/3

immunostaining was lower than that observed with GluRl
(Fig. 1). In addition, it was more homogeneous when
comparing hippocampal, entorhinal cortex, temporal cortex
and basal ganglia areas. However, all of these anatomical
regions still showed very dense staining throughout all
major structures and cellular layers. Again, the LGN
showed very light staining overall, whereas in the caudate

GluRl GIUR2/3 G!uR4

ig. 2. Photomontage of the monkey temporal cortex immunostained for GluRl, GluR2/3 and GluR4 receptor subunits. The three top panels show the
ntire cortical layering, while bottom panels show a higher magnification of layer V from the panel located directly above. Scale bars = 100 p,m and 50
,m in upper and lower panels, respectively.
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and putamen the labeling was more intense, as in the
hippocampus and cortex.

Of all the AMPA subunits, GluR4 showed the least
intense staining pattern, but was still homogeneous in
intensity in both the hippocampus and cortex (Fig. 1).
Despite the low levels of labeling, distinct hippocampal
features such as the dentate granule layer and CA regions

GluR5/6/7

could still be identified. The LGN, caudate and putamei
also exhibited faint labeling for GluR4.

In contrast to GluR4, labeling for the low affinit
kainate receptor subunits, GluR5/6/7, was intense in th
region of the dentate and CA subfields along with abun
dant cortical expression (Fig. 1). The areas of hippocam
pus labeled for GluR5/6/7 were similar to those labelei

NR2A/B

yiiii i

Fig. 3. Photomontage of the monkey temporal cortex immunostained for GluR5/6/7, NR1 and NR2A/B receptor subunits. The three top panels show th
entire cortical layering, while bottom panels show a higher magnification of layer V from the panel located directly above. Scale bars = 100 p,m and 5
p.m in upper and lower panels, respectively.
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for both GluRl and GluR2/3, especially the dentate and
subfields of Ammon's horn. Intense immunostaining was
also noted in the LGN, caudate and putamen.

Immunolabeling for NR1 and NR2A/B (Fig. 1) recep¬
tor subunits revealed a very similar distribution pattern and
level of staining intensity in the hippocampus, cortex,
LGN, caudate and putamen. The NR1 labeling was a little
more distinct in the dentate than the NR2A/B, although
the NR2A/B appeared to label a wider area in this region.
The LGN had much more distinctive labeling for NMDA
receptor subunits versus the AMPA receptors, to the extent
that the laminar pattern could be observed even at a low
magnification level.

3.2. Microscopic examination

3.2.1. Temporal cortex
The distribution of GluRl, GluR2/3 and GluR4 was

examined at the light microscopic level in the temporal
cortex (Fig. 2). Note that the low level of GluRl immuno-
reactivity in the superficial cortical layers (Fig. 1) is due to
lighter immunolabeling of the neuropil and neurons of
cortical layers III and IV. In general, the intensity of somal
immunostaining was heterogeneous in most cortical layers.
Neurons strongly expressing the GluRl subunit were a
mixture of both pyramidal and non-pyramidal neurons.
The pyramidal neurons were distinguishable by their shape

Fig. 4. Distribution of glutamate receptor subunits in the monkey entorhinal cortex. Large arrow denotes layer V, which is just below the lamina dissecans.
GluRl labeling was especially heavy in layer V but, compared to Nissl staining, was not present in all cells. Scale bar= 300 p.m.
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and the orientation of their apical dendrite towards the
cortical surface whereas the non-pyramidal neurons were
more heterogeneous in shape and in many cases possessed
no obvious apical dendrite. In addition, the non-pyramidal
neurons possessed more elaborate dendritic processes, al¬
though these were shorter in length.

GluR2/3-immunopositive neurons were robustly and
uniformly labeled in pyramidal cells throughout all layers
of the temporal cortex with the exception of layers I and
IV (Fig. 2). Most neurons displayed intense staining of the
soma and very distinct staining of the apical and basal
dendrites, indicative of pyramidal neurons. Both layers III
and V had the most intense somatodendritic staining.
Neuropil staining was very dark in layers I—III, light in
layer IV, and intermediate in intensity in layers V and VI.

In contrast to GluR2/3 labeling, the distribution of
GluR4 receptors in the temporal cortex was restricted to a

sparse and scattered population of neurons (Fig. 2). Very
light staining of pyramidal neurons was noted, but the
distinctly stained neurons appeared to range from small,

round-shaped neurons to larger fusiform or irregular shaped
neurons containing multiple processes. These positively
stained cells were found throughout all layers of the
temporal cortex.

Immunostaining for GluR5/6/7, NR1 and NR2A/B in
the monkey temporal cortex is shown in Fig. 3. GluR5/6/7
labeling was found in pyramidal neurons of the superficial
cortical layers but was more obvious in layer V due to the
large size of its pyramidal neurons. The apical dendrites
were very elongate, traversing several cortical layers in
many cases, and were very conspicuous because of their
large diameter. The distribution of GluR5/6/7 receptor
subunits containing neurons in the temporal cortex was, in
general, much more restricted than that of NMDA or
AMPA receptor subunits.

Both NR1 and NR2A/B immunopositive neurons were
found throughout the different layers of the temporal cor¬
tex, although labeling was weak in granule cells of layer
IV. Within the neurons themselves, NR1 labeling was
confined predominantly to the soma and proximal den-

GluR1 GluR2/3 GluR4

Fig. 5. Distribution of GluRl, GluR2/3 and GluR4 receptor subunits in the dentate gyrus, CA3 and CA1 of the monkey hippocampus. Area between the
arrowheads is the band of granule cells in the dentate. Arrows denote the GluR4-immunopositive neurons, ml, molecular layer; py. pyramidal cell layer.
Scale bar = 30 |xm.
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drites. Apical dendrites were also immunoreactive for both
NR1 and NR2A/B but appeared to be shorter and nar¬
rower than those showing GluR5/6/7 immunoreactivity.
Neuropil staining was predominantly homogeneous
throughout the temporal cortex for NR1 and NR2A/B.

3.2.2. Entorhinal cortex

Overall, the pattern of immunolabeling in the entorhinal
cortex was very similar to some of the laminar patterns
observed in the temporal cortex. GluRl-labeled cells were
found in both superficial and basal layers, with a notable
absence in layers III and IV which contained few im-
munopositive neurons (Fig. 4). Layer V of the basal half of
the entorhinal cortex was stained much darker than neu¬

rons in all other layers. Staining in layer VI was also
interrupted by low numbers of immunopositive neurons in
the middle of this area. Neurons in the most superficial
layer were oriented such that their fine apical processes
were streaming towards the hippocampus. Neurons below
this superficial layer had a more typical pyramidal appear¬

ance with fine apical dendrites oriented towards the sur¬
face. When compared to Nissl-stained sections, it is appar¬
ent that many neurons in the entorhinal cortex lacked the
GluRl subunit.

In contrast to GluRl, entorhinal cells containing
GluR2/3 were spread throughout all layers of the allocor¬
tex, with equivalent levels of staining intensity in all cells
(Fig. 4). Flowever, the number of GluRl- and GluR2/3-
labeled cells in the middle of layer VI was similarly low,
and in both cases the apical processes of the most superfi¬
cial neurons were oriented towards the hippocampus.

As in the temporal cortex, the number of GluR4-labeled
cells in the entorhinal cortex was very low and showed a
scattered distribution pattern (Fig. 4). Cells immunoposi¬
tive for GluR4 possessed few processes, most of which
were short. In contrast, labeling of GluR5/6/7 receptor
subunits in the entorhinal cortex revealed immunopositive
perikarya throughout the area, although the labeling was
mainly confined to a thin cytoplasmic ring. Apical den¬
drites of GluR5/6/7-immunopositive neurons were very
elongate and wide, as noted in the temporal cortex.

GluR5/6n

<
O

NR2A/B

?ig. 6. Distribution of GluR5/6/7, NR1 and NR2AB receptor subunits in the dentate gyrus, CA3 and CA1 of the monkey hippocampus. Area between the
urowheads is the band of granule cells in the dentate, ml, molecular layer; py, pyramidal layer. Scale bar = 30 p,m.
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Staining for NR1 (Fig. 4) and NR2A/B (not shown) in
the entorhinal cortex revealed a similar, widespread label¬
ing of the majority of cells. Both antibodies labeled similar
numbers of cells, although the NR1 tended to result in a
more intense staining. Overall, therefore, distribution of
the NMDA receptor subunits in the entorhinal cortex was
more widespread and denser than both the AMPA and
low-affinity KA receptor subunits.

3.2.3. Hippocampus
Immunostaining in the hippocampus proper was also

examined at the light microscopic level. With the excep¬
tion of the GluR4 subunit, there was a great deal of
overlap in the distribution of all the families of glutamate
receptors. Labeling for GluRl, GluR2/3, GluR5/6/7,
NR1 and NR2A/B was readily observed in the dentate
granule cells, polymorphic neurons and pyramidal cells of
the CA subareas (Fig. 5 and Fig. 6). However, not all of
this labeling was of the same intensity. GluR4 labeling, for
example, was limited to a small population of polymorphic
neurons and other neurons just outside of the pyramidal
cell layer.

Hippocampal GluRl labeling was uniformly heavy both
in the perikarya and in the molecular layers of the dentate
and CA subregions (Fig. 5). The dentate granule cells were
particularly distinct as were the proximal and distal molec
ular layers. The CA3 pyramidal neurons, dendrites, stratum
lucidnm and molecular layer were also heavily labeled, as
were the dendrites and molecular layer of the CA 1 pyrami¬
dal neurons. In addition, GluRl labeling was notable in the
neurons of the subiculum and presubiculum as they merged
into the entorhinal cortex (not shown).

The overall distribution of Glu2/3 receptor subunits in
the hippocampus was widespread, with intense immuno¬
staining of the dentate granule cells and soma and apical
dendrites of all the CA pyramidal neurons (Fig. 5).
GlnR?./3 immunoreactivity in the dentate and CA pyrami¬
dal neuron molecular layers was not as intense as that
found in the neurons themselves. Cells in the subiculum
and presubiculum were also well labeled (not shown).

Consistent with other regions, GluR4 labeling was very
light or non-existent for the majority of cells in the hip¬
pocampus (Fig. 5). Immunopositive neurons were found in
the dentate hilus, just within the granule cell layer, with
scattered cells also located more centrally in the CA4.
GluR4 labeling was also noted in sparse populations of
neurons of the CA1-3, distributed randomly throughout
the width of the CA bands Similar to the other antihodies,
fusiform neurons in stratum oriens immunopositive for
GluR4 could be seen oriented parallel to the fiber tract. A
few immunopositive neurons were also located above the
pyramidal cell layer in the stratum radiatum as well as in
the presubiculum and subiculum (not shown). These neu¬
rons had a similar morphology to GluRd immunopositivc
neurons in other regions, the perikarya appearing either
small and round or large with multiple processes.

In the hippocampus, the perikarya and dendrites showec
high-intensity immunostaining of the GluR5/6/7 receptoi
subunits (Fig. 6). The morphology of these neurons wa;
similar to that observed in the cortex, with robust pyrami¬
dal labeling and very elongate and thick dendrites. This
was easily seen in the CA1 region where pyramidal neu¬
rons close to the alveus had apical dendrites extending fat
up into the molecular layer. Dentate granule cells were
very lightly stained with a thin, fuzzy rim of somatic
labeling.

The NR1 and NR2A/B immunostaining in the hip¬
pocampus exhibited similar subcellular staining character¬
istics found in cortical neurons (Fig. 6). Labeling of the
dentate granule cells, polymorphic neurons and pyramida
neurons of the CA subfields was very heavy for both the
NR1 and NR2A/B receptor subunits. Labeling by both
antibodies of the apical dendrites of the CA pyramida
cells was similar in intensity to somal staining, whereas
both dentate and CA pyramidal molecular layers were
stained much lighter. Labeling in the stratum lucidum oi
the CA3 was evident but was of intermediate intensity
being lighter than the perikarya but darker than the molec¬
ular layer. The stratum lucidum of the CA3 was also wel
stained, both in the neuropil and in the CA3 dendrites as
they coursed through this area.

4. Discussion

The primary aim of the current study was to examine
the distribution pattern of ionotropic glutamate receptoi
subunits in the temporal cortex and hippocampus of adul
female rhesus macaques. Overall, immunostaining of these
subunits was densest in the hippocampus, with the inten
sity decreasing upon transition to the entorhinal and tern
poral cortices. This finding is in general agreement witl
previously described glutamate receptor distribution pat
terns based on radioligand binding [10,15,31,41]. In the
current immunocytochcmical study, however, the use o

specific antibodies to the different receptor subunits en
abled a more detailed and comprehensive examination o
their distribution patterns to be made, both in the tempora
and entorhinal cortices as well as in the hippocampus.

Compared to the other receptor subunits examined, th(
labeling intensity for GluRl was greater in the hippocam
pus than in the temporal cortex. This observation is simila
to that previously made in the rat utilizing immunocyto
chemistry [28,38] and Western blot analysis [4] Althougl
the abundance of GluRl subunits in the hippocampu:
appeared to be much greater than in the cortex, the stoi
chiomeiry of this A \1PA receptor subunit is unclear
Molecular weight estimates from Western blot analysi:
[56] and sucrose gradient density centrifugation [4] suppor
the idea of a pentameric subunit structure for AMP/
receptors and a recent study has provided evidence that it
the rat CA1/CA2 hippocampal pyramidal neurons GluR
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subunits are predominantly complexed with GluR2 [57],
This is an important observation because calcium ion
conductance of activated AMPA receptors is markedly
reduced if the GluR2 subunit is present in the receptor
complex [5,17], In the present study, GluR2/3, while
sharing a hippocampal distribution pattern similar to
GluRl, showed less intense labeling in the molecular
layers of the CA pyramidal, and dentate granule cells. A
similar distribution pattern for GluR2(4) subunits has also
been observed in the monkey hippocampus [45], However,
it is unclear whether the GluR2/3 immunolabeling ob¬
served in the current study represents the presence of
GluR2, GluR3 or both receptor subunits. This problem
arises because of COOH-terminal homology between the
GluR2 and GluR3 subunits and the consequent inability of
the GluR2/3 antibody to distinguish between them [38].
On the other hand, in situ hybridization studies in the
rodent [22,43] have shown overlap in the expression of
both GluR2 and GluR3 subunit mRNAs throughout the
hippocampus, suggesting potential functional heterogeneity
due to differences in the composition of AMPA receptors
in this region.

Although neurons of the hippocampus and temporal
cortex showed moderate GluR4 immunolabeling, their
number was smaller than for any of the other subunits
examined. Similarly in the rat hippocampus, the staining
intensity of GluR4 was found to be much lower than that
of other AMPA receptor subunits but, in contrast to the
present findings, GluR4 labeling was also evident in the
pyramidal cell bodies [38], Furthermore, studies utilizing
in situ hybridization, rather than immunocytochemistry,
have also reported a lower amount of GluR4 mRNA in the
rat hippocampus compared to that of other AMPA receptor
subunits [22,43].

The distribution pattern of GluR5/6/7 subunits has
already been described in the hippocampus of cynomolgus
monkeys [12] and the present findings from the rhesus
macaque are in general agreement with these previous
observations. In both species, only weak GluR5/6/7 so-
mal staining was noted in the dentate granule cells and
neurons of the CA subfields whereas intense apical den¬
drite staining occurred in the hippocampal neurons.

NMDA receptor subunits, NR1 and NR2A/B, were
widespread and showed overlapping distribution patterns
in both the hippocampus and temporal cortex. Intense
labeling of soma and apical dendrites was noted in all
hippocampal CA subfields as well as the dentate. Labeling
was also present in most of the cortical layers except for I
and IV. In comparison to non-NMDA receptor subunits,
NR1 and NR2A/B subunit were more ubiquitous in the
rhesus hippocampal formation and adjoining temporal cor¬
tex. This observation is in agreement with a previous
report of intense NR1 immunoreactivity in the somatoden¬
dritic compartments of neurons in the hippocampus of
cynomolgus monkeys [44]. Because immunocytochemical
double-labeling was not performed in the current study,

colocalization of the NR1 and NR2A/B subunits cannot
be established conclusively. Nevertheless, it is clear that
the pattern of NR1 labeling was similar to NR2A/B in
both subcellular location and overall tissue distribution.
Similar overlap of NR1 and NR2A/B subunit distribution
patterns has been described in the rat [40]. Furthermore,
because NR1 is an obligatory subunit of all functional
NMDA receptors [20,27,29,33], co-existence of these sub-
units in the same heteromeric receptor complex is quite
likely. More recently, the development of antibodies spe¬
cific for the NR2A and NR2B subunits have been used in

immunoblotting studies to show the presence of both of
these proteins in the rat hippocampus [54], In addition,
confocal microscopy has demonstrated colocalization of
GluR2(4), GluR5/6/7 and NR1 immunoreactivity within
virtually all hippocampal cells and cellular compartments
[45]. The ubiquitous distribution of GluRl and NR2A/B,
plus the physiological data placing them in their respective
multimeric receptor complexes, undoubtedly place these
subunits in the same subcellular compartments. In contrast,
because the GluR4 subunit had a restricted distribution

pattern, its spatial relationship to other receptor subunits is
less clear.

In the entorhinal and temporal cortices, as in the hip¬
pocampus, there was disparity between the distribution
patterns of the various glutamate receptor subunits. A
similar observations has been made in rodents [38]. The
majority of cortical neurons were immunopositive for NR1,
NR2A/B and GluR2/3, and to a lesser extent for GluRl
and GluR5/6/7, though very few cells were immunoposi¬
tive for GluR4. Also, in the superficial cortical layers
fewer cells were immunopositive for GluRl than for
GluR2/3. Overall, these findings suggest that many corti¬
cal neurons in layers II and III possess NR1, NR2A/B,
GluR2 and/or GluR3 subunits, but very few possess
GluRl and even fewer express GluR4. Neurons in the
deeper cortical layers V and VI, however, are likely to
possess all of the receptor subunits (i.e. NR1, NR2A/B,
GluRl, GluR2/3 and GluR5/6/7) except for GluR4.

Although the distribution and quantity of GluRl recep¬
tor subunits in the primate temporal cortex has not been
described previously, other cortical regions have been
examined in both primates [8,53] and rodents [4,9,28].
Taken together, these observations indicate that a common
telencephalic cytoarchitecture may exist for the GluRl
receptor subunit. Anatomical evidence from in situ hy¬
bridization studies adds further support to this view by
demonstrating that in monkeys the amount of mRNA
coding for GluRl is lower in the upper layers of the
temporal cortex (S.G. Kohama, unpublished data), al¬
though in rats the distribution pattern appears to be more
homogeneous across the different layers [9],

Previous immunocytochemical studies, using the same

GluR2/3 antibody as was used in the current study, found
a pattern of immunolabeling in the monkey prefrontal
cortex [53] and rat cortex [9] that was similar to the pattern
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observed in the temporal cortex (this study). In all of these
studies, GluR2/3 immunolabeling was prevalent through¬
out most cortical layers and especially in the pyramidal
neurons, suggesting that a conserved cytoarchitecture for
the GluR2/3 subunits may exist in the different regions of
the neocortex.

The restricted distribution and low intensity staining of
immunopositive GluR4 cells in the monkey entorhinal and
temporal cortex is, in general, similar to findings from
comparable studies that were conducted in the rat [38]. In
another rat study, that used in situ hybridization as well as
immunocytochemistry, it was found that few cortical cells
contained GluR4 mRNA or protein [9], similar to the
current primate study.

The distribution of the low affinity kainate receptor
subunits, GluR5/6/7 had a more restricted neuronal dis¬
tribution pattern, with robust immunostaining of wide,
elongate apical dendrites, but weak staining of the soma.
The overall staining pattern showed widespread distribu¬
tion of the GluR5/6/7 subunits throughout hippocampal
and cortical subregions, with large neurons in cortical layer
V being the most distinct. High levels of GluR5/6/7
immunoreactivity were noted in the rhesus macaque en¬
torhinal cortex, and a prior report has shown that
GluR5/6/7 containing neurons in layer V neurons project
to the polymodal association area of the superior temporal
gyrus [13]. Layer V neurons were also a predominate
feature of GluR5/6/7-immunolabeled neurons in the tem¬
poral cortex. Similar to a study examining the monkey
prefrontal cortex [53], the rhesus temporal cortex showed
labeling in layers II, III, V and VI, with layer V neurons

exhibiting the largest soma and wide, elongate apical
dendrites. In general, the motor and higher association
cortical areas in cynomolgus monkeys have been shown to
possess denser immunostaining for GluR5/6/7 than the
primary sensory areas [19].

In rodents it has been shown that estradiol can increase
NMDA receptor binding in the CA1 region of the hip¬
pocampus [55]. One effect of ovarian steroids is to increase
of the number of dendritic spines in CA1 hippocampal
neurons [14], a response that can be blocked by NMDA
receptor antagonists [59]. In addition, it has been demon¬
strated by confocal microscopy that estradiol can cause
NR1 immunoreactivity to increase in the rodent CA1
somatodendritic compartment, without a concomitant
change in mRNA levels [11]. In the present study, no
differences were observed in any of the glutamate receptor
subunit distribution patterns between the sex-steroid-treated
and control ovariectomized monkeys. On the other hand,
this result is not necessarily inconsistent with the previous
rodent study [11], One possible reason for the discrepancy
is that in the present study a peroxidase amplification step
was included in the immunocytochemical procedure; this
may have overridden any subtle steroid-induced differ¬
ences. Alternatively, it is plausible that the sex-steroid
replacement paradigm employed in this current study does

not exert any major effects on glutamate receptor expres¬
sion in primates. The latter possibility is supported by a

previous finding from this laboratory that NR1 mRNA
expression in the monkey hippocampus did not change
significantly after estradiol treatment [25], However, the
previous report of the steroid-induced increase of NR1
protein in the rodent CA1 neurons also revealed no in¬
crease in levels of NR1 mRNA [11].

The differential distribution of glutamate receptor sub-
units in the temporal cortex and hippocampus undoubtedly
plays an important role in the integration of excitatory
inputs to these regions [1,21,26,51,52,58], influencing pro¬
cesses central to functions such as learning and memory
[7,34,50]. In addition, temporal lobe disturbances due to
trauma, ischemia and disease, may also involve glutamate
receptor-mediated events [3,6,42], Because subunit compo¬
sition influences ion gating, phenotypic switching of sub-
units in the receptor complex may have severe conse¬

quences on neuronal function and survival. For example,
ischemia has been demonstrated to decrease the amount of
GluR2 mRNA in the rat hippocampal CA1 neurons [37],
Since the presence of the GluR2 subunit in AMPA recep¬
tor complexes inhibits calcium ion conductance, the de¬
crease of this subunit can potentially lead to a detrimental
increase in intracellular calcium ion concentrations. A
similar mechanism may also contribute to the etiology of
neuronal degeneration in Alzheimer's disease [2,60].

In summary, the results from the current study demon¬
strate that the overall distribution of glutamate receptor
subunits in the cortex and hippocampus of rhesus monkeys
resembles that of other mammalian species. Moreover,
because the temporal lobe of the rhesus monkey is similar
to that of humans, in terms of its complexity and general
organization, this animal represents a valuable model in
which to investigate the mechanisms of normal and patho¬
logical glutamate-dependent processes that occur in this
area in humans.
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ABSTRACT
The primate brain was thought to contain only the GnRH known

as mammalian GnRH (mGnRH). This study investigates whether a
second form of GnRH exists within the primate brain. We found that
brain extracts from adult stumptail and rhesus monkeys contained
two forms ofGnRH that were similar to mGnRH and chicken GnRH-II
(cGnRH-II) based on the elution position of the peptides from HPLC
and on cross-reactivity with antisera that are specific to mammalian
or chicken GnRH-II in RIAs. The fetal brain of rhesus monkeys also
contained mGnRH and a c.GnRH-II-like peptide by the same criteria.

Immunocytochemistry with a cGnRH-II-specific antiserum in

adult and fetal rhesus monkeys showed immunopositive neurons
generally scattered in the periaqueductal region of the midbrain, with
a few positive cells in the posterior basal hypothalamus. Neurons
immunopositive for cGnRH-II were fewer in number and smaller in
size, with less defined nuclei and thinner neurites compared with
those for mGnRH. Administration of synthetic cGnRH-II to adult
rhesus monkeys resulted in a significant increase in the plasma LH
concentration during the luteal phase of the menstrual cycle, but not
during the midfollicular phase. We conclude that the primate brain
contains mGnRH and a cGnRH-II-like molecule, although the func¬
tion of the latter is unknown. (Endocrinology 138: 5618-5629, 1997)

GnRH, THE KEY brain peptide involved in the initiationof vertebrate reproduction, was first isolated and se¬
quenced from mammals. At present, there are 12 distinct
forms of GnRH, including the mammalian form, that have
been sequenced from vertebrates or protochordates. All
known forms are 10 amino acids in length, with a pyro-
glutamyl-modified amino-terminus, an amidated carboxy-
terminus, and conserved amino acids in positions 1, 2, 4, 9,
and 10 (1, 2). The most common structural variation among
the different forms of GnRH resides in amino acids 5-8.
There is also a hydroxylated derivative of mammalian GnRH
(mGnRH) in frog and rat brains, suggesting that posttrans-
lational modification may provide structural diversity (3). In
fish, amphibians, reptiles, and birds, there are two or more
forms of GnRH within the brain of single species. Usually
each form has a unique location within the brain, suggesting
a difference in developmental origin and /or adult function
(4-6).

The diversity of GnRH peptides within the brain of early
evolved vertebrates is well established. However, in mam¬
mals, only primitive taxa, such as monotremes, marsupials,
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and primitive eutherians, have been shown to contain more
than one form of GnRH within the brain of a single species
(7-9). The identity of the GnRHs present in the brain is best
known in primitive placental mammals, such as the musk
shrew and tree shrew, in which the brain has been shown to
contain mGnRH and chicken GnRH-II (cGnRH-II)-like mol¬
ecules by one or more of the following techniques: HPLC,
RIA (9, 10), immunocytochemistry (11), or complementary
DNA sequencing (12). Despite these reports showing two
forms of GnRH within the brains of some primitive placental
mammals, we did not find evidence of cGnRH-II in several
rodents (Lescheid, D. W., unpublished data). Also, there was
no clear evidence that more recently evolved mammals, such
as primates, had an additional form of GnRH, such as
cGnRH-II, within their brains.

In this report we determined whether primate brains con¬
tain another form of GnRH. HPLC, RIA, and immunocyto¬
chemistry are used to characterize mCnRH like and cGnRIT
II-like immunoreactivity in the brains of adult stumptail
monkeys (Macaca speciosa) as well as in adult and fetal rhesus
monkey (Macaca mulatta) brains. The in vivo effect of the
synthetic cGnRH-II-like peptide on the release of LH at dif¬
ferent times in the reproductive cycle is also reported.

Materials and Methods

Animals and tissue preparation

Stumptail (Macaca speciosa) and rhesus monkeys (Macaca mulatta),
were born and raised at the University of Wisconsin Regional Primate
Research Center (for immunocytochcmical or chromatographic studies)
or at the University of Oregon Regional Primate Center (for physiolog-
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Fig. 1. A, Percent cross-reactivity be¬
tween antiserum GF-4 or B-6 and 10
different synthetic GnRH peptides.
mGnRH was used as the reference pep¬
tide for both antisera in the calculation
of the percent cross-reactivity. Relative
cross reactivity (percentage) is ex¬
pressed as the number of picomoles of
reference peptide at 50% B/B0 divided
by the number of picomoles of the other
peptide at 50% B/B0. 125I-Labeled
mGnRH was used as the tracer for the
assays. Final concentrations of GF-4
and B-6 were 1:25,000 and 1:5,000, re¬

spectively. B, Percent cross-reactivity
between antiserum 7CR-10 or Adams-
100 and 12 different synthetic GnRH
peptides and between antiserum 675
and 5 GnRH peptides. cGnRH-II was
used as the reference peptide for the 3
antisera in calculation of the percent
cross-reactivity. Relative cross-reactiv¬
ity (percentage) is expressed as the
number of picomoles of reference pep¬
tide at 50% B/B0 divided by the number
of picomoles of the other peptide at 50%
B/B0. 125I-Labeled IGnRH-I was used
for assays with 7CR-10, whereas 125I-
labeled cGnRH-II was used as the
tracer for assays with Adams-100 and
675. Final concentrations of 7CR-10,
Adams-100, and 675 were 1:37,500, 1:
25,000, and 1:5,000, respectively, nd.,
Not done.
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ical studies). The animal protocols of these studies were reviewed and
approved by the institutional animal care committee at the University
of Wisconsin or tho University of Oregon. All experiments in this study
were conducted under the guidelines established by the NUT and the
USDA.

For chromatographic studies, whole brains (one male at 19 yr; two
females at 16 and 14 yr of age) were removed at necropsy from three
adult stumptail monkeys. The brains (total mass, 297 g) were quickly
frozen and stored at -80 C. Later, the brains were crushed using a cold
mortar and pestle, powdered in a Waring blender with liquid nitrogen,
and then extracted with an acetone-HCl mixture as previously described
(13). Soluble lipids were removed by five consecutive applications of
petroleum ether (20%, vol/vol) (14). The resultant acetone-water soluble
mixture was reduced in volume in a vacuum centrifuge to approxi¬
mately 3 ml and filtered through a 45-p.m filter.

Fetal brains were removed from five rhesus monkey fetuses on 72-125
embryonic (E) days (two females at E75 and E125; three males at E72,

TABLE 1. Immunoreactive GnRH in primate brain

E76, and E77). Fetuses were delivered by cesarian section. Tire brains
were removed, quickly frozen, and stored at 80 C. Four of the brains
(total mass, 18.7 g) were pooled (E72, E75, E76, and E77), crushed with
a cold mortar and pestle, powdered in a Waring blender with liquid
nitrogen, and treated as described above for the adult whole brains. At
a later date, the brain (35.0 g) from the E125 fetus was prepared and
treated in the manner described above.

A dissected brain was prepared from one adult stumptail monkey
(male, 19 yr of age). The brain was collected, quickly frozen, and later
partially thawed to allow sectioning into three pieces using a razor knife.
First, the brain stem region (14.0 g) was removed with a single cut.
Second, the diencephalic region (7.7 g; including the thalamus, hypo¬
thalamus, and pituitary stalk) was cut from the telencephalon. Third, the
remaining brain tissue (68.0 g), including the telencephalon with frontal
cortex, parietal lobes, temporal lobes, occipital lobes, and cerebellum,
was combined. Each region was treated as described above, with the

mGnRH cGnRH-II

GF-4

(ng)
B-6 or B-7

(ng)
7CR-10

(ng)
Adams-100

(ng)

Whole brain
Adult ($, 14, 16 yr; <J, 19 yr)
Fetal (2, E75; S, E72, E76, E77)
Fetal (5, E125)

Dissected brain (adult, <$, 19 yr)
Diencephalon
Forebrain-cortex-cerebellum
Brain stem

22.2
4.3
9.2

19.1
0.8
1.4

21.7(73.1)
3.0(160.0)

23.0(657.1)

4.7 (610.4)
0.9(13.2)
2.2(157.1)

7.9
ND
0.4

0.9
0.5
0.7

2.6 (8.8)
ND

0.5 (12.9)

2.2 (285.7)
0.3 (4.4)
0.7(50.0)

The quantity in nanograms of immunoreactive GnRH detected by antisera GF-4, B-6, 7CR-10, and Adams-100 in primate whole brain and
dissected brain. Values in parentheses (picograms per g) represent the irGnRH concentration detected by the most specific antiserum (B-6 or
B-7 and Adams-100) in those particular brain extracts. ND, Not done.

Fig. 2. irGnRH in adult stumptail
monkey (male, 19 yr old; females, 16
and 14 yr old) brain extracts showing
HPLC elution positions (minutes) and
the amount of immunoreactivity (nano¬
grams per fraction) detected by anti¬
serum GF-4 or B-6. Small arrows above
HPLC elution profiles represent the dif¬
ferent forms of GnRH detected by that
specific antiserum as well as where
those synthetic forms would elute un¬
der the same HPLC conditions, m-

Hyp9, (Hydroxyproline-9)mammalian
GnRH; m, mGnRH; c-I, cGnRH-I; sb,
sbGnRH; c-II, cGnRH-II; s, sGnRH.
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7CR-10 antibody

Fig. 3. irGnRH in adult stumptail
monkey (male, 19 yr old; females, 16
and 14 yr old) brain extracts showing
HPLC elution positions (minutes) and
the amount of immunoreactivity (nano¬
grams per fraction) detected by antisera
7CR-10 and Adams-100. Small arrows

above HPLC elution profiles represent
the different forms ofGnRH detected by
that specific antiserum as well as where
those synthetic forms elute under the
same HPLC conditions. 1-1, IGnRH-l; c-

II, cGnRH-II; df, dfGnRH; s, sGnRH.

I-1

9

c-II

9
df

9

41

Adams -100 antibody
8 -

Fraction number

(min)

same extraction, HPLC, and RIA procedures as those used for the whole
brain studies.

For immunocytochemistry, two adult female rhesus monkeys kept
under the housing conditions described previously (15) and four rhesus
monkey fetuses at E34, E50, E70, and E85 from time-mated pregnancies
(16) were used in this study. Adult monkeys were anesthetized with
ketamine and pentobarbital sodium (50 mg/kg), perfused with 4% para¬
formaldehyde in PBS (pH 7.6), and then immersed in the same solution
for several hours. The brain stem was removed and placed in 30%
sucrose in PBS for 2-3 days (15). Meninges were carefully removed
under a stereomicroscope, and frozen serial sections were cut at 50 pm
in the frontal plane.

Fetuses were delivered by cesarian section under halothane anesthe¬
sia. The whole body (fetus at E34) or brain (fetuses at E50 and E70) was
immersed in 4% paraformaldehyde in PBS (pH 7.6) for 1-5 h (time
varying with tissue size). The oldest fetus (E85) was perfused with 4%
paraformaldehyde, and the brain was then immersed in the same so¬
lution for 4 h. None of these monkeys was alive after delivery. After
fixation, the tissue was placed in 30% sucrose in PBS (pH 7.6) until fully
saturated, as evidenced by sinking. Tissue was then frozen and sectioned
by cryostat at 15 pm in either the sagittal plane (E34) or the frontal plane
(E50, E70, and E85) and thaw-mounted onto gelatin-coated slides. Slides
were stored at -20 C until immunostaining.

Six adult female rhesus macaques (6-9 years of age) were used for the
in vivo study.

HPLC

A Beckman model 166 HPLC System Gold (Beckman, Palo Alto, CA),
which included a solvent Module 125 and a UV detector Module 166,
was used for HPLC analysis. For a blank run, two consecutive 600-pl
volumes of Milli-Q (Millipore, Bedford, MA) water were loaded at 2-min
intervals onto a Supelco C18 column (25.0 cm x 4.6 mm; 5-pm particle
size; Supelcosil LC-18, Supelco Canada, Oakville, Canada) with a guard
column of the same material attached. Sixty fractions of 1 ml each were
collected in polyallomer tubes; 500 pi were removed from each fraction,
vacuum dried, reconstituted in PBS with 0.1% gelatin, and assayed for
immunoreactive GnRH (irGnRH). A blank run was repeated between
each application of brain extract to ensure that the column was free of
any contaminating residual GnRH from previous HPLC analyses. GnRH
standards had never been previously injected onto this column, also
ensuring that results were not affected by any residual synthetic GnRH
peptides.

The injection volumes were 3 ml or less and were applied as
multiple injections of up to 700 pi each. These repeated injections
were at 2-min intervals onto a 1-ml loop; the material in the loop was
loaded onto the column using an isocratic gradient of 17% solution
A (0.25 m triethylammonium formate, pH 6.5) and 83% solution B
(100% acetonitrile) over a 10-min period at a flow rate of 1 ml/min.
After 10 min, the percentage of solution A was elevated to 24%
(1%/min) and maintained there for an additional 43 min. Sixty 1-ml
fractions were collected. A 100-pl aliquot was removed from each
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Fig. 4. Fetal rhesus monkey (female,
E75; males, E72, E76, and E77)
mGnRH HPLC showing elution posi¬
tions (minutes) and amount of immu-
noreactivity (nanograms per fraction)
detected by antisera GF-4 and B-7.

GF-4 antibody

B-7 antibody

Fraction number

(min)

fraction, dried, and assayed for GnRH immunoreactivity. The initial
15 fractions were brought to pH 6.0-6.5 using 5 M NaOH before
assaying for GnRH immunoreactivity, because previous experiments
had shown that the low pH of the early eluting fractions affects the
binding of some of the antisera used.

Synthetic standards were applied to the column after brain extracts
were completed. Eleven GnRH forms: mGnRH, hydroxyproline9 (hy-
droxy-Pro )mGnRH, seabream GnRH (sbGnRH), cGnRH-I, salmon
GnRH (sGnRH), cGnRH-II, dogfish GnRH (dfGnRH), catfish GnRH
(cfGnRH), lamprey GnRH-I (IGnRH-I), tunicate GnRH-I (tGnRH-I), and
tGnRH-II were applied to the HPLC system as described for the brain
extracts. The elution positions of the standards on the chromatograph
were confirmed by absorbance peaks (A = 280 nm) and GnRH-specific
RIA.

Cross-reactivity
The cross-reactivity of antisera GF-4, B-6, 7CR-10, and Adams-100

with synthetic GnRH peptides [mGnRH, (hydroxy-Pro9)mGnRH, sb¬
GnRH, cGnRH-I, sGnRH, cGnRH-II, dfGnRH, cfGnRH, lGnRH-III, and
IGnRH-I] is shown in Fig. 1. Antisera GF-4, B-6, and 7CR-10 were raised
in rabbits in the Sherwood laboratory against sGnRH (GF-4), mGnRH
(B-6), and dfGnRH (7CR-10). Antiserum Adams-100 (a gift from Dr. T.
Adams, University of California-Davis) was raised in rabbits against
cGnRH-II. Briefly, RIAs for GF-4 and B-6 (which cross-react with
mGnRH) were homologous, using 125I-labeled mGnRH tracer and
mGnRH standard. The Adams-100 RIA was also homologous, using
125I-labeled cGnRH-II tracer and cGnRH-II standard. The 7CR-10 RIA
was heterologous using a 125I-labeled IGnRH-I trace and a cGnRH-II
standard. Five concentrations of each synthetic peptide (100, 500, 1,000,
5,000, and 10,000 pg) were tested in triplicate for their ability to displace
the tracer from the respective antiserum. Relative cross-reactivity is
expressed as picomoles of the reference peptide at 50% bound / free ratio

(B/B0) divided by picomoles of the test peptide at 50% B/B0 multiplied
by 100.

RIA

The details of the RIA were described previously (17). Essentially,
100-p.l aliquots of each semipure fraction from the different HPLC runs
were assayed for GnRH immunoreactivity using various antisera and
125I-labeled synthetic GnRH tracers in a competitive RIA. For each an¬
tiserum, the final dilution used in the RIA, the percent binding, and the
limits of detection (B/B0 = 80%) were: GF-4, 1:25,000, 37%, and 16.0 pg;
B-6, 1:5,000, 52%, and 9.8 pg; 7CR-10, 1:37,500, 18%, and 19.6 pg; and
Adams-100,1:25,000,7%, and 1.1 pg. In fractions in which tracer binding
was less than B/B0 = 20%, 50-jxl aliquots were diluted serially, and the
value closest to 50% B/B0 was used to estimate the quantity of irGnRH
present.

Immunocytochemistry
Adult brain sections were immunostained with a free float method

(15), whereas fetal brain sections were stained on the slide, as described
previously (18). Endogenous peroxidase was deactivated in sections by
washing with PBS (pH 7.6) for 1 h (four times, 15 min each time) and
treating with 0.03% hydrogen peroxide in methanol solution. To further
remove nonspecific background staining, sections were washed with
PBS for 1 h (four times, 15 min each time) and then blocked with 0.5%
normal goat serum in PBS for 2 h (twice, 60 min each time). The sections
were then exposed to antisera specific to chicken GnRH-II, antiserum 675
at a 2,500 to 5,000 dilution (J. A. King and R. Millar), or Adams-100 at
a 5,000 to 10,000 dilution. A small number of sections were also exposed
to antiserum GF-6 at a 6,000 dilution or antiserum LR-1 at a 10,000
dilution (a gift from R. Benoit, University of Montreal, Montreal, Can¬
ada). The sections were then incubated at 0-4 C for 40 h. Sections were
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Fig. 5. cGnRH-II in fetal rhesus mon¬

key (female, E125) brain extracts show¬
ing HPLC elution positions (minutes)
and amount of immunoreactivity (nano¬
grams per fraction) detected by antisera
7CR-10 and Adams-100.

washed with PBS for 1 h (four times, 15 min each time) and exposed to
the second antibody (biotinylated goat antirabbit IgG, Vector Labora¬
tories, Burlingame, CA) for 1.5 h at room temperature. This was followed
by a PBS wash (twice, 15 min each time) and exposure to avidin-biotin-
peroxidase complex solution (ABC, Vector Laboratories) for 1.5 h. After
a final wash with a 0.05 m Tris-buffered saline solution (pH 7.6; twice,
15 min each time), the final reaction product was visualized with a
3,3'-diaminobenzidine solution (0.5% 3,3'-diaminobenzidine with 0.06%
hydrogen peroxide in 0.1 M Tris-buffered saline at pH 7.6). Adult brain
sections were mounted on gelatin-coated slides. All sections were cov-
erslipped with glycerol jelly.

For specificity testing, each antiserum was preabsorbed with mam¬
malian and chicken GnRH-II at concentrations ranging from 1-200
pg/ml for 24 h before application. In addition, to eliminate the possi¬
bility of nonspecific reactions with the second antibody, the primary
antibody was omitted in a few cases.

Physiology
The effects of cGnRH-II on LH release were examined in six adult

female rhesus monkeys. The synthetic peptide (Peninsula Laboratories,
Belmont, CA) was infused iv, either during the midfollicular phase of
the menstrual cycle (day 6, on the average) or during the luteal phase
(i.e. after the midcycle preovulatory surge). Blood samples (1 ml) were
collected from conscious unrestrained animals using a remote blood
sampling system (19). The assay procedure has been previously reported
(20). The same animals had been used to determine the effect of mGnRH
(50 ng/kgBW, iv) on plasma LH concentrations during the midfollicular
and luteal phases of the menstrual cycle; these findings have been
reported previously (19). Plasma LH levels were measured using a
mouse Leydig cell bioassay, and the results were expressed in terms of
the cynomolgus LH RP-I standard. The assay detection limit was 3
ng/ml, the intraassay coefficient of variation was 12%, and the inter-
assay coefficient of variation was 20%. Effects of synthetic mGnRH (50
ng/kg) on LH release were similarly examined in the same monkeys for

comparative purposes. At a later date, the in vivo cGnRH-II experiments
were repeated exactly as described above, but using a 2000 ng/kg dose.
Mean plasma LH concentrations were analyzed by ANOVA, followed
by the Student-Newman-Keuls test.

Results

Cross-reactivity of antisera
The cross-reactivity with 10 different GnRH peptides is

shown for GF-4 and B-6 in Fig. 1A. The cross-reactivity for
7CR-10, Adams-100, and 675 is shown in Fig. IB. It is clear
that B-6 is specific for mGnRH (Fig. 1 A); Adams-100,7CR-10,
and 675 are nearly specific for cGnRH-II (Fig. IB); and GF-4
cross-reacts with many forms of GnRH, such as mGnRH,
(hydroxy-Pro9)mGnRH, sbGnRH, cGnRH-I, sGnRH,
cGnRH-II, dfGnRH, cfGnRH, and IGnRH-III.

Adult whole brain

With antisera that detect mGnRH (GF-4 and B-6), 22.2 and
21.7 ng immunoreactive GnRH, respectively, were detected
in fraction 22 (Table 1 and Fig. 2). Synthetic mGnRH standard
eluted in position 22 under the same HPLC conditions (Fig.
2). With cGnRH-II-specific antisera (7CR-10 and Adams-
100), 7.9 and 2.6 ng irGnRH, respectively, were detected
(Table 1). Both antisera detected this immunoreactivity in
HPLC elution positions 26 and 27 (Fig. 3). Synthetic
cGnRH-II eluted in fraction 26 under the same conditions.
The most specific antisera, B-6 (for mGnRH) and Adams-100
(for cGnRH-II), detected 73.1 and 8.8 pg irGnRH/g whole
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brain tissue, respectively. Thus, there was 8 times as much
mGnRH as cGnRH-II at the time of brain collection as mea¬

sured by these antisera.
Our mammalian-specific antiserum, B-6, also showed

GnRH immunoreactivity primarily in fraction 22 (Fig. 2).
This immunoreactivity does not appear to be (hydroxy-
Pro9)mGnRH, because B-7 (the next bleed from the same
rabbit and an antibody with the same characteristics as B-6)
has only 1% cross-reactivity with synthetic (hydroxy-
Pro9)mGnRH compared with mGnRH.

Fetal whole brain

irGnRH (4.3 ng) was detected in fractions 20 and 21 using
antiserum GF-4 (Fig. 4). The antiserum (B-7) that is more
specific for mGnRH than GF-4 detected 3 ng mGnRH and 160
pg/g whole brain tissue (pooled samples of E72, E75, E76,
and E77) in the same fractions. There was 160 pg irGnRH/g
fetal brain tissue compared with 73.1 pg/g adult brain tissue
as detected by B-7 or B-6. Analysis of another fetal brain
(El 25) also showed immunoreactivity in elution positions 20
and 21 as detected by GF-4 and B-7, confirming the presence
of mGnRH (data not shown). There was much more irGnRH

detected in this fetal brain extract (657.1 pg/g) than in the
previous pooled fetal brain extracts (160.0 pg/g) or adult
brain extracts (73.1 pg/g). Also, the cGnRH-II-specific anti-
sera, 7CR-10 and Adams-100, detected immunoreactivity in
positions 25 and 26 (Fig. 5). Adams-100 detected 0.45 ng
cGnRH-II-like immunoreactivity, whereas 7CR-10 detected
0.37 ng. Therefore, there was 12.9 pg cGnRH-II / g fetal (E125)
brain tissue as detected by Adams-100 antiserum. Compared
with adult rhesus brains (8.8 pg cGnRH-II/g tissue), there
was a 1.5-fold increase in the concentration of cGnRH-II-like
immunoreactivity in fetal rhesus monkeys.

Dissected adult brain

All three dissected parts of the brain diencephalon, fore-
brain-cortex-cerebellum, and brain stem contained GnRH-
like immunoreactivity primarily in fractions 21 (Fig. 6) and
26 (7CR-10) or 26 and 27 (Adams-100) in the diencephalon
(Fig. 7), corresponding to the elution positions of synthetic
mGnRH and cGnRH-II, respectively. RIA analysis with an¬
tiserum GF-4 detected 19.1 ng irGnRH in the diencephalon,
0.8 ng irGnRH in the cortex region, and 1.4 ng irGnRH in the
brain stem. The more specific mammalian antiserum, B-6,
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in J. cGnRH-II-immunopositive fibers, indicated by long double arrows, are also seen in the pituitary stalk (C) and periaqueductal region (I). AQ,
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Fig. 7. cGnRH-II in adult stumptail monkey (male, 19 yr old) brain extracts showing HPLC elution positions (minutes) and amount of
immunoreactivity (nanograms per fraction) detected in the diencephalon, cortex, and brain stem regions by antisera 7CR-10 and Adams-100.

detected 4.7, 0.9, and 2.2 ng irGnRH/fraction in the same
three brain regions, respectively. Fraction 26 contained 0.9,
0.5, and 0.7 ng irGnRH, as detected by the 7CR-10 antiserum
and 2.2, 0.3, and 0.7 ng/fraction immunoreactivity as de¬
tected by antiserum Adams-100. Quantitatively, B-6 detected
more irGnRH/g brain tissue (610.4 pg/g) in the dienceph¬
alon than in the cortex (13.2 pg/g) or in the brain stem (157.1
pg/g). These results suggest a relative abundance of mGnRH
in the diencephalon. With Adams-100 we detected 285.7,4.4,
and 50.0 pg/g immunoreactivity in the diencephalon, cortex,
and brain stem, respectively. Hence, immunoreactive
mGnRH and ir-cGnRH-II are more concentrated in the di¬

encephalon than in the brain stem or cortical regions.

Immunocytochemistry
In the fetuses at stages E50, E70, and E85, cGnRH-II-pos-

itive cells were seen in the basal region of the posterior
hypothalamus, median eminence, pituitary stalk, and peri¬
aqueductal regions in the midbrain (Fig. 8, A, C, D, F, G, and
H), and cGnRH-II-positive fibers were observed in the basal
hypothalamus and pituitary stalk (Fig. 8, A and C). In the
adult brain stem, cGnRH-II-positive cells were distributed in
the periaqueductal regions (Fig. 8,1 and J). cGnRH-II-positive
cells were found in the periventricular region of the posterior
hypothalamus in the E34 fetus (not shown). Generally,

cGnRH-II-positive cells (~17 X 10 p.m) were round in shape
and smaller in size (Fig. 8, A, C, F, G, and H) than mGnRH-
positive cells (~22 X 10 /im), which had a fusiform shape
(Fig. 8B). However, in the adult midbrain there were some
large cGnRH-II cells (Fig. 8,1 and J). Although thick neurites
were commonly observed for mGnRH-positive cells (Fig.
8B), generally cGnRH-II positive cells possessed fine short
neurites (Fig. 8, A, C, and I).

Absorption tests indicated that tissues exposed to anti¬
serum 675, which had been pretreated with cGnRH-II pep¬
tide (2 ixg/ml for 24 h), had no immunostained cells (Fig. 8E).
However, if the tissues were exposed to antiserum Adams-
100, which had been pretreated with the cGnRH-II peptide
(5- 200 p.g/ml for 24 h), cGnRH-II-positive cells were still
present (not shown). Preabsorption of both antisera 675 and
Adams-100 with mGnRH did not alter the immunoreactivity.

Physiology
The iv administration of cGnRH-II (50 ng/kg BW) to rhe¬

sus macaques during the luteal phase of the menstrual cycle
resulted in a marked increase (P < 0.01) in plasma LH con¬
centrations, which was sustained (P < 0.05) for at least 40 min
(Fig. 9). In contrast, the same dose of cGnRH-II failed to
induce a significant increase (P > 0.05) in LH during the
midfollicular phase of the cycle. This finding is similar to that
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Fie. 9. Effect of iv administration of cGnRH-TI (at time 7.prn) on

plasma LH concentrations in adult female rhesus macaques. Serial
blood samples were collected from each animal during either the
midfollleular or luteal phase Of the menstrual cycle (tower and upper
panels, respectively). A significant Lift increase was detected 10 mm
after administration ofcGnRH-TT (50 ng/VgPW; solid symbols) during
the luteal phase (P < 0.01), but npt during the midfollicular phase
(.P > 0.05); in the latter case, however, a higher dose of cGnRH-II (2
pg/kg BW; open symbols) resulted in a significantly greater increase
(P < 0.05). Each point repi eseiils the mean LH concentration from six
animals, and the £EMg arc shown as vertical lines.

previously reported for differential effects of mGnRH on LH
during the macaque's menstrual cycle (19). A higher dose of
cGnRII-II (2 /tig/'kg BW) during lite midfollicular phase re¬
sulted in a liighei plasma LII concentration (P < 0.05) than
that after administration of 50 ng/'kg BW, although the LH
levels were still significantly lower Lhatt those induced by 50
ng/kg BW cGnRII-II duiing the luteal phase (P < 0.01).

Discussion

This is the first report that a second form of GnRH, with
characteristics of cGnRH-II, is present within the primate
brain. The HPLC elution position as well as cross-reactivity
with specific cGnRH-II antiserum in RIA and immunocyto-
chemistry suggest that the primate brain contains both
mGnRH and a cGnRH-II-like molecule.

cGnRH-II is conserved from jawed fish to primates
The cGnRH-II form has been conserved in a variety of

vertebrates, from the first jawed fish to primitive placental
mammals. The primary structure for cGnRH-II has been

obtained from chicken, alligator, frog, sea bream, tilapia,
pacu, catfish, herring, dogfish, and ratfish (1, 2). In addi¬
tion, the sequence of the complementary DNA that en¬
codes cGnRH-II is reported for several fish (21-23) and the
tree shrew (11). The only exception for jawed vertebrates
to date is rodents; brain extracts from rats, hamsters, and
guinea pigs did not have detectable cGnRH-II in our
HPLC-RIA analysis (Lescheid, D. W., unpublished data).
ThuG, the evidence confirms the presence of cCnRH II in
representative members of the major vertebrate taxa, cx
cept for jawless fish (17, 24) and possibly rodents Isolation
of the cGnRH-II peptide from monkey brains and deter¬
mination of the primary structure require more tissue than
is available.

The combination of cGnRH-II and mGnRH in the brain of
one species is not unique to primates, but has been detected
for a variety of vertebrates. For example, mGnRH-like and
cCnRH II like immunoreactivity in the brain has been shown
in primitive bony fish, such as sturgeon (25,26), reedfish, and
alligator gar (27); teleosts, such as eels (28); tetrapod ances¬
tors, such as lungfish (29); amphibians, such as Xcnopus (30)
and ranid frogs (31, 32); and primitive placental mammals,
such as the musk shrew (10).

cGnRH-II neurons in primates are conserved in location
We have shown also, through HPLC with RIA, that

cGnRH-II-like and mGnRH-like immunoreactivity exist
throughout the brain of stumptail and rhesus monkeys.
Thus, primates are like other vertebrates in that cCnRH II is
distributed throughout the brain due to the wide distribution
of axons. Furthermore, through immunocytochemictry we
have shown that there are some cGnRH-II-like immuno-

positivc cells and fibers in the basal hypothalamus, in close
proximity to the hypophysial portal system. However, the
relative scarcity of cGnRH II like immunopositivc cells and
fibers in the basal hypothalamus compared with mCnRH
immunopositivc colic suggests that mCnRH functions as the
primary gonadotropin releaser.

It is surprising that cGnRH-II has not been detected
previously in vertebrates such as sheep and humans (33).
Differences in methodology, such as specificity and sen
sitivity of cCnRH II antiscra or use of primate whole brain
rather than just diencephalon, may have contributed to the
detection of this form. Alternatively, cGnRH-II may have
a relatively small window of maximal expression, and
therefore, the timing of tissue collection may be crucial in
its detection. Another technical problem is that our two
cGnRH-II-specific antisera stained cells in the midbrain,
but one (Adams-100) was not blocked by the cGnRH-II
peptide, whereas the other (antiserum 675) was blocked.
Specific cGnRH-II staining by antiserum 675 for the hy
pothalamus, pituitary stalk, and midbrain is shown in Fig.
8, A, C, D, E, I, and J.

The present study suggests that the GnRH systems in
primates are not dissimilar from those in other vertebrates;
i.e. there is 1) an anterior system of neurons that express one
GnRH form (e.g. mGnRH, sGnRH, cfGnRH, sbGnRH, or
cGnRH-I) with fibers projecting to the pituitary or median
eminence for LH and FSH release, and 2) a posterior system



5628 A SECOND GnRH IN PRIMATE BRAIN Endo • 1997
Vol 138 • No 12

of neurons that express cGnRH-II, with fibers projecting
throughout the brain, including the hindbrain, posterior pi¬
tuitary, and spinal cord. In the musk shrew, cGnRH-II neu¬
rons are localized in a discrete cluster within the midbrain.
Most of the fibers appear to end in the medial habenula
region, but some are widely scattered in the forebrain as well
as in the median eminence, arcuate nucleus, and infundib
ular stem (11). In contrast, mGnRH is found primarily in the
forebrain (10).

cGnRH II is expressed early in development in primates
In the present study, cGnRH-II was detected as early as

E125 by specific antisera with HPLC and as early as E34 by
immunocytochemistry. There was insufficient material from
the E72-E77 brains for testing with Adams-100 or 7CR-10
antisera. This timing of the origin of cGnRH-II-like cells is as
early as that of the two populations of anterior mGnRH cells
that migrate from the olfactory placode into the telenceph¬
alon and diencephalon in rhesus monkeys (18). The earliest
migrating cello containing CnRH were detected in the to
lencephalon of the rhesus monkey as early as E30; GnRH in
these cells is detected only by GF-6. A recent preliminary
otudy indicates that thece cello contain fragmentc of CnRH
(34). These neurons ultimately settled in extrahypothalamic
regions, such as thp lateral septum, stria terminalis, amyg¬
dala, internal capculc, and clauotrum. The second type of
cello containing mCnRH were detected by oeveral anticera,
including GF-6; these cells originated at E32-36 and migrated
into the forebrain at E38-42, about 1-2 weeks after the first
type of cells. These late-migrating mGnRH neurons settle in
the medial septum, preoptic area, and medial basal hypo¬
thalamus. It is clear that neither of these forebrain cells, which
originate in the olfactory placode, contain cCnRH II. At
present, the origin of midbrain cells containing cGnRH-II is
unknown. One possibility is that the cGnRH-II neurons orig¬
inate in the ventricular wall of the posterior hypothalamus
and the midhindbrain area, and migrate only a short
distance.

The function of cGnRH II in all vertebrates remains an

enigma
The fact that cGnRH-II has been conserved in species sep¬

arated by a long time in evolution suggests that it may have
important functional significance. We have shown that a low
dosp of synthetic cGnRH-TI stimulated LH release in adult
rhcouo monkeys when adminiotcred during the midluteal
phaoc. There wao no significant incrcacc in plaoma LH when
the injection took place during the midfollicular phase, un¬
less a high dose (40-fold) of cGnRH-II was used. This ob¬
servation ic, however, not different from the recultc with
mGnRH. Administration of mGnRH at the same dose to the
same monkeys showed a differential pattern of LH release
between the luteal phaoc and the midfollicular phaoe of the
menstrual cycle (19).

These data accord with high binding affinity of cGnRH-II
for the GnRH receptor in humans (35) as well as in nonpri-
mate mammals. Other otudico also chow that cCnRH II is
effective in releasing LH, FSH, or gonadotropins (1,5,36-38),
but it is not clear whether the fibers containing cGnRH-II

reach the portal vessels or pituitary in all vertebrates. Hence,
cGnRH-II may have a different physiological function. In¬
deed, cGnRH-II administered to chickens was effective in
releasing LH and FSH, but blockage of the peptide with
anticera in vivo did not alter the reproductive eyrie (36). The
location of cGnRH-II in the midhindbrain is one of the few
clues about its possible functions. Despite these studies
showing that more than one form of GnRH can stimulate
gonadotropin release from the mammalian pituitary,
mGnRH is usually more effective (1, 5, 38, 39). A unique
cGnRH-TI receptor has not been isolated and sequenced in
any vertebrate to date; the possibility remains that a single
receptor type may exist that binds both mGnRH and cGnRH-
II. King et al. (40) have presented evidence that a single
receptor type binds both cGnRH-I and cGnRH-II in chicken
pituitaries.

The presence of a few cGnRH-II neurons in the basal
hypothalamus of the rhesus monkey suggests that cGnRH-II
might play a minor hypophysiotropic role, aiding in the
stimulus of LH synthesis and/or release during certain de¬
velopmental periods or reproductive states. Alternatively,
the presence of cGnRH-II in this brain area might not affect
LH or FSH release, but may function in the control of re¬
productive behavior (5). Other vertebrate studies suggest
that cGnKH-11 is a neuromodulator. This hypothesis is
Strengthened by evidence that cGnRH-II binds lo high af¬
finity sites in bullfrog sympathetic ganglia membranes, re¬
sulting in altered potassium currents (41) or m late, slow
postsynaptic excitatory potentials (42,43). Behavioral studies
show that injection of GnRH into the midbrain resulted in
enhanced lordosis and female receptivity in rats (44-47) and
turtle doves. Intraperitoneal injection of cGnRH-II inlo a
reptile, Igucuw iguana, altered plasma steroid levels and fe¬
male sexual receptivity (48). Furthermore, lrGnKH cells in
the midbrain of the sting ray, Urolophus halleri, project to
motor neurons associated with the clasper appendage that is
involved in mating behavior (49).

The question of the presence of multiple forms of GnRH
within the vertebrate brain is important for our understand¬
ing of the control of reproductive physiology and behavior,
t he discovery of a cGnRH-II-like substance in the brain of
adult and fetal monkeys suggests that an anterior and pos¬
terior GnRH system exists within the brains of recently di¬
verged vertebrates, possibly even in humans. Each of the
multiple forms of GnRH may be involved in the control of
reproductive physiology and behavior, or some of the GnRH
forms maj' have a function, unrelated to reproduction.
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Abstract

The distribution of V-methyl-D-aspartate (NMDA) and ct-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) glutamate
receptor subunits was examined in the hippocampus and temporal cortex of adult ovariectomized female rhesus macaques, some of which
received estradiol replacement. In situ hybridization revealed a generalized overlap of NR1, GluRl, and GluR2 subunit mRNAs, but no
effect due to estradiol treatment. However, regional differences in expression were noted for each subunit. © 1998 Elsevier Science B.V.

Keywords: In situ hybridization; NMDA; AMPA

Recently, accumulating evidence suggests that estro¬
gens may influence hippocampal function through the
regulation of glutamate receptors. For example, treatment
of ovariectomized rats with estradiol increases ligand bind¬
ing to N-metliyl-D-aspartate (NMDA) receptors in the CA1
region of the hippocampus [17]. This paradigm also in¬
creases CA1 neuronal dendritic spine density [4,20], an
effect blocked by co-administration of the NMDA receptor
antagonist, MK801 [21], An estradiol-induced increase of
dendritic spines has also been demonstrated in vitro in
dispersed hippocampal cell cultures [10]. In addition, the
estradiol-induction of CA1 dendritic spine density was
shown to be accompanied by increased sensitivity of the
CA1 pyramidal cells to NMDA receptor-mediated synaptic
input [22], Thus, estradiol can influence the functional
morphology of the CA1 pyramidal neurons by modulation
of NMDA receptors.

Since it was unknown if estradiol exerts similar effects
in the non-human primate, the current study examined
glutamate receptor levels in the rhesus macaque. In situ
hybridization was performed to allow a subregional analy¬
sis of the distribution pattern of glutamate receptor sub-
units. Regulation of the NMDA receptor was monitored by
examination of the NR1 subunit, which is obligatory for
the functional NMDA receptor complex [6]. In addition,

Corresponding author. Fax: + 1 (503) 690-5384.

the expression of mRNAs encoding the AMPA receptor
subunits, GluRl and GluR2, which do not appear to
mediate long-term estradiol effects in the hippocampus
[19], was examined to corroborate the specificity of regula¬
tion.

This study was approved by the Animal Care and Use
Committee of the Oregon Regional Primate Research Cen¬
ter and involved the use of 10 adult (7-14 years old),
ovariectomized female rhesus macaque monkeys (Macaca
mulatto). All of the animals were bilaterally ovariec¬
tomized and implanted subcutaneously with either empty
(controls) or crystalline estradiol- 17(3-filled elastomer cap¬
sules for 28 days (n = 5/group). Tissue was processed
and prepared for in situ hybridization, as previously de¬
scribed [2,7,8]. Anti-sense 35S-labeled rat cRNA probes to
the receptor subunits (reviewed in [6]) used in the current
study were previously validated on perfusion-fixed rhesus
macaque tissue [2],

Both negative (RNaseA pretreatment and sense strand
hybridization) and positive (cerebellum tissue [2]) controls
yielded expected results. In addition, the reversibility of
hybridization was tested by increasing the temperature
stringency of the final post-hybridization wash for differ¬
ent sections. As expected, all hybridization signal was lost
when sections were washed at > 90°C (data not shown).

For quantitation, exposed film autoradiographs were
uniformly illuminated using a Northern Light fluorescent
light box (Imaging Research, St. Catharines, Ontario,

0169-328X/98/$ 19.00 © 1998 Elsevier Science B.V. All rights reserved.
PII S0169-328X(97)00282-9
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Canada), then videocaptured using a Sony Model XC-77
2CD camera (Sony Corp. of America, Cypress, CA) with
in attached 50 mm macrolens. The image was digitized
ising a Data Translation frame grabber (Marlboro, MA)
nstalled in a Macintosh Power PC computer and the
inalysis was performed using the NIH Image software
>ackage. Care was taken to ensure that the films were not
>verexposed so as to maintain the hybridization signal in
he linear response range of the film. Specific regions of
nterest were defined using the freehand outlining tool;
nean optical density was measured and values were cor-
ected for background.

The distributions of NR1, GluRl and GluR2 receptor
ubunit mRNAs are shown in Fig. 1. A Nissl-stained
ection in which the subregions have been labelled is also
ncluded for reference. Qualitatively, the distribution of the
TRl subunit mRNA was ubiquitous throughout the gray
natter of the hippocampus and cortex. Although structures
n the hippocampus proper and adjoining cortices ex¬

pressed high levels of NR1 mRNA, there appeared to be
some variability in levels of expression in specific subre¬
gions.

Examination of the distribution of the GluRl mRNA

(Fig. 1) revealed higher levels of expression in the hip¬
pocampus versus the adjacent presubiculum and cortex. In
addition, distinctly lower levels of GluRl mRNA were

apparent in intermediate cortical layers, a finding that was
previously described using immunohistochemical proce¬
dures [8]. GluR2 mRNA, on the other hand, had a more

homogenous anatomical distribution, but still showed sub-
regional variation in the level of expression.

Analysis of the influence of estradiol on NR1, GluRl
and GluR2 mRNA expression in the hippocampus and
temporal cortex revealed no significant effect of steroid
replacement (Fig. 2). However, there were subregional
differences between the levels of expression for all subunit
mRNAs examined (P < 0.001, ANOVA). As analyzed by
Student-Newman-Keuls multiple range test (SNK), NR1

;ig. 1. Distribution patterns for NR1, GluRl and GluR2 mRNAs in the macaque temporal cortex and hippocampus. A Nissl-stained section is also
resented for anatomical reference. The distribution of NR1 and GluR2 mRNA was similar, whereas GluRl mRNA expression was higher in the
ippocampus than in the cortex. Lower levels of GluRl mRNA were also observed in intermediate cortical layers (arrow). The size scale for all sections is
re same as shown in the GluR2 panel.
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NR1

den ' CA4 ' CA3 ' CA1 ' pro pre ' ent 1 temp

GluR1
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d,e

ri.rjj1.ri.il,
den CA4 CA3 CA1 pro pre ent-a ent-b temp-a temp-b

GluR2

iMi
den CA4 CA3 CA1 pro pre ent temp

Fig. 2. Levels of glutamate receptor subunit mRNA in the temporal cortex and hippocampus of ovariectomized macaques. Regional difference
(P < 0.001, ANOVA) were noted for all of the subunits. Significant pairwise differences between regions (SNK, P < 0.05) are denoted by different letter;
whereas non-significant differences are represented by the same letter. No treatment effect was observed for any receptor subunit. den, dentate gyrus; pre

prosubiculum; pre, presubiculum/subiculum; ent, entorhinal cortex; ent-a, apical entorhinal cortex layers; ent-b, basal entorhinal cortex layers; temf
temporal cortex; temp-a, apical temporal cortex layers; temp-b, basal temporal cortex layers. Open bars represent ovariectomized controls, and solid bat
show ovariectomized animals treated with estradiol.

expression was highest in the dentate and CA3, overlap¬
ping to some extent with the presubiculum and entorhinal
and temporal cortices, and lowest in the CA1, CA4 and
prosubiculum (P < 0.05 for all significant differences).

Because of the obvious layering of GluRl mRNA in the
cortex, separate measurements were made of the mRNA
levels in the apical and basal layers (Fig. 2). Comparisons
of all regions revealed a clear gradient of expression with
the dentate > CA3 > CA1 and CA4 > prosubiculum >
basal entorhinal cortex > presubiculum, apical entorhinal
cortex, basal temporal cortex > apical temporal cortex (P
< 0.05 for all significant differences). The regional differ¬
ences of GluR2 mRNA expression revealed the dentate to
possess the highest levels, followed by the presubiculum,
CA3, and CA1. The CA4, prosubiculum, entorhinal cortex

and temporal cortex had lower and overlapping levels o

expression (Fig. 2).
The distribution of NR1 mRNA agrees well with prio

reports of NR1 immunoreactivity in the rhesus macaqu
[5,8,13,14], In contrast, the distribution pattern of th
GluRl mRNA subunit, to the best of our knowledge, ha
not been previously described in the rhesus hippocampu
or temporal cortex. However, this distribution pattern i
similar to immunocytochemical descriptions as previous!
reported by this laboratory [8], In contrast to GluRl, th
distribution of the GluR2 subunit mRNA was more ubiqui
tous. This finding was also consistent with prior immuno
histochemical studies that used antibodies specific to eithe
the GluR2/3 [8,11] or GluR2/4 subunits [5,14].

Despite reports of an estradiol-dependent increase in th
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levels of NMDA receptor binding in the rat CA1 [17], the
current study found no influence on NR1 mRNA levels in
the rhesus macaques. Preliminary studies, where estradiol
treated monkeys were also supplemented with proges¬
terone, also showed no regulation of NR1 mRNA (unpub¬
lished results). A similar lack of estradiol and progesterone
effects on NR1 mRNA levels in the CA1 region of
ovariectomized rats has been reported [3]. However, the
latter study, utilizing confocal microscopy, described an
increase in NR1 protein levels in the CA1 after treatment
with estradiol. These studies suggest that the estradiol-de-
pendent effects on NMDA receptors in CA1 pyramidal
cells occur independently of transcriptional changes.

Of relevance is the observation that estrogen receptors
(ER) have been observed in various areas of the hippocam¬
pus and adjoining entorhinal cortex [12]. Autoradiographs
of [3H]estradiol uptake in male and female rats have
shown that the entorhinal cortex is the most enriched area,

followed by the dentate hilus, subiculum, deep in the CA1
and very few labelled cells in the CA3 [9], In situ hy¬
bridization studies reported low to moderate levels of ER
mRNA in the rat ventral subiculum and presubiculum,
with a few very lightly labelled cells in the CA1-CA3 and
polymorphic neurons of the dentate gyrus [15]. Immuno-
histochemical studies have shown labelling in interneurons
of the dentate polymorphic region and CA1 radiatum [18].
Thus, it appears that low levels of ER are found in various
hippocampai regions, but not necessarily in CAi neurons
themselves.

The effect of estradiol on CAI neurons may be medi¬
ated indirectly by afferent inputs from steroid-sensitive
cells in the entorhinal cortex or cholinergic neurons [16].
Inconsistent with the latter case, however, is the finding
that scopolamine-induced blockade of muscarinic inputs
did not inhibit the estradiol-induced increase of dendritic

spines in the CAI of ovariectomized rats [21]. It is cer¬

tainly possible that other projections to the CAI region
from other ER containing areas, such as the amygdala,
may also be important [1]. Additionally, direct stimulation
of CAI neurons by short-term exposure to estradiol has
been demonstrated, where afferent stimulation led to in
creases in excitatory postsynaptic potential amplitudes [19],
These effects, however, were mediated by non-NMDA
glutamatergic receptors and occurred within a much faster
time frame.

In summary, the effect of chronic estradiol on the rat
CAI pyramidal neurons is likely to be mediated by inputs
from steroid-sensitive neurons, intrinsic or extrinsic to the
hippocampus, or possibly both. In terms of the non-human
primate, little is known about the distribution of ERs in the
entorhinal cortex and hippocampus. However, the lack of
an estradiol effect on the levels of NR1 subunit mRNA is
consistent with the data from the rat and points to post-
transcriptional control of receptor subunits. Understanding
the role that gonadal steroids play in mechanisms underly¬
ing basic structure-function relationships in the limbic

system will further elucidate the complex interaction of
hormones on the central nervous system. In addition, the
offoct of gonadal steroids may prove to be important for
modulating some of the complex behavioral functions
associated with the amygdala and hippocampus.
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ABSTRACT
To help elucidate the physiological role of leptin during somatic and

sexual maturation, circulating concentrations of leptin were mea¬
sured in 36 male rhesus monkeys of ages ranging from 0-20 yr. The
body weight of these animals showed a steady increase of —1 kg/yr
during the first decade of life and reached a plateau at approximately
13 yr. In contrast, serum leptin concentrations showed a biphasic
developmental pattern, which was highlighted by a strong negative
correlation with body weight (r = -0.74, P < 0.001) before the onset
of puberty (at —3.5 yr) and by a strong positive correlation afterward
(r = 0.77, P < 0.001). Overall, the developmental changes in serum
leptin concentrations closely mimicked the expected developmental
changes in serum testosterone concentrations (r = 0.62, P < 0.001),
which were highly elevated at birth, fell to basal levels during the

juvenile phase of development, and gradually rose again after the
initiation of puberty. However, mean serum leptin concentrations
during the peripubertal period itself (3-5 yr) were significantly lower
(P < 0.01) than those observed during the first year of fife or those
observed in fully mature adults (i.e. >7 yr) (3.5 ± 0.3, 1.4 ± 0.2, and
3.3 ± 0.6 ng/ml, respectively). These data demonstrate that the role
of leptin in energy homeostasis of primates is more than a simple
linear relationship, being highly dependent upon the developmental
age. Furthermore, the data do not support the hypothesis that leptin
plays a major role in triggering the onset of puberty in primates,
although the strong correlation between serum concentrations of lep¬
tin and testosterone suggests that the secretion of these two hormones
may be causally linked. (Endocrinology 139: 2284-2286, 1998)

LEPTIN, a protein product of the obese (ob) gene, isthought to help regulate body weight by informing the
feeding behavior centers of the brain about the state of the
adipose tissue mass (1-4). Circulating concentrations of lep¬
tin are correlated with body mass index, both in rodents and
adult humans, and show a decrease in association with
weight loss due to feed restriction (5). Although leptin con¬
centrations have not been studied extensively in children, it
has recently been reported that just before the onset of pu¬
berty in boys there is a surge in serum leptin concentrations
(6), which may act as a physiological trigger. In support of
this hypothesis is the finding that administration of leptin
can restore fertility in ob/ob mice and precociously activate
ovarian development in normal prepubertal female mice
(7-9). In contrast, recent studies in the male rhesus macaque
have failed to detect any increase in circulating leptin con¬
centrations during the prepubertal period (10). To help elu¬
cidate the physiological role of leptin during somatic and
sexual maturation in the primate, we examined the circu¬
lating leptin concentrations of 36 male rhesus monkeys at key
stages of postnatal development and related them to body
weight and circulating concentrations of testosterone.

Materials and Methods
Animals

Body weight measurements and single venous blood samples were
collected from male rhesus macaques, aged 0-20 yr. These animals
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Address all correspondence and requests for reprints to: Henryk F.

Urbanski, Division of Neuroscience, Oregon Regional Primate Research
Center, 505 Northwest 185th Avenue, Beaverton, Oregon 97006. E-mail:
urbanski@ohsu.edu.

* This work was supported by NIH Grants HD-29186, HD-18185,
HD-16631, and RR-00163.

belonged to the Oregon Regional Primate Research Center's Tissue
Distribution Program and were maintained in accordance with the NIH
Guide for the Care and Use of Laboratory Animals. Before sample
collection they were housed under controlled lighting (12 h of light and
12 h of darkness per day) and temperature (23 ± 2 C). All of the weaned
animals were fed a diet of Purina monkey chow and fresh fruit, and
drinking water was provided ad libitum.

Hormone assays

All of the blood samples were collected in the morning, and the serum
was stored frozen. Leptin was measured using a primate leptin RIA kit
(Linco Research, Inc., St. Charles, MO); this uses a rabbit antiprimate
leptin antibody and recombinant human leptin for the standards and
tracer. The minimum detectable concentration at 95% binding was 0.7
ng/ml, and the intraassay coefficient of variation was 6%; all of the
serum samples were assayed together in a single RIA. Serum testoster¬
one was measured by RIA as previously described (11).

Statistics

Pearson's correlation was used to analyze the relationship between
the serum concentration of leptin and body weight and the serum
concentrations of leptin and testosterone. Differences between mean
hormone concentrations were analyzed by ANOVA followed by the
Newman-Keuls test.

Results

Body weight showed a steady increase (~1 kg/yr) well
into the second decade of life (Fig. 1, upper panel), whereas
serum concentrations of testosterone showed the character¬
istic triphasic primate developmental pattern (Fig. 1, middle
panel); testosterone concentrations were elevated at birth, fell
sharply during the latter half of the first year, and then
remained at basal levels until the initiation of puberty, at
—3.5 yr. The developmental pattern of serum leptin concen¬
trations was essentially similar to that of testosterone, being
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Fig. 1. Developmental changes in body weight and serum concen¬
trations of testosterone and leptin in male rhesus macaques. Each
point represents a measurement from a single animal. Note the el¬
evated concentrations of testosterone and leptin during the infantile
period (< 1 yr), which then declined and remained at basal levels until
after the initiation of puberty, at ~3.5 yr (the arrow in each panel
indicates the stage of development at which testicular width showed
a sudden increase from <9 mm to >16 mm). Despite these marked
endocrine alterations, body weight rose steadily throughout postnatal
development (top panel).

highlighted by a steady decrease from birth until the onset
of puberty and then by a steady increase starting at —5-6 yr
(Fig. 1, lower panel). Although mean serum leptin concentra¬
tions appeared to show a transitory peak during the peripu-
bertal period (3-5 yr), this was not significant. Moreover,
mean (± sem) serum leptin concentrations at this time were
significantly lower (P < 0.01) than those observed in the very
young animals (<1 yr) or in the fully mature adults (>7 yr)
(i.e. 3.5 ± 0.3, 1.4 ± 0.2, and 3.3 ± 0.6 ng/ml, respectively).
Overall, the concentration of serum leptin showed a signif¬
icant correlation with that of serum testosterone (r = 0.62, P <
0.001), even in the adults (Fig. 2). In contrast, the relationship
between the concentration of serum leptin and body weight
was clearly biphasic (Fig. 3). In the prepubertal animals,
which had a body weight of <5 kg, the correlation was
strongly negative (r = —0.74, P < 0.001) whereas in adults the
correlation was strongly positive (r = 0.77, P < 0.001).
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Fig. 2. Correlation between serum leptin and serum testosterone
concentrations in male rhesus macaques, aged 0-14 yr (r = 0.57, P <
0.001). Each point represents a measurement from a single animal.

E
TO

Q.
G>

4 6 8 10 12

Body weight (kg)
Fig. 3. Relationship between serum leptin concentrations and body
weight in male rhesus macaques, aged 0-14 yr. Eachpoint represents
a measurement from a single animal. Note the biphasic relationship,
which shows a strong negative correlation (r = -0.74, P < 0.001) in
the prepubertal animals {i.e. <5 kg body weight) and a strong positive
correlation (r = 0.71, P < 0.001) in the adults.

Discussion

The circulating concentrations of leptin detected in this
study agree closely with those previously reported (10,12,
13) for peripubertal and for lean adult male rhesus macaques
(i.e. 1.6-2.4 and —6 ng/ml, respectively). Similar concentra¬
tions (7.2 ng/ml) have also been observed in some obese
adult males, whereas in others the concentrations were mark¬
edly higher (35.3 ng/ml) (13). Although the oldest animals
used in the present study were clearly not obese, the high
variability in their serum leptin concentrations most likely
stems from individual variation in body fat content.

The novel aspect of the present study, however, is that
circulating leptin concentrations were examined across the
entire postnatal phase of development (i.e. from the day of
birth well into adult life). Consequently, it has been possible
to disclose that the developmental changes in serum leptin
closely mimic the well established developmental changes in
serum testosterone (14). In both cases, the circulating con¬
centrations of these hormones were found to be highly ele¬
vated at birth. Serum testosterone concentrations then de¬
clined sharply toward the end of the first year followed by
a more gradual decline in serum leptin concentrations. By the
time the animals become juveniles, both serum testosterone
and leptin concentrations reached a nadir and both subse¬
quently rose again during the transition to adulthood.
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Recent studies in boys have demonstrated that the onset
of puberty is associated with a transitory increase in circu¬
lating leptin concentrations (6), suggesting that leptin might
play an important role in triggering the development of the
reproductive axis. On the other hand, it has also been re¬
ported that an increase in circulating leptin concentrations
does not occur in male rhesus macaques from 26 weeks
before, to 9 weeks after, the pubertal increase in testosterone
secretion (10). The present results are in agreement with the
latter observation, in that no obvious peak in serum leptin
concentrations was detected in male rhesus monkeys during
the peripubertal period (i.e. 3.5-5 yr). Indeed, serum leptin
concentrations at this time were significantly (P < 0.01) lower
than those observed in the very young animals (<1 year) and
also in the fully mature adults. Although it is possible that
a significant peripubertal peak in serum leptin concentra¬
tions was missed because of an inadequate group size at
critical time points (i.e. a limitation of the cross-sectional
design of the study), the data clearly suggest that a major
increase in serum leptin concentrations does not occur until
well after the testes have started their pubertal growth (—3.5
yr) and after the daytime serum concentrations of testoster¬
one have already begun to increase. Taken together, the data
from male rhesus macaques do not support the hypothesis
that leptin plays a critical role in the onset of primate puberty,
although it is plausible that leptin plays a permissive role, as
has been suggested for the female rat (7).

A significant finding from the present results is that body
weight showed a steady increase throughout the first decade
of life, but in marked contrast, serum concentrations of leptin
showed a biphasic developmental pattern. These concentra¬
tions were elevated both in the neonatal/infantile animals as
well as in the adults, although not as highly as has previously
been observed in some obese adult animals (13). The strong
negative correlation between serum leptin concentrations
and body weight before puberty makes physiological sense,
particularly during the peripubertal period when the attain¬
ment of a critical body weight is important for maturation of
the reproductive axis. The strong positive correlation be¬
tween serum leptin concentrations and body weight after
puberty is likely to reflect a more stable homeostatic rela¬
tionship between adipocytes and the appetite control centers
of the central nervous system.

The source of the prepubertal leptin, especially during the
first year of life, remains to be elucidated. However, it has
recently been shown in hamsters that both white and brown
adipose tissue contains messenger RNA (mRNA) coding for
leptin (15). Therefore, although brown adipose tissue is gen¬
erally associated with thermogenesis rather than energy stor¬
age (16), it is plausible that the brown adipose tissue ob¬
served in primates during early postnatal development (17)
contributes significantly to the circulating concentrations of
leptin before puberty.

The strong positive correlation between circulating con¬
centrations of leptin and testosterone that occurred through¬
out postnatal development begs the question of whether the
secretion of these two hormones is causally related. In rhesus
macaques, the pubertal increase in serum testosterone con¬

centrations does not appear to be preceded by a significant
increase in serum leptin concentrations (10). Therefore, it is
unlikely that leptin plays a direct role in modulating the
secretion of gonadal steroids. On the other hand, it is plau¬
sible that gonadal steroids exert some influence on the se¬
cretion of leptin. Although this hypothesis has not been
tested specifically it is interesting that the developmental
changes in serum leptin concentrations were apparently pre¬
ceded by changes in testosterone (this study). In addition, the
low circulating leptin concentrations of peripubertal male
rhesus macaques appeared to be even lower in animals that
had previously been orchidectomized (10).

Taken together, these data emphasize that the physiolog¬
ical role of leptin in regulating body weight and sexual mat¬
uration in primates is more complicated than previously
demonstrated and that the relationship between circulating
leptin concentrations and body weight changes radically as
animals make the transition from the prepubertal to post-
pubertal phase of somatic maturation.
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Abstract

Glutamic acid decarboxylase (GAD) is the rate-limiting enzyme in the -y-aminobutyric acid (GABA) biosynthetic pathway, and is
coded for by two mRNAs, GAD65 and GAD67. Using in situ hybridization, we examine the distribution pattern of both GAD mRNAs in
the hypothalamus and thalamus of prepubertal and adult male rhesus macaques. Qualitatively, GAD65 and GAD67 mRNAs showed a
similar wide, but highly specific distribution pattern, supporting the view that GABAergic neurons play an important role in modulating
neuroendocrine function. However, no quantitative difference in the intensity of hybridization signal was detected between prepubertal
and adult animals in any of the hypothalamic or thalamic nuclei. Therefore, although GABAergic neurons are anatomically well-placed to
control the secretion of gonadotropin-releasing hormone (GnRH) in primates, it is unlikely that the onset of puberty and the associated
increase in GnRH secretion is triggered by a change in GAD gene transcription. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: -y-Aminobutyric acid; Gonadotropin-releasing hormone; In situ hybridization

1. Introduction

The onset of puberty in mammals is characterized by an
elevation in the circulating concentrations of luteinizing
hormone (LH) and follicle-stimulating hormone (FSH).
These two gonadotropins are primarily under the control of
a hypothalamic neuropeptide, gonadotropin-releasing hor¬
mone (GnRH), which is secreted episodically into the
hypothalamo-hypophyseal portal blood vessels. As ex¬
pected, the pattern of GnRH secretion shows a marked
alteration immediately preceding the onset of puberty, but
the neuroendocrine mechanism triggering this modulation
is unknown [1,9,16,22,23,26,40]. One possibility is that the
onset of puberty ultimately stems from a developmental
increase in excitatory inputs to the GnRH neurons. Alter¬
natively, though not mutually exclusive, is the possibility
that the onset of puberty is triggered by a decrease in
inhibitory inputs. In support of the former hypothesis are
numerous studies showing that maturation of the neuroen¬
docrine reproductive axis can be precociously activated by

Corresponding author. Fax: + 1-503-690-5384; E-mail:
urbanski@ohsu.edu

the administration of excitatory amino acids such as N-
methyl-D-aspartate (NMDA) [3,4,23,27,38,39,44]. In sup¬
port of the latter hypothesis are numerous studies showing
that -y-aminobutyric acid (GABA), a major neurotrans¬
mitter in the hypothalamus [6], can suppress GnRH secre¬
tion and, more importantly, that pharmacological blockade
of GABAa receptors can induce a rapid and sustained
increase in GnRH secretion in prepubertal, but not in
pubertal rhesus macaques [14,19,26,35]. Furthermore, it
has been shown that the infusion of antisense deoxy-
oligonucleotides to glutamic acid decarboxylase (GAD)
into the stalk-median eminence of prepubertal rhesus
macaques can induce a marked and prompt increase in
GnRH secretion [20], suggesting that the onset of puberty
in primates might be triggered by a decrease in the expres¬
sion of genes that code for GAD (i.e., GAD65 and GAD67),
the rate-limiting enzyme in the synthesis of GABA from
glutamate [7,33]. Because the level of GAD mRNA in
neurons often correlates well with the level of GAD

activity at the nerve terminals [17,28], a significant de¬
crease in GAD gene expression might be expected to occur
immediately before the pubertal increase in GnRH secre¬
tion. GAD is known to be highly expressed in the hypo-

0169-328X/98/S19.00 © 1998 Elsevier Science B.V. All rights reserved.
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thalamus of both rodents [32-34] and primates [2], and
most of the GABAergic neurons of the hypothalamus
appear to be short-projecting interneurons [33]. Therefore,
if changes in GAD gene expression play a major role in
the pubertal modulation of GnRH secretion, then they
should be particularly conspicuous in those hypothalamic
regions, where GnRH neurons are located [31].

In the present study, we sought to test this hypothesis
by examining the detailed distribution pattern of mRNAs
coding for GAD65 and GAD67 in the hypothalamus of
prepubertal and adult male rhesus macaques. The results,
which have already been published in abstract form [41,43],
demonstrate that both forms of GAD mRNA are highly
expressed in specific nuclei of the hypothalamus. More
importantly, however, the results demonstrate that the in¬
tensity of GAD gene expression in these nuclei is quantita¬
tively similar before and after puberty. Therefore, although
these data confirm that GABAergic neurons are anatomi¬
cally well-placed in the hypothalamus to modulate GnRH
secretion, they do not support the hypothesis that a de¬
crease in GAD gene expression plays a key role in trigger¬
ing the onset of puberty in primates.

2. Materials and methods

2.1. Animals

This study was approved by the Institutional Animal
Care and Use Committee and involved the use of six male
rhesus macaques (Macaca mulatto), of which three were
prepubertal (~ 0.6 years old) and three were adults (■— 10
years old). The animals were cared for by the Oregon
Regional Primate Research Center in accordance with the
NIH Guide for the Care and Use of Laboratory Animals
and eventually were euthanized to provide a source of
brain tissue both for this and other related in vitro studies.
Prior to euthanasia, the animals were housed under a
12L:12D photoperiod (i.e., 12 h of light per day) and were
fed twice daily with Purina monkey chow; fresh fruit was
also provided daily and drinking water was made available
ad libitum.

2.2. Tissue preparation

The animals were deeply anesthetized using
ketamine/pentobarbital, according to procedures estab¬
lished by the Panel on Euthanasia of the American Veteri¬
nary Society. Their brains were fixed by perfusing 1 1 of
0.9% saline through the ascending aorta followed by 6.5 1
of ice-cold 4% paraformaldehyde in 3.8% sodium tetrabo¬
rate buffer (pH 9.5). Blocked brain tissue was then im¬
mersed in fresh fixative for an additional 3 h (at 4°C) and

cryoprotected, as previously described [8,13]. This in¬
volved immersion of the tissue for 24 h in a 10% glycerol
solution in 0.02 M phosphate buffer containing 2%

dimethyl sulfoxide (DMSO), followed by immersion for
72 h in a phosphate/DMSO solution containing 20%
glycerol. The tissue was then rapidly frozen in 2-methyl
butane that was pre-cooled in an ethanol/dry-ice bath, and
stored at — 85°C. Frozen coronal sections (25 /cm) were
cut subsequently using a sliding microtome, and were
mounted on glass microscope slides (Fisherbrand Super-
frost/Plus; Fisher, Auburn, WA). They were air-dried for
30 min, vacuum-dried overnight, and then stored at — 85°C
for later use.

2.3. In situ hybridization

In situ hybridization was performed following an estab¬
lished protocol for perfusion-fixed primate brains [8,42]
and involved the use of 35S-labelled antisense cRNA probes
to rat GAD65 and GAD67 [7], First, the brain sections were
post-fixed in 4% paraformaldehyde, 0.1 M phosphate
buffer, pH 7.4, for 15 min, rinsed in Tris-EDTA, and then
were treated with proteinase K (10 /u,g/ml) in Tris-EDTA
buffer (pH 8.0) for 30 min. Next, they were acetylated,
dehydrated with ethanol, dried under vacuum for 2 h, and
then hybridized overnight at 60°C with 25 pA of antisense
35S-labelled riboprobe diluted to 10 X 106 c.p.m./ml of
hybridization buffer (50 mM dithiothreitol, 250 /xg/ml
tRNA, 50% formamide, 0.3 M NaCl, 1 X Denhardt's solu¬
tion, 20 mM Tris (pH 8.0), 1 mM EDTA (pH 8.0), and
10% dextran sulfate). The post-hybridization step involved
washing off coverslips in 4 X saline-sodium citrate buffer
(SSC; the 20 X stock solution comprised 175.3 g sodium
chloride and 88.2 g sodium citrate per liter (pH 7.0))
containing 20 mM dithiothreitol. The sections were then
incubated in Tris-EDTA buffer (pH 8.0) containing RNase
A (10 /Ug/ml) for 30 min at 37°C, followed by two
30-min washes with 2 X SSC at room temperature, and a
final wash with 0.1 X SSC at 70°C. They were then dehy¬
drated using an ascending ethanol gradient, containing 0.3
M ammonium acetate, and air-dried for 30 min. To visual¬
ize the hybridization pattern, the sections were apposed to
Beta-max Hyperfilm, care being taken to avoid overexpo¬
sure of the autoradiographs (i.e., to maintain the hybridiza¬
tion signal in the linear response range of the film).

2.4. Data analysis

The autoradiographs were uniformly illuminated using a
Northern Light transilluminator (Imaging Research, On¬
tario, Canada) and video images were captured using a
Sony XC-77 CCD camera (Sony, Cypress, CA), which
was interfaced to an Apple Macintosh computer using a
DT-2255 frame grabber (Data Translation, Marlboro, MA).
The digitized images were subjected to slice density analy¬
sis using the NIH Image program. Specific regions of the
hypothalamus and thalamus were defined using the free¬
hand outlining tool; mean optical densities were measured
above a preset threshold, and the values were corrected for
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Fig. 2. Expression of GAD65 and GAD67 mRNAs in the hypothalamus of
prepubertal (open bars) and adult (solid bars) male rhesus macaques. The
mean O.D. of the hybridization signal was measured in different regions,
using several sections from each animal. The overall mean O.D. for each
region, from three animals, is represented by bars, and the S.E.M. are

depicted as vertical lines. Regional differences in the level of mRNA
expression were noted for both GAD65 and GAD67 (P < 0.01, ANOVA);
significant pair-wise differences between brain regions (P < 0.05, New-
man-Keuls) are indicated by different letters, whereas non-significant
differences are indicated by the same letter. No age-related differences
were detected in any of the examined regions, neither for GAD65 nor
GAD67 mRNA (P>0.05, ANOVA). RN = reticular thalamic nucleus;
GP = globus pallidus; Th = thalamus; DMN = dorsomedial nucleus; Hyp
= hypothalamus (general); VMN = ventromedial nucleus; AN = arcuate
nucleus; CN = caudate nucleus; SON = supraoptic nucleus; SCN =

suprachiasmatic nucleus.

background exposure. The influence of age and brain
region on the intensity of hybridization was assessed by
2-way analysis of variance (ANOVA), followed by the
Newman-Keuls post-hoc test.

3. Results

Representative autoradiographs depicting the distribu¬
tion pattern of GAD65 and GAD67 mRNAs in the hypo¬
thalamus are depicted in Fig. 1, in the left and right
columns, respectively. Intense hybridization was detected

in brain regions bordering the hypothalamus, including the
globus pallidus (GP) and the reticular thalamic nucleus
(RN). In addition, the hybridization pattern along the
rostral border of the hypothalamus was characterized by
intense labeling of the suprachiasmatic and supraoptic
nuclei (SCN and SON). Within the body of the hypothala¬
mus, the most intense hybridization was confined to the
arcuate nucleus (AN), and to a region that extended dor-
sally from the dorsomedial nucleus (DMN). Also, there
was a notable low level of hybridization in and around the
ventromedial nucleus (VMN). Overall, GAD65 and GAD67
mRNAs showed a similar distribution pattern, although
some regional differences in the relative intensity of ex¬
pression were evident (Fig. 2). On the other hand, neither
qualitative nor quantitative differences (p > 0.05) in
GAD65 and GAD67 mRNA expression were detected be¬
tween the prepubertal and adult animals.

4. Discussion

The present demonstration of GAD65 and GAD67 mRNA
expression in the primate hypothalamus and surrounding
brain areas corroborates and extends the findings from a
previous in situ hybridization report [2]. In the latter study,
however, only one cRNA probe was used, corresponding
to the 67-kDa form of GAD. Also, key GABA-containing
regions, such as the suprachiasmatic nucleus, were not
previously examined. The present results, therefore, pro¬
vide a more comprehensive description of GAD gene
expression in the primate hypothalamus, and further em¬
phasize that GAD-expressing neurons (i.e., GABAergic)
are abundant in brain regions where GnRH neurons are
known to exist, such as the periventricular hypothalamic
zone and the medial basal hypothalamus [31]. Whether or
not GABAergic neurons make direct synaptic contacts
with GnRH neurons is unclear. Studies performed using
primates suggest that they might not [37], whereas studies
performed using rodents clearly indicate that they do [15].
Rodent studies have also shown that at least some GnRH
neurons express mRNA coding for GABAa receptor sub-
units [25] and show immunoreactivity with GABAa recep¬
tor-specific antibodies [12]. Overall, there is general agree¬
ment that GABA can modulate the secretion of GnRH,
either directly or indirectly, and that this neurotransmitter
most likely plays an important physiological role in con¬
trolling the preovulatory gonadotropin surge.

In contrast, it is unclear whether GABA plays a physio¬
logical role in controlling the onset of puberty especially in
humans and nonhuman primates, which show a character¬
istic pronounced hiatus in gonadotropin secretion during

Fig. 1. Regional distribution of GAD mRNA in the hypothalamus of male rhesus macaques. Representative autoradiographs are shown for GAD65 and
GAD67 mRNAs (left and right columns, respectively), from rostral to caudal (from top to bottom rows). 3V = third ventricle; ON = optic nerve (see Fig. 2
for definitions of other labels). Scale bar = 5 mm.
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the juvenile phase of development. It has been hypothe¬
sized that this prepubertal hiatus is primarily a manifesta¬
tion of enhanced inhibitory inputs (e.g., GABA) to the
GnRH neuronal circuitry [19,20,26,35]. Theoretically,
therefore, a developmental decrease in GABAergic inputs
would allow GnRH secretion to increase and in turn

stimulate maturation of the reproductive axis. The most
convincing evidence in support of this hypothesis is the
recent demonstration that infusion of antisense GAD65 or
GAD67 deoxyoligonucleotides into the stalk-median emi¬
nence of prepubertal rhesus macaques could induce a large
and prompt increase in GnRH release [20]. Based on this
observation, we expected to detect a significant difference
in GAD gene expression between prepubertal and adult
macaques, but no difference was found; if anything, GAD65
mRNA levels showed a tendency to increase in the adult
animals (i.e., opposite to what was predicted). Therefore,
although the present data do not dispute that GABA may
play a major a role in controlling GnRH secretion, they fail
to give credence to the hypothesis that the onset of puberty
in primates is triggered by a developmental decrease in
hypothalamic GAD gene expression.

It is possible that brain areas more posterior to the ones
examined in this study (e.g., the mamillary bodies) play a
more important role in the prepubertal suppression of
GnRH in primates [30,36], and that these show a develop¬
mental decrease in GAD gene expression. However, this is
unlikely, given the general low level of GAD expression
previously observed in these areas [2], Alternatively, it is
possible that the onset of puberty is associated with a
significant decrease in GAD protein, or with a significant
decrease in the number of synaptic contacts between
GABAergic neurons and those intimately associated with
GnRH secretion. The latter is likely, given that the number
of hypothalamic GABAergic synapses is greatly sup¬
pressed by exposure to sex steroids [24]. It is important to
emphasize, however, that such synaptic plasticity would
represent a consequence and not a central cause of puberty,
because circulating sex steroid concentrations do not in¬
crease significantly until after the pubertal process has
already been initiated. Similarly, even though it has been
shown in rodents that sex steroids can influence GAD gene
expression in some brain areas, such as the hippocampus
and diagonal band of Broca [5,10,11,18,21,29,45,46], such
changes cannot be implicated in the initiation of puberty,
as this is primarily a sex steroid-independent process [26],

Overall, the present data suggest that GABAergic neu¬
rons might not represent a key component of the neuroen¬
docrine mechanism that triggers the onset of puberty in
primates, although they play an important role in mediat¬
ing the influence of sex steroids on GnRH neuronal activ¬
ity. These data, therefore, indirectly add more credence to
an alternative hypothesis [26,27] that primate puberty is
primarily triggered by an increase in excitatory input to the
GnRH neuronal circuitry, rather than by a decrease in
inhibitory tone.
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1. INTRODUCTION

"Let us then conceive here that the soul has its

principal seat in the little gland which exists in
the middle of the brain, from whence it radiates
forth through all the remainder of the body by
means of the animal spirits, nerves, and even the
blood, which, participating in the impressions of
the spirits, can carry them by the arteries into
all the members. ..."

More than 300 years ago, the French philosopher
Rene Descartes (1596-1650 ad) was well aware of
the existence of the pineal gland and in his treatise
"The Passions of the Soul" he described it as playing
a crucial role in the interaction between the soul and
the body. This 17th century Cartesian concept of the
pineal gland as the "seat of the human soul" was

probably developed from the much earlier postmor¬
tem studies of Herophilus (325-280 bc), an Alexan¬
drian anatomist, who according to the chronicles of
Galen (130-200 ad) referred to the pineal gland as
a valve regulating the flow of "spirits" between the

From: Neuroendocrinology in Physiology and Medicine, (P. M. Conn
and M. E. Freeman, eds), © Humana Press Inc., Totowa, NJ.

3rd ventricle and 4th ventricle of the brain. Looking
back at these ancient ideas, it is all too easy to dismiss
them as being erroneous, too simplistic, or even super¬
stitious. With the surge of scientific knowledge in
recent decades, especially in the fields of biochemis¬
try, neuroanatomy, and molecular biology, we now
know that the pineal gland plays an important role
as a circadian photoneuroendocrine transducer. And
yet, even today many questions remain unanswered
about this mysterious "little gland" and speculations
regarding the physiological role of melatonin, its prin¬
cipal hormone, are likely to persist well into the
21st century.

2. THE PINEAL GLAND

2.1. Anatomy
The pineal gland, also called the epiphysis cerebri,

is a small reddish-brown structure, which in humans,
is shaped somewhat like a pine cone {pinea in Latin).
Even in adults, it is only 5-10 mm long and has a
mass of only 100-150 mg. Why then is it so intriguing
to anatomists and philosophers? First, the pineal gland
is unusual for a brain structure because it is unpaired.
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Fig. 1. Diagram of midsagittal section
through the human brain emphasizing the
central location of the pineal gland and a
close-up view of its attachments.

Second, it is situated almost at the center of the brain,
just below and slightly to the rear (Fig. 1). Third,
although it is a forebrain structure it is situated in
very close proximity to the upper part of the midbrain,
overlying the cerebral aqueduct (aqueduct ofSylvius)
and extending posteriorly above and between the
paired superior colliculi of the tectum (Fig. 2). Embry-
ologically, the pineal gland arises as an evagination
of modified ependymal cells from the roof of the
dorsocaudal third ventricle, becoming one of many
circumventricular secretory organs in which the
blood-brain barrier is absent. In most mammals the

pineal gland retains a stalk-like connection which in
humans is composed of two laminae, separated by
the pineal recess of the third ventricle (Fig. 1). The
superior (rostral) lamina is continuous with the haben-
ular commissure and the inferior (caudal) lamina with
the posterior commissure. Overall, there is consider¬
able variation in the relative location, size, and shape
of the pineal gland in mammals. In laboratory rodents
such as rats and hamsters the bulk of the gland is
situated much more superficially than in humans,
lying against the inner cranium and well away from
the third ventricle; it is securely attached to the menin¬
ges and usually remains stuck to the inner cranial
surface when the brain is removed during routine
dissection. In mammals that are indigenous to the
temperate zones and polar regions of the world the
pineal gland is often very large (e.g., hares and seals),
whereas in mammals that live closer to the equator

it is usually very small (e.g., elephants and rhinoceros)
or may even be absent entirely (e.g., anteaters and
sloths). To some extent, therefore, the size of the
pineal gland may reflect the degree to which a species
is photoperiodic (i.e., relying on the annual change
in day length or photoperiod to control its breeding
season; see Section 6.1). In some fish, amphibians,
and lacertilian reptiles the pineal gland has an extra¬
cranial parietal component with lens-like and retina-

Fig. 2. Coronal MRI section through the brainstem of a rhesus
monkey showing the anatomical relationship between the
pineal gland and midbrain structures. In the rhesus monkey,
as in the human, the pineal gland is located almost at the
center of the brain.
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like structures, which can act as a photoreceptor or
"third eye." However, in mammals the pineal gland
is not directly responsive to photic stimuli. Instead,
it receives this environmental information via a com¬

plex multisynaptic neural pathway that originates in
the retina (see Section 4.3.).

2.2. Innervation and Vascular Supply
The pineal gland of mammals has a peculiar inner¬

vation for a brain structure. In most species, including
humans, the pineal gland receives little afferent inner¬
vation directly from the brain itself, despite its close
proximity (Fig. 1 and Fig. 2). Instead, its most signifi¬
cant afferents come from postganglionic sympathetic
fibers that arise from the paired superior cervical
ganglia (SCG) in the neck. In humans, these fibers
traverse along the arterial supply to the head before
forming the bilateral nervi conarii. They then course
rostrally beneath the great cerebral vein ofGalen and
enter the pineal gland at its posterior pole. Although
there is some evidence for parasympathetic, commis¬
sural and peptidergic innervation of the pineal gland,
the function of these neural inputs is unclear. The
pineal gland is highly vascularized and has a blood
flow rate of about 4 mL/min/g, which is considered
to be second only to that of the kidney. Blood is
supplied to the pineal gland by vessels that originate in
the adjacent choroid plexus (Fig. 1), whereas venous
drainage from its capillary network ultimately empties
into the great cerebral vein of Galen. In most mam¬
mals, including humans, the pineal gland lacks a
blood-brain barrier and so is susceptible to the influ¬
ence of peripherally acting drugs.

2.3. Structure

The pineal gland is divided into lobules by richly
vascular connective tissue septa. These lobules con¬
tain some glial cells, many of which are astrocytes.
However, the bulk of the gland is composed of secre¬
tory parenchymal cells called pinealocytes, which
have a distinctive shape. Their bulbous cell body
contains a large round nucleus and granular cyto¬
plasm. It also has characteristic club-like processes
closely apposed to fenestrated capillaries (typical of
endocrine glands). From adolescence onwards calcar¬
eous deposits (called acervuli) become prominent in
the pineal gland. They contain Ca3(P04)2 and hydroxy-
apatite and are secreted by the pinealocytes. It is
currently unknown whether this calcification of the
pineal gland has any physiological significance, either
during the onset of puberty or during old age. The

degree of calcification varies widely between individ¬
ual adults and does not show an obvious relationship
with the pineal gland's endocrine capacity. On the
other hand, the calcareous deposits make the adult
human pineal gland clearly visible in brain CAT
scans. Indeed, because of its near-central location in
the brain the calcified pineal gland is commonly used
by radiologists to determine whether there has been
a shift in midline brain structures.

3. THE PINEAL GLAND AS AN
ENDOCRINE ORGAN

3.1. Discovery of Melatonin
The pineal gland contains many bioactive com¬

pounds including several peptides (e.g., vasopressin,
renin-angiotensin, ACTH, and POMC-related pep¬
tides). However, by far the most extensively studied
pineal compound is a highly potent indole called mel¬
atonin, discovered in 1958 by Aaron Lerner et al.
Although it was known for many years that pineal
gland extracts could lighten the skin color of amphibi¬
ans, it was not until extracts from thousands of bovine
pineal glands were processed chromatographically
that a bioactive compound, 5-methoxyindole acetic
acid, was identified. Because this novel compound
could affect melanin pigmentation in frog skin and
because it was chemically related to serotonin
(5-hydroxytryptamine; 5-HT), it was named melato¬
nin. Despite its name, however, it should be empha¬
sized that melatonin has no effect on melanophores
in mammals.

3.2. Biosynthesis of Melatonin
Because of the efforts of many researchers, includ¬

ing Julius Axelrod, David Klein, and Richard Wurt-
man, the biosynthetic pathway of melatonin in the
pineal gland is now well established (Fig. 3). The
precursor of melatonin is the essential amino acid
L-tryptophan (L-TRP), which is taken up from the
blood by pinealocytes and converted to serotonin
through hydroxylation and decarboxylation. This two
step process involves the enzymes tryptophan-
5-hydroxylase and 5-hydroxytryptophan decarboxyl¬
ase, respectively. Concentrations of serotonin in the
pineal gland, which are generally much higher than
in the rest of the brain, are especially elevated during
the day (photophase) but then fall markedly during
the night (scotophase) as a result of its conversion to
melatonin. This nocturnal conversion involves a two-
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Fig. 3. The chemical structure of melatonin and its biosyn-
thetic pathway. Note that the V-acetylation of serotonin and
its subsequent conversion to melatonin occurs almost exclu¬
sively at night.

step enzymatic process. Initially, serotonin is con¬
verted to N-acetyl serotonin by the enzyme N-acetyl
transferase (NAT), which shows a 30- to 70-fold
increase in activity during the night. N-acetyl seroto¬
nin is then methylated by the enzyme hydroxyindole-
O-methyl transferase (HIOMT) to produce N-acetyl-
5-methoxytryptamine, more commonly known as
melatonin.

3.3. Metabolism of Melatonin
Between 50 and 70% of circulating melatonin is

thought to be bound to plasma albumin but it is unclear
whether or not this has any physiological significance.
Melatonin is primarily metabolized in the liver, and
also in the kidney. Its clearance from the peripheral
circulation is biphasic, with half-lives of about 3 and
45 min. (Note, its metabolism in the cerebral spinal
fluid is probably different). Although some variation
exists in melatonin's metabolic pathway between
species, in the human and rodent melatonin is inacti¬
vated by 6-hydroxylation followed by sulfate and glu-
curonide conjugation, with 6-sulfatoxymelatonin
(aMT6s) being the main urinary metabolite. Both
plasma and urinary concentrations of aMT6 closely

correlate with plasma melatonin concentrations, pro¬
viding a useful clinical measure of melatonin secre¬
tion in humans. In the central nervous system (CNS),
some melatonin is thought to undergo ring splitting
to produce methoxykynurenamines, which may be
neuroactive.

3.4. Melatonin Binding Sites
Based on the pharmacology and kinetics of

2-['25I]melatonin binding, melatonin binding sites
are generally classified as being either high-affinity
receptors (ML|) or low-affinity receptors (ML2), with
equilibrium dissociation constants (Kd) of <200 pM
and >1 nM, respectively. The low-affinity melatonin
receptors do not show a specific distribution pat¬
tern in the brain and their physiological role is
unclear. In contrast^ high-affinity melatonin recep¬
tors have been studied extensively through the use
of radioligand binding and quantitative autoradiogra¬
phy, and have beerTidentified in a wide range of
vertebrate species, including humans. The affinity of
these receptors is sensitive to guanine (G) nucleotides
and their activation causes an inhibition of adenylate
cyclase via a pertussis toxin-sensitive pathway. They
therefore resemble receptors belonging to the super-
family ofG-protein-coupled receptors. Although high-
affinity melatonin receptors are concentrated in spe¬
cific brain nuclei, they are also localized in a few
non-neuronal sites. In humans and most other mam¬

mals, the sheep being a notable exception, these recep¬
tors are abundant in the suprachiasmatic nucleus
(SCN) and much of melatonin's influence on circa-
dian rhythms is probably mediated through this popu¬
lation of receptors (see Section 5). In many photoperi¬
odic rodents high-affinity melatonin receptors are also
highly expressed in the mediobasal hypothalamus
where they are likely to be involved in mediating
photoperiodic information to the reproductive axis
(see Section 6). High-affinity melatonin receptors
located in the inner plexiform layer of the retina are
thought to play a role in retinal physiology, whereas
those located in the preoptic area, cerebral cortex,
and thalamus may be involved in mediating the sleep-
inducing effect of melatonin in some species (e.g.,
humans).

High-affinity melatonin receptors have also been
identified in cerebral and caudal arteries and possibly
play a role in the regulation of cardiovascular and
thermoregulatory function. However, the most promi¬
nent nonneuronal expression of high-affinity melato¬
nin receptors in most mammals is in the pars tuberalis
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(PT) of the pituitary gland. Although the exact func¬
tion of this receptor population is unknown there is
evidence to suggest that it might play a role in the
photoperiodic regulation of prolactin secretion, espe¬
cially in the sheep (a seasonally breeding mammal).
Studies in the rat have shown that the density of
melatonin binding sites in the PT, as well as the
SCN, shows an inverse relationship with circulating
melatonin concentrations, being high in the daytime
and low at night. This diurnal rhythm in PT melatonin
binding site density appears to be abolished immedi¬
ately after pinealectomy suggesting that it may be
driven by the diurnal secretion of the endogenous
ligand itself. Although PT melatonin receptors have
been observed in nonhuman primates they have not
been obvious in most of the human postmortem tissue
that has been studied. Therefore, it is unclear whether
melatonin can exert significant central effects on the
neuroendocrine reproductive axis of humans. Indeed,
the expression of high-affinity melatonin receptors in
peripheral human reproductive tissues, such as granu¬
losa cells ofpreovulatoryfollicles and prostate epithe¬
lial cells, suggests that melatonin's primary influence
on human reproductive function might be exerted
peripherally rather than centrally.

3.5. Cloning of Melatonin Receptors
The first high-affinity melatonin receptor was

cloned in 1994 by Takashi Ebisawa et al., who relied
on expression cloning from Xenopus laevis dermal
melanophores. Many different investigators have
since used a polymerase chain reaction (PCR)
approach to clone three different subtypes of verte¬
brate melatonin receptor genes, commonly referred to
as Mel,a, Mel]b, and Mellc. All three of these receptor
subtypes have a similar gene structure. The receptor
protein-encoding region is composed of two exons
with a large (>8 kb) intron in between. Based on
their deduced amino acid sequence these receptors
are presumed to have seven transmembrane domains,
which is a characteristic feature of G-protein-coupled
receptors. Mel,a, Mel!b, and Melk have been cloned
in several lower vertebrates species, including the
zebrafish, Xenopus laevis and the chicken. So far,
however, only the Mel|a and Mel,b subtypes have been
cloned in mammals. The human homologues of these
receptor subtypes show >80% amino acid similarity
with those of other mammals and the two genes appear
to reside on two different chromosomes; the human
Mel,a gene, which encodes 350 amino acids, has been

mapped to chromosome 4q35.1 and Mel!b, which
encodes 362 amino acids to chromosome 11 q21-22.
The Mella receptor is expressed in the rodent and
human SCN and PT (i.e., two regions that show abun¬
dant 2-[l25I]melatonin binding in autoradiography
studies). Also, there are limited data from human
postmortem observations to suggest that the expres¬
sion of Mel,a in the SCN may decrease after puberty.
In humans, the Mel,b receptor is 60% identical to the
Mel,a receptor at the amino acid sequence level and
it is clearly expressed in the retina, where it probably
plays a role in retinal physiology. However, its expres¬
sion in the human SCN or PT is not obvious and its
overall function in the human brain is unclear. In
the Siberian hamster (Phodopus sungorus), the Mel|b
receptor gene contains two nonsense mutations within
the coding region, implying an inability to code for
a functional receptor, and yet its circadian and repro¬
ductive responses to melatonin are typical of noctur¬
nal photoperiodic species. This finding suggests that
both of these responses are mediated primarily
through the Mel,a receptor, which is functionally
expressed in this species of hamster. In mice, the
relative importance of Mella and Mel!b receptors in
the control of circadian function appears to be more
complicated. Targeted disruption of exon 1 in the
Mel,a receptor has been shown to block high-affinity
2-[l25I]melatonin binding in the mouse brain (Fig. 4)
and to inhibit the acute suppressive effect of melatonin
on SCN function (assessed by monitoring multiunit
electrical activity). On the other hand, it did not elimi¬
nate the phase shifting effect of melatonin on the SCN
suggesting that the Mel!b receptor, which is known
to be expressed in the mouse SCN, might also play
a role in controlling some aspects of circadian func¬
tion. In the chicken, the Mel,c receptor shows 60%
amino acid sequence identity with the related Mella
and Mel,b receptors. Currently, however, very little
is known regarding its function and it has not yet
been cloned in mammals. A novel G-protein-coupled
receptor, H9, has been cloned from the human pitu¬
itary gland. This gene encodes a protein of 613 amino
acids that is 45% identical at the amino acid level to
the human Mel,a and Mel!b melatonin receptors. It
is expressed in the hypothalamus and pituitary gland
suggesting that it might be involved in controlling
neuroendocrine function. However, because it does
not bind 2-[l25I]melatonin or [3H]melatonin when
expressed in COS-1 cells it is referred to as an
"orphan" receptor (i.e., its natural ligand is
unknown).



410 Part IV / Neuroendocrinology

125I-MEL Binding

Fig. 5. Melatonin secretion (open circles) and index of sleepi¬
ness (closed circles) in humans exposed to 24 h of continuous
dim light. In the days preceding the experiment, the individuals
were maintained either in long photoperiods (16 h light:8 h
dark per day; upper panel) or short photoperiods (10 h light: 14
h dark per day; lower panel). Note that the circadian rhythm
of melatonin secretion persists even in the absence of external
photoperiodic cues and that the duration of melatonin secretion
is proportional to the duration of the dark period (indicated
by the horizontal shaded bars) to which the subjects were
most recently exposed. Each point represents the mean
(± SEM) of six individuals (Redrawn from Wehr TA. The
duration of human melatonin secretion and sleep respond to
changes in day length (photoperiod). J Clin Endocrinol Metab,
1991 ;73:1276; courtesy of The Endocrine Society).

into the cerebrospinal fluid. Consequently, there is a
very close association between the concentration of
melatonin in the peripheral circulation and the rate
of its synthesis in the pineal gland.

In humans, as in other vertebrates, serum melatonin
profiles show a clear-cut circadian pattern, with mela¬
tonin secretion occurring almost exclusively during
the night (Fig. 5). This is true for almost all species
regardless of whether they have a diurnal, nocturnal,
or crepuscular activity pattern. Accordingly, in many
species (including rats and hamsters) melatonin secre¬
tion is at its peak while the animals are awake, whereas
in others (including rhesus monkeys and humans)

Fig. 4. Targeted disruption of the Melh receptor eliminates
detectable 2-[l25I]melatonin binding from mouse brain. +/+,
+/-, and -/- denote 2-[l25I]melatonin autoradiograms from
wild-type, heterozygous, and homozygous litter mates, respec¬
tively. The two representative brain sections from each geno¬
type (shown in the left and right columns) represent the major
sites of specific 2-[l25I]melatonin binding in the mouse brain.
SCN = suprachiasmatic nucleus, AHA = anterior hypothala¬
mic area, PT = pars tuberalis, PVT = paraventricular nucleus
of the thalamus (Liu C, Weaver DR, Jin X, Shearman LP,
Pieschi RL, Gribkoff VK, Reppert SM. Molecular dissection
of two distinct actions of melatonin on the suprachiasmatic
circadian clock. Neuron 1997; 19:91).

4. NEUROENDOCRINE TRANSDUCTION
OF PHOTOPERIODIC SIGNALS

4.1. Circadian Pattern
of Melatonin Secretion

In mammals, the concentration of melatonin in
the peripheral circulation becomes undetectable after
pinealectomy, indicating that the principal source of
the hormone is the pineal gland. In some mammals,
melatonin is also produced by the retina, Harderian
gland (in the eye orbit), gut, and blood platelets, but
these nonpineal sources of melatonin are thought to
be of local importance only. The pineal is a highly
vascular gland and newly synthesized melatonin is
rapidly released into the peripheral circulation. There
is no evidence for storage of melatonin within the
pineal gland (unusual for an endocrine gland) and
little if any melatonin is thought to be released directly
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Fig. 6. Melatonin content in the pineal gland of adult male
Syrian (golden) hamsters maintained either in long photoperi-
ods (LP; 14 h light: 10 h dark) or short photoperiods (SP; 10
h light: 14 h dark) for 8 wk; the duration ofdarkness is indicated
by a horizontal black bar. Note the longer duration of melato¬
nin production in animals maintained in SP (i.e., long nights).
Each point represents the mean (± SEM) of five to seven
animals (Adapted from Pitrosky B, Kirsch R, Vivien-Roels
B, Georg-Bentz I, Canguilhem B. Pevet P. The photoperiodic
response in Syrian hamsters depends upon a melatonin-driven
circadian rhythm of sensitivity to melatonin. J Neuroendo¬
crinal 1995;7:889; courtesy of Blackwell Science Ltd.).

melatonin secretion is at its peak during sleep.
Depending on the species, three subtly different noc¬
turnal melatonin profiles are evident. A type A pattern
of melatonin secretion, as seen in the Syrian (golden)
hamster (Mesocricetus auratus), is characterized by
a delay of several hours after lights out before a
nocturnal increase in melatonin synthesis occurs
(Fig. 6). A type B pattern, as seen in the laboratory
rat and human, is more common (Fig. 5). This shows
a gradual increase in melatonin synthesis from the
time when lights are switched off with a peak occur¬
ring approximately in the middle of the dark phase.
A type C pattern, as seen in sheep, is also common.
This shows a rapid increase in melatonin synthesis
after lights are switched off and a high-plateau level
is then maintained throughout most of the night.

How are these circadian patterns of melatonin
secretion generated and how are they kept in phase,
or in synchrony, with the external light-dark cycle?
It is well established that bright light can acutely
suppress melatonin secretion in humans (Fig. 7).
Although this response to light is not as intense as
that seen in rodents, it is qualitatively similar and has
provided a basis for the treatment of human circadian
rhythm disorders (see Section 5). An important conse¬
quence of altering day length, either naturally at dif-

Fig. 7. Suppressive effect of light on human melatonin secre¬
tion. The open circles represent the effects of light pulses of
500 lux intensity; this level of illumination is typical of that
found in an office or brightly lit room. Closed circles represent
light pulses of 2500 lux, which are much more effective in
suppressing melatonin secretion. Each point represents the
mean plasma melatonin concentration (± SEM) for six individ¬
uals (Data from Lewy AJ, Wehr TA, Goodwin FK, Newsome
DA, Markey SP. Light suppresses melatonin secretion in
humans. Science 1980;210:1267).

ferent times of the year or experimentally using artifi¬
cial photoperiods, is that a corresponding change in
the circadian pattern of melatonin secretion occurs.
Moreover, this occurs regardless of which type of
melatonin secretion profile a species normally exhib¬
its. Thus, even though Syrian hamsters show a type
A profile and humans show a type B profile, in both
cases the exposure to short days (i.e., long nights)
results in an increases in the duration of nocturnal
melatonin secretion (Fig. 5 and Fig. 6).

It is important to note that the melatonin rhythm
is endogenous or self-sustaining. Under normal envi¬
ronmental conditions, light not only acutely inhibits
melatonin secretion but also acts as a zeitgeber ("time-
giver" in German) to synchronize the endogenous
melatonin rhythm with the external day-night cycle.
In normal light-dark cycles, the melatonin rhythm is
said to be entrained; it shows a periodicity of 24 h
with a peak of secretion occurring in the middle of
the night. On the other hand, when bright light inputs
are absent, and the influence of other zeitgebers (e.g.,
social cues and physical arousal) is kept to a mini¬
mum, the melatonin rhythm becomes uncoupled from
the external environment. The melatonin rhythm is
said to be circadian (from the Latin circa dies, mean¬
ing "about a day") because it is self-sustaining and
has an intrinsic period of about, though not exactly,
24 h long. Consequently, in the absence of strong
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zeitgebers, such as bright light, the melatonin rhythm
will begin to drift or "free-run" and at times will
become markedly out of phase with the external day-
night cycle. This situation frequently occurs in people
who are blind, or in sighted individuals who spend
extended periods of time in continuous dim illumina¬
tion, and is symptomatic of circadian dysfunction.
Therefore, by modulating its output of melatonin in
response to light, the pineal gland provides an effec¬
tive way of ensuring that an organism's internal physi¬
ology remains in synchrony with the changing exter¬
nal environment.

4.2. Development and Aging
of the Melatonin Rhythm

Although a circadian rhythm of melatonin secre¬
tion is evident throughout most of our lives it does
not develop until the ninth to twelfth week after birth.
Before this time, the human fetus and infant must

rely on their mother's melatonin rhythm; this can be
transmitted both via the placenta and via the milk.
To what extent this maternal source of melatonin is
crucial for normal early development of the offspring
is unknown, but given that melatonin has well-estab¬
lished sleep-inducing properties in humans, one might
expect the sleep-wake cycle of mothers to be more
in synchrony with that of breast-fed babies than with
that of bottle-fed babies. By the end of the first year
of life, total melatonin production rapidly increases,
with peak circulating nocturnal levels occurring
between the ages of 1 and 3 yr. During puberty, blood
melatonin concentrations clearly decline, but then
remain more or less stable during early adulthood.
Between the ages of 45 and 65 yr, nighttime melatonin
secretion markedly decreases, although in some indi¬
viduals it remains elevated (Fig. 8). The physiological
significance of this decline remains to be elucidated,
but may be linked to the increased incidence of circa¬
dian sleep disorders in the elderly. At all ages, there
is wide variation in the amplitude of the melatonin
rhythm between individuals, although it is consistent
within individuals from day to day.

4.3. Circadian Oscillators

The pineal gland of some birds has an intrinsic
capacity to secrete melatonin in a circadian manner,
without depending upon innervation. For example,
when dispersed chick pinealocytes are cultured in
vitro, they show a 24 h rhythm of melatonin secretion
that persists even in continuous darkness (Fig. 9). In
contrast, the functional integrity of the mammalian

14 18 22 2 6 10 14

Time of day (hours)

Fig. 8. Serum melatonin concentrations in young (26.4 ± 2.3
years; solid circles) and aged (84.0 ± 1.8 years; open circles)
over a 24-h period. Each point represents the mean (+ SEM)
of five individual values. Note the marked attenuation of the
serum melatonin peak in the aged group (Redrawn from Iguchi
H, Kato K-I, Ibayashi H. Age-dependent reduction in serum
melatonin concentrations in healthy human subjects. J Clin
Endocrinol Metab, 1982;55:27; courtesy of The Endocrine
Society).

pineal gland is absolutely dependent on its sympa¬
thetic innervation. For example, when it is trans¬
planted to a site beneath the kidney capsule, it will
continue to grow but produce very little melatonin,
and its rhythmic pattern of secretion will disappear.

How then is the circadian rhythm of melatonin

Time (hours)

Fig. 9. Melatonin secretion from dispersed chick pinealocytes
cultured at 37°C. Exposure to light or dark is indicated by
the horizontal white and black bars, respectively. Note that
the circadian rhythm of melatonin secretion persists even after
the cells are exposed to continuous darkness, although the
amplitude of the melatonin peak is diminished. Each point
represents the mean measurement (± SEM) of four replicate
cultures (Data from Barrett RK, Takahashi JS. Temperature
compensation and temperature entrainment of the chick pineal
cell circadian clock. J Neurosci 1995; 15:568).
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Third ventricle

Fig. 10. Diagram of the neural pathway that connects the eyes
to the pineal gland in humans. In contrast to the pineal gland
of some lower vertebrates, the pineal gland of mammals is not
directly responsive to light. Instead, it relies on a multisynaptic
neuronal pathway that originates in the retina and involves
the suprachiasmatic nucleus (SCN), paraventricular nucleus
(PVN) and superior cervical ganglion (SCG) (Data from
Tamarkin L, Baird CJ, Almeida OFX. Melatonin: a coordinat¬
ing signal for mammalian reproduction? Science 1985;
227:714).

synthesis and secretion established in the mammalian
pineal gland and how is it entrained to the external
light-dark cycle? Numerous studies, involving lesion
and knife-cut experiments, have demonstrated the
existence of a multisynaptic neural pathway connect¬
ing the mammalian pineal gland to the eye. Although
these studies were performed using animals, a similar
pathway is presumed to exist in humans (Fig. 10).
Retinal ganglion cell fibers project to the SCN in
the hypothalamus via a monosynaptic glutamatergic
pathway (the retino-hypothalamic tract); this is a non-
visual optic pathway that shows 70% crossing in the
optic chiasm. In mammals, the paired SCN function
as the primary circadian oscillator or biological clock
(see Chapter 22) and it is the SCN that ultimately
controls the circadian pattern of melatonin secretion

in mammals. Although the retino-hypothalamic tract
represents the primary neural link between the exter¬
nal environment and the internal circadian clock, there
is evidence that some environmental cues may also
be transmitted via the intergeniculate leaflet of the
thalamus and the median raphe. The photic signals are
relayed from the SCN to the paraventricular nucleus
(PVN) of the hypothalamus and then pass along nerve
fibers that traverse the medial forebrain bundle and
reticular formation to the intermediolateral cell col¬
umn of the spinal cord. They are then transmitted
to preganglionic adrenergic fibers and pass to the
superior cervical ganglion (SCG). Finally, postgan¬
glionic sympathetic fibers innervate the pineal gland.
These release norepinephrine, which binds to P-adre-
nergic receptors on the pinealocyte membrane, caus¬
ing an activation of cyclic adenosine monophosphate
(cAMP); the resulting increase in (V-acetyl transferase
(NAT) enzymatic activity during the night ultimately
enhances melatonin synthesis (Fig. 3). Noradrenergic
stimulation of [3-adrenergic receptors is initiated dur¬
ing the first half of the night and ultimately results
in down regulation of the P-adrenergic receptor during
the second half. These receptors thus show a 24 h
rhythm with their highest density occurring during
darkness, a-adrenergic receptor binding is less sig¬
nificant in the pineal gland, but it does potentiate the
P-adrenergic stimulation of nocturnal melatonin syn¬
thesis.

To summarize, the mechanism that regulates mela¬
tonin secretion and ensures that it accurately reflects
external photoperiodic cycles has three essential com¬
ponents; (a) a photoreceptor, (b) an endogenous circa¬
dian pacemaker, and (c) an endocrine organ. In mam¬
mals, these components are primarily represented by
separate structures (i.e., the retina, SCN, and pineal
gland, respectively), which are functionally integrated
by a complex multi-synaptic neural pathway. More¬
over, if any of these components is disrupted (e.g.,
in individuals who are blind) the normal pattern of
elevated nocturnal melatonin secretion will become
severely perturbed or completely abolished.

Although melatonin of retinal origin is thought to
be only of local physiological significance in mam¬
mals, it has been shown to make a significant contribu¬
tion to the concentration of melatonin in the peripheral
circulation in birds and lower vertebrates. Neverthe¬
less, the production of melatonin by the mammalian
retina is interesting because the underlying mecha¬
nism is probably different from the one involved in
controlling melatonin production by the mammalian
pineal gland. For example, when neural retinas of
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Fig. 11. Free-running rhythms of melatonin synthesis in reti¬
nas from wild-type and tau mutant Syrian (golden) hamsters
(upper and lower panels, respectively) maintained in culture
at 27°C. The natural periods of these rhythms is approximately
24 h and 20 h, respectively. In contrast to the mammalian
pineal melatonin rhythm, the mammalian retinal melatonin
rhythm does not depend on circadian inputs from the suprachi-
asmatic nucleus (the central clock) to be self-sustaining. Each
point represents the mean (± SEM) for four animals (Data
from Tosini G, Menaker M. Circadian rhythms in cultured
mammalian retina. Science 1996; 272:419).

Syrian hamsters were cultured at a constant 27°C
(but not at 37°C) they showed a circadian rhythm of
melatonin synthesis that persisted for at least 5 d (Fig.
11). Interestingly, the retinas from a mutant strain of
hamster, which is known for its short circadian cycles,
showed a much shorter free-run period of retinal mela¬
tonin synthesis. This ability of the mammalian retina
to synthesize melatonin in a sustained rhythmic man¬
ner even in the absence of environmental zeitgebers
indicates that it contains an endogenous circadian
oscillator, and in this regard, it resembles the pineal
gland of some birds (Fig. 9).
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Fig. 12. Plasma melatonin and core body temperature data
from a 22-yr-old man. Because core body temperature is
known to be affected by variations in activity, posture, and
the sleep-wake stale* the measurements were made with the
subject awake and performing a constant routine. Note the
close inverse relationship between plasma melatonin concen¬
trations and core body- temperature (Adapted from Shanahan
TL, Czeisler CA. Light exposure induces equivalent phase
shifts of the endogenous circadian rhythms of circulating
plasma melatonin and core body temperature in men. J Clin
Endocrinol Metab, 1991 ;73:227; courtesy of The Endocrine
Society).

5. PRACTICAL ASPECTS OF THERAPY
USING LIGHT AND MELATONIN

5.1. Human Circadian Rhythms
Like most animals, humans have adapted to life

in an environment where periods of light and dark
alternate each day. Much of our physiology is thus
rhythmic with peaks and nadirs occurring regularly
at specific times of the day. One of the most obvious
circadian rhythms in humans is the sleep-wake cycle
which is closely associated with the circadian rhythm
of melatonin secretion (Fig. 5). Both of these rhythms
show a peak during the dark phase (scotophase) of
the day-night cycle. In contrast, the circadian rhythm
of core body temperature is inversely related to the
melatonin rhythm (Fig. 12) and normally shows a
peak during the light phase iphotophase). These
endogenous rhythms are all "self-sustaining." That
is, they continue to be expressed even in the absence of
external zeitgebers (e.g., when exposed to continuous
dim illumination). Many hormones besides melatonin
also show a circadian pattern of release. The secretion
of Cortisol from the adrenal gland shows a peak
around the time of dawn and a nadir around the time of
dusk. The secretion of growth hormone and prolactin
from the anterior pituitary gland also shows a 24-h
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rhythmic pattern, but these two hormonal rhythms
are not directly driven by the day-night cycle per se\
the nocturnal peak of growth hormone secretion is
primarily dependent on sleep whereas the nocturnal
rise in prolactin secretion is dependent on refraining
from activity.

Most human circadian rhythms are ultimately
driven by the oscillator circuits that reside in the SCN.
When entrained to the external day-night cycle the
activity of the central pacemaker displays a 24 h
period. However, the natural period (tau) of this pace¬
maker is rarely exactly 24 h long; indeed, in some
animals such as the tau mutant hamster (Fig. 11) it
is several hours shorter. Consequently, when these
rhythms are allowed to free-run (i.e., by depriving
the SCN of external zeitgebers) they begin to drift
out of phase with the environmental rhythms and
thus ultimately lead to the development of circadian
rhythm disorders.

5.2. Circadian Rhythm Disorders
Disruption of the circadian system produces a vari¬

ety of ailments, but typically includes perturbed
sleep-wake cycles, indigestion, general malaise, and
poor performance at work. One of the most common
underlying causes of this disruption is rapid travel
across several time zones (i.e., in an east-west or
west-east direction). This is referred to as jet lag, and
is a frequent complaint amongst today's cosmopolitan
airplane travelers. It develops when an individual does
not allow adequate time for his or her endogenous
rhythms to entrain to the local day-night cycle; it
usually takes about 1 d for our internal rhythms to
phase adjust for each time zone crossed. For example,
when traveling from Los Angeles to London (i.e., 8
h time difference) it may take more than a week
to feel completely in synchrony with the external
environment. Jet lag should not be confused with
"travel fatigue," which can occur after a prolonged
period of flight in any direction. Thus, a flight from
New York to Santiago in Chile may well cause travel
fatigue because of its long duration. However,
because the two cities are located on approximately
the same meridian the flight should not cause jet lag.
Because the free-run period of the human central
pacemaker is usually slightly longer than 24 h, most
people find it easier to phase delay their sleep-wake
rhythm (i.e., to wake up later on consecutive morn¬
ings). Consequently, most people find it easier to
reentrain their rhythms after flight in an east-west
direction, rather than in a west-east direction.

Another common cause of circadian rhythm disor¬
ders is shift work. This occurs in individuals whose
work schedule demands that they rapidly alter the
phase of their sleep-wake rhythm. As with jet lag,
the time period during which a shift-worker's internal
rhythms are out of synchrony with the socially
imposed activity-rest rhythm is associated with inter¬
nal disharmony. A more severe and chronic manifes¬
tation of circadian rhythm disfunction can occur in
individuals who are blind. Despite the absence of
major photic input to their SCN some blind individu¬
als can use other zeitgebers, such as social cues and
physical arousal, to keep their biological clock
entrained with the day-night cycle. More commonly,
however, their central biological clock free-runs caus¬
ing circadian endogenous rhythms to periodically
become 180° out of phase with the external environ¬
mental rhythms. During these periods of desynchroni-
zation, the individual my feel excessively sleepy dur¬
ing midday and suffer from insomnia at night.
Perturbed sleep patterns also occur frequently in
sighted individuals, especially in the elderly. Because
aging is generally associated with a marked decline
in the amplitude of melatonin production (Fig. 8) it
has been suggested that impaired pineal endocrine
function might play a significant causative role. More¬
over, because many people spend most of their active
hours indoors, it is possible that they receive inade¬
quate exposure to bright light for maintenance of
circadian rhythm synchrony, which in turn could pre¬
dispose them to delayed and advanced sleep phase
insomnia.

5.3. Potential Therapy
for Circadian Disorders

In order to treat human circadian disorders it is
necessary to determine the degree to which the inter¬
nal clock is out of phase with the external circadian
cycle and then to cause an appropriate phase delay
or phase advance. Because it is not easy to directly
measure circadian activity in the SCN of humans, it
must be inferred by observing a more overt rhythm
that is driven by the central pacemaker. A commonly
used overt indicator in animal studies is the rhythm
of locomotor activity (e.g., wheel running activity in
rodents; see Chapter 22) which can be considered as
being analogous to the digital display of a modern
clock. Just as the digits on the clock reveal information
about the workings of the internal oscillator circuit
without being an integral part of that circuit, the loco¬
motor activity rhythm reveals information about the
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workings of the SCN without being an integral part
of the central pacemaker. In humans, however, loco¬
motor activity rhythms are difficult to measure and
are not reliable indicators of SCN activity because
they can easily be masked by various external influ¬
ences, especially social cues. In contrast, the circadian
rhythm of melatonin secretion is masked only by
bright light and so is generally considered to be the
most accurate and reliable overt indicator of SCN
function in humans.

Agents that can phase shift the activity of the SCN
pacemaker have therapeutic potential in the treatment
ofcircadian rhythm disorders. Currently, the two most
effective means of achieving this are bright light and
melatonin. It is well established that bright light can
entrain circadian rhythms in humans but until
recently, it was unclear whether melatonin itself also
has this capacity. Melatonin has now been shown to
elicit two effects on SCN function. First, it can acutely
inhibit the in vitro electrical activity of rat SCN neu¬
rons in vitro, and second, it can synchronize the devel¬
oping circadian clocks of hamsters in utero. Further¬
more, studies in humans have demonstrated that as

little as 0.5 mg of exogenous melatonin given orally
can phase shift the endogenous rhythm of melatonin
secretion, as long as it is administered at an appro¬
priate time of day. To reveal such an effect, the sub¬
jects need to be maintained in constant environmental
conditions; for example, they are kept awake in a
semirecumbent posture and in dim continuous illumi¬
nation. Under these conditions, exposure to either a
pulse of bright light or to melatonin causes the magni¬
tude and direction of the endogenous melatonin
rhythm to change, depending on the time of adminis¬
tration relative to the phase of the internal rhythm.
The results from these studies can be used to construct

phase response curves (PCRs), as depicted in Fig.
13, and these can be used to design therapies for
specific circadian rhythm disorders. By convention,
the free-run period of the internal clock is divided
into 24 circadian hours. In the case of the melatonin

rhythm, which is assumed to accurately reflect the
activity of the central pacemaker, the start of the
circadian increase in melatonin secretion occurs at

circadian time (CT) 14. The key aspect of the light
and melatonin PCRs is that they are almost exactly
12 h out of phase with each other. Bright light pulses
will thus cause a phase advance of the circadian clock
(i.e., aspects of the rhythm will occur earlier on the
next day) if administered between CT 18 and CT 6,
but will cause a phase delay if administered between
CT 6 and CT 18. In contrast, exogenous melatonin
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Fig. 13. Phase response curves (PCR) of light (open circles)
and melatonin (solid circles) plotted together. To facilitate
examination of the_relationship between the two PCRs the
phase shift magnitudes for the light PCR (Czeisler et al.,
1989) have been divided by 10 and the scale on the abscissa
has been shifted by-12 h. The onset of melatonin secretion
in evening dim light was used as a phase marker for the
melatonin rhythm and was designated as circadian time (CT)
14. Note that the two PCRs are similar but approximately 12
h out of phase with each other (Redrawn from Lewy AJ,
Bauer VK, Ahmed S, Thomas KH, Cutler NL, Singer CM,
Moffit MT, Sack RL. The human phase response curve (PRC)
to melatonin is about 12 hours out of phase with the PRC to
light. Chronobiol Int, 1998; 15:71; courtesy of Marcel Dek-
ker Inc.).

will cause a phase advance if administered between
CT 6 and CT 18 but will cause a phase delay il
administered between CT 18 and CT 6. An example
of how information from these PCRs can be usee

to manipulate the phase of the central pacemaker is
depicted in Fig. 14. So far, bright light therapy has
been demonstrated to be the most effective approach
but it does require dedication and a commitment ol
time. Successful shifting of phase typically requires
exposure to bright light at specific times of the da)
and avoidance of light at other times. Because of the
accumulating evidence that exogenous melatonin car
phase shift human circadian rhythms, therapies invol¬
ving the administration of melatonin may also prove
to be effective in the treatment of circadian disorders
Indeed, it may be the only choice for treatment o
such disorders in individuals who are blind. Melatonir
is generally considered to be very safe. It has ver)
low toxicity and is not mutagenic in standard in vitrc
tests. The principal advantage of a melatonin-basec
therapy is that taking oral melatonin at a specific tim<
of the day is more likely to have a higher rate o
compliance than therapy involving an hour or mon
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Fig. 14. Schematic diagram showing how the acute suppressive effect of light on melatonin production may indirectly, as well
as directly, entrain the endogenous circadian pacemaker. Endogenous melatonin release extends from about circadian time
(CT) 14 to CT 1. Between about CT 6 and CT 18 exposure to light causes a phase delay of this endogenous rhythm, whereas
exposure to melatonin itself causes a phase advancement. Between about CT 18 and CT 6 exposure to light causes a phase
advancement, whereas exposure to melatonin causes a phase delay. In the example shown on the left, exposure to light later
in the evening than usual stimulates more of the delay zone of the light PCR (direct effect). It also acutely delays the onset
of melatonin production, which in turn reduces the stimulatory effect of melatoninin the advance zone of its own PRC;
consequently, the phase-delaying effect of evening light will be enhanced even further (indirect effect). In the example shown
on the right, exposure to light earlier in the morning than usual stimulates more of the advance zone of the light PCR (direct
effect). It also acutely terminates melatonin production at an earlier time, which in turn reduces the stimulatory effect of
melatonin on the delay zone of its own PRC; consequently, the phase-advancing effect of morning light will be enhanced even
further (indirect effect). Thus, endogenous melatonin may augment entrainment of the endogenous circadian pacemaker by
the light-dark cycle (Adapted from Lewy AJ, Bauer VK, Ahmed S, Thomas KH, Cutler NL, Singer CM, Moffit MT, Sack
RL. The human phase response curve (PRC) to melatonin is about 12 h out of phase with the PRC to light. Chronobiol Int,
1998; 15:71; courtesy of Marcel Dekker Inc.).

of early morning exposure to bright light. On the
other hand, because the PCRs for bright light and
melatonin are almost exactly 180° out-of-phase with
each other, perhaps the most effective therapeutical
approach to circadian rhythm dysfunction would
exploit the combined phase shifting properties of both.

6. MEDIATION OF SEASONAL
ENVIRONMENTAL SIGNALS

By modulating its circadian pattern of melatonin
secretion the pineal gland not only provides us with
information about the time of day but also about
the time of year. The pronounced difference between
summer and winter day lengths in polar regions of
the world produces seasonal differences in the pattern
of melatonin secretion, with more melatonin being
produced during the long winter nights. At lower
latitudes such differences are less apparent but can
be induced by maintaining individuals under either
long or short artificial photoperiods (Figs. 5 and 6).
Photoperiodically driven changes in the pattern of
melatonin secretion are used extensively by animals
to coordinate a wide range of physiological events
that vary with the season. These include reproduction,
body weight, behavior, and growth of winter or sum¬
mer coat. Although seasonal changes in melatonin
secretion in humans are likely to be more subtle,
because they receive less direct exposure to natural
photoperiods, such changes may contribute to the
cause of seasonal changes in mood, eating and sleep¬

ing habits, and also to the development of seasonal
affective disorder (SAD), the most common form of
which is winter depression. Whether SAD results
from a seasonal phase delay in the circadian system
with respect to the light-dark cycle, or from some
other cause, is unclear.

6.1. Seasonal Breeding
Seasonal breeding is a common feature of animals

that are indigenous to nonequatorial regions of the
world. By restricting their reproductive activity to a
specific time of the year, these animals ensure that
their offspring are born only when environmental
conditions are optimal for survival. Most seasonally
breeding mammals that live at high latitudes are pho¬
toperiodic. That is, they exploit the annual changes
in day length, or photoperiod, to synchronize the tim¬
ing of their breeding season. Small mammals, such
as hamsters and voles, are reproductively active and
produce offspring in the spring and summer, but stop
breeding in the fall when day length becomes shorter
than about 12 h of light per day (i.e,. when nights
become long). They are thus said to be "long-day
breeders." Larger mammals, such as sheep and deer,
also produce offspring in the spring and summer.
However, because their gestation period is almost half
a year long their breeding season is half a year out
of phase with that of smaller mammals (i.e., it is
confined to the fall and winter rather than to the spring
and summer); they are thus said to be "short-day
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breeders." Nevertheless, both long-day and short-day
breeders rely on the same elaborate photoneuroendo-
crine circuitry to transduce photoperiodic information
into a particular pattern of melatonin secretion (Fig.
10). The bottom line is that in all photoperiodic mam¬
mals exposure to short photoperiods, either naturally
during the fall and winter or artificially in the labora¬
tory, prolongs the duration of the nocturnal melatonin
pulse and markedly changes its circadian profile (e.g.,
Fig. 6). It should be emphasized, however, that both
long-day and short-day breeders show enhanced mel¬
atonin production when exposed to short photoperiods
and that the primary difference between them lies
in how they exploit this endocrine information to
modulate the activity of their reproductive system. It
should also be emphasized that seasonal breeding
does not simply involve a change in reproductive
behavior but also involves a profound alteration in
the secretion of reproductive hormones including the
gonadotropins [follicle-stimulating hormone (FSH)
and luteinizing hormone (LH)] and sex steroids. In
males, termination of the breeding season is generally
also associated with a profound regression of the
testes. For example, exposure of adult male Syrian
hamsters to short photoperiods causes the combined
testicular mass to decrease from >3.5 g to <0.5 g,
and spermatogenesis to cease completely. Interest¬
ingly, the suppressive effect of short photoperiods on
the reproductive axis of hamsters can be mimicked
using exogenous melatonin, as long as it is adminis¬
tered at the appropriate time of day. This can be
readily demonstrated by an experiment in which male
hamsters are exposed to long photoperiods to stimu¬
late development of their reproductive axis (Fig. 15).
When these animals are also given a daily subcutane¬
ous injection of melatonin (25 p.g) every afternoon,
the usual stimulatory action of long photoperiods
becomes inhibited. The exact mechanism is unclear,
but it is generally assumed that the afternoon adminis¬
tration of exogenous melatonin effectively combines
with the animal's endogenous nocturnal melatonin to
produce a sustained elevation of circulating melatonin
concentrations (i.e., similar to that occurring in ham¬
sters exposed to short photoperiods). In contrast, an
identical dose of melatonin injected each morning is
completely ineffective, probably because it is cleared
from the circulation too far in advance of the endoge¬
nous melatonin peak.

In sheep, exogenous melatonin exerts a markedly
different effect on the reproductive axis. Unlike ham¬
sters, sheep are short-day breeders (i.e., they mate in
the fall and winter and produce lambs the following
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Fig. 15. The influence of melatonin on the reproductive axi:
of male Syrian (golden) hamsters. All of the animals wen
maintained in short photoperiods (SP) (i.e., 6 h light: 18 1
dark per day) foFT wk before use in the study. For the nex
4 wk, they were then either exposed to long photoperiod:
(LP) (i.e., 14 h light: 10 h dark per day) or maintained in SP
During this period, some of the LP animals received a dail;
subcutaneous injection of melatonin (25 pg) either in th<
morning (am) or in the afternoon (pm). Note that the norma
rise in serum testosterone concentrations that occurs when th<
animals are exposed to LP is completely blocked by exogenou
melatonin, as long as is administered in the afternoon; morninj
injections of melatonin are ineffective. Each bar represent
the mean serum testosterone measurement (± SEM) of fiv
to eight animals (Data from Urbanski HF, Fahy MM, Collin
PM. Influence of /V-methyl-D-aspartate on the reproductiv
axis of male Syrian hamsters. J Endocrinol, 1993; 137:247)

spring and summer). Thus, when exogenous melato
nin is administered to ewes in the summer (to mimi
winter circulating melatonin concentrations) it preco
ciously activates the reproductive axis and induce
lambing several months earlier than usual. Take:
together, these findings emphasize that in seasons
breeding mammals, melatonin is not antigonadotropi
or progonadotropic per se. Instead, its role is simpl
to convey circadian and seasonal information to th
reproductive neuroendocrine circuits.

6.2. Human Reproductive Physiology
Humans appear capable of reproducing at any tim

of the year and by definition, therefore, they are nc
seasonal breeders. On the other hand, Till Roenneber
and Jiirgen Aschoff have performed a comprehensiv
analysis of monthly birth rates from 166 regions of th
world and have concluded that humans, as a whole, d
show an annual rhythm of reproduction. There is
general tendency for maximal conception rates t
begin close to the vernal (spring) equinox; that is, :
a time of year when days and nights are equal i
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length. Whether melatonin plays a role in this circan-
nual rhythm is unknown, but is likely given that it
does so in most other mammals. In general, however,
the influence of melatonin on the human reproductive
axis appears to be marginal and the available evidence
supporting its physiological role is largely circum¬
stantial. For example, a significant reduction of noc¬
turnal melatonin secretion is associated with the onset

of puberty, but so far there is no direct evidence that
it is a cause; indeed, it might simply reflect increased
dilution of the hormone as a result of increased vascu¬

lar volume. Similarly, although abnormally high-cir¬
culating melatonin concentrations have been reported
in women withfunctional hypothalamic amenorrhoea
and in men with hypogonadotropic hypogonadism, it
is unclear whether they contribute to the development
of these reproductive disorders or whether they are
a consequence. Currently, there is no clear consensus
as to whether melatonin levels change during the
menstrual cycle, although there is some evidence to
suggest that it might be lowest at the time of expected
ovulation. Large doses of melatonin (30-75 mg) in
conjunction with progestin have been proposed as a
novel approach to human contraception, but it remains
to be convincingly demonstrated that endogenous
melatonin plays a physiological role in regulating
reproductive function in humans.

7. CONCLUSION

Through its circadian pattern of melatonin secre¬
tion, the pineal gland helps to keep the internal physi¬
ology of animals in synchrony with the day-night
cycle and with the annually changing seasons.
Although the melatonin rhythm is assumed to accu¬
rately and reliably reflect the activity of the central
pacemaker in the SCN, the extent to which melatonin
itself can directly influence human biological
rhythms, such as the sleep-wake cycle, remains to
be elucidated. Exogenous melatonin has been shown
to be effective at synchronizing circadian rhythms in
blind individuals and also to help phase adjust circa¬
dian rhythms in sighted individuals prior to transme-
ridian flights. With the cloning of different melatonin
receptor subtypes and the prospect of producing spe¬
cific agonists and antagonists, it may soon be possible
to develop more effective therapies for these circadian
rhythm disorders as well as for seasonal affective dis¬
order.

In recent years, numerous books aimed at the lay
public have espoused the virtues of using melatonin
to treat, alleviate, or prevent a wide range of human

ailments. Based mainly on results from animal stud¬
ies, claims have been made that melatonin can combat
aging, boost the immune system, and reduce the risk
of cancer. Although the extent to which melatonin
can exert these beneficial effects in humans remains
to be determined, the sleep-inducing property of exog¬
enous melatonin in humans is already well estab¬
lished. In the United States, melatonin is currently
classified as a food supplement and so is readily avail¬
able to the public without a physician's prescription.
Consequently, the use of melatonin as a "self-help"
remedy for insomnia is already prevalent, especially
among the elderly who commonly have problems
getting a good night's sleep. Because the popular
image of melatonin as a "wonder drug" will inevitably
lead to its increased use in the future, more scientific
studies are needed to substantiate its potential thera¬
peutic effects and, more importantly, to show that its
long-term indiscriminate use does not adversely affect
the circadian system. —
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ABSTRACT
In mammals, reproduction is thought to be controlled by a single neuropeptide, gonadotropin-releasing hormone (GnRH-I),

which regulates the synthesis and secretion of gonadotropins from the pituitary gland. However, another form of this
decapeptide (GnRH-II), of unknown function, also exists in the brain of many vertebrate species, including humans; it is
encoded by a different gene and its amino acid sequence is 70% identical to that of GnRH-I. Here we report the cloning of
a GnRH-II cDNA from the rhesus macaque (Macaca mulatto), and show for the first time by in situ hybridization that GnRH-II
mRNA is expressed in the primate midbrain, hippocampus and discrete nuclei of the hypothalamus, including the supraoptic,
paraventricular, suprachiasmatic and arcuate. Because the regional distribution pattern of cells containing GnRH-II mRNA is
largely dissimilar to that of cells containing GnRH-I mRNA, it is likely that these two cell populations receive distinct
neuroendocrine inputs and thus regulate GnRH synthesis and release differently.

Gonadotropin-releasing hormone (GnRH) plays a
fundamental role in stimulating the release of LH and
FSH from the pituitary gland, and therefore represents
the primary neuroendocrine link between the brain
and the reproductive system (1). So far, at least nine
different forms of this decapeptide have been
identified in lower vertebrates but until recently only
one form (GnRH-I) was thought to exist in eutherian
mammals (2-7). It is now clear that a second form of
this decapeptide (GnRH-II) also exists in the brain of
many mammals, including humans, and that it is
encoded by a different gene (8-13). On the other
hand, the biological function of GnRH-II is unknown
and only limited attempts have been made to describe
its regional expression in the primate brain. For
example, immunoreactive GnRH-II cells have been
detected in the midbrain and hypothalamus of the
rhesus macaque, but it is unclear whether these cells
represent a source of GnRH-II synthesis or whether
they represent a site of GnRH-II uptake (14). To help
resolve these issues, GnRH-II cDNA was cloned from
the rhesus macaque, and used to produce a riboprobe
suitable for in situ hybridization. Here we show for
the first time the detailed distribution pattern of
GnRH-II mRNA in the brain of a primate species.
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Materials and Methods
Animals

Tissues from adult male and female rhesus macaques
{Macaca mulatto) were obtained from the Oregon Regional
Primate Research Center's Tissue Distribution Program.
These animals had been maintained in accordance with the
NIH Guide for the Care and Use of Laboratory Animals.
They had been housed under controlled lighting (12 hours
of light and 12 hours of darkness per day) and temperature
(23 ± 2 C), and had been provided a diet consisting of
Purina monkey chow and fresh fruit, with unlimited access
to drinking water.

cDNA isolation and sequencing
Midbrain tissue was homogenized in a guanidine

thiocyanate-phenol-chloroform reagent and total RNA
extracted (UltraSpec-II RNA, Biotecx Laboratories,
Houston, TX). Superscript II RT was then used to
transcribe 5 pg of total RNA into cDNA, following the
manufacturer's protocol (Life Technologies, Gaithersburg,
MD) except that the reaction was performed at 45 C and
primed with dT22V. A portion (0.01%) of the cDNA
synthesis reaction was amplified in glass microcapillary
tubes using a Rapidcycler (Idaho Technologies, Idaho Falls,
ID) and the following cycling protocol: a 15-sec
denaturation at 94 C followed by 35 cycles of a 0-sec hold
at 94 C, a 0-sec primer annealing step at 60 C and a 15-sec
extension step at 72 C. The primers were based on the
known human GnRH-II cDNA (13): exon 1, 5'-CTG CAG
CTG CCT GAA GGA G-3' and exon 4, 5'-CGG AGA
ACC TCA CAC TTT ATT GG-3'. The amplified products
were sequenced directly to confirm their identity (GenBank
Accession Number AF097356).

1945
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In situ hybridization
Brain tissue was perfusion-fixed with a 4% solution of

paraformaldehyde, in 0.1 M phosphate-buffered (pH 7.4)
saline (0.9%), and cryoprotected (15). Frozen-cut coronal
sections (25 pm) were then mounted on glass microscope
slides (Fisherbrand Superfrost/Plus; Fisher, Auburn, WA),
and vacuum dried overnight. The in situ hybridization was
performed following an established protocol for perfusion-
fixed primate brains (15) and involved the use of 35S-
labeled antisense riboprobes to either macaque GnRH-I
mRNA (16) or macaque GnRH-II mRNA. The riboprobes
were about 224- and 430-bp long, respectively, and both
spanned the complete decapeptide coding region as well as
most of the GnRH-associated peptide (GAP) coding region.
The hybridizations were performed overnight at 65 C and
post-hybridization involved exposure of the sections to
RNase A (10 pg/ml) for 30 min at 37 C, followed by two
30-min washes with 2x saline-sodium citrate buffer (SSC;
8.7 g sodium chloride and 4.4 g sodium citrate per liter,
pH 7.0) at room temperature, and a final wash with O.lx
SSC at 65 C. To visualize the hybridization pattern the
sections were dehydrated, air dried, and apposed to Beta-
max Hyperfilm for 24 hours. The resulting autoradiographs
were uniformly illuminated using a Northern Light
transilluminator (Imaging Research, Ontario, Canada) and
digitized using a Sony XC-77 CCD camera (Sony, Cypress,
CA), which was connected to a DT-2255 frame grabber
(Data Translation, Marlboro, MA) and Macintosh Power¬
PC computer.

Results

The overall nucleotide and deduced amino acid
sequences of rhesus GnRH-II cDNA are 92% and
88% identical, respectively, with those of human
GnRH-II cDNA (Fig. 1). More specifically, the amino
acids within the corresponding GnRH-II signal
sequences, GnRHs, and GnRH-associated peptides
(GAPs) are 92, 100, and 86% identical, respectively.

Autoradiographs showing the distribution of
GnRH-I and GnRH-II mRNAs in the macaque brain
are depicted in Fig. 2. GnRH-II mRNA was highly
expressed in the central region of the midbrain,
ventro-medial to the fourth ventricle (Fig. 2a), and
also in the hippocampus, especially in the dentate
gyms (Fig. 2b). In addition, GnRH-II mRNA was
highly expressed in discrete areas of the
hypothalamus, including the supraoptic, para¬
ventricular and arcuate nuclei (Fig. 2c,d); in some
sections, moderate hybridization also occurred in the
suprachiasmatic nucleus (data not shown). In contrast,
GnRH-I mRNA was more diffusely distributed than
GnRH-II mRNA; the highest levels of GnRH-I
mRNA expression occurred in ventro-medial regions
of the hypothalamus and ventro-lateral regions of the
preoptic area, including the substantia innominata
(Fig. 2e,f). Control sections, which were hybridized
with 35S-labeled sense probes, showed a uniform low
level of hybridization (data not shown).
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FIG. 1. Nucleotide and deduced amino acid sequences of rhesus macaque (r) and human (h) GnRH-II cDNAs. A dot in the
human sequences indicates that a residue is identical to that in the rhesus sequence. Dashes indicate that a gap has been inserted
to facilitate alignment. Signal sequence, thin underline; decapeptide, rectangle; conserved proteolytic processing site, thick
underline; GnRH-associated peptide (GAP), grey shading.
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FIG. 2. Regional expression of GnRH mRNA in the rhesus macaque brain as revealed by radioisotopic in situ hybridization.
Autoradiographs of coronal brain sections represent hybridization of an antisense GnRH-II riboprobe in the central region of
the midbrain (a), the hippocampus (b), the supraoptic and paraventricular nuclei of the hypothalamus (c), and in the medio-basal
hypothalamus (d). In contrast, the hybridization pattern of an antisense GnRH-I riboprobe is more diffuse and mainly confined
to ventro-lateral and medial regions of the hypothalamus (e,f). Scale bars, 5 mm. oc = optic chiasm, ot = optic tract.
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Discussion

Previous studies in rodents have suggested that
GnRH can function as a central neurotransmitter or

neuromodulator in the midbrain and hippocampus,
especially in the context of reproductive behavior
(17,18). Our finding that GnRH-II mRNA is highly
expressed in these brain regions indicates that GnRH-
II might fulfill this physiological role. Indeed, it is
plausible that GnRH-II acts as the primary
endogenous ligand for some of the GnRH receptors
that exist in the brain, including those observed in the
hippocampus of rats (19). Because previous studies
have shown that synthetic GnRH-II is a potent
stimulator of gonadotropin release in rhesus macaques
in vivo (14), our finding that both GnRH-II and
GnRH-I mRNAs exist in the rhesus hypothalamus
suggests that both molecular forms of GnRH may
play a physiological role in regulating the release of
LH and FSH. Thus, the two GnRHs may coordinately
control gonadal steroidogenesis, sperm production,
follicular development and ovulation. However,
because hypothalamic cells containing GnRH-I and
GnRH-II mRNAs show a largely dissimilar
distribution pattern, they are likely to receive a
distinct set of inputs; their axonal projection patterns
are also likely to show some differences. In this
context, the high levels of GnRH-II mRNA in the
supraoptic nucleus are particularly notable because
most neurons in this region project directly to the
neural lobe of the pituitary gland (20); this raises the
interesting possibility that some of the GnRH-II may
reach the pituitary gland and the peripheral circulation
by a different route than GnRH-I, which reaches the
pituitary gland via the hypothalamic portal vessels.

Taken together, these results emphasize the need
to re-evaluate the assumption that a single GnRH
moiety controls reproductive function in mammals.
Moreover, because the hypothalamo-pituitary-gonadal
axis of rhesus macaques closely resembles that of
humans, these results may guide our understanding of
the etiology of human reproductive disorders such as
precocious puberty, amenorrhea, and menopause.
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Abstract

Intrinsic neuron-like cells expressing the catecholamine-
biosynthetic enzyme tyrosine hydroxylase (TH) were re¬

cently identified in the testis of the prepubertal rhesus
monkey. In this study, we characterized the neuron-like
nature of these cells and examined distribution and fre¬

quency of neuronal elements in the testes of monkeys
during postnatal development, puberty and adulthood.
Using immunohistochemical methods, we detected both
nerve fibers and cell bodies, immunoreactive for the neu¬

ronal markers neurofilament 200 (NF-200) and synapto¬
somal associated protein of 25 kDa (SNAP-25), TH and
neuropeptide Y (NPY) in perivascular locations, inter¬
mingled with interstitial cells and close to the wall of
seminiferous tubules. Marked age-related differences in
the numbers of these neuronal elements became appar¬
ent, when we quantified NF-200-immunoreactive neu¬

ronal elements. Thus, intrinsic neuron-like cell bodies
were found only in the testes from immature animals
(i.e., until about 3 years of age). Conversely, nerve fibers,

presumably representing mainly the extrinsic innerva¬
tion, were observed at all ages although they became
more prominent after the pubertal increase in LH and
testosterone levels. Interestingly, another testicular cell
type known to contain potent regulatory substances,
mast cells, was found to be in close anatomical proximity
to nerve fibers. The number of these cells, positively
identified with an antibody to tryptase, increased signifi¬
cantly after puberty following the same pattern as nerve
fibers. These results confirm that the testicular nervous

system of the monkey is composed of two components,
intrinsic nerve cells and extrinsic fibers, both of which
are catecholaminergic and peptidergic in nature. Fur¬
thermore, both components show a marked degree of
plasticity during development, especially around the
time of puberty. The intratesticular locations of neuron¬
like cells and fibers suggest that catecholamines and
neuropeptides are likely to have multiple sites of actions,
and may affect Leydig cells, cells of the tubular wall and
vascular cells directly and/or indirectly via intermedia¬
tion of mast cells.

Copyright © 2000 S. Karger AG, Basel

KAKG E R @ 2000 s'Karger AG'Basel
Fax+ 41 61 306 12 34
E-Mail karger@karger.ch Accessible online at:
www.karger.comwww.karger.com/journals/nen

Artur Mayerhofer, Professor of Molecular Anatomy
Anatomisches Institut, Technische Universitat Munchen
Biedersteiner Strasse 29
D-80802 Miinchen (Germany)
Fax +49 89 397035, E-Mail mayerhofer@lrz.tum.de



Introduction

In addition to the crucial role of gonadotropins for the
regulation of testicular function, there is growing evidence
that other factors participate in the control of gonadal
functions. These factors include growth factors and neu¬

rotransmitters, in particular the catecholamines norepi¬
nephrine (NE) and epinephrine (EPI) [see summary and
additional references in 1,2]. NE and EPI are able to acti¬
vate catecholaminergic receptors present on Leydig cells,
Sertoli cells and smooth muscle cells in the testis [3-7].
The consequences are, as shown in vivo and in vitro,
changes in steroid production and LH receptors of Leydig
cells [cf. 6, 8-12], increased cyclic adenosine monophos¬
phate (cAMP) and lactate formation of Sertoli cells [cf. 5,
13] or altered smooth muscle/vascular tonus [cf. 3],
Whether other somatic cells of the testis, e.g. mast cells,
are among the targets for catecholamines is not known,
but studies in other organs have indicated such a possibili¬
ty [14-16], Since the mast cell products histamine and
serotonin affect testicular steroidogenesis, this aspect ap¬
pears worth being investigated [17-20]. Despite these
well-established actions of catecholamines, the signifi¬
cance of testicular catecholamines for the in vivo regula¬
tion of testicular function is not clear. To have physiologi¬
cal meaning, it would be required that these substances
can be delivered in sufficiently high levels close to their
receptor-bearing testicular targets. Several routes are pos¬
sible: Adrenal catecholamines can travel from the adrenal
medulla via the bloodstream to their targets in the testis
and/or catecholamines can be released from primarily cat¬
echolaminergic nerve fibers present in the testis [3, 4, 21-
24]. Compared to the bloodstream, the innervation may
allow a more precise way of delivery neurotransmitters to
target cell in the testis. Indeed testicular nerve fibers form
'synapses en passant' with Leydig cells and peritubular
cells in the human testis [25-27], implicating release of
neurotransmitters into the interstitial space in the close
neighborhood of the targets. Moreover, testicular innerva¬
tion, appears also to be important for a functional direct
link between testes and brain [cf. 28].

Another, as yet little examined potential source of cate¬
cholamines exists in the interstitial spaces of the rhesus
monkey testis, which contains a population of phenotypi-
cally elongated neuron-like cells, immunoreactive for ty¬
rosine hydroxylase (TH), the rate-limiting enzyme for cat¬
echolamine biosynthesis [29], Moreover, the gene for TH
is expressed in the monkey testis and similar cells were
found in the ovary of the monkey [30, 31], lending further
support for the existence of these cells at least in primates.

This cell type may act alone and/or in concert with the
extrinsic sympathetic innervation of the testis. In contrast
to the ovary, the testicular TH cells were described to exist
mainly in prepubertal monkey testes and were not found
in adult testes in a previous study [29], Whether the cell
expressing TH are indeed of neuronal nature is not clear.
To address this point, we therefore examined if they pos¬
sess other neuronal proteins. We also examined the distri¬
bution and frequency of the neuronal elements (cell bod¬
ies and fibers) in the testes of monkeys during postnatal
development, puberty and adulthood using immunohis-
tochemical techniques. Special attention was paid to the
anatomical relationship between neuronal elements and
testicular cells including mast cells.

Materials arid Methods

Tissue Collection
All tissues were obtained from animals involved in other unre¬

lated studies. For our study, the testes were obtained from rhesus
monkeys (Macaca mulatto) aged 100-300 days (infantile group, n =

6), 1-2 years (juvenile group, n = 7), 3-4 years (peripubertal group,
n = 6), 6-8 years (adult group, n = 5). The animals were cared for by
the Oregon Regional Primate Research Center in accordance with
the NIH Guide for the Care and Use of Laboratory Animals. They
were housed in a 12L:12D photoperiod (i.e., 12 h of light per day)
and fed twice daily with Purina monkey chow; fresh fruit was also
provided daily and drinking water was made available ad libitum.
They were painlessly killed using an overdose of ketamine and pento¬
barbital, according to procedure established by the Panel on Eutha¬
nasia of the American Veterinary Society. For the purpose of this
study, the testes were Fixed for at least 48 h in Bouin's fluid, followed
by 70% ethanol, and then embedded in paraffin wax. Sections (5 pm)
were prepared for immunohistochemistry. Serum was aliquoted and
stored at -20°C until assayed for LH and testosterone.

HormoneAssays
Bioactive LH concentrations were measured in serum samples

using a previously reported mouse Leydig cell bioassay [32], which
could detect as little as 3 ng LH/ml using the cynomologus LH RP-1
as the reference preparation. Testosterone concentrations in the
serum were measured by radioimmunoassay (RIA) as previously
described [33]. The antiserum used shows 67% cross-reactivity with
dihydrotestosterone, but less than 4% with other steroids.

Immunohistochemistry
Avidin-Biotin-Peroxidase (ABC) Method. The testicular distribu¬

tion of NF-200, TH, NPY, synaptosomal associated protein of
25 kDa (SNAP-25) and mast cells tryptase was examined in monkey
testes using an ABC-immunohistochemical method as described pre¬
viously [31, 34, 35], Specific antibodies were employed (mouse
monoclonal antibody anti-NF-200: Boehringer Mannheim Inc., In¬
dianapolis, Ind., USA; dilution 1:50; rabbit polyclonal antibody anti-
TH: Chemicon International Inc., Temecula, Calif., USA, dilution
1:400; rabbit polyclonal antibody anti-NPY: Peninsula Laboratories
Inc.. Belmont, Calif., USA, dilution 1:70,000; mouse monoclonal
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antibody directed against a synaptosomal associated protein of
25 kDa, SNAP-25: Stemberger Monoclonals Inc., Baltimore, Md.,
USA, dilution 1:500; mouse monoclonal antibody antitryptase:
Dako, Hamburg, Germany, dilution 1:50). Sections incubated in
buffer (without primary antibody) or sections incubated with buffer
containing mouse or rabbit normal serum, respectively, served as
controls for all samples.

Double Staining: A Combination ofABC and Immunogold-Silver
Methods. Co-location of TH-immunoreactive fibers and tryptase-
positive mast cells was assayed by a double staining immunohisto-
chemical method described originally by van der Loos and Becker
[36], Commercially available antibodies (rabbit polyclonal antibody
anti-TH: Cheinicon International Tnc ; mouse monoclonal antibody
anti-iryptasc: Dako, Denmark) weie employed. In brief, sections
were first deparaffinized, endogenous peroxidase reactivity was
quenched by a 10-min pretreafment with 10% methanol, 0.7% Hi02
in 0.01 M phosphate-buffered saline (PBS, pH 7,4), and residual
aldehyde groups present aflei aldehyde fixation were inactivated by
pretreatment with 0.05 M glycine and 0.1% NaBH4 in PBS for
15 min. The cells wcic peniieabilized by a 5-rnin incubation with
0.5% saponin in PBS and nonspecific proteins were blocked by sub¬
sequent incubation with protein block buffer (5% bovine serum albu¬
min, 0.1% fetal calf serum and 5% goat normal serum in PBS) for
30 min. After several wash steps the incubation with a TH antisera
(1:100) and tryptase antibody (1:50) diluted in incubation buffer
(0.2% BSA-acetylated: Biotrend, Cologne, Germany; 20m71/NaN3
in PBS, pH 7.4) was carried out overnight in a humidified chamber at
4°C. The second day, testicular sections were washed and incubated
with biotinylated secondary antisera (goat anti-rabbit IgG preab-
sorbed against human proteins; 1:500 diluted: Camon, Wiesbaden,
Germany) and a gold conjugate reagent (goat anti-mouse, gold parti¬
cle diameter 0.8 nm: Immuno Gold Aurion, Wageningen, The Neth¬
erlands, 1:100 diluted) for 2 h at room temperature. The specimens
were postfixed in 2% glutaraldehyde in PBS and enhanced by silver
stained (R-GENT, Biotrend) followed by a commercial ABC kit
(Vectastain, Camon, Burlingame, Calif., USA). TH immunoreaction
was visualized with 0.01% H202 and 0.05% 3,3-diaminobenzidine
(DAB) solution (in 0.05 A/Tris-HCl, pH 7.6). For control purposes
the first antiserum was omitted. Sections were examined with a Zeiss
Axiovert microscope (Oberkochen, Germany) with a 400 x magnifi¬
cation using a combination of epipolarization for immunogold-silver
and transmitted light for ABC staining that allow to visualize both
reaction products simultaneously.

Quantification ofNF-200-Immunoreactive Elements and
Tryptase-Positive Mast Cells
Because the monoclonal antibodies against the neuronal marker

NF-200 and the tryptase mast cells produced a strong staining with¬
out significant background staining, we used these antibodies to eval¬
uate the frequency of neuronal elements (single nerve fibers, nerve
fiber bundles and cell bodies) and mast cells in monkey testes during
the postnatal development and sexual maturation. The number of
NF-200-immunoreactive structures and tryptase-immunopositive
cells were quantified with a Leica microscope with a 250 x magnifi¬
cation and a gridded eyepiece. In each testicular section, 4-5 fields
were evaluated for the presence of immunoreactive neuronal ele¬
ments or mast cells and for the seminiferous tubules sectioned. The
results were expressed as immunoreactive nerve fibers/tubule, im¬
munoreactive neuron-like cells/tubule and immunoreactive mast

cells/tubule as described previously [see 37], Results obtained were

Fig. 1 . Nerve fibers in the monkey testis. A NF-200-immunoreactive
nerve fiber bundle in the interstitial space of a monkey testis. Note
that interstitial cells (asterisks) and seminiferous tubules (T) are in
close proximity (age 30 months, bar ca. 40 ;im). B Similar area as in
A: TH-immunoreactive nerve fiber bundle is seen (age 38 months,
bar ca. 40 pm). C Example of perivascular (BV, blood vessel) and
interstitial nerve fibers immunoreactive for NPY (age 38 months,
barca. 60 pm). D Two SNAP-25-immunoreactive nerve fibers of dif¬
ferent sizes are seen in the testis of a 16-month-old monkey (bar ca.
50 pm).

statistically analyzed using ANOVA and Fisher PLSD test. Data
were expressed as mean ± SEM. p < 0.05 was considered signifi¬
cant.

Results

Testicular Catecholaminergic/Peptidergic Nerve Fibers
in the Testis
Nerve fibers immunoreactive for NF-200, TH and

NPY were identified in the interstitial spaces and within
the neighborhood of the seminiferous tubules and blood
vessels at all ages studied. This staining was robust and
observed in all sections (fig. IA-C). In contrast, the
SNAP-25 antibody was less robust (i.e. not detected in
every section) but specific staining was seen in the same
locations in some of the sections (fig. ID). Mast cells
immunoreactive for tryptase were seen in the same areas
as nerve fibers (not shown). Double immunocytochemical
staining methods allowed to clearly identify close anatom-
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Fig. 2. Anatomical proximity between nerve fibers and mast cells.
Immunohistochemical detection of a mast cell (antitryptase; epipo-
larization) in close contact with TH-immunoreactive nerve fibers (ar¬
row) (16 months, bar ca. 30 pm); T, seminiferous tubule. Note that
the original color of the mast cell was blue, the color of the TH fibers
brown.

ical proximity between mast cells (tryptase-positive) and
nerve fibers (TH-positive) (fig. 2).

Catecholaminergic/Peptidergic Neuron-Like Cells
In the interstitium of seven testes of immature mon¬

keys (infantile and juvenile animals, from birth to about 3
years old, and in one case of a 46-month-old monkey), but
not those from adult monkeys, we found elongated cells
with a mainly bipolar and occasionally multipolar pheno-
type, which stained with specific antibodies against
SNAP-25, NF-200, NPY and TH (fig. 3A-D). These neu¬
ron-like cells were similar in phenotype to the TH-posi¬
tive cells previously described and identified by confocal
scanning laser microscopy analysis in the prepubertal
monkey testis by Mayerhofer et al. [29].

Developmental Pattern ofNerve Fibers, Neuron-Like
Cells and Mast Cells - Correlation with Hormone
Levels
The changes in serum LH and testosterone levels are

indicated in figure 4A. Thus a marked increase of LH lev¬
els was found at 3-4 years of age. Levels remained con¬
stant during the adult period. Circulating testosterone lev¬
els were significantly elevated in the adults. The number
of nerve fibers/tubule and neuron-like cells/tubule, was
studied by immunohistochemistry using a monoclonal
antibody against NF-200 in one set of slides from all ani¬
mals (fig. 4B). The number of nerve fibers/tubule was

unchanged from birth to 3 years of age (infantile and juve¬
nile groups), then exhibited a significant rise (peripubertal

waT:*K

Fig. 3. Identification of neuron-like cells in monkey testes. A The
arrows point to the unstained nuclei of elongated bipolar cells show¬
ing cytoplasmatic SNAP-25 immunoreactivity. The cells are located
in the interstitial space of a testicular section (age 16 months, bar
ca. 30 pm). B A small NF-200-immunoreactive neuron-like cell (ar¬
row) is seen in the interstitial space in close association with inter¬
stitial cells of a testicular section (age 16 months, bar ca. 30 (im).
C Example of a cell expressing NPY (interstitial space of 38-month-
old monkeys, barca. 15 (im). D Immunoreactive cell body expressing
TH (interstitial space of 46-month-old monkeys, bar ca. 15 pm).

group), and a subsequent gradual increase during adult¬
hood. After birth until about 2 years of age the number of
neuron-like cells/tubule remained nearly constant, how¬
ever after about 3-4 years of age, these neuronal cells were
not detected in the monkey testis. The number of mast
cells/tubule remained constant in the infantile and juve¬
nile groups, but exhibited a significant increase at peripu¬
bertal time (3-4 years of age), and adulthood (fig. 4C).

Discussion

In the rat testis, NPY and NPY receptors have been
detected in the tunica albuginea and around the intracap¬
sular blood vessels [24, 38-40] and NPY has profound
effects on testicular blood flow [41]. Furthermore, it has
been demonstrated that monoamines and neuropeptides
can coexist in nerve fibers of the rat testis [24, 42, 43]. To
our knowledge, however, in monkey testes neither inner¬
vation nor neuron-like cells have been well characterized,
although TH-positive fibers and cells have previously
been described [29] and were also found in this study. The
present study indicates moreover that both the extrinsic
nerve fibers and the intrinsic neuron-like cells contain
SNAP-25, a protein present in synaptic vesicles, chromaf-

NF-200
■y
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immunostained for NF-200 and tryptase. Results shown represent
means ± SEM. Different letters denote statistically significant differ¬
ences between groups (p< 0.05).

fin vesicles and in neuronal plasmalemma [44-46], and
also NF-200, an intermediate filament specific for neu¬
rons. Moreover, at least some interstitial and perivascular
nerve fibers and neuron-like cells also contain NPY. The
fact that electron-dense vesicles coexist with clear vesicles

in varicosities of nerve fibers in the monkey testis [29]
indicates that catecholamines and peptides, as well as oth¬
er yet unidentified neurotransmitters, are present in mon¬

key testicular nerve fibers and presumably also in testicu¬
lar neuron-like cells.

To determine whether testicular neuronal elements

change during development, a point raised by our pre¬
vious finding [29], the presence of NF-200-immunoposi-
tive nerve fibers (single fibers and fiber bundles) and neu¬
ron-like cells was evaluated in one randomly selected set
of testicular sections. Immunoreactive structures and
seminiferous tubules in the same viewing area were
counted and results expressed per seminiferous tubule, as
described previously [37], The evaluation of larger sec¬
tions or whole testes was not possible, but since the num¬
ber (in contrast to the diameter) of tubules in the testes
presumably is the same in young versus adult testes, this
approach provided an appropriate semiquantitative way
of evaluating neuronal elements. The data indicate that
the number of testicular nerve fibers significantly in¬
creases throughout life. On the other hand, neuron-like
cells were detectable only in immature gonads, but not in
the adult testes, suggesting an unexpected neuronal plas¬
ticity during sexual maturation (i.e., despite the apparent
loss of neuron-like cells, an overall enrichment of the tes¬
tis by neuronal elements with age was apparent). Al¬
though previously the ontogeny of neuronal elements in
the testis was not studied in detail, there are some reports
which hint at changes in nerve fiber density and changes
in the levels of testicular catecholamines. Namely, a
marked increase in the number of testicular nerve fibers
was observed during the neonatal and prepubertal period
in the human testis by Prince [27]. Also, alterations in the
testicular content of catecholamines during sexual devel¬
opment ofhumans and rodents were noted by Zieher eL al.
[47] and by Mayerhofer et al. [11]. It is plausible that these
previous results reflect changes in the composition and
function of the gonadal nervous system, suggesting that
testicular neuronal plasticity may also occur in nonpri-
mate species.

The plasticity observed in our study occurred both at
the level of neuron-like cells, which disappeared, and at
the level of nerve fibers, which increased with age. How¬
ever, it is important to bear in mind that the fibers
observed could be processes of intrinsic neuron-like cells
or branches of extrinsic fibers, an issue which can

presently not be resolved. Our data also do not allow us to
draw conclusions to the reason(s) and the mechanism(s)
underlying the observed plasticity. High levels of andro¬
gens present only after puberty in the testis might have
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caused neuronal cell death, as described in certain brain
areas [48]. Alternatively, the state of activation of intra-
testicular neuron-like cells and/or neurons residing out¬
side the testis (presumably in the para-aortic ganglia and
possibly pelvic and accessory ganglia [see 24]) may change
around puberty. Consequently, secretory products like
neurotransmitters, neuropeptides and components of the
secretory machinery may not be visible any more close to
the nucleus, but rather in the processes of neuron-like
cells. It is plausible that we therefore did not detect immu-
noreactive cell bodies of testicular neuron-like cells using
immunohistochemical staining methods. Neurotrophic
factors (nerve growth factor, NGF [cf. 49-52]) or other
growth factors [50] may be involved in such an activation
process. Especially in neuron-like cells in the monkey ova¬

ry [30] and in sympathetic nerve fibers of human testis
[49] receptors for NGF were described. The striking cor¬
relation between testicular neuronal changes and the on¬
set of puberty in the present study may be indicative of a
hormone dependency, possibly involving LH. In neurons
of the fetal and adult rat brain, which express LF1 recep¬
tors [53], LH or hCG acted as a neurotrophic factor in
vitro and promoted neurite outgrowth [53]. Assuming
that neuron-like cells of the testis may contain LH recep¬

tors, the peripubertal rise in LH might have activated tes¬
ticular neuron-like cells. Additional studies are required
to clarify this point.

The role of neuronal elements and the one of neuro¬

transmitters released from these structures in the testis is
far from being understood. The pure presence of the tes¬
ticular neuronal elements in immature monkey testes, i.e.
during a time when the pituitary-gonadal axis is not yet
functional, implies however involvement in as yet un¬
known testicular functions or in testicular development.
In other systems, growth-promoting effects of neurotrans¬
mitters are established [cf. 54, 55] and for example in the
ovary, catecholamines and the neuropeptide vasoactive
intestinal peptide (VIP) induce functional maturation of
small follicles and expression of receptors for FSH [56],
The increase of nerve fibers after puberty leads to an
enrichment of neuronal elements in the testicular intersti-
tium in the adult testis and suggests a different role ofneu¬
ronal elements now. That substances, such as catechol¬
amines and neuropeptides in general can affect testicular
cells in the absence and in the presence of pituitary hor¬
mones, is supported by a number of studies [9-13, 29,
57-59]. Documented close anatomical proximity between
neuronal elements and testicular cells (Leydig cells, cells
of the tubular wall and vascular cells [cf. 25-27]) in vivo,
make testicular cells direct targets of catecholamines and

neuropeptides and provide further evidence for a func¬
tional link. It is possible that while all Leydig cells in the
adult may be subjected to regulation by LH, some, the
ones contacted by neuronal element in particular, may be
subjected to dual regulation, one by pituitary LH and one

by catecholamines and/or neurotransmitters.
While little is known about testicular neuronal ele¬

ments, even less is known about testicular mast cells and
their function. It is thought that progenitor cells migrate
to peripheral tissues including the testis and undergo pro¬
liferation and differentiation to typical mast cells appar¬

ently under the influence of local factors [60]. Importantly
in this context is that neurotransmitters, neuropeptides
and NGF are able to induce proliferation, but also degran-
ulation of mast cells as well as induction of expression of
cytokines [61-64], On the other side, mast cells have been
shown to be a source of NGF and produce neuropeptide-
degrading proteases [65, 66], These results indicate a
mutual interaction between neuronal elements and mast

cells.
We found that not only the testicular distribution of

neuronal elements and mast cells were strikingly similar,
but also demonstrated close anatomical proximity be¬
tween mast cells and catecholaminergic nerve Fibers in
monkey testes, similar to a relation in skin and gut [ld-
lb]. In addition, both the number of mast cells and the
number of nerve fibers in monkey testes increased after
puberty and are thus inversely related to the number of
neuron-like cells. Previous reports described age-depen¬
dent increases in the number of testicular mast cells

occurring around puberty in hamster, rat and human
testes [20, 25, 67], and mast cells and Leydig cells, which
developed simultaneously after chemical destruction of
Leydig cells in the rat [67]. Mast cells produce biologically
highly active substances, including proteases, cytokines,
histamine and serotonin, which can be released in re¬

sponse to different stimuli [19, 67], For some of these sub¬
stances a possible role in the testis was shown. Thus, hista¬
mine and serotonin can affect Leydig cells and regulate
testosterone production [17-20]. The present paper clear¬
ly indicates that at least the anatomical prerequisites for
interactive mutual paracrine influences to occur between
testicular neuronal elements on one side, mast cells and
Leydig cells on the other side exist in the monkey testis.

In summary, our study presents evidence that the testis
of the rhesus monkey contains catecholaminergic/peptid-
ergic extrinsic nerves and intrinsic neuron-like cells, as
well as mast cells, all ofwhich undergo marked age-related
changes during postnatal development and sexual matu¬
ration. Although the mechanisms governing these changes
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are currently unexplored, these results in conjunction
with a host of data from in vitro and in vivo studies, imply
that neuronal signals may act directly and/or indirectly,
e.g. via mast cells, to regulate testicular function and
development.
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Abstract

Gonadotropin-releasing hormone represents the primary neuroendocrine link between the brain and the reproductive axis, and at least
two distinct molecular forms of this decapeptide (GnRH-I and GnRH-II) are known to be expressed in the forebrain of rhesus macaques
(Macaco mulatto). Although the distribution pattern of the two corresponding mRNAs is largely dissimilar, their expression appears to
show some overlap in specific regions of the hypothalamus; this raises the possibility that some cells express both molecular forms of
GnRH. To resolve this issue, double-label histochemistry was performed on hypothalamic sections from six male rhesus macaques, using
a monoclonal antibody to GnRH-I and a riboprobe to monkey GnRH-II mRNA. In total, more than 2000 GnRH neurons were examined
but in no instance were GnRH-I peptide and GnRH-II mRNA found to be coexpressed. This finding emphasizes that GnRH-I and
GnRH-II are synthesized by two distinct populations of hypothalamic neurons, and suggests that they may be regulated by different
neuroendocrine pathways. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Luteinizing hormone-releasing hormone; LHRH; In situ hybridization; Immunohistochemistry

1. Introduction

The neuropeptide, gonadotropin-releasing hormone
(GnRH), plays a central role in stimulating the secretion of
luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) from the pituitary gland, so it represents the primary
neuroendocrine interface between the brain and the repro¬
ductive axis. Although multiple forms of this decapeptide
are known to exist in the brains of lower vertebrates [22], it
has generally been assumed that eutherian mammals ex¬

press only a single form (GnRH-I), commonly known as
mammalian GnRH [15,17,18,26]. Recently, however, it has
become evident that some mammals [3,5,7], including
humans [2,30] and nonhuman primates [11,14,28], express
a second form of GnRH (GnRH-II) which is commonly

Corresponding author. Division of Neuroscience, Oregon Regional
Primate Research Center, 505 N.W. 185th Avenue, Beaverton, OR,
97006, USA. Fax: +1-503-690-5384; e-mail: urbanski@ohsu.edu

known as chicken-II GnRH [19]. From a phylogenetical
perspective it is interesting that GnRH-II is highly con¬
served across the vertebrate classes. It appears to be identi¬
cal in fish [6,8,20,21,25,31-33], amphibians [1,24,27], rep¬
tiles [23], birds [19], and mammals [3,5,7]. Nevertheless,
the physiological function of GnRH-II remains unknown.

The peptide sequence of rhesus macaque GnRH-I
(pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH 2) and
the deduced peptide sequence of GnRH-II (pGlu-His-Trp-
Ser-His-Gly-Trp-Tyr-Pro-Gly-NHG are 70% identical. On
the other hand, the GnRH-associated peptide (GAP) re¬
gions of the respective precursor molecules are unique
[16,28], Furthermore, in humans GnRH-I and GnRH-II are

encoded by two distinct genes [30]. Taken together, this
suggests that the synthesis and release of GnRH-I and
GnRH-II in primates may be controlled by different neu¬
roendocrine pathways and that the two populations of
GnRH-releasing neurons may play different physiological
roles. Currently, however, it is unclear whether the same

0169-328X/00/S - see front matter © 2000 Elsevier Science B.V. All rights reserved.
PII: S0169-328X(99)00316-2
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neurons can synthesize both GnRH-I and GnRH-II. This
possibility certainly exists in primates because GnRH-II is
highly expressed in hypothalamic areas where GnRH-I has
also been found, notably around the ventral hypothalamic
tract and in the medial basal hypothalamus [11,28]. To
resolve this issue, the present study used a combined
immunohistochemical/molecular approach to examine the
hypothalamic GnRH system of rhesus macaques, and to
determine the extent to which GnRH-I neurons express
mRNA encoding GnRH-II. Preliminary findings have al¬
ready been published in abstract form [13].

2. Materials and methods

2.1. Animals

This study was approved by the Institutional Animal
Care and Use Committee at the Oregon Regional Primate
Research Center (ORPRC) and used six male rhesus

macaques (Macaca mulatto), aged 0.6-15 years. They
were cared for by the ORPRC in accordance with the NIH

Guide for the Care and Use of Laboratory Animals and
eventually were painlessly killed to provide a source of
brain tissue both for this and other related studies.

2.2. Tissue preparation

The animals were deeply anesthetized using
ketamine/pentobarbital according to procedures estab¬
lished by the Panel on Euthanasia of the American Veteri¬
nary Society. Their brains were fixed by perfusing 1 1 of
0.9% saline through the ascending aorta (at room tempera¬
ture) followed by 6.5 1 of ice-cold 4% paraformaldehyde in
0.1 M sodium phosphate buffer (pH 7.4). Hypothalami
were blocked rostral to the optic chiasm and just rostral to
the mammillary bodies. They were then immersed in fresh
fixative for an additional 3 h (at 4°C) and cryoprotected, as

previously described [4,9]. This involved their immersion
in 0.02 M sodium phosphate buffer (pH 7.4) containing
glycerol (10% v/v) and dimethyl sulfoxide (DMSO; 2%
v/v) for 24 h, followed by immersion in a more concen¬
trated glycerol (20% v/v) phosphate/DMSO solution for
an additional 72 h. The blocks were then rapidly frozen in

GnRH-I GnRH-II

■' ot . ,4 0*

PVN

SCN
SON

PVN

MBH

Fig. 1. Regional distribution of GnRH mRNA in the rostral (upper panels) and caudal (lower panels) hypothalamus of male rhesus macaques, as revealed
by in situ hybridization. Representative autoradiographs depicted in the left panels show a scattered pattern of GnRH-I mRNA expression, especially in
ventral regions of the hypothalamus. Representative autoradiographs depicted in the right panels show a concentrated pattern of GnRH-11 mRNA
expression, especially in the supraoptic (SON), paraventricular (PVN), and suprachiasmatic nuclei (SCN), and also in the medial basal hypothalamus
(MBH). oc = optic chiasm; ot = optic tract. Scale bar = 5 mm.
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2-methyl butane (pre cooled in an cthanol/dry-ice bath)
and stored at — 85°C. Subsequently, they were sectioned
(25 p,m) in the coronal plane using a freezing sliding
microtome and then stored free-floating at — 20°C in a

cryoprotectant solution comprising 0.05 M sodium phos
phate buffer (pH 7.3) with ethylene glycol (30% v/v) and
glycerol (20% v/v).

2.3. Immunohistochemistry

Immunohistochemistry (IHC) was performed on a series
of 12 hypothalamic sections from each animal, collected at
approximately 200-p.m intervals. All solutions made for
ibis procedure used RNase free, diethyl pyrocarbonatc
treated water. Free-floating sections were washed three
times. 5 min each, with Tris buffer A (0 05 M Tris, pH
7.6; containing 0.15 M sodium chloride and 1% Triton
X-100, v/v). They were then incubated in 2% normal
horse serum (Vector Laboratories, Burlingame, CA) in
Tris buffer A for 20 min at room temperature and washed
as before. Next, the sections were incubated overnight at
4°C with a previously characterized [29] GnRH-1 mono¬
clonal antibody (HIGH) at a 1:1000 dilution in Tris buffer
A. They were then washed three times, 5 min each,
incubated in biotinylated goat anti-rabbit IgG (Vector Lab-
Oratories) at 1:1000 dilution in Ins buffer A for 1 h at
room temperature, and again washed. To detect the signal,
the sections were exposed to an avidin/biotin complex
(Standard ABC kit; Vector Laboratories) for 1 h, washed
three times in Tris buffer B (0.05 M Tris, pH 7.6; contain¬
ing 0.15 M sodium chloride), 5 min each, and exposed to
3,3'-diaminobenzidine tetrachloride (1 mg/ml Tris buffer
B; Sigma, St. Louis, MO) for 10 min, concluding with 3
more washes. The sections were then mounted on glass
microscope slides (Fisherbrand Superfrost/Plus; Fisher,
Auburn, WA), fan dried for 1 h, vacuum dried overnight,
and stored at — 85°C.

2.4. cRNA probe synthesis and in situ hybridization histo¬
chemistry

35
A " S-labelled 430-nucleotide antisense riboprobe was

transcribed using rhesus macaque GnRFl-II precursor
cDNA as the template. Because the GAP coding regions of
the macaque GnRH-1 and GnRH-II precursors are unique

Table 1

Number of hypothalamic cells expressing GnRH-I peptide or GnRH-II
mRNA

GnRH-I and GnRH-II cells were identified in hypothalami of male rhesus
macaques by immunohistochemistry and in situ hybridization, respec¬

tively. Numbers represent the total number of positive cells detected in
the 72 sections that were examined (12 sections per animal).
Number of animals GnRH-I peptide GnRH-II mRNA Double-labelled
6 643 1743 0

'
'

»

jr . ' . %
■ ■

.

,c

Fig. 2. Representative bright-field photomicrographs of emulsion-dipped
hypothalamic sections, initially processed for GnRH-I immunohistochem¬
istry and then GnRH-II in situ hybridization. The silver grain density
overlying the DAB-stained GnRH-I-immunopositive neurons (one in the
upper panel and two in the lower panel, respectively) is similar to that of
the background, indicating a lack of GnRH-II mRNA co-expression in the
GnRH-I neurons. Scale bar = 50 p.m.

[16,28], this probe was found to specifically identify only
those cells that express GnRH-II mRNA. The 35S-labelled
riboprobe to rhesus macaque GnRH-I was transcribed from
cDNA previously characterized by Ma et al. [16].

In situ hybridization (ISH) was performed, as previ¬
ously described [4], on the series of hypothalamic sections
that had initially been processed for IHC. First, the brain
sections were brought to room temperature and post-fixed
in 4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4) for 15 min, rinsed in phosphate buffer, and then were
digested with Proteinase K (10 p.g/ml) in Tris-EDTA
buffer (pH 8.0; 100 mM Tris, 50 mM EDTA) for 30 min
at 37°C. Next, they were acetylated, dehydrated with as¬
cending concentrations of ethanol, and dried under vacuum
for 2 h. They were then hybridized for 18 h at 65°C with
100 |M of ,5 S-labelled antisense riboprobe, diluted to
I X 107 c.p.m./ml of hybridization buffer (50 mM dithio-
threitol, 250 p-g/ml tRNA, 50% formamide, 0.3 M sodium
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chloride, 1 X Denhardt's solution, 20 mM Tris (pH 8.0), 1
mM EDTA and 10% dextran sulfate). For the hybridiza¬
tion, glass coverslips were affixed to the slides by applying
DPX mounting medium (BDH Laboratory Supplies, Poole,
England) along the edges. They were subsequently re¬
moved after two 30-min soakings in 4 X saline-sodium
citrate buffer (SSC; the 20 X stock solution comprised
175.3 g sodium chloride and 88.2 g sodium citrate per liter
(pH 7.0)) containing 20 mM dithiothreitol (DTT). The
sections were then incubated in Tris-EDTA buffer (pH
8.0; 10 mM Tris, 1 mM EDTA, 0.5 M sodium chloride)
containing RNase A (10 p,g/ml) for 30 min at 37°C,
followed by two 30-min washes at room temperature with
2 X SSC containing 1 mM DTT. After a final 30-min
wash at 70°C with 0.1 X SSC containing 1 mM DTT. they
were dehydrated through ascending concentrations of
ethanol, containing 0.3 M ammonium acetate, and air-dried
for 30 min. To visualize the hybridization pattern, the
sections were apposed to Hyperfilm (3-max (Amersham
Pharmacia Biotech, Piscataway, NJ) for 6 days (i.e., an

exposure period that maintained the hybridization signal in
the linear response range of the film).

For quantitation, the hypothalamic sections were again
dehydrated using increasing concentrations of ethanol, de¬
fatted in xylenes for 1 h, and dipped in photographic
emulsion (NTB-2, Eastman Kodak, Rochester, NY). They
were exposed in a light-tight box for 12 days at 4°C, and
then processed with Kodak developer (D-19) and fixer,

dehydrated with ethanol, cleared with xylenes, and finally
coverslipped using DPX mounting medium. Cells were
defined as having an obvious round or fusiform silver
grain deposition pattern and a distinct central nuclear area.
Both DAB-labelled (for IHC) and silver-grain-labelled cells
(for ISH) were counted and the degree of colocalization
determined.

3. Results

Representative autoradiographs depicting the general
distribution pattern of GnRH-I and GnRH-II mRNAs in
the hypothalamus are shown in Fig. 1. GnRH-I mRNA
expression was found to be scattered widely throughout
the hypothalamus, especially in the ventral regions (Fig. 1,
left panels), whereas GnRH-II mRNA expression was
found to be concentrated mainly in the supraoptic (SON)
and paraventricular (PVN) nuclei, as well as in the medial
basal hypothalamus (MBH) (Fig. 1, right panels). Despite
the marked difference in the general distribution pattern of
GnRH-I and GnRH-II mRNAs, some overlap was also
evident, especially around the ventral hypothalamic tract
and in the MBH.

To examine whether the GnRH-I neurons in these re¬

gions also express GnRH-II mRNA, some of the brain
sections were first processed for IHC using a monoclonal
antibody to GnRH-I and then for ISH using a riboprobe to

Fig. 3. Representative photomicrographs of hypothalamic sections from male rhesus macaques, double-labelled using a procedure that combined
immunohistochemistry (IHC) with in situ hybridization (ISH). The sections were initially processed for GnRH-I IHC and then for ISH, using a riboprobe
to either GnRH-I mRNA (A,B) or to GnRH-II mRNA (C-F). In the bright-field photomicrographs (upper panels), GnRH-I-immunopositive cells are
indicated by black arrows. In the corresponding dark-field photomicrographs (lower panels), cells expressing GnRH-I or GnRH-II mRNA are identified by
regions of high silver grain density (indicated by white arrow heads). Note the colocalization of GnRH-I mRNA, but not GnRH-II mRNA in the GnRH-I
immunopositive cells. Scale bars = 50 pun.
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monkey GnRH-II mRNA. The sections were then coated
with photographic emulsion to allow microscopic examina¬
tion for double labelling. Overall, three times as many
GnRH-II as GnRH-I cells were detected (Table 1). More

importantly, in no instance was GnRH-II mRNA found to
be coexpressed with GnRH-I peptide (Fig. 2).

For control purposes, some of the GnRH-I-immunola-
belled cells were processed for ISH using a riboprobe to
monkey GnRH-1 mRNA. As expected, numerous GnRH-
I-immunolabelled cells were found scattered around the
ventral hypothalamic tract and in the MBH. and each one
showed a high level of GnRH-I mRNA expression (Fig.
3A.B). This is in marked contrast to the results obtained
when using the GnRH-II riboprobe; although several cells
in the vicinity of the GnRH-I neurons showed a high level
of hybridization to the GnRH-II riboprobe, the GnRH-I
neurons themselves did not (Fig. 3C-F).

4. Discussion

The present results corroborate and extend previous ISH
findings by showing a high level of GnRH-II mRNA
expression in discrete regions of the primate hypothalamus
[11,28]. These regions include three discrete hypothalamic
areas: the supraoptic (SON), paraventricular (PVN), and
suprachiasmatic (SCN) nuclei, as well as the medial basal
hypothalamus (MBH). The significance of this finding is
that the clustered pattern of GnRH-II mRNA is strikingly
different from the more diffuse pattern of GnRH-I mRNA.
Moreover, even in those regions where there appears to be
some regional overlap between GnRH-I and GnRH-II
mRNA expression, the individual cells express only one of
the two molecular forms. Even though more than 2000
cells were examined, no coexpression was observed. Al¬
though the lack of GnRH-I/GnRH-II double-labelling may
reflect a limitation of the techniques employed in this
study, this possibility is highly unlikely. First, the com¬
bined IHC/ISH approach that was used in this study is
well-established in our laboratory [10] and, moreover, was
validated by demonstrating that GnRH-I-immunolabelled
neurons also express GnRH-I mRNA. Second, GnRH-I-
immunolabelled neurons were often observed within the
same field of view as GnRH-II-positive cells, but in no
instance was colocalization of GnRH-I peptide and GnRH-
II mRNA evident. However, it remains to be elucidated
whether or not the GnRH-II cells directly contact GnRH-I
neurons, or other neuropeptidergic neurons that are abun¬
dant in the SON and PVN, or GnRH-II is colocalized with

oxytocin and vasopressin.
Until recently, only a single molecular form of GnRH

was thought to exist in the primate brain, so existing ideas
about the neuroendocrine control of reproductive function
in humans are still generally based on the involvement of
only GnRH-I [15,17]. Therefore, the finding that in rhesus
macaques GnRH-II mRNA is highly expressed in the

hypothalamus and that GnRH-II can stimulate LH release
in vivo [14] suggests that both molecular forms of GnRH
may be involved in the physiological release of LH. Taken
together, these findings suggest that the coordinated influ¬
ence of GnRH-I and GnRH-II may be crucial to some
aspects of reproductive function, such as ovulation or the
onset of puberty. In support of the latter possibility, we
have recently observed that the expression of GnRH-II
mRNA is developmentally regulated in the hypothalamus
of rhesus macaques [12], which suggests that GnRH-II
may represent a primary trigger for the onset of puberty in
primates.

Although the exact physiological role of GnRH-II re¬
mains to be elucidated, the present findings clearly show
that its expression in the primate hypothalamus occurs in a
population of cells that is completely distinct from that
expressing GnRH-I. The marked difference in the distribu¬
tion pattern of GnRH-I and GnRH-II expressing cells
supports the view that these two neuropeptides are, to
some extent, regulated differently and that they play differ¬
ent physiological roles. Moreover, because the reproduc¬
tive axis of rhesus macaques closely resembles that of
humans, the results question our basic assumptions about
the etiology of human reproductive disorders and the
involvement of only a single GnRH neuronal population.
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Abstract

This study used in situ hybridization (ISH) to examine the distribution of estrogen receptor beta (ERp) mRNA in hypothalamic,
limbic, and midbrain regions of monkey brain and its regulation by estrogen (E) and progesterone (P). Monkey-specific ERp cDNAs
were developed with human primers and reverse transcription and polymerase chain reaction (RT-PCR) using mRNA extracted from a
rhesus monkey prostate gland. ERP 5' (262 bases) and 3' (205 bases) riboprobes were used in combination for ISH. Ovariectomized and
hysterectomized (spayed) pigtail macaques (Macaca nemestrincr, four per treatment group) were either untreated spayed-controls, treated
with E (28 days), or treated with E plus P (14 days E + 14 days E and P). Dense ER(3 hybridization signal was seen in the preoptic area,
paraventricular nucleus, and ventromedial nucleus of the hypothalamus; the substantia nigra, caudal linear, dorsal raphe, and pontine
nuclei of the midbrain; the dentate gyrus, CA1, CA2, CA3, CA4, and the prosubiculum/subiculum areas of the hippocampus. Expression
in the suprachiasmatic region, supraoptic nucleus, arcuate nucleus, and amygdala was less intense. Image analysis of the dense areas
showed no significant difference in the hybridization signal in individual regions of the hypothalamus, midbrain, or hippocampus between
any of the treatment groups. However, P treatment decreased overall ER(3 signal in the hypothalamus and hippocampus when several
different subregions were combined. The localization of ERP in monkey brain by ISH is in general agreement with that previously
described in rodents. The presence of monkey ERP mRNA in brain regions that lack ERa should help to clarify the molecular
mechanisms by which E acts in the central nervous system to influence hormone secretion, mood disorders, cognition, and neuroprotec¬
tion. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Estrogen receptor beta; Macaque; Ovarian steroid; Brain; Hormone replacement therapy

1. Introduction

Estrogen receptor (ER) activation has been shown to
influence many neurophysiological functions such as hor¬
mone release, affect, cognitive ability, seizure activity,
sensory perception, and locomotion [60]. ER is a transcrip¬
tion factor that occurs in two isoforms, ERa and ERp
[31], encoded on different chromosomes [13]. Estrogen

Corresponding author. Oregon Regional Primate Research Center,
505 NW 185th Avenue, Beaverton, OR 97006, USA. Fax: +1-503-690-
5384; e-mail: betheac@ohsu.edu

receptor beta (ERp) has now been cloned from the rat,
mouse, and human, and has been shown to encode a

protein composed of 485 amino acid residues with a MW
of 54.2 kDa. The DNA and ligand binding domains are
95-97% and 55-60% identical, respectively, to the classi¬
cal ERa across species [13,30,37,63]. However, the A/B
domain, hinge region, and F domain do not show a large
degree of homology between isoforms, suggesting that
there are differences with respect to transactivation activity
and interactions with co-activators and co-repressors [37],
The affinity of 17p-estradiol for ERp is similar to that of
ERa [30,63] but ERa and ERp have different affinities
for select estrogen agonists and antagonists. They also

0169-328X/00/S - see front matter © 2000 Elsevier Science B.V. All rights reserved.
PII: S0006-8993(99)02475-0
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differentially affect transcription from the AP-1 site [40]
and exert opposite effects on c-Jun kinase activity [48]
when bound to estrogen, further suggesting that they may
play different roles in gene regulation.

In rodents, the expression of ER(3 mRNA and protein
in the brain is not identical to that of ERa. ER(3 mRNA is
found either alone or exceeds ERa expression in the
rodent cortex, hippocampus, suprachiasmatic nucleus, zona
incerta, paraventricular nucleus, supraoptic nucleus, and
accessory mammillary nuclei [55,58]. However, ERa
mRNA in the rat is expressed more strongly in the arcuate
nucleus and ventromedial nucleus of the hypothalamus
than ERp mRNA [55,57], Overlap in the distribution of
ERa and ER(3 mRNA is also evident in some areas of the
rodent brain, including the bed nucleus of the stria termi-
nalis, amygdala, preoptic area, periaqueductal gray, and
locus coeruleus [58], ER(3 protein has been immunohisto-
chemically detected in similar areas as ER(3 mRNA [34],

ER was first mapped in the monkey hypothalamus
using autoradiography, and the localization was found to
be similar to that in rodents [47], However, autoradio¬
graphic studies may have detected both isoforms of ER.
Subsequently, this laboratory mapped ER in macaque
hypothalamus with in situ hybridization (ISH) and im-
munohistochemistry using a probe and an antibody, respec¬

tively, that would only detect ERa [4], Recently, ERa and
ER(3 mRNAs were detected in the monkey brain by
reverse transcription and polymerase chain reaction (RT-
PCR) [41]. In addition, a gender difference in ERp expres¬
sion was observed, with the female expressing ERp mRNA
in more brain regions than the male [41].

Ovarian steroid regulation of ERa has been extensively
characterized. The majority of evidence indicates that in
rats, ovarian steroids decrease ERa mRNA in the brain.
Estrogen (E), with or without progesterone (P), decreased
the levels of ERa mRNA and protein in the hypothalamus
and amygdala and conversely, ovariectomy increased the
level of ERa expression in the rat hypothalamus
[8,9,26,33,38,56,59,70], We previously reported that E
treatment of ovariectomized monkeys for 28 days had no
effect on ERa expression, but addition of P to the E
regimen decreased ERa mRNA and protein in the ventro¬
medial, but not in other hypothalamic nuclei. Ovarian
steroid regulation of ERp has been reported in one study
with rats. Two weeks of estrogen treatment increased ERP
mRNA in the ARC and decreased ERp mRNA in the
amygdala [38],

The purpose of this study was to determine the distribu¬
tion of ERP mRNA in the hypothalamus, midbrain, and
temporal lobe of the adult female pigtail macaque brain
and to examine the regulation of its expression by E and P
using ISH and densitometric analysis. Several of the areas
examined contain the highest concentrations of nuclear
ERa and progestin receptors in the brain and as such,
would be the most likely places to detect regulation by
ovarian steroids.

2. Materials and methods

2.1. Animals and experimental groups

This study was approved by the Oregon Regional Pri¬
mate Research Center (ORPRC) Animal Care and Use
Committee. Female pigtail monkeys (Macaca nemestrina)
were ovariectomized and hysterectomized (spayed) accord¬
ing to previously described procedures [61], 3-6 months
before assignment to this project by the surgical personnel
of ORPRC. All animals were obtained by the ORPRC as
adults of approximately 4 years of age and maintained in
captivity for an additional 4 years before termination in the
experiment. The animals weighed between 5.5 and 9.3 kg
and were in good health.

For examination of the regulation of ERP mRNA, 12
spayed pigtail macaques were obtained and processed in
matched sets of three animals. Each set was comprised of
spayed control, a spayed female treated with E for 28 days,
and a spayed female treated with E for 28 days and then
supplemented with P for the final 14 of the 28 days. Each
set was treated with hormones and euthanized at the same

time. Four sets were processed, yielding four animals in
each treatment group. Treatment with E and P for 28 and
14 days, respectively, has been shown to cause differentia¬
tion of the uterine endometrium in a manner similar to the
normal 28-day menstrual cycle [10]. The E regimen has
also been shown to induce nuclear PR expression in
numerous target organs and the addition of P to the E
regimen induces prolactin secretion [5,61,67],

2.2. Surgery and treatments

Spayed control monkeys were implanted with empty
Silastic capsules. The E-treated monkeys were spayed and
implanted (s.c.) with one 4.5-cm E-filled Silastic capsule
(i.d. 0.132 in.; o.d. 0.183 in.; Dow Corning, Midland, MI).
The capsule was filled with crystalline estradiol
(l,3,5(10)-estratrien-3,17-[3-diol; Steraloids, Wilton, NH).
The E 4- P-treated group received an E-filled capsule, and
14 days later, received one 6-cm capsule filled with crys¬
talline P (4-pregnen-3,20 dione; Steraloids). All capsules
were placed in the periscapular area under ketamine anes¬
thesia (ketamine HC1, 10 mg/kg, s.c.; Fort Dodge Labora¬
tories, Fort Dodge, IA).

2.3. Tissue preparation

The monkeys were euthanized at the end of the treat¬
ment period according to the procedures recommended by
the Panel on Euthanasia of the American Veterinary Asso¬
ciation. Each animal was sedated with ketamine, given an
overdose of pentobarbital (25 mg/kg, i.v.), and exsan¬
guinated by severance of the descending aorta. The left
ventricle of the heart was cannulated and the head of each
animal was perfused with 500 ml of saline (made with
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DEPC-treated water [0.1% diethyl pyrocarbonate] to mini¬
mize RNase contamination) followed by 7 1 of 4% para¬

formaldehyde in 3.8% borate, pH 9.5. The brain was
removed and dissected. Blocks of tissue containing the
temporal lobe (amygdala, hippocampus, temporal cortex),
hypothalamus, and pontine midbrain were post-fixed for 3
h in 4% paraformaldehyde, then washed in 0.02 M potas¬
sium phosphate-buffered saline (KPBS) containing 10%,
followed by 20% glycerol and 2% dimethyl sulfoxide
(DMSO) to cryoprotect the tissue. The blocks were frozen
in isopentane, cooled to — 55°C, and stored at — 80°C until
sectioning which occurred within 2 months of storage.
Sections (25 |xm) were cut on a sliding microtome,
mounted on Superfrost Plus slides (Fisher Scientific, Santa
Clara, CA), dehydrated under vacuum overnight and then
frozen at — 80°C until processing for ISH. Every tenth
section (each 250 |xm) was stained with hematoxylin for
morphological reference and anatomical orientation [32],

2.4. ER/3 cDNA clone

Based on the human sequence [37] (GenBank), forward
and reverse primers were constructed to amplify 262 bases
of the 5' region and 205 bases of the 3' region from
mRNA extracted from a rhesus monkey prostate gland.
These portions of the receptor have the least sequence

homology with other steroid receptors, particularly ERct.
Oligonucleotide primers (27-30 mers) were synthesized
by the ORPRC Molecular Biology Core. The primer se¬

quences were as follows:
ER(3 5' forward: GGC TAT AGC CCT GCT GTG ATG
AAT TAC;
ER|3 5' reverse: TGG CGC AAC GGT TCC CAC TAA
CCT TCC;
ER[3 3' forward: GTG CTT CGC GGG TGC AAG
TCC TCC ATC; and
ERp 3' reverse: CCA AAT GAG GGA CCA CAC
AGC AGA AAG ATG.

RT-PCR was performed in an MJ Research PTC-200
(Watertown, MA) using total RNA extracted from rhesus
monkey prostate gland. Bands of the correct size were
detected on an analytical agarose gel. The PCR products
were then ligated into pGEM-T (2.9 kb, Promega, Wl),
which contains SP6 and T7 promoters on either side of the
multiple cloning site. Escherichia coli were transfected,
plated, and individual colonies were grown in minipreps
and plasmids of the correct size were isolated. The highest
yield clones were chosen for amplification using large
plasmid preparations.

2.5. Riboprobe orientation and synthesis

The orientations of the inserts were determined by
restriction enzyme digestion (Biolabs, New England) and
were also sequenced for verification on a 373 Applied

Biosystems DNA sequencer in the ORPRC Molecular and
Cellular Biology Core. The 5' and 3' regions showed 93%
and 96% homology with their human sequences, respec¬
tively. The ERp 5' clone was linearized with Nco 1 and
transcribed for the antisense riboprobe using SP6, then
linearized with Not 1 and transcribed for the sense ribo¬

probe using T7. The ERp 3' clone was linearized with Not
1 and transcribed using T7 for the antisense riboprobe,
then linearized with Nco 1 and transcribed for the sense

riboprobe using SP6.
Sense and antisense riboprobes were synthesized using

35S-labeled UTP (NEN-Dupont, Boston, MA) incorporated
into cRNA. Polymerases (Promega, Madison, WI) were
used to transcribe the cRNA from linearized monkey-
specific cDNAs for the 5' and 3' regions of ERp. Unincor¬
porated nucleotides were removed with a Nuctrap push
column (Stratagene, La Jolla, CA).

2.6. ISH and assay specificity

Brain sections were removed from frozen storage and
post-fixed in 4% paraformaldehyde for 15 min, rinsed in
TE (0.1 M Tris, 0.05 M EDTA, in DEPC water, pH 8) for
10 min, permeabilized at 37°C with proteinase K (10
|xg/ml) in TE for 30 min (except the prostate, which was
unperfused and did not require proteinase K treatment),
then acetylated with 0.2% acetic anhydride in 0.1 M
triethanolamine for 10 min, and rinsed in 2 X saline
sodium citrate (2 X saline sodium citrate (SSC): 0.3 M
NaCl, 0.03 M sodium citrate) for 4 min. In preliminary
trials, multiple sections were used to determine the specific
probe concentration, hybridization, and wash temperatures
for ISH. Following rinses and dehydration in ethanol,
sections were hybridized overnight at temperatures of 40,
50, 60, and 70°C with the 5' and 3' ERP probes alone and
the 5' + 3' cocktail of cRNA probes at increasing concen¬
trations. The following morning, sections were washed
with 4 X SSC, ribonuclease A (RNase A) at 37°C for 30
min, 2 X SSC, and 0.1 X SSC at temperatures of 50, 60,
70, and 80°C to determine the optimal melt-off point (Tm)
and show specificity of hybridization. Sections were dehy¬
drated and apposed to P-sensitive film for 6-9 days at
room temperature.

Based on preliminary studies, a cocktail of ERp probes
(5' + 3' combination), each at the optimal concentration of
1 X 104 c.p.m. probe/pi, was hybridized at 60°C and
washed at 70°C, to insure maximum mRNA hybridization.
The individual probes produced identical hybridization
distribution, indicating that both are specific to the same
mRNA. However, the ratio of signal to background im¬
proved with the combination of probes.

For a positive control, the 5' + 3' probe cocktail was
applied to fresh-frozen prostate gland sections from a
rhesus monkey. The prostate was sectioned (20 p,m) in a
cryostat, mounted on Fisher Plus slides, dehydrated under
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vacuum for 2 h, then frozen at — 70°C until processing for
ISH. Although the ERp cDNA was cloned from rhesus
monkey prostate gland RNA, these brain studies were
performed with pigtail macaque tissue. Human and mon¬
key cDNAs examined to date share 93-98% identity.
Therefore, rhesus macaque genes are expected to have an
even higher homology to the more closely related pigtail
macaque. Negative controls included the use of 35S-labelled
sense cRNA on prostate, hypothalamus, and midbrain sec¬
tions and preincubation of various sections with RNase A
prior to hybridization with 35S-labelled antisense cRNA to
eliminate all specific signals.

2.7. Densitometric analysis of hybridization signal

Frozen sections were anatomically matched between
animals using the hematoxylin-stained sections as a guide.
Autoradiographic films of sections were developed, illumi¬
nated, and images were video-captured using a CCD video
camera module (Sony, Japan). The images were digitized
using the NIH Image Program. Two measurements were

generated from the autoradiographs which required the
operator to circle the anatomical area of interest. The first
measurement was an average gray scale optical density
(O.D.) reading, obtained by subtracting the background
O.D. reading outside the area of interest from the O.D. of
the region of interest. The second measurement yielded the
average positive pixel area, obtained by operator threshold¬
ing of signal to background. Finally, total ER(3 signal was
calculated as the mathematical product of the O.D. and
positive pixel area. Analysis was performed on one to four
levels of each nuclei of each brain region spanning ~

250-1000 p.m, rostrocaudally, in the hypothalamus and
midbrain and up to 5000 |xm in the hippocampus.

To verify the linearity of the autoradiographic films and
to verify that individual films exhibited similar responsive¬
ness, l4C autoradiographic standards (Amersham, Arling¬
ton Heights, IL) were used which yielded an exposure
comparable to 35 S. The standards are calibrated to reflect
rat brain gray matter impregnated with increasing amounts
of l4C. The average O.D. measured from experimental
regions fell within the linear range of the standards. Also,
film responses were consistent between different films.
During development of the ISH assay, the autoradio¬
graphic films were exposed for various lengths of time to
assure that the chosen exposure time was in a linear range
and not saturated or overexposed. The experimental films
were exposed for 6-9 days. After film development, the
slides were dipped in NTB-2 emulsion, incubated for 4
weeks and developed for silver grain examination.

2.8. Hormone assays

A blood sample was obtained from each animal at
necropsy. Serum E and P concentrations were measured in
the samples with radioimmunoassay by the Endocrine
Services Laboratory [50,51],

2.9. Statistics

Each area of the brain was run in a separate ISH assay
that contained sections from all 12 animals. The O.D.,
positive pixel area, and total signal values from each
section in an area were averaged, generating one value per
area for each animal. Then, the average of the animal
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Fig. 1. Nucleotide sequence of amplified monkey (Mk) 5' (A) and 3' (B) ER(3 cDNA compared to human (H), rat (R), and mouse (M) ER(3 cDNA.
Underlined regions indicate the location of PCR primers. Bold letters indicate differences in nucleotides between sequences. Nucleotides that are identical
to those in the monkey ER(3 appear as dashes. Nucleotides in the monkey sequence, which were unreadable, appear as Ns. The 5' and 3' regions were 93%
and 96% identical to their human sequences, respectively.
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5' antisense 3' antisense 5'+3' antisense

Fig. 2. Autoradiographs from representative sections of monkey midbrain illustrating hybridization signal from 5' or 3' ERfS mRNA cDNA probes applied
alone, or in combination (5' + 3') in the caudal linear nucleus (CLN) and substantia nigra (S Nigra). The concentrations of the riboprobes (c.p.m./p.l) are
5' alone: 4 X 104, 3' alone: 4 X 104, 5' + 3':1 X 104 each. Scale bar = 5 mm.

values was obtained for each area. The treatment averages
for the individual regions were compared with a One-way
ANOVA for matched subjects followed by Student-New-
man-Keul's post-hoc pairwise comparison. For further
comparison of region by treatment effects, a Two-way
ANOVA and Student-Newman-Keul's post-hoc pairwise
comparison was performed across all hypothalamic regions

(minus preoptic) and across all temporal lobe regions using
the SuperANOVA Statistic Program. Steroid hormone con¬
centrations were also compared with One-way ANOVA
and Student-Newman-Keul's pairwise comparison. One¬
way ANOVA was conducted using the Instat Statistic
Program (GraphPad, San Diego, CA). A confidence level
of p < 0.05 was considered significant.

Prostate antiserise ERp mRNA

Fig. 3. Silver grain clusters representing ER(3 mRNA over selected prostate epithelial cells counterstained with thionin (arrows). Insert: Autoradiograph of
a representative section of rhesus macaque prostate gland hybridized with the antisense 5' + 3' ERp riboprobe. Arrows point to spots of dense signal
corresponding to the positive cells. Scale bar = 64 p.m; insert scale bar = 5 mm.
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3. Results

3.1. ERf3 cDNA and prostate controls

The nucleotide sequences of the ER(3 5' and 3' cDNAs
reverse-transcribed from rhesus monkey prostate gland
mRNA are shown in Fig. 1. The 5' ER(3 cDNA contains
262 bp, ending 13 amino acids before the DNA binding
domain (amino acids 1-262; GenBank accession no.

X99101) [13,37]. The monkey 3' ER[3 cDNA contains 205
bp, starting with the last three amino acids of the ligand
binding domain [13,46] and extending into the 3' untrans¬
lated region (amino acids 1354-1560; GenBank accession
no. X99101) [37]. At the nucleotide level, the monkey 5'
ER|3 clone is 93% identical to the corresponding region of
human ER(3 cDNA and 83% to that of the rat ER(3 cDNA;
the monkey 3' ER(3 clone is 96% identical to the corre¬

sponding region of human ER(3 cDNA and 86% to that of
the rat ER(3 cDNA [30,37].

Hybridizations performed using a cocktail of the 5' and
3' probes produced a better signal-to-background ratio than
when either probe was used individually (Fig. 2). Optimal
probe concentrations were 4X 104 c.p.m. probe/p.1 for
the individual probes and 1 X 104 c.p.m. probe/p.1 each
for the 5' + 3' combination.

Sections from a rhesus macaque prostate gland served
as the positive control tissue (Fig. 3). Following emulsion
development and thionin counterstaining, clusters of silver
grains were detected over scattered epithelial cells. Spots
of dense signal were detected on the autoradiographic film
which corresponded to clusters of silver grains over indi¬
vidual epithelial cells in the prostate (inset). No specific
labeling was detected when ER(3 sense cRNA was applied
to sections of the prostate gland and RNase A pretreatment
also completely eliminated signal.

3.2. Distribution of ERj3 mRNA in the brain

Representative ER(3 mRNA autoradiographs from
spayed monkey hypothalamus, midbrain, amygdala, and
hippocampus are shown in Fig. 4. High-intensity hy¬
bridization signal was detected in the preoptic area, par¬
aventricular, and ventromedial nuclei of the hypothalamus
(Fig. 4A-D). The pattern of signal distribution and inten¬
sity was similar between animals in these regions. The
signal in the dorsal region of the bed nucleus of the stria
terminalis, supraoptic, and mammillary nuclei was moder¬
ate (Fig. 4B,C,E). Weak hybridization signal was detected

in the suprachiasmatic region and arcuate nucleus of the
hypothalamus (Fig. 4C,D). Fig. 4F shows the absence of
signal when ER(3 sense riboprobe was applied to the
paraventricular nucleus (negative control). The caudal lin¬
ear nucleus, substantia nigra, dorsal raphe, and pontine
nucleus displayed moderate hybridization signal (Fig.
4G,H). Dense hybridization of the ER(3 antisense probe
was observed in the dentate gyrus, CA2/3, and CA3
regions. Moderate signal was observed in the CA1/2,
prosubiculum/subiculum (PSub/Sub), and CA4 of the
hippocampus, and weak signal was observed in the amyg¬
dala (Fig. 41,J,K).

3.3. Steroid regulation of ER (3 mRNA

The mean O.D., positive pixel area, and total signal for
each of the four hypothalamic areas from the spayed,
E-treated, and E + P-treated macaques are shown in Fig. 5.
Neither E nor E + P had a statistically significant effect on
total ER|3 autoradiographic signal in any hypothalamic
area examined (Fig. 5C) with either a One-way or Two-way
ANOVA. The preoptic area exhibited an increase in O.D.
with E + P treatment but this initial difference was not

supported when the positive pixel area was incorporated
into the total signal using One-way ANOVA. Two-way
ANOVA indicated that P treatment caused an overall

significant decrease in O.D. across the paraventricular
nucleus, medial and lateral ventromedial nuclei, and mam¬

millary nucleus (p < 0.03). This difference was not sup¬
ported when the positive pixel area was incorporated into
the total signal either.

Fig. 6 illustrates the mean O.D., positive pixel area, and
total signal for the caudal linear nucleus and dorsal raphe
nuclei from the spayed, E-treated, and E + P-treated
macaques. Neither E nor E + P treatment had a significant
effect on the amount of ER(3 mRNA signal on the auto¬
radiographs in any midbrain region.

The mean O.D., positive pixel area, and total signal for
the dentate gyrus, CA2/3, CA3, CA1/2, PSub/Sub, and
CA4 from the spayed, E-treated, and E + P-treated
macaques are shown in Fig. 7. Ovarian steroid treatment
had no significant effect on ER[3 mRNA in any hippocam-
pal region when each region was analyzed separately in a
One-way ANOVA. However, Two-way ANOVA incorpo¬
rating region-by-treatment analysis of all hippocampal re¬
gions indicated an overall significant decrease in O.D.,
positive pixel area, and total signal with P treatment
(p< 0.009).

Fig. 4. Autoradiographs of representative sections of monkey brain illustrating ERp mRNA expression. The images are presented in a rostral to caudal
order. A strong ERp signal was consistently localized to the preoptic area (POA), paraventricular nucleus (PVN), ventromedial nucleus (VMN) and less
intensely and consistently in the dorsal region of the bed nucleus of the stria terminalis (BNST) and mammillary nucleus (Mam) of the hypothalamus
(A-E). The ERp sense riboprobe combination showed no hybridization signal in the PVN (negative control) (F). The hybridization signal in the substantia
nigra (S Nigra) was diffuse, but was more defined in the caudal linear nucleus (CLN) and dorsal raphe nucleus (DRN) (G,F1). In the amygdala, the ERp
mRNA signal was either low or absent (I,J). Within the hippocampus, ERp was densely expressed in the dentate gyrus and in CA2/3 and CA3 regions,
but was weaker in the CA1 /2, CA4, and prosubiculum/subiculum (PSub/Sub) regions (K,L). Scale bar = 5 mm.
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3.4. Serum levels ofE and P

Serum samples were collected from each animal at
necropsy and assayed for E and P by radioimmunoassay.

POA PVN medVMN latVMN

Fig. 5. (A) The mean O.D. (±S.E.M.) for ERfS mRNA hybridization
signal minus background, (B) average area of positive pixels over a
threshold value (pixel area), and (C) total signal (O.D. Xpixel area) in
each area of the hypothalamus from spayed, E-treated, and E + P-treated
animals. All data are presented in arbitrary units. There were four animals
per treatment group in all regions, except the preoptic area (POA) of the
spayed and E-treated groups and the mammillary nucleus (Mam) of all
groups, where n = 3. One, two, three, and four sections per animal were
analyzed for the Mam, POA, paraventricular (PVN), and ventromedial
nuclei (VMN), respectively. Due to difficulty in obtaining rostral sections
with accurate POA representation, this area was processed in an addi¬
tional ISH assay from all other hypothalamic regions, and was analyzed
separately. There was a significant increase in O.D. of ERp mRNA in the
POA of the hypothalamus when P was added to the E treatment (One-way
ANOVA, unpaired p< 0.014, F = 8.28, df — 2,7) but this difference
was not substantiated when positive pixel area was incorporated into total
signal. No differences were detected in other regions with One-way
ANOVA. All nuclei, except POA, were further analyzed using Two-way
ANOVA for region by treatment effects. There was an overall between-
treatment difference in the O.D. of the hypothalamic nuclei (Two-way
ANOVA, p < 0.03, F — 3.89, df= 2,33) and post-hoc pairwise compari¬
son indicated that this was due to a significant decrease in O.D. with P
treatment. However, this difference was not substantiated when positive
pixel area was incorporated into total signal. Significant regional differ¬
ences for O.D. (p < 0.0005, F = 7.8, df= 3,33), pixel area (p < 0.0001,
F = 24.15, df = 3,33), and total signal were found (p< 0.0001, F =
12.11, df= 3,33). For example, there is a marked difference between
values for the lateral and medial VMN. *p < 0.05, relative to spayed and
E-treated groups.

CLN DRN

Fig. 6. (A) The mean O.D. (±S.E.M.) for ERp mRNA hybridization
signal, (B) mean area of positive pixels (± S.E.M.) over a threshold value
(pixel area), and (C) mean total signal (O.D. X pixel area + S.E.M.) in the
caudal linear nucleus (CLN) and dorsal raphe nucleus (DRN) from
spayed, E-treated, and E + P-treated animals. There were four animals in
all treatment groups and an average of two sections per animal were
analyzed for each area. All data are presented in arbitrary units. There
were no differences between treatment groups (One-way ANOVA, p >
0.05).

Each assay exhibited an intra-assay coefficient of variation
(CV) of < 9%. The sensitivity of the E assay equaled 5
pg/ml and the sensitivity of the P assay equaled 0.1
ng/ml. The mean (+S.E.M.) concentration of E in the
serum of the E and E+ P-treated groups was 138.33 +
11.89 pg/ml. The mean (+S.E.M.) concentration of P in
the E + P-treated group was 6.87 ± 1.45 ng/ml. The E
level is within the range reported for the mid- to late
follicular phase and the P level is within the range reported
for the mid-luteal phase of the primate menstrual cycle
[20]. The mean (± S.E.M.) concentrations of E and P in
the serum of the untreated spayed control group were
28.67 + 13.96 pg/ml and 0.43 + 0.16 ng/ml, respec¬
tively.

4. Discussion

This study indicates that ERP mRNA is expressed in
the hypothalamus, midbrain, temporal lobe, and prostate
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CA2/3 CA3
,nfa,rffr,

CA1/2 PSub/Sub CA4

CA1/2 PSub/Sub CA4

Fig. 7. (A) The mean O.D. ( + S.E.M.) for ER(3 mRNA hybridization
signal, (B) mean area of positive pixels over a threshold value (pixel
area + S.E.M.), and (C) mean total signal (O.D. Xpixel area±S.E.M.) in
each area of the hippocampus from spayed, E-treated, and E + P-treated
animals. There were four animals in all treatment groups. An average of
one section per animal was analyzed for the CA2/3 area (of the rostral
hippocampus), and an average of three to four sections per animal were

analyzed for all other hippocampal areas. All data are presented in
arbitrary units. No differences were detected in any individual region with
One-way ANOVA. All regions were further analyzed using Two-way
ANOVA for region-by-treatment effects. There was an overall between-
treatment difference in the O.D. ( p < 0.0001, F = 12.83, df= 2,54),
pixel area ( p < 0.009, F = 5.14, df= 2,54), and total signal ( p < 0.0047,
F = 5.92, df= 2,54) of the combined hippocampal regions and post-hoc
pairwise comparison indicated that this was due to a significant decrease
with P treatment. Significant regional differences for O.D. (p< 0.0001,
F = 64.58, df= 5,54), pixel area (/;< 0.0001, F = 38.33, df= 5,54),
and total signal (p < 0.0001, F = 28.53, df= 5,54) were also found. For
example, there is a marked difference between values for the dentate
gyrus and CA4. Abbreviations are defined in the legend to Fig. 4.

gland of macaques. The location of ERp herein provides
morphological detail and confirms results previously de¬
scribed in the monkey with RT-PCR [41]. Although the
ISHs on the different regions were run in separate assays,
there appear to be relative differences in the density of the
ER(3 mRNA signal between regions. The hybridization
signal is more intense in the hypothalamus and dentate
gyrus, CA2/3, and CA3 regions of the hippocampus, than
in the midbrain or CA1 /2, PSub/Sub, and CA4 regions of
the hippocampus. The location of ER(3 in macaque brain is
comparable to that of rodents [57,58], but with some
notable differences.

There were ER(3-positive epithelial cells in the monkey
prostate gland, the tissue from which the mRNA was
isolated for construction of the probes. However, these
positive cells were scattered throughout the epithelium. In
rat prostate gland, a majority of the epithelial cells were
positive for ERp [29], but human prostate gland show a
scattered pattern of ER(3 mRNA [13] like monkey. The
cellular localization of ER(3 was different from that of
ERa, which was mostly stromal [24]. The unique distribu¬
tion pattern of the signal in the prostate and the unique
sequence of the ERp probes support our contention that
these probes specifically detect ERp.

4.1. Hypothalamus

Similar to rodent, ERp was detected in the macaque
hypothalamus in the preoptic area, paraventricular nucleus,
supraoptic nucleus, dorsal region of the bed nucleus of the
stria terminalis, suprachiasmatic region, ventromedial nu¬
cleus, and arcuate nucleus [55,58]. No ERp mRNA was
detected in the monkey anterior hypothalamus, dorsome-
dial nucleus, medial tuberomammillary nucleus, or supra-
and pre-mammillary areas — regions that express ERp
mRNA in the rodent [55,58]. ERp was expressed in the
mammillary nucleus of the monkey but not rodent [55,58].
Of note, more ERp mRNA was expressed in the lateral
ventromedial than in the medial ventromedial nuclei in the

monkey, a pattern which is similar to the regional differ¬
ence in expression of ERa mRNA described in rat [58].

The expression of ERp overlaps with ERa mRNA in
the preoptic area and ventromedial nucleus of macaque
[4,41]. However, the supraoptic and mammillary nuclei
appear to contain only ERp mRNA. The paraventricular
nucleus contains more ERp mRNA than ERa, whereas
the arcuate nucleus expresses more ERa than ERp mRNA
[4], These differences in ERa and ERp mRNA distribu¬
tion are also observed in the rat hypothalamus [58], sug¬
gesting that the two isoforms may have different, as well
as redundant, physiological roles in the hypothalamus.

The predominant expression of ERp mRNA and pro¬
tein in the hypothalamic supraoptic and paraventricular
nuclei of rats [1,21] and ERp mRNA in monkeys suggests
that this isoform mediates the action of E on oxytocin and
vasopressin secretion. There is substantial evidence that E
stimulates oxytocin production in rodents, sheep, and pri¬
mates [6,11,36,49,65,69], but specific immunolabeling of
ERa protein or detection of ERa mRNA in oxytocin
neurons has been lacking. The oxytocin gene contains an
ERE in the promoter region [52], which probably facili¬
tates expression when bound to liganded ERp.

The mammillary nucleus appears to solely express ERp.
This region has been implicated in memory [25,62], which
declines following withdrawal of ovarian steroids [7,12,
15,54], Thus, finding ERp in the mammillary nucleus
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suggests that ERp may be critical for a facilitatory action
of E on memory in this region. Elowever, the molecular
mechanisms utilized by ER(3 remain for future investiga¬
tions.

E treatment alone exhibited no effect on ERa [4] or

ERp in macaque hypothalamus. In rats, E treatment gener¬

ally decreased ERa mRNA in hypothalamus [59], but
increased ERp mRNA in the arcuate nucleus [38]. Except
for the preoptic region, addition of P had no effect when
the individual regions were analyzed. The signal in the
preoptic area exhibited large variation between animals.
Elowever, this area is foremost on the hypothalamic block
and variations can occur in its morphological representa¬
tion as the block is faced and oriented for sectioning. With
omission of the preoptic area, there was an overall de¬
crease in O.D. with P treatment, which is consistent with
our previous observation that P decreased ERa in the
ventromedial nucleus when added to an E regimen [4],
Nonetheless, when the O.D. was combined with the aver¬

age pixel area and expressed as the total signal, there were
no statistical differences. Our interpretations of these data
are that P may exert a slight negative influence on ERp,
and that this may vary with the dose of E and P. However,
in a physiological context, there is sufficient ERa and
ERp remaining in the hypothalamic areas to transduce the
action of E during supplemental P treatment.

4.2. Midbrain

The distribution of ERp mRNA in the monkey mid¬
brain closely reflects that in the rodent with expression in
the substantia nigra, dorsal raphe, and pontine nuclei
[55,58], In addition, the monkey caudal linear nucleus, an
area continuous and rostral to the dorsal raphe, expressed
ERp mRNA. We have been unable to detect ERa in the
primate dorsal raphe nucleus with antibodies and probes
that detect ERa in the hypothalamus (unpublished). Also,
ERa was not detected in the dorsal raphe nucleus of
guinea pigs with immunohistochemistry [64], but we have
recently detected ERp mRNA in guinea pig dorsal raphe
[35], In the dorsal raphe nucleus of rat and mouse, both
ERa protein and ERp mRNA have been detected
[2,55,58], but whether both isoforms are in the same cells
is unknown.

Ovarian steroids affect the expression of several genes
in serotonin neurons of the primate dorsal raphe including
the progestin receptor [3], tryptophan hydroxylase [45], the
serotonin (5-HT) reuptake transporter [44], and the 5-HT1A
autoreceptor [43], but this is the first evidence of an ER
isoform in this nucleus in primates. In addition, there is
overlap of ERp mRNA hybridization with immunohisto-
chemically stained serotonin cell populations in adjacent
sections of the macaque dorsal raphe nucleus. These data
encourage speculation that the ERp mRNA signal in the
dorsal raphe nucleus is located within serotonin neurons
and that serotonin neurons use ERp to transduce the action

of E on gene expression. Thus, E may contribute to sex
differences in psychiatric disorders by activating the sero¬
tonin neural system via ERp [17-19,39,42,53],

The ERp mRNA signal in the substantia nigra, caudal
linear nucleus, or dorsal raphe nucleus was not altered by
E or P in the monkey. The signal in the pons was too
scattered among myelinated axons for densitometric analy¬
sis.

4.3. Temporal lobe

ERp mRNA was weakly expressed in the amygdala of
spayed monkeys with ISH. RT-PCR analysis of ERa and
ERP mRNA suggested that both isoforms were present in
the amygdala of the monkey [41] and mRNAs for both
isoforms were detected in the amygdala of rats [38,58]. It
is possible that the ISH assay lacked sufficient sensitivity
to consistently detect a low level of ERp in amygdala or
the dissection of the amygdala for RT-PCR contained
adjacent tissue which is positive for ERp.

The expression of ERP mRNA in the monkey hip¬
pocampus was dense and confirmed RT-PCR measure¬
ments [41]. Moreover, the expression of ERp in the
macaque hippocampus compared favorably to rat hip¬
pocampus [58] in which ERp protein has also been de¬
tected [34], However, ERp mRNA was only weakly ex¬

pressed in the hippocampus of the ERa knock-out mouse
[55].

ERa mRNA was weakly expressed in the rodent hip¬
pocampus [58], whereas ERa protein was found in the
interneurons of the rat dentate gyrus and CA1 region
[58,66], suggesting that the receptor isoforms may mediate
different hippocampal processes in rodent. However, we
have been unable to detect ERa in the macaque hip¬
pocampus with ISH or immunohistochemistry (unpub¬
lished). Together, these data suggest that in primates, ERP
may play a pivotal role in transducing the actions of E in
the hippocampus.

E-associated neuroprotective effects [22] and spatial
ability enhancements [23] have been noted in the hip¬
pocampus. In addition, E enhances learning and memory

through increases in synaptic plasticity and spine density
in the hippocampus [66,68], and this region has also been
implicated in the decline of memory following cessation of
ovarian secretion in women [7,12,15,54]. There is recent
evidence for continuing neurogenesis in the adult hip¬
pocampus, specifically in the dentate gyrus of primates and
rodents, associated with enhanced learning ability
[14,16,27,28]. The dentate gyrus lacks ERa in macaques,
but it is the area of the hippocampus where ERp mRNA
was most densely expressed, raising the possibility that E
may act via ERp in pyramidal cells of the dentate gyrus to
mediate cell division which is correlated with ongoing
learning.

In the hippocampus, E treatment alone had no effect on
ERp mRNA signal. In contrast, rats show a decrease in
both ERa and ERp mRNA in the amygdala and hip-
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pocampus after 2 weeks of E treatment [38,66], Addition
of P had no effect when the individual regions were
analyzed. However, analysis incorporating all hippocampal
regions detected a significant decrease in ER(3 signal with
E + P treatment. Again, we interpret this cautiously in that
P can have different effects depending on the ratio of E to
P, and this experiment contained only one dose of E and P.
Nonetheless, P may exert a slight negative regulatory
pressure on ER(3 in macaques.

5. Conclusions

This study demonstrates the regional expression of ER(3
mRNA in the monkey hypothalamus, midbrain, and hip¬
pocampus. Moreover, it shows that E has no effect on

ER(3 mRNA expression in any brain region, but that P
may downregulate ER(3 in macaques depending on the
region examined. This effect is not pronounced and a

significant portion of the ER(3 mRNA remains. Moreover,
the negative effect of P does not appear to correlate with
the expression of nuclear PR in the different regions or
tissues and the effect requires Two-way ANOVA to be
detected. If ER(3 mRNA is translated into functional pro¬
tein, then this receptor will be available for transactivation
of genes at all times of the menstrual cycle or post¬
menopausal period in any region containing the receptor.
This has implications for behaviors and physiological func¬
tions mediated by E, such as hormone release, reproduc¬
tive behavior, satiety, mood or affect, cognition, learning,
and memory.
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ABSTRACT
Energy dissipating mechanisms and their regulatory components

represent key elements of metabolism and may offer novel targets in
the treatment of metabolic disorders, such as obesity and diabetes.
Recent studies have shown that a mitochondrial uncoupling protein
(UCP2), which uncouples mitochondrial oxidation from phosphor¬
ylation, is expressed in the rodent brain by neurons that are known
to regulate autonomic, metabolic, and endocrine processes. To help
establish the relevance of these rodent data to primate physiology, we
now examined UCP2 messenger RNA and peptide expressions in the
brain and pituitary gland of nonhuman primates. In situ hybridiza¬
tion histochemistry showed that UCP2 messenger RNA is expressed
in the paraventricular, supraoptic, suprachiasmatic, and arcuate nu¬
clei of the primate hypothalamus and also in the anterior lobe of the

pituitary gland. Immunocytochemistry revealed abundant UCP2 ex¬
pression in cell bodies and axonal processes in the aforementioned
nuclei as well as in other hypothalamic and brain stem regions and
all parts of the pituitary gland. In the hypothalamus, UCP2 was
coexpressed with neuropeptide Y, CRH, oxytocin, and vasopressin. In
the pituitary, vasopressin and oxytocin-producing axonal processes in
the posterior lobe and POMC cells in the intermediate and anterior
lobes expressed UCP2. On the other hand, none of the GH-producing
cells of the anterior pituitary was found to produce UCP2. The abun¬
dance and distribution pattern of UCP2 in the primate brain and
pituitary suggest that this protein is evolutionary conserved and may
relate to central autonomic, endocrine and metabolic regulation. (En¬
docrinology 141: 4226-4238, 2000)

ENERGY balance is achieved by the fine synchronizationof peripheral anabolic and catabolic processes. When
energy expenditure is consistently exceeded by energy in¬
take and energy conservation, the unused energy becomes
stored in fat pads and may result in obesity. In an attempt to
elucidate ways of enhancing energy expenditure to diminish
fat stores, increasing attention has been paid to energy dis¬
sipating processes and their regulatory components (1, 2).

In the process of storing energy, the hydrogen proton
gradient that exists between the intermembrane space and
mitochondrial matrix, serves to transform the positive en¬
ergy in the high-energy compound ATP. In the mitochondria
there are molecules located in the inner membrane that dis¬

sipate energy contained in the nutrients through the uncou¬
pling of the respiratory chain from oxidative phosphoryla¬
tion. When these molecules, called uncoupling proteins
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(UCPs), are present they may transform the positive energy
from the hydrogen proton gradient into heat, thereby, di¬
minishing energy storage.

To date, five putative uncoupling proteins (UCP1, UCP2,
UCP3, UCP4, and brain mitochondrial carrier protein 1
[BMCP1]) have been discovered, and all of them can promote
partial uncoupling of the mitochondrial proton gradient
from ATP production in yeast and/or mammalian cells (3-
10). The five UCPs have different tissue distribution patterns
and appear to be regulated differently, suggesting that they
may have distinct physiological roles. While UCP1 and UCP3
are expressed only in the peripheral tissues (3-5,7,8), UCP2,
UCP4 and BMCP1 are expressed in the central nervous sys¬
tem as well (6, 9, 11, 12). In the rodent brain, UCP2 is ex¬

pressed predominantly in neuronal populations of subcor¬
tical regions that are involved in the central regulation of
metabolic, endocrine, and autonomic processes (12), which is
in contrast to the more ubiquitously distributed UCP4 and
BMCP1 (9, 10). In particular, we (12) and others (11) have
shown that the messenger RNA for UCP2 is localized in the
supraoptic, paraventricular, suprachiasmatic, and arcuate
nuclei of the hypothalamus of rodents. It has also been found
that UCP2 protein is associated with the mitochondria and
adjacent cytosol of neurons in the aforementioned regions
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and is coexpressed with several neuropeptides involved in
metabolic, endocrine, and autonomic regulation, including
neuropeptide Y (NPY), and with receptors for peripheral
hormones such as leptin and gonadal steroids (12).

While data gathered on brain UCP2 in rodents suggest an
important involvement of UCP2 in homeostatic regulation
(12), Fleury et al. (6) failed to detect UCP2 expression in
human brain samples. Consequently, it is unclear whether
the rodent findings have any relevance to the physiology of
humans or other mammals. To help clarify this issue, the
present experiment used in situ hybridization histochemistry
and immunocytochemisty to study the expression of UCP2
in the brains of nonhuman primates.

Materials and Methods

Animals

This study was performed using available tissues from three different
nonhuman primate species. For the in situ hybridization histochemistry,
brain and pituitary tissues from rhesus macaques (Macaca mulatta, n =
2) were studied. For the immunocytochemistry, brains from rhesus
macaques (M. mulatta, n = 2), cynomolgus macaques (M. fascicularis, n =
3), and African green or vervet monkeys (Cercopithecus aethiops, n = 3)
were studied. All of the primate tissue was collected under protocols
approved by the Animal Care and Use Committees of Yale University
and Oregon Health Sciences University.

Tissue preparation for in situ hybridization histochemistry
Rhesus macaque hypothalami and pituitary glands were obtained from

the Oregon Regional Primate Research Center (ORPRC) Tissue Distribution
Program. The animals were deeply anesthetized using ketamine/pento-
barbital according to procedures established by the Panel on Euthanasia of
the American Veterinary Society and perfused with 1 liter of 0.9% saline
through the ascending aorta (at room temperature) followed by 6.5 liter of
ice-cold 4% paraformaldehyde in 0.1 m sodium phosphate buffer (pH 7.4).
Hypothalami and pituitary glands were then immersed in fresh fixative for
an additional 3 h (at 4 C) and cryoprotected by immersion in 0.02 m
phosphate buffer (pH 7.4) containing glycerol (10% vol/vol) and dimethyl
sulfoxide (DMSO; 2% vol/vol) for 24 h, followed by immersion in a more
concentrated glycerol (20% vol/vol) phosphate/DMSO solution for an
additional 72 h. The tissues were then rapidly frozen in 2-methyl butane
(pre-cooled in an ethanol/dry-ice bath) and stored at —85 C. Subsequently,
they were sectioned (25 /am using a freezing sliding microtome and
mounted on glass microscope slides (Fisherbrand Superfrost/Plus; Fisher
Scientific, Auburn, WA).

cRNA probe synthesis and in situ hybridization
histochemistry

Human UCP2 riboprobe was used for the detection of UCP2 in
monkey hypothalamus. The amplification of the RNA sequence for
UCP2 was performed as previously described (6; 5' CATCTCCTGG-
GACGTAGC 3' and 5' AGAGAAGGGAAGGAGGGAAG 3')- The re¬
sulting complementary DNA (1.1 kb), purified from agarose gel using
the QIA quick Gel Extraction Kit (QIAGEN, Inc.), was digested with
EcoRI and inserted in pBluescript vector and then subcloned. Linearized
DNAs by HmdIII and Xbal were transcribed using T7 polymerase (an-
tisense cRNA riboprobe) and T3 polymerase (sense cRNA probe; re¬
striction enzyme Xbal; Riboprobe Combination System T3/T7, Promega
Corp. Corporation, Madison, WI), respectively, and labeled with
35S-UTP(Amersham Pharmacia Biotech; 10 mCi/ml). The radiolabeled
cRNA probe was then purified by passing the transcription reaction
solution over a G50 column (Amersham Pharmacia Biotech, Piscataway,
NJ) and fractions were collected and counted using a scintillation
counter. In situ hybridization (ISH) was performed on the tissue sections
after first bringing them to room temperature and postfixing them in 4%
paraformaldehyde in 0.1 m phosphate buffer (pH 7.4) for 15 min. The
sections were then rinsed in phosphate buffer, and digested with Pro¬
teinase K (10 jug/ml) in Tris-EDTA buffer (pH 8.0; 100 mm Tris, 50 mm

EDTA) for 30 min at 37 C. Next, they were acetylated, dehydrated with
ascending concentrations of ethanol, and dried under vacuum for 2 h.
They were then hybridized for 18 h at 65 C with 100 /xl of 35S-labeled
antisense riboprobe, diluted to 1 X 107 cpm/ml of hybridization buffer
(50 mm dithiothreitol, 250 /xg/ml tRNA, 50% formamide, 0.3 m sodium
chloride, 1X Denhardt's solution, 20 mm Tris (pH 8.0), 1 mm EDTA, and
10% dextran sulfate). For the hybridization, glass coverslips were affixed
to the slides using DPX mounting medium (BDH Laboratory Supplies,
Poole, UK). They were subsequently removed after two 30-min soakings
in 4X saline-sodium citrate buffer (SSC; the 20X stock solution com¬

prised of 175.3 g sodium chloride and 88.2 g sodium citrate per liter (pH
7.0)) containing 20 mm dithiothreitol (DTT). The sections were then
incubated in Tris-EDTA buffer (pH 8.0; 10 mm Tris, 1 mm EDTA, 0.5 m
sodium chloride) containing RNase A (10 /xg/ml) for 30 min at 37 C,
followed by two 30-min washes at room temperature with 2X SSC
containing 1 mm DTT. After a final 30-min wash at 70 C with 0.1 X SSC
containing 1 mm DTT, they were dehydrated through ascending con¬
centrations of ethanol, containing 0.3 m ammonium acetate, and air-
dried for 30 min. To visualize the hybridization pattern, the sections
were apposed to Hyperfilm 0-max (Amersham Pharmacia Biotech) for
6 days.

As a control experiment, sections were incubated as described above
with hybridization solution containing the sense-strand probe synthe¬
sized with T3 polymerase to transcribe the coding strand of the DNA
insert.

Tissue preparation for immunocytochemistry
The vervet (n = 3) and cynomolgus monkeys (n = 3) were painlessly

killed under deep anesthesia, to provide tissue for this and other un¬
related studies. Their brains were fixed by transcardial perfusion of 500
ml heparinized saline (0.9%) followed by 2000 ml of fixative consisting
of 4% paraformaldehyde 15% saturated picric acid, and 0.08% glutar-
aldehyde in 0.1 m phosphate buffer (PB), pH 7.4. The mediobasal hy¬
pothalamus was dissected out and postfixed for an additional 1.5 h in
glutaraldehyde-free fixative. Tissue blocks were washed and stored in
0.1 m PB at 4 C. Coronal sections (50 /xm) were cut using a Vibratome
(Lancer, St. Louis, MO). Following several rinses in PB, sections were
washed for 20 min in 1% sodium borohydride-PB to eliminate unbound
aldehydes.

Immunocytochemistry for bright field microscopy
The brain sections were incubated with the primary antisera (rabbit

anti-UCP2, 1:500; 12, 13) for 24 h at room temperature. After several
washes with PB, sections were incubated in the secondary antibody
(biotinylated goat antirabbit IgG; 1:250 in PB; Vector Laboratories, Inc.,
Burlingame, CA) for 2 h at room temperature, then rinsed in PB three
times 10 min each time, and incubated for 2 h at room temperature with
avidin-biotin-peroxidase (ABC, 1:250 in PB; ABC Elite Kit, Vector Lab¬
oratories, Inc.). The immunoreaction was visualized with a modified
version of the nickel-diaminobenzidine (Ni-DAB) reaction (15 mg DAB,
0.12 mg glucose oxidase, 12 mg ammonium chloride, 600 /xl 0.05 m nickel
ammonium sulfate, and 600 /xl 10% /3-d-glucose in 30 ml PB) for 10-30
min at room temperature resulting in a dark blue reaction product. In
control studies in which the primary antisera was omitted or preab-
sorbed with its target peptide, no immunostaining could be seen. Ad¬
ditional testing of this affinity-purified antiserum has been performed
in previous studies (12, 13).

Immunocytochemistry for epifluorescence microscopy
To test for the phenotypes of UCP2-containing brain and pituitary

cells, we used the multiple labeling epifluorescence technique to visu¬
alize two tissue antigens in the same axons or perikarya. This procedure
is similar to the one described in Horvath et al. (12) and targeted the
visualization of UCP2 and neuropeptides of the hypothalamus that were
found to be coproduced with UCP2 in the rat (12) and also candidate
hormone-producing cells of the anterior and intermediate lobes of the
pituitary, including those producing GH or POMC. In short, vibratome
sections of either the hypothalamus or pituitary were double immuno-
stained for UCP2 and either neuropeptide Y (NPY), CRF, oxytocin (OT),
vasopressin (VP), GH, or POMC. Antisera were purchased from com-
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mercial vendors [sheep anti-NPY(Auspep Pty Ltd., Perkwille, Austra¬
lia), mouse anti-CRF (Biogenesis, Pool, UK), mouse antivasopressin
(ICN Biochemicals, Costa Mesa, CA), mouse anti-OT (DiaSorin, Inc.,
Stillwater, MN), mouse anti-GH (Sigma, St. Louis, MO) and mouse
anti-fl-endorphin (Roche Molecular Biochemicals, Mannheim, Germa¬
ny). Double-labeled sections were analyzed using an Olympus Corp.
upright microscope furnished with accessories enabling epifluorescence
microscopy and filters selective for the emission of rhodamine and
fluorescein. Control experiments included omission of either of the
primary antisera or the use of primary antisera preabsorbed with the
peptide against which it was generated. In these control experiments,
only single labeling could be detected.

Results

In situ hybridization histochemistry for UCP2 messenger
RNA (mRNA)

In the rhesus monkey, UCP2 mRNA was detected in the
same hypothalamic nuclei as previously shown in the rat
(12). As shown in Fig. 1, the hybridization product was found
most extensively over cells in the paraventricular, supra¬

optic, and suprachiasmatic nuclei of the hypothalamus (Fig.
1, A-D). In addition, there was a small population of cells
within the arcuate nucleus that also expressed UCP2 mRNA
(Fig. ID). A more robust expression of UCP2 message was
detected in the pituitary gland, especially in the anterior lobe
(Fig. IE). No specific labeling of UCP2 mRNA was detected
in the posterior lobe, while the adjacent pia mater, on the
edge of the posterior pituitary, showed UCP2 mRNA label¬
ing (Fig. IE). In the anterior lobe, the hybridization product
was distributed in a heterogeneous manner creating a "W"-
like appearance (Fig. IE).

UCP2 protein expression
The antibody for UCP2 used in the present study, as well

as in our previous study (12), is an affinity-purified anti¬
serum against human UCP2 that has been shown to react
with UCP2 in skeletal muscle (13) and with recombinant
expressed human UCP2. The antibody does not cross-react

Fig. 1. Autoradiographic images of hypothalamic sections of representative rhesus monkeys after in situ hybridization for UCP2 mRNA. A-D,
Signals were detected in the supraoptic- (SON), paraventricular- (PVN), suprachiasmatic-(SCN) and infundibular (Inf) hypothalamic nuclei.
Hybridization signals were also abundant in the anterior lobe of the pituitary (AP), while the posterior lobe (PP) lacked specific labeling (E).
oc, Optic chiasma. Bar scales in panels A (for A-D) and E represent 100 ;u,m and 200 p,m, respectively.
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with yeast expressing human UCP1, although it has a slight
cross-reactivity with UCP3, which is not present in the brain.
The overall distribution of UCP2 immunopositive cell bodies
agreed with the in situ hybridization results and did not
differ between the different monkey species. Because of this,
we provide a detailed description on the UCP2 immuno-
labeling of the vervet monkey.

Central nervous system. UCP2-containing axons were de¬
tected in divergent hypothalamic and limbic sites corre¬
sponding to the projection fields of the regions where
UCP2 mRNA and peptide were found in neuronal cell
bodies (Figs. 2, 3, and 4). These areas included the lateral
septum, medial septum-diagonal band of Broca region,
bed nucleus of the stria terminalis, the stria terminalis
through its entire length, the organum vasculosum of the
laminae terminalis, anteroventral periventricular area,
medial preoptic area, periventricular regions, anterior hy¬
pothalamus, suprachiasmatic nucleus, retrochiasmatic
area, supraoptic, paraventricular, arcuate, ventromedial,
dorsomedial nuclei, lateral hypothalamus, external and
internal layers of the median eminence, central and medial
nucleus of the amygdala, and mediodorsal and paraven¬
tricular nuclei of the thalamus (Figs. 2-4). UCP2-immu-
noreactive axon terminals established basket-like struc¬

tures around the perikarya of postsynaptic neurons in
different hypothalamic, limbic and brain stem sites (Fig.
2D). In the external layer of the median eminence, portal
capillaries were surrounded by numerous boutons immu-
nolabeled for UCP2 (Fig. 2E).

Immunoreactive profiles were also present in different
brain stem nuclei of the monkey (Figs. 3 and 4). These
regions included the parabrachial nucleus, area postrema,
nucleus of the solitary tract, the spinitrigeminal tract, the
raphe nucleus, locus coeruleus and the dorsal motor root
ganglion of the vagus. In all of the previously mentioned
regions, an abundance of UCP2-containing axonal pro¬
cesses was detected (Figs 3 and 4). In nnnp of the brain
sites did glial elements appear to be expressing UCP2.
Only a few neuronal perikarya were found to be labeled
for UCP2 in the supraoptic, paraventricular, suprachias¬
matic and arcuate nuclei of the hypothalamus, in the lat¬
eral hypothalamic nucleus and in the lateral parabrachial
nucleus of the brain stem (Fig. 3E).

Pituitary. Analysis of UCP2-immunolabeling in the pituitary
revealed robust expression of this mitochondrial uncoupler
in a large population of cells of the anterior pituitary and in
the intermediate lobe (Fig. 5). In the latter, the distribution of
immunolabeled cells was homogeneous and appeared to be
present in most of the cells (Fig. 5, D and E). In the anterior
pituitary, in agreement with the in situ hybridization studies,
the vast majority of labeled cells occupied a W-shaped area
(Fig. 5, B and C) corresponding to acidophilic areas (14). In
the posterior lobe, UCP2 immunolabeling was present in
axonal processes only (Fig. 5, F and G) and the pituicites, the
glial cell type of the posterior pituitary, lacked specific UCP2
labeling.

UCP2 in chemically identified projections of the
hypothalamus and posterior pituitary and cells of the
anterior pituitary and intermediate lohe

In the hypothalamus and posterior pituitary, we tested for
the coexpression of UCP2 and neuropeptides that were al¬
ready found in UCP2-producing neuronal circuits of rodents
(12). We found that the majority of UCP2-expressing axons
and putative axon terminals in the infundibular (or arcuate)
nucleus were NPY-containing (Fig. 6, A and B). Several ax¬
onal processes passing through this region and in the exter¬
nal layer of the median eminence were immunolabeled for
CRF (Fig. 6, C and D). In the posterior pituitary, a population
of UCP2-immunoreactive axons was also labeled for either

oxytocin (OT; Fig. 6, E and F) or vasopressin (VP; Fig. 6, G
and H).

In the anterior pituitary, UCP2 mRNA and protein was
distributed in a W-shaped pattern, corresponding to the
well-characterized acidophilic area (14). Because heterolo¬
gous antisera were available for the main cell types of this
region (i.e. those producing GH and those producing POMC)
(14), the possible coexpression of these hormones and UCP2
was analyzed. CH immunopositivc cello were detected only
in the anterior pituitary with a similar overall distribution
pattern as UCP2, although not many GH-immunoreactive
cells were detected along the lateral edges. Strikingly, how¬
ever, there was no evidence for coexpression of GH and
UCP2 in any cello of the anterior pituitary, even after analysis
of 4,000 CH immunopositive cello in pituitarieo of two mon
keys (Fig. 7). On the other hand, UCP2-producing perikarya
were frequently in direct apposition to GH-immunopositive
cells (Fig. 7, A-I). During this survey, while detecting 4,000
GH-immunoreactive cells, 1,419 UCP2-immunolabeled cells
were documented, which represents an approximate 1:3 ratio
of UCP2- to GH-producing anterior pituitary cells.

POMC-immunolabeled cells were less abundant than the

GH-immunopositive cells, but, they were distributed within
and beyond the putative acidophilic areas of the anterior
pituitary and also in the intermediate lobe (Fig. 8). In the
anterior pituitary, there were subpopulations of POMC neu
rons distributed mainly along the lateral edges of the anterior
pituitary that also expressed UCP2 immunolabeling (620 of
the 700 POMC cells counted; Fig. 8, A and B), while a large
number of both POMC (974 out of 1400) and UCP2 (775 out
of 1300) cells were only single labeled in other parts of the
anterior pituitary (Fig. 8, C-H). In this study, the ratio of
UCP2 to POMC-producing cells in the anterior pituitary was
found to be approximately 1:1.

Almost all POMC-immunolabeled cells in the intermedi¬
ate lobe (967 out of 1000) were also immunoreactive for UCP2
(Fig. 7,1 and J). The intense labeling of both of these antigens
delineated the entire intermediate lobe.

Discussion

This study demonstrated that UCP2 is present in the non-
human primate brain with an overall distribution pattern
and phonotypc similar to that previously observed in rodents
(11,12). UCP2 mRNA and peptide were detected in neuronal
populations of forebrain and hypothalamic nuclei, such as
the supraoptic, paraventricular, suprachiasmatic, and arcu-
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Fig. 2. Corresponding to the UCP2 mRNA distribution pattern, immunocytochemical labelingfor UCP2 protein in the rhesus monkey identified
immunopooitivc axons in different hypothalamic rogions, including tho PVN (A), SON (B), and Inf (C-E). The abundance of labeled axons was
the highest in the Inf, where almost all observed perikarya were surrounded by numerous UCP2-expressing axon terminals (D). In the external
layer of the median eminence (E), portal capillarica were surrounded by numerous UCP2 containing axon terminals (E). oc, Optic chiasma; III,
third ventricle; cME: external layer of tho median cminenco; v: blood vossol. Bar scales in panels A (for A-C) and D (for D and E) represent
100 pm and 10 /xm, respectively.



Fig. 3. Abundant UCP2 immunolabeling in the subcortical, extrahypothalamic sites of the cynomolgus monkey. These areas included the stria
terminalis (ST; A) the thalamic paraventricular nucleus (tPVN); B) the locus coeruleus (LC; C), dorsal raphe (DR; D), lateral parabrachial nuclei
(LPB; E and F). In this latter site, both labeled perikarya (arrowheads on E) and axonal processes (F) were encountered. Me5: mesencephalic
nucleus of the trigeminal nerve; scp: superior cerebellar peduncle. Bar scale in panel E represents 100 /xm (for all panels).

ate nucleus, which are involved in the regulation of meta¬
bolic, autonomic and endocrine systems. The discrepancy
between our finding of UCP2 inprimatebrain and a previous
study of Fleury et al. (6), in which UCP2 mRNA was not
found in human brain, is most likely due to sampling of
commercially available tissue blots in that study that might
not have contained hypothalamic or brain stem tissues.

While not impossible, it is unlikely that an evolutionary gap
would exist between humans and nonhuman primates in this
regard.

In a recent study, UCP2 was detected in neuronal popu¬
lations producing different neuropeptides that are critical for
the maintenance of homeostasis (12). These neuromodula¬
tors and hormones included vasopressin and oxytocin in the

UCP2 IN MONKEY BRAIN 4231
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Fig. 4. Schematic illustration of
UCP2 immunoreactivity (reel dots) in
the brain, based on camera lucida
drawings of vibratome sections of the
African green monkey. Arrows indi¬
cate anterior-posterior sequence of
section in the rows (A-D). A-B, Sec¬
tions through the diencephalon. C,
Sections through the mesencephalon.
D, Sections through the mesencepha¬
lon and metencephalon. E, Sections
through the myelencephalon.

magnocellular paraventricular and supraoptic nuclei, CRH-
producing cells in the parvicellular paraventricular nucleus
and NPY-producing neurons in the arcuate nucleus. These

same peptide systems were found to be coproduced in the
primate brain UCP2 system as well, further indicating that
this mitochondrial mechanism represents an evolutionary
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Fig. 5. Dark-field photomicrographs of a transected pituitary (A-G) after immunostaining for UCP2. UCP2 immunolabeling was present in
many, but not all, cells of the anterior pituitary (AP; B and C); panel C is a high power magnification of an area on panel B. In the intermediate
lobe (IL), all cells appeared to be labeled for UCP2 (D and E). In the posterior pituitary (PP), only axonal processes were found to contain UCP2
(panel F). Panel G is a high power magnification of a region on panel F. Bar scales in panels A, B (for B, D, and F) and C (for C, E, and G) represent
200 pm, 100 ixm and 10 jim, respectively.

conserved mechanism normally restricted to those brain cir¬
cuits that govern autonomic, endocrine and metabolic pro¬
cesses. On the other hand, it may be of significance to note
that, possibly due to the significantly increased size of the
primate hypothalamus (and diencephalon in general) com¬
pared with that of the rodent, the abundance of UCP2 ex¬
pression seemed somewhat more modest in the primate
when compared with the rodent (compare Fig. 4, A and B in
the current report with Fig. IK in Ref. 12). Whether this
apparent species difference is significant and might have
functional relevance regarding UCP2's function in the brain
needs to be determined.

One of the novel observations of the present study, which
was not addressed in previous experiments, is the demon¬
stration of a robust UCP2 expression in the pituitary. It is

particularly noteworthy because the level of UCP2 mRNA
expression in this endocrine gland was more impressive than
those found in any other parts of the central nervous system.
The immunocytochemical data confirmed the widespread
expression of UCP2 in all regions of the gland, including cells
of the anterior and intermediate lobes and axons of the pos¬
terior pituitary. In the anterior pituitary, UCP2 was ex¬
pressed predominantly in the lateral wings of the acidophilic
areas. Interestingly, the most abundant cell type of this re¬
gion, the GH-producing cells, lacked labeling for UCP2,
while a subset of corticotrophs was found to be UCP2-pro-
ducing.

In light of available information (14), the likely cell types
that express UCP2 in these areas are the gonadotrophs and
the lactotrophs, because thyrotrophs are most abundant in
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Fig. 6. Color fluorescence images from
the hypothalamic arcuate nucleus and
posterior pituitary illustrating the co-
localization of UCP2 (green fluorescent
panels of A, C, E and G) and red fluo¬
rescent NPY (B), CRF (D), oxytocin (OT,
F), and vasopressin (VP, H). Bar scale
represents 10 p.m.
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the medial zone, also called the basophilic wedge, where
little evidence of UCP2 expression was found. It should be
possible to resolve this issue when heterologous antisera for
UCP2 and gonadotrophs or PRL become available. It should
also be emphasized that none of the coexpression analyses
described in the present study were truly quantitative. There¬
fore, future studies using a larger number of animals from
different experimental conditions should provide better in¬
sight into the phenotype of UCP2-producing anterior pitu¬
itary cells, and should help to elucidate the regulatory mech¬
anisms that determine UCP2 expression in the pituitary.

Because UCP2-immunolabeling in the posterior lobe was
associated with OT- and VP-releasing axons, it may be that
central UCP2 is involved in the regulation of some function
of the posterior pituitary, such as water homeostasis and
lactation (12). The marked expression of UCP2 in all cells of
the intermediate lobe raises the possibility that UCP2 may
regulate the production and secretion of the products of the

POMC gene, which are intimately involved with a variety of
homeostatic functions. Indeed, most of the UCP2-containing
cells in this region were confirmed as being immunopositive
for POMC.

Functional implications
A putative function of uncoupling proteins was first pro¬

posed for UCP1 in brown adipose tissue (3). It was postulated
and then proven that this mitochondrial device dissipates
energy generated through the Kreb's cycle, in the form of
heat (15-18). In small rodents, this is a critical mechanism in
the maintenance of appropriate core body temperature (19).
However, while brown adipose tissue is also present in hu¬
mans, particularly in early childhood, this tissue mass is very
small and does not significantly contribute to the mainte¬
nance of core body temperature (19). In any case, because of
similarities in genetic sequence, UCP2 was also proposed to
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UCP2/GH

UCP2/GH

Fig. 7. Color fluorescence images of the pituitary immunolabeled for UCP2 (red) and GH (green). Panels placed horizontally (A-C; D-F, G—I)
show the same field using a rhodamine-specific filter (UCP2 labeling in panels A, D, and G), fluorescein-specific filter (GH labeling on panels
B, E, and H), or a filter that is permeable for both the fluorescence and rhodamine spectra (UCP2 and GH labeling on panels C, F, and I). Panels
A-C show that UCP2 is expressed heavily in the intermediate lobe of the pituitary (IL) and in the anterior pituitary (AP), whereas GH-
immunoreactivity is limited to the anterior pituitary. In the higher-power magnification images of panels D-I, the direct apposition between
UCP2- and GH-labeled cells can be seen in the anterior pituitary but none of the cells are double-labeled. Stars in panels D, F, G, and I indicate
UCP2-immunolabeled cells that are not expressing GH-immunolabeling in panels E and H. In panel C, bar scale represents 100 pm for panels
A-C, while in panels F and I, bar scales represent 10 pm for panels D-I.
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Fig. 8. Color fluorescence images ofthe pituitary immunolabeled for UCP2 (red) and POMC (green). Panels placed horizontally (A-B; C-D, E-F, G—H,
and I—J) show the same field using either a rhodamine-specific filter (UCP2 labeling on panels A, C, E, G, and I) or fluorescein-specific filter (POMC
labeling on panels B, D, F, H, and J). In this case, a filter that is permeable for both the fluorescence and rhodamine spectra (see Fig. 7), was not
used to take photographs because of the relatively low emission of green fluorescence in the case of POMC labeling compared with the sensitivity
of the image acquiring system. Nevertheless, it is evident that in the anterior pituitary (AP; panels A-H), several UCP2 cells (indicated by arrows)
Eire also immunolabeled for POMC, particularly along its lateral edges (A and B). In more medial regions of the anterior pituitary, the incidence of
such double-labeled cells is lower (C-H), whereas numerous single-labeled UCP2 (indicated by stars) and POMC cells (indicated by arrowheads) can
be seen. In panels I and J, all of the UCP2-labeled cells of the intermediate lobe (IL) are also immunopositive for POMC (arrows), whereas there is
a POMC-labeled neuron (arrowhead) that appears to lack UCP2 immunoreactivity. Bar scales in panels B, D, F, H, and I represent 10 pm.
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be a mitochondrial uncoupler (6). In fact, in transfected yeast
and in in vitro systems, UCP2 was shown to be a functional
uncoupler (6, 20) and thus, it was proposed that it might act
like UCP1 in tissues, such as the muscle, heart, spleen, and
brain (6, 20). Supporting that notion, in a recent study, we
revealed a significant and positive correlation between re¬
gional mitochondrial uncoupling activity and temperature
and UCP2 protein expression in the rat brain (12). Temper¬
ature differences between various brain areas also exist in

primates, including humans as shown by both invasive and
noninvasive techniques (21-25). Although the mechanisms
behind that dorso-ventral heat gradient in the brain is not
clear, it has been proposed that both heat conductance via
the skull and regional differences in blood-perfusion are
most probably involved. The detection of UCP2 in the non-
human primate brain, in the present study, suggests that
uncoupled mitochondria in the hypothalamus may also con¬
tribute to the generation and maintenance of local hypotha¬
lamic temperature.

While uncoupling of the oxidative chain from ATP syn¬
thesis predicts that energy may be dissipated in the form
of heat, the resulting temperature elevation might not be
sufficient to significantly alter biochemical mechanisms
even in the vicinity of the produced heat. In fact, the
putative functions of uncoupling proteins are not limited
to heat production but include the regulation of cellular
ATP production, and because uncoupling proteins regu¬
late the efficacy of oxidation, they suppress the generation
of reactive oxygen species (26). This mechanism could play
a critical role in the protection of cells against degeneration
that can occur naturally during aging or during patho¬
logical conditions. In this regard, it is interesting to note
that the expression of UCP2 in the primate brain was
associated with those hypothalamic nuclei that arc criti¬
cally important to the minute by minute regulation of the
homeostasis, including the paraventricular-, supraoptic-,
suprachiasmatic-, and arcuate nuclei but was notably ab¬
sent in the GH-producing anterior pituitary cells, which
are known to deteriorate during aging.

It is interesting to note that while UCP1 and most of the
other UCPs, including UCP3, UCP4, and BMCP1 are
predominantly associated with only one or two tissue types,
UCP2 is more ubiquitous being expressed in the brain and
in several peripheral tissues (3-10). Regardless of the
principle mechanism of action of UCP2, it is likely to serve
different functions in the brain and pituitary than in the
periphery. For example, while UCP2 may contribute signif¬
icantly to energy dissipation in the muscle and adipose tis¬
sue, its ability to reduce body weight through its brain and
pituitary activity must be negligible. Instead, it is likely that
UCP2's function in homeostatic circuits relates to the fine

regulation of the signaling flow within these neuronal path¬
ways. That, however, will most likely have an impact on
behavior and endocrine mechanisms relating to peripheral
metabolism. In this regard, it may be of significance to note
that a strong and abundant expression of UCP2 was found
in the hypothalamic NPY circuitry that has been implicated
as one of the key regulators of metabolism (27). In future
studies, it will be important to establish the parent cells of
origin of these NPY projections, which may be located either

in the arcuate nucleus and /or other brain sites, including the
brain stem. By regulating ATP sources of peptidergic circuits,
UCP2 could ultimately affect the threshold of these pepti¬
dergic pathways in responding to different environmental
stimuli. Also, because UCP2 can reduce free-radical produc¬
tion (26, 28), its expression in key hypothalamic circuits of
homeostasis may help to protect these neuronal populations
from degeneration. Additionally, as was proposed recently
(12), the potential ability of UCP2 to acutely affect local
temperature in axon terminals as well as to regulate the local
calcium milieu, suggests that this mechanism may be in¬
volved in direct regulation of synaptic transmission and/or
in the regulation of neurohormone release (CRF, OT, VP) into
fenestrated capillaries and the activity of the NPY circuitry
to regulate feeding behavior.
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ABSTRACT
GnRH-I is thought to represent the primary neuroendocrine link

between the brain and the reproductive axis. Recently, however, a
second molecular form of this decapeptide (GnRH-II) was found to be
highly expressed in the brains of humans and nonhuman primates.
In this study, in situ hybridization was used to examine the regional
expression of GnRH-II messenger ribonucleic acid in the hypothala¬
mus of immature (0.6 yr) and adult (10-15 yr) male and female rhesus
macaques (Macaca mulatto). Overall, no sex-related differences were
observed. In all of the animals (n = 3 animals/group), intense hy¬
bridization of a monkey GnRH-II riboprobe was evident in the para¬

ventricular nucleus and supraoptic nucleus and to a lesser extent in
the suprachiasmatic nucleus, but no age- or sex-related differences
were apparent. Intense hybridization of the riboprobe also occurred
in the mediobasal hypothalamus, and this was markedly greater in
the adults than in the immature animals. These data show that the
expression of GnRH-II messenger ribonucleic acid increases devel-
opmentally in a key neuroendocrine center of the brain. Moreover,
because GnRH-II can stimulate LH release in vivo, it is plausible that
changes in its gene expression represent an important component of
the mechanism by which the hypothalamus controls reproductive
function. (J Clin Endocrinol Metab 86: 324-329, 2001)

GnRH IS CONSIDERED to represent the primary neu¬roendocrine link between the brain and the repro¬
ductive axis. Its discovery in the mammalian hypothalamus
nearly 3 decades ago (1) led to the subsequent identification
of 12 additional forms of GnRH in the brains of lower ver¬

tebrates (2,3). Moreover, it soon became apparent that many
of these species could simultaneously express more than 1
form of GnRH (4-10). Until recently, however, it was gen¬
erally assumed that mammals only express 1 molecular form
of GnRH (1, 11-13), commonly referred to as mammalian
GnRH (GnRH-I). It is now clear that many mammals (14,15),
including humans (8, 16) and nonhuman primates (17, 18),
express a second form of GnRH (GnRH-II), commonly re¬
ferred to as chicken GnRH-II (7). Like all the other members
of the GnRH peptide family, GnRH-I (pGlu-His-Trp-Ser-
Tyr-Gly-Leu-Arg-Pro-Gly-NH2) and GnRH-II (pGlu-His-
Trp-Ser-His-Gly-Trp-Tyr-Pro-Gly-NH2) are decapeptides
and have a pyro-glutamyl-modified ammo-terminus and an
amidated carboxyl-terminus (18-20). Despite the 70% sim¬
ilarity between their deduced amino acid sequences, human
GnRH-I and GnRH-II have been shown to be encoded by 2
distinct genes (16). Furthermore, in the rhesus macaque it has
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been shown that GnRH-I neurons do not coexpress GnRH-II
messenger ribonucleic acid (mRNA) (21).

It is already well established that GnRH-I plays a crucial
role in controlling reproductive function in humans, as un¬
derscored by the observation that GnRH-I deficiency in Kall¬
mann's syndrome is associated with the absence of puberty
and infertility (22, 23). Although the exact trigger for the
onset of puberty is unknown, it is generally assumed that a
change in the pulsatile release pattern of GnRH-I plays a
major role. However, the neurons that produce GnRH-I have
a diffuse distribution pattern (24), and so it is enigmatic how
they coordinate their secretory activity to generate a well
defined pulsatile GnRH release pattern. In addition, there
is little evidence to support the view that puberty in the
primate is associated with an increase in the expression of
GnRH-I mRNA (20, 25, 26) or peptide content (27) in the
hypothalamus.

Interestingly, GnRH-II mRNA and peptide are also ex¬
pressed in the primate hypothalamus (18, 21), and like
GnRH-I, GnRH-II has been shown to be a potent stimulator
of LH release in vivo (17). Therefore, it is plausible that
GnRH-II may somehow contribute to the neuroendocrine
control of the reproductive axis of primates, especially dur¬
ing development. To help resolve this issue, the present
study used in situ hybridization histochemistry to examine
the expression of GnRH-II mRNA in the hypothalami of male
and female rhesus monkeys either before or after the onset
of puberty (at 0.6 or 10-15 yr of age, respectively). Prelim¬
inary findings from this study have been published in ab¬
stract form (28).

324
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Materials and Methods

Animals

This study was approved by the institutional animal care and use
committee at the Oregon Regional Primate Research Center (ORPRC)
and involved six male and six female rhesus macaques (Macaca mulatto);
half of the animals from each sex were sexually immature (0.6 yr old),
and half were adults (10-15 yr old). Based on detailed menstruation
records, one of the three adult females was in the early follicular phase
of the menstrual cycle, one was in the late follicular phase, and one was
in the luteal phase. The immature animals had all been weaned several
months before use. Animal care was provided by the ORPRC in accor¬
dance with the NIH Guide for the Care and Use of Laboratory Animals,
and the euthanasia was performed as part of the ORPRC Tissue Dis¬
tribution Program to provide tissue for this and other studies.

Tissue preparation
The animals were deeply anesthetized using ketamine/pentobarbi-

tal, according to procedures established by the Panel on Euthanasia of
the American Veterinary Society. Their brains were fixed by perfusing
1 L 0.9% saline through the ascending aorta followed by 6.5 L ice-cold
4% paraformaldehyde in 0.1 mol/L phosphate-buffered (pH 7.6) saline
(0.9%, wt/vol). Hypothalami were blocked just rostral to the optic chi¬
asm and rostral to the mammillary bodies. They were then immersed in
fresh fixative for an additional 3 h (at 4 C) and cryoprotected, as pre¬
viously described (29). This involved their immersion in 0.02 mol/L
phosphate buffer (pH 7.4) containing glycerol (10%, vol/vol) and di-
methylsulfoxide (2% vol/vol) for 24 h, followed by immersion in a more
concentrated glycerol (20%) phosphate/dimethylsulfoxide solution for
an additional 72 h. The tissue blocks were rapidly frozen in 2-methyl
butane (precooled in an ethanol/dry-ice bath) and stored at —85 C.
Subsequently, they were sectioned (25 (im) using a sliding microtome
and mounted on glass microscope slides (Fisherbrand SuperFrost/Plus,
Fisher Scientific, Auburn, WA). After being air-dried for 30 min and
vacuum-dried overnight, the mounted sections were stored at — 85 C for
later use.

Complementary RNA probe synthesis and in situ
hybridization histochemistry

A 35S-labeled 430-nucleotide antisense riboprobe was transcribed
from rhesus monkey complementary DNA that encodes the GnRH-II/
GnRH-associated-peptide precursor. Because the GnRH-associated-
peptide-coding regions of the GnRH-I and GnRH-II precursors are
unique (18, 20), this probe specifically identifies only those cells that
express GnRH-II mRNA (18).

In situ hybridization was performed on a series of coronal hypotha¬
lamic sections from each animal, collected at approximately 200-pm
intervals. First, the sections were postfixed in 4% paraformaldehyde in
0.1 mol/L phosphate buffer (pH 7.4) for 15 min, rinsed in Tris-ethyl-
enediamine tetraacetate (EDTA), and then digested with proteinase K
(10 pg/mL) in Tris-EDTA buffer (pH 8.0; 100 mmol/L Tris and 50
mmol/L EDTA) for 30 min. Next, they were acetylated, dehydrated with
ascending concentrations of ethanol, and dried under vacuum for 2 h.
They were then hybridized for 18 h at 65 C with 100 pL 35S-labeled
antisense riboprobe diluted to 1 X 107 cpm/mL hybridization buffer [50
mmol/L dithiothreitol, 250 pg/ml transfer RNA, 50% formamide, 0.3
mol/L sodium chloride, 1 X Denhardt's solution, 20 mmol/L Tris (pH
8.0), 1 mmol/L EDTA, and 10% dextran sulfate]. For the hybridization,
glass coverslips were affixed to the slides using DPX mounting medium
(BDH Laboratory Supplies, Poole, UK). The posthybridization proce¬
dure involved removing the coverslips, after two 30-min soakings in 4 X
SSC (saline-sodium citrate buffer; the 20 X stock SSC solution comprised
175.3 g sodium chloride and 88.2 g sodium citrate/L, pH 7.0) containing
20 mmol/L dithiothreitol. The sections were then incubated in Tris-
EDTA buffer (pH 8.0; 10 mmol/L Tris, 1 mmol/L EDTA, and 0.5 mol/L
sodium chloride) containing ribonuclease A (10 /ag/mL) for 30 min at
37 C, followed by two 30-min washes at room temperature with 2 X SSC
containing 1 mmol/L dithiothreitol. After a final 30-min wash at 70 C
with 0.1 X SSC containing 1 mmol/L dithiothreitol, they were dehy¬
drated through ascending concentrations of ethanol containing 0.3
mol/L ammonium acetate and then air-dried for 30 min. To visualize the

hybridization pattern the sections were apposed to Hyperfilm |3-max
(Amersham Pharmacia Biotech, Piscataway, NJ) for 6 days (i.e. an ex¬
posure period that maintained the hybridization signal in the linear
response range of the film).

The regional hybridization pattern of the monkey GnRH-II riboprobe
has previously been shown to be distinct from that of the monkey
GnRH-I riboprobe (18, 21), thus emphasizing its specificity. As a neg¬
ative control, in situ hybridization was also performed on a few sections
using a 35S-labeled sense riboprobe.

For quantitation, the autoradiographs were uniformly transillumi-
nated (Northern Light, Imaging Research, Inc., St. Catherines, Canada),
and the images were captured using a Sony CCD camera (model XC-77,
Sony Corp. of America, Cypress, CA) equipped with a 50-mm macro-
lens. They were then digitized using a frame grabber (Data Translation,
Marlboro, MA) installed in a Macintosh Power PC computer (Apple
Computer Inc., Cupertino, CA) and analyzed using the NIH Image
program. Specific hypothalamic areas were defined using the freehand
outlining tool, and the mean optical density was measured after cor¬
recting for background noise. For each animal, the mean optical densities
from different autoradiographs were averaged and then combined ac¬
cording to age and sex to give an overall group mean (±sem; n = 3).
Two-way ANOVA was used to assess statistical differences in regional
GnRH-II mRNA expression between the sexes and also between the
immature and adult animals. Because no sex differences were detected,
the data from the males and females were pooled (i.e. n = 6/age group)
and further analyzed by one-way ANOVA.

To further quantitate the expression of GnRH-II mRNA in the dif¬
ferent groups, the hypothalamic sections were subsequently dehydrated
using increasing concentrations of ethanol, defatted in xylenes for 1 h,
and dipped in photographic emulsion (NTB-2, Eastman Kodak Co.,
Rochester, NY). They were exposed at 4 C in a light-tight box for 12 days
and then processed with Kodak developer (D-19) and fixer, dehydrated
with ethanol, cleared with xylenes, and finally coverslipped using DPX
mounting medium. Silver grain density was examined under a micro¬
scope using a X40 objective lens. Only cells that had an obvious round
or fusiform silver grain deposition pattern were counted and analyzed.
The images were digitized, as described above, and the NIH Image
program was then used to determine the silver grain density per cell
(expressed as pixels per cell) and to determine the total number of
positive cells per section. Again, for each animal the mean silver grain
densities were averaged and then combined according to age and sex to
give an overall group mean (±sem; n = 3). Two-way ANOVA was used
to assess statistical differences in regional GnRH-II mRNA expression
between the sexes and also between the immature and adult animals.
Because no sex differences were detected, the data from the males and
females were pooled (i.e. n = 6/age group) and further analyzed by
one-way ANOVA.

Results

GnRH-II mRNA expression in the rhesus macaque
hypothalamus

The distribution of GnRH-II mRNA in specific regions of
the rhesus macaque hypothalamus is shown in Fig. 1. High
levels of expression were detected in the supraoptic nucleus
(SON), suprachiasmatic nucleus (SCN), paraventricular nu¬
cleus (PVN), and also the mediobasal hypothalamus (MBH).
The hybridization signal showed tight clustering in the SON,
SCN, and PVN, but was more diffuse in the MBH. No hy¬
bridization was seen when in situ hybridization was per¬
formed using a GnRH-II sense probe (data not shown).

Autoradiographic analysis
To analyze sex and age differences in GnRH-II gene ex¬

pression in these hypothalamic regions the autoradiographic
images were digitized, and mean optical densities were de¬
termined for the SON, PVN, and MBH (note, the SCN was
not analyzed because only one or two sections from each
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Fig. 1. Regional expression of GnRH-II
mRNA in the rhesus macaque hypothal¬
amus, as revealed by radioisotopic in situ
hybridization. Representative autoradio-
graphs of rostral and caudal regions of
the hypothalamus are depicted in the left
and right columns, respectively. Note the
less intense hybridization in the prepu¬
bertal animals (upper panels) compared
with the adults (lower panels). Oc, Optic
chiasm; ot, optic tract. Scale bar, 3.5 mm.
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Fig. 2. Comparison of GnRH-II mRNA expression in the rhesus ma¬
caque SON, PVN, and MBH before and after the onset of puberty
(open and filled bars, respectively). The total area of expression was
determined by optical density analysis of autoradiographs. Each bar
represents the mean value from six animals (three males and three
females), and the sem is represented by the vertical lines. *, P < 0.05.

animal included this nucleus). In all of the hypothalamic
regions examined the level of GnRH-II mRNA expression
was similar in the males and females (P > 0.05), so the data
from the two sexes were pooled for the developmental anal¬
ysis. In adults, the overall level of GnRH-II mRNA expres¬
sion appeared to be greater than that in the immature ani¬
mals, but the difference was statistically significant (P < 0.05)
only in the MBH (Fig. 2).

Silver grain analysis
Based on the autoradiographs alone it was unclear

whether the intense hybridization in the MBH of adults re¬
flected an increase in GnRH-II mRNA expression per cell or
an increase in the number of cells expressing GnRH-II

mRNA. To resolve this issue, the same hybridized sections
were dipped in photographic emulsion, and the resulting
silver grain deposition patterns were analyzed microscopi¬
cally (Fig. 3). A total of 1656 GnRH-II cells were identified in
hypothalamic sections from the 6 males, and 948 were iden¬
tified in hypothalamic sections from the six females. Regard¬
less of the animal's age, the number of silver grains per cell
was found to be similar in each of the hypothalamic regions
examined (P > 0.05; Fig. 4A). In contrast, the number of MBH
cells expressing detectable quantities of GnRH-II mRNA was
significantly (P < 0.001) greater in the adults than in the
immature animals (Fig. 4B).

Discussion

For the last 2 decades it has generally been assumed that
only one molecular form of GnRH (i.e. mammalian GnRH or
GnRH-I) exists in the primate brain, but recent evidence from
HPLC (17), immunohistochemistry (8, 17), and in situ hy¬
bridization (18, 21) supports the existence of at least one
additional form (i.e. chicken GnRH-II or simply GnRH-II).
The present results corroborate these findings by showing
that mRNA encoding GnRH-II is highly expressed in discrete
regions of the primate hypothalamus, especially the SON
and PVN and the MBH, and to a lesser extent in the supra-
chiasmatic nucleus (SCN). Furthermore, the results indicate
that the general distribution pattern of GnRH-II mRNA is
similar between males and females.

Although the pivotal involvement of GnRH-I in the control
of the primate reproductive axis is well established, it is
unclear whether GnRH-II also plays a modulatory role. On
the one hand, GnRH-II mRNA is highly expressed in the
primate hypothalamus (18), and GnRH-II has been shown to
be a potent stimulator of LH release in vivo (17). On the other
hand, it is currently unknown whether GnRH-II neurons
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MBH

Fig. 3. Expression of GnRH-II mRNA in the rhesus macaque SON, PVN, and MBH, as revealed by radioisotopic in situ hybridization.
Representative darkfield photomicrographs from prepubertal and adult animals are shown in the upper and lower panels, respectively. Note
the increased density of silver grains in the adults, especially in the MBH. Scale bar, 400 /xm.

project to the median eminence to secrete the decapaptide
into the hypothalamo-hypophyseal portal blood vessels.
Such a humoral route to the pituitary gonadotropes (30) is
certainly plausible given the high level of GnRH-II mRNA
expression observed in the adult. However, it is also possible
that the posterior lobe of the pituitary gland secretes some
GnRH-II directly into the peripheral circulation. Although
speculative, this view gains support from the observation
that very high levels of GnRH-II mRNA were detected in the
SON and PVN, two hypothalamic nuclei that have major
projections to the posterior pituitary gland (31, 32). The pri¬
mary neuropeptides produced by these nuclei include argi-
nine vasopressin and oxytocin, which resemble GnRH-II in
many ways. For example, the biosynthesis of each of these
peptides involves amidation of the terminal glycine residue
at the carboxyl end of the molecule by the donation of an
amide group from an adjacent glycine residue. Furthermore,
each peptide's precursor contains an associated peptide that
is cleaved off at a lysine-arginine processing site (19, 31).
Taken together, these peptide similarities emphasize that
some of the neurons in the SON and PVN share the same

biochemical machinery to produce arginine vasopressin,
oxytocin, and GnRH-II; these magnocellular neurons pro¬
vide the main axonal projections from the SON and PVN to
the posterior pituitary gland (32). Although this issue re¬
quires further investigation, the current findings raise the
possibility that GnRH-II may contribute nontraditionally to
the control of reproductive function or may play an impor¬
tant nonreproductive neuroendocrine role.

Although the level of GnRH-II mRNA expression in the
SON and PVN was similar in immature and adult animals,
it showed a marked developmental increase in the MBH.

This increase appeared to stem from an increase in the total
number of cells expressing GnRH-II mRNA rather than from
an increase in the level of expression per cell. Although we
cannot rule out the possibility that the number of GnRH-II
cells in the MBH actually increases during postnatal devel¬
opment, it is more likely that the induction of the GnRH gene
within these cells is developmentally regulated.

Possibly, the earliest manifestations of pubertal onset in
primates is a change in the pulsatile release pattern of LH,
which is highlighted by high amplitude nocturnal peaks (33).
To date, the underlying cause of this neuroendocrine acti¬
vation is unclear, although a pubertal change in the pulsatile
release pattern of GnRH almost certainly plays a pivotal role
(34). Moreover, there is evidence to indicate that the pubertal
activation of LH secretion following an extended juvenile
hiatus is associated with increased glutamatergic stimulation
(33, 35) and/or reduced y-aminobutyric acidergic inhibition
(36-38) of the GnRH neuronal circuitry. It is possible that
developmental changes in the expression of neuropeptide Y
within the MBH are also involved (25, 39-41). Because en¬
hanced GnRH release is maintained after puberty, one might
expect an underlying increase in GnRH gene expression to
also become prominent during prepubertal development.
Surprisingly, however, there is little evidence to support a
developmental increase in the expression of GnRH-I mRNA
(20, 26) or GnRH-I peptide (27) in the hypothalamus of pri¬
mates, although a developmental increase in GnRH-I mRNA
expression has been observed recently in the MBH of gon-
adectomized monkeys (25). In contrast, the present findings
show that a developmental increase in GnRH-II mRNA lev¬
els is prominent in the MBH even in gonad-intact animals in
both males and females. More comprehensive studies are
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Fig. 4. Comparison of GnRH-II mRNA expression in the rhesus ma¬
caque SON, PVN, and MBH before and after the onset of puberty
(open and filled bars, respectively). A, Mean expression per cell, de¬
termined by silver grain density analysis of NTB-2 emulsion-dipped
slides. B, Number of GnRH-II mRNA expressing cells per section.
Each bar represents the mean value from six animals (three males
and three females), and the SEM is represented by the vertical lines.
**, P < 0.001.

needed to determine whether a developmental increase in
GnRH-II expression is associated with the central mechanism
that triggers the onset of puberty, or whether it simply re¬
flects a consequence of the maturational change in the sex
steroid environment.

The reproductive significance of highly elevated GnRH-II
mRNA expression in the hypothalamus of adult primates is
unclear, because many human reproductive disorders, such
as Kallmann's syndrome (22,23), can be attributed to specific
perturbation of the GnRH-I system and can be effectively
treated by intermittent stimulation of the pituitary-gonadal
axis with GnRH-I alone. Nevertheless, such findings do not
exclude the possibility that GnRH-II also plays a crucial role
in normal reproductive function. The present findings are
consistent with the idea that GnRH-II may contribute to the
physiological development of the primate reproductive axis,
possibly by helping to synchronize or modulate the pulsatile
release of GnRH-I; gap junctions are known to exist between
cells within the SON and PVN, suggesting that the secretory
activity of GnRH-II cells with perikarya in these nuclei may
be intrinsically more coordinated than that of the more dif¬
fuse GnRH-I cells, and that these GnRH-II cells represent an
important component of the hypothesized GnRH pulse gen¬
erator. It is also possible that GnRH-II neurons play an im¬

portant role in mediating feedback from the developing go¬
nads to the hypothalamus and in augmenting the central
stimulus for the preovulatory gonadotropin surge. To sub¬
stantiate these possible reproductive roles for GnRH-II, ad¬
ditional experiments need to be performed in which either
the synthesis of GnRH-II is suppressed (e.g. using antisense
GnRH-II oligodeoxnucleotides) or its action is blocked (e.g.
by immunoneutralization).

In summary, the results from this study show that the
hypothalamus of both male and female rhesus macaques
highly expresses GnRH-II mRNA in discrete regions, includ¬
ing the SON, SCN, PVN, and MBH. Furthermore, this ex¬
pression appears to be developmentally regulated within the
MBH. Although GnRH-II is expressed by a population of
neurons completely distinct from that which expresses
GnRH-I (21), it has been shown that GnRH-II can stimulate
LH release in vivo (17). Taken together, therefore, these find¬
ings give credence to the view that reproductive function in
higher primates may be regulated by more than one GnRH
neuronal system. Moreover, because the reproductive axis of
the rhesus macaque closely resembles that of the human, the
data shed new light on the possible etiology of idiopathic
human reproductive disorders.
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SPECIFIC AIMS

The neurotransmitter gamma aminobutyric acid
(GABA) plays an important role in the regulation of
pituitary gland function, but details of the underlying
mechanism are poorly understood. Here we identify
novel intrapituitary sources of GABA and disclose the
sites of its synthesis, storage, and the distribution of its
receptors in the endocrine master gland, the pituitary.

PRINCIPAL FINDINGS

1. Synthesis and storage of GABA occurs in endocrine
growth hormone (GH) -producing cells of the
anterior lobe and POMC-producing cells of the
intermediate lobe of the pituitary

Using RT-PCR, in situ hybridization histochemistry,
immunohistochemistry, and immunoelectron micros¬
copy, the GABA-synthesizing enzyme GAD 67, the
vesicular transporter VIAAT/VGAT, and GABA were
detected in the rat and primate pituitary. Although
GAD and VIAAT/VGAT were found in all of the
endocrine cells of the intermediate lobe, they were
present only in the GH-producing endocrine cells of
the anterior lobe (Fig. 1). Immunoelectron microscopy
revealed that the expression of GAD and VIAAT/VGAT
in these GH cells was localized to the typical intracel¬
lular GH storage organelle. The GH-producing cell line
GH3 likewise was found to express the genes for GAD
67 and VIAAT/VGAT. In addition, GAD enzyme activ¬
ity was measured in rat pituitary and GHS cells and was
about 10% of the activity of brain tissue (cerebellum).

2. GABAa and/or GABAb receptor subunits are
present in all endocrine cell types of the pituitary,
including GH cells

Double immunofluorescence staining was performed
using antibodies directed against various GABA recep¬
tor subunits and antibodies recognizing pituitary hor¬
mones. Subsequent confocal laser scanning microscopy

Figure 1. Colocalization of VIAAT/VGAT, GAD, and GH in
the rat pituitary. Consecutive semithin sections of a rat
pituitary were immunostained for GH, GAD, and VIAAT/
VGAT. A blood vessel is labeled with an asterisk for orienta¬
tion. Bar = 10 (Jim. In this example, a pituitary from a male
Lewis rat was used.

revealed that all of the endocrine cell types in the
anterior lobe of the pituitary contain GABAa and/or
GABAb receptors (unpublished). Besides PRL, TSH,
ACTH, and LH/FSH cells, GH cells were found to
contain subunits of GABAa and/or GABAb receptors
(Fig. 2).

CONCLUSIONS AND SIGNIFICANCE

Although GABA acts as a major inhibitory neurotrans¬
mitter in the brain, it also directly regulates the secre¬
tion of the pituitary hormones PRL, GH, LH/FSH,
TSH, and ACTH. The sources of pituitary GABA are
not well established, but it is generally assumed that
pituitary GABA originates from hypothalamic neurons
and there is evidence to support two possible pathways.
The first involves the secretion of GABA into the portal

1 To read the full text of this article, go to http://www.
fasebj.org/cgi/doi/10.1096/fj.00-0546fje; to cite this article,
use FASEB J. (February 20, 2001) 10.1096/fj.00-0546fje

2 Correspondence: Anatomisches Institut, Biedersteinerstr.
29, 80802 Munchen, Germany. E-mail: gratzl@lrz.uni-
muenchen.de
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Figure 2. Example of GABAa receptor sub-
units in GH and other pituitary cells. Immu-
nocytochemical detection of three immuno-
reactive GH cells by confocal laser
microscopy (left). Two of these GH cells and
another adjacent pituitary cell are immuno-
reactive for the y2 subunit of the GABA A
receptor (middle panel). The right panel
shows the computer merged images. Bar = 5
(jtm. In this example, a pituitary from a
female Wistar rat was used.

blood and the second involves direct innervation of

pituitary cells of the intermediate lobe (Fig. 3).
Tools available for the study of GABAergic systems

have included immunodetection of GABA, measure¬

ment of glutamic acid decarboxylase (GAD) activity,
and analysis of the cellular localization of the GABA-
synthesizing enzymes GAD 65 and GAD 67. Recently, a
novel approach to studying the GABAergic system has
become available, and is based on the finding that a
vesicular transporter named VIAAT (vesicular inhibi¬
tory amino acid transporter) or VGAT (vesicular GABA
transporter) specifically transports GABA and glycine.
In particular, antibodies recognizing VIAAT/VGAT
have proved to be valuable in revealing the localization
of the GABA storage sites in synaptic vesicles of nerve
terminals of the brain. In the present study, we used
both the established and the novel methodologies to
study GABA synthesis and storage and GABA receptor
expression in the endocrine master gland, the pituitary.
The results obtained show that two so far unrecognized
types of endocrine cells in the pituitary gland have the

Neuronal©, neurohaemal©, and novel para/autocrine®
control of pituitary function by GABA

GABAergic
POMC cells

Figure 3. Neuronal, neurohaemal, and novel para/autocrine
control of pituitary function by GABA.

capacity to synthesize and store GABA. These are the
POMC cells of the intermediate lobe and the GH cells
of the anterior lobe (Figs. 1 and 3).

Studies using GABA agonists and antagonists pro¬
vided evidence for a specific function of GABA to affect
hormone secretion induced by the hypothalamic-re-
leasing hormones. These and additional studies showed
that GABAa, GABAb, and GABA, receptor genes are
expressed in the pituitary. In contrast, only a few of
these GABA receptors have been directly localized at
the cellular level in the pituitary. These are GABAC
receptors, which have been detected on TSH-secreting
cells in the rat anterior lobe, and GABAa receptors on
melanotrophs of the frog intermediate lobe. Our re¬
sults clearly indicate that GABAa and/or GABAb recep¬
tors exist in all of the pituitary cell types in which
hormone secretion is known to be influenced by GABA.
A more detailed investigation of the distribution of
various GABA receptor subtypes and the composition
of their subunits in the rat pituitary is currently in
progress.

The finding that pituitary GABA is derived both from
novel intrapituitary, as well as extrapituitary sources,
and that GABA receptors are expressed in essentially all
pituitary endocrine cell types, including GH cells, im¬
plies that GABA plays a fundamental role in regulating
pituitary function. Since GH cells and POMC cells have
the capacity to produce GABA, they most likely repre¬
sent the key cell types in the intrapituitary GABAergic
system. The immunoelectron microscopical colocaliza-
tion of GAD and VIAAT/VGAT in the typical intracel¬
lular storage organelle of GH indicates that GABA and
GH are likely to be synthesized and stored together. In
the present study, we focused only on GH cells, and
have no comparable detailed information about the
POMC cells. As is generally accepted, intracellular
calcium triggers exocytosis in GH and other endocrine
cells. GH cells are regarded as pacemaker cells since
intracellular calcium oscillations in GH cells occur

spontaneously and can be modulated by hypothalamic
factors, including GHRH and somatostatin. The inte¬
gration of these signals in the pacemaker cells causes
rhythmic GH secretion patterns, which are well estab¬
lished in rodents and primates. The presence of GH
and GABA in the same subcellular compartment and
the rhythmic secretion of GH imply that GABA may
also be released with parallel rhythmicity. That func¬
tional GABA receptors exist in pituitary endocrine cells
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suggests that GABA, derived from GH cells, may control
pulsatile release of hormones of neighboring endo¬
crine cells in a paracrine manner. In addition, the
expression of GABA receptors on GH cells may be
indicative of an autocrine feedback loop. The specific
details of these proposed novel mechanisms, as well as
the regulatory function of GABA derived from POMC
cells, remain to be elucidated.

In summary, the control of pituitary function by
GABA is exerted at different hierarchic levels (Fig. 3).
First, in the hypothalamus the function of neurons that
secrete releasing factors (e.g. GnRH, GHRH, TRH) is
regulated by GABAergic neurons. Second, in addition
to this indirect control, GABAergic hypothalamic neu¬

rons extend their axons to the median eminence to

form pericapillary terminals from where GABA can
access the portal circulation and reach the pituitary.
Third, hypothalamic GABAergic axons terminate on
endocrine cells of the intermediate lobe. Together with
GABA released into the portal circulation, direct inner¬
vation has been regarded as the exclusive source of
regulatory GABA in the pituitary. Our study now shows
the unexpected presence of additional sources of
GABA in the rat and monkey pituitary, namely, GH
cells of the anterior lobe and POMC cells of the
intermediate lobe. These cells are likely to be the
centerpiece of a novel basic mechanism in the regula¬
tion of pituitary endocrine function.

SOURCE AND FUNCTION OF PITUITARY CABA 1091
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ABSTRACT

Gamma-aminobutyric acid (GABA) is a major inhibitory neurotransmitter in the brain.
Furthermore, by acting through pituitary GABAa-, GABAb-, and GABAc receptors, it also plays
an important role in the regulation of pituitary function. Although it has generally been assumed
that the source of this pituitary GABA is the hypothalamus, here we provide evidence that
GABA synthesis also occurs within the pituitary gland itself. Using RT-PCR, in situ
hybridization histochemistry, immunohistochemistry, and immunoelectron microscopy, were
detected the GABA synthesizing enzyme glutamic acid decarboxylase (GAD 67), the vesicular
GABA transporter (VIAAT/VGAT), and GABA in the rat and rhesus monkey pituitary.
Although these proteins were found in all of the endocrine cells of the intermediate lobe, we
found these proteins in the growth hormone (GH) producing endocrine cells in the anterior lobe
only, as well as in a rat GH producing cell line (GH3). In addition, GAD enzyme activity was
readily detectable in the rat pituitary and GH3 cells. Many endocrine cells in the anterior
pituitary, including GH- cells as well as PRL-, TSH-, ACTH-, and LH/FSH-cells were found to
contain GABAa and or GABAb receptors, as shown by double-immunofluorescence staining.
Therefore the identification of a novel site of synthesis of GABA within the pituitary, namely
POMC-cells of the intermediate lobe and GH cells in the anterior lobe and the presence of
pituitary GABA receptors, imply unexpected auto/paracrine actions of the neurotransmitter
GABA to occur within the pituitary. These results suggest a new basic mechanism in the
regulation of pituitary function by GABA.

Key words: GABA transporter • GABA receptors • GAD • GH cells • POMC cells

Although gamma aminobutyric acid (GABA) is a well-established neurotransmitter in thebrain, it is also involved in regulating the secretion of the pituitary hormones, such as
PRL, GH, LH/FSH, TSH, ACTH (1-9). This intrapituitary influence of GABA is most



likely mediated by different GABA receptors. For example, GABAa receptor subunits have been
identified in the rat pituitary by RT-PCR and nuclease protection assays (10, 11), and GABAc
receptors have been detected in TSH secreting cells (12). GABAa receptors have also been found
in melanotrophs of the frog intermediate lobe (11, 12). In addition, pharmacological evidence
indicates the presence of GABAb receptors in the rat pituitary (3, 9).

The physiological sources of pituitary GABA are not well established, but it is generally
assumed that pituitary GABA is synthesized by hypothalamic neurons and that it reaches the
pituitary by two possible routes. The first involves secretion of GABA into the hypothalamus-
pituitary portal blood vessels and the second involves direct innervation of pituitary cells. The
localization of these GABAergic nerve terminals in the vicinity of the capillaries of the median
eminence and in the intermediate lobe was shown by using GABA antibodies and was indirectly
deduced from the presence of the GABA-synthesizing enzyme glutamic acid decarboxylase
(GAD) (cf. refs. 13, 14).

Recently, a vesicular transporter named VIAAT (vesicular inhibitory amino acid transporter) or
VGAT (vesicular GABA transporter), respectively, responsible for the storage of GABA and
glycine in synaptic vesicles, has been identified (15, 16). The cDNA that encodes VIAAT/VGAT
has been independently cloned by two laboratories, and corresponding antibodies have been
produced. Thus, novel approaches have recently become available for the examination of GABA
storage sites in the synaptic vesicles of nerve terminals of the CNS (17-19).

In the present study, we used both established and novel methodologies to study GABA
synthesis, transport, storage, and GABA receptor expression in the endocrine mastergland, the
pituitary. We show that intrapituitary synthesis and storage of GABA occur in one of the major
endocrine cells of the anterior lobe, the acidophilic GH-producing cell, and in the POMC cells of
the intermediate lobe. We also show that GH cells, as well as the other endocrine cells in the
pituitary, express GABAa and or GABAb receptor subunits. Taken together, the data strongly
imply the existence of novel autocrine and paracrine modes of regulation of pituitary function by
GABA.

METHODS

Animals

Pituitary glands were obtained from adult male and female (Sprague-Dawley, Lewis, and Wistar)
rats (in total 32) that had been bred at the Technische Universitat Munich and the Medizinische
Hochschule Hannover. According to the animal care guidelines, they were painlessly killed
under ether or carbon dioxide anesthesia and their were pituitaries removed. Pituitary glands
were also obtained from rhesus monkeys (Macaca mulata) through the Tissue Distribution
Program of the Oregon Regional Primate Research Center. The rhesus macaques were killed
because of unrelated studies. While under ketamine sedation and barbiturate anesthesia, they
underwent exsanguination and bilateral pneumothorax and their brains and pituitaries were
perfused with 4% paraformaldehyde fixative. Pituitaries from four males (ages 2, 3, 4, and 5 y)
were used for immunocytochemistry (VIAAT/VGAT and GAD), and pituitaries from four



additional males (ages <1, 1, 10, and 16 y) were used for in situ-hybridization studies, as
described previously (20).

Culture procedures of rat GH3 cells

Lahr et al. have described the culture procedures of rat GH 3 cells(21). We performed GAD
assays as described (22) by using 14C-glutamine. GH3 cells, rat pituitaries, and cerebellum (n=4
female Sprague-Dawley rats) were homogenized for use in GAD assays. The activity was
expressed per microgram of protein and the results obtained are given as percentage of activity
determined in the cerebellum.

RNA preparation and RT- PCR

Isolation of RNA from GH3 cells, rat pituitaries, and cerebellum (from Sprague-Dawley rats), as
well as RT and PCR for GAD and VIAAT/VGAT, was performed as described (23, 24).
Conditions of PCR amplification consisted of 30 cycles (94°C for 30 s, 55°C for 30 s, 72°C for
60 s, followed by final extension for 5 min at 72°C). Verification of cDNAs was achieved by
direct sequencing with one of the primers, as described (23, 24). In some cases, PCR products
were subcloned into the pGEMT-vector (Promega, Mannheim, Germany) to generate templates
for cRNA probes.

Oligonucleotide primers for GAD 67 were synthesized according to the published (25) sequences
(Genbank accession number M76177), namely (1) GAD 67M5 (sense): 5'-CTT CTT CCG GAT
GGT CAT CTC-3'; (2) GAD 67 M3 (antisense): 5'-AGA GGT ATT CTA AAC TTA AGA-3';
(3) GAD 67R5 (sense): 5'-CAA GTG GAA GCT GAA CGG TGT-3'; (4) GAD 67R3
(antisense):
5'-CTT CCA GAA CTC GCA AAC TAG-3'. After a first PCR, using primers 1 and 2, spacing
we used 5 pi of the PCR reaction in a second nested PCR with primers 3 and 4 yielding a 422 bp
fragment.

The following VIATT/VGAT oligonucleotide primers were synthesized. They were homologous
to identical regions of the rat VGAT (Genbank accession number AF030253) and mouse VIATT
mRNA sequences (Genbank accession number AJ001598), respectively (15, 16): (1)
VIAAT/VGAT 5a (sense): 5'-CAT CCA GCT GGT GAT GAC-3'; (2) VIAAT/VGAT 5 (sense)
5'-GTA TCT TGT ACG TCG TGG TGA -3'; (3) VIAAT/VGAT 5 N (sense) 5'-AAC GAA
GAC GGG GAG GTG GT -3'; (4) VIAAT/VGAT 3-1 (antisense) 5'-GAC TTC TCC AGC ACT
TCG ACG-3';(5) VIAAT/VGAT 3-2 (antisense) 5'-GGA TGT TGA TGA CGA AGT GGG-3'.
A first PCR step using RT reactions and primers 1 and 4 was followed by a second nested PCR
step with primers 2 and 5 yielding a 187 bp cDNA or primers 3 and 5 yielding a 320 bp
fragment.

Here we used immunohistochemical methods to localize single antigens as described (26, 27).
Rat (adult Sprague-Dawley, Lewis and Wistar, n=8) and monkey pituitaries (n=4) and other
tissues were fixed in Bouin's solution and embedded in paraffin. Two more pituitaries were fixed
in 5% glutaraldehyde in 0.1 M cacodylate acide (pH 7.5) for subsequent detection of GABA. The
avidin-biotin-method (ABC) was used to localize antigen antibody complexes (28). This



technique was also used to examine the colocalization of VIAAT, GAD and pituitary hormones
in consecutive semithin sections. For this purpose tissues were fixed by vapor-phase p-
formaldehyde or di-ethylpyrocarbonate and embedded in epoxy resin (29, 30). The sections were
examined with a photomicroscope Polyvar (Reichert-Jung, Germany) equipped with phase
contrast and interference contrast optics or a Zeiss Axiovert (Zeiss, Jena, Germany).

WE also used a fluorescence method (31) to colocalize GABA receptor subunits and pituitary
hormones in cryostat sections of rat pituitaries (Wistar, n=A\ 2 males, 2 females for each antigen
analyzed) fixed in a mixture of 0.5% picric acid and 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). A Leica (LEICA DM IRBE Microscope; Leica Heidelberg) confocal scanning
laser microscope with a 100 x/1.4-0.7 PL APO objective and a Nikon Eclipse E800
photomicroscope were used. Alexa 488 or Cy2 was imaged simultaneously with Cy3 by using
the 488-nm and 568-nm lines of an Ar and Kr gas laser, respectively. For excitation, a double
dichroic at 488/568 nm and a reflective mirror for wavelengths less than 580 nm in front of the
first detection channel were used. Emission of Alexa 488 or Cy 2 was detected with a 530/30
bandpass filter, while a band pass filter of 600/30 nm was used for Cy3 emission. Images were
processed further and merged by using Adobe Photoshop 3.0, Adobe Systems Incorporated
(Mountain View, Calif.). A variety of controls were used in all procedures, including incubation
with buffer, irrelevant antisera, and nonimmune serum instead of relevant antibodies.

For the localization of the antigens, the following rabbit (if no other species is indicated)
antibodies were used: anti-ACTH (diluted 1:10,000-1:30,000; gift from K. H. Voigt, Marburg,
Germany); anti-LH (diluted 1:5000, DAKO, Copenhagen, Denmark); anti-FSH (diluted 1:1000,
DAKO); anti-GH (diluted 1:10,000, Milab, Malmo, Sweden); anti-PRL (diluted 1:10,000, gift
from K. Wakabayashi, Maebashi, Japan) and another anti-RL (diluted 1:1000, from Dr. A. F.
Parlow, National Hormone and Pituitary Program, NIDDK, Bethesda, Md.); anti-TSH (diluted
1:30,000, gift from K. Wakabayashi, Maebashi, Japan); anti-GABA (diluted 1:200, Chemicon,
Temecula, Calif.); anti-GABAA receptor subunits ocl (diluted 1:8,000), oc3 (diluted 1:1,000), y2
(diluted 1: 1,000, all from J.- M. Fritschy, Zurich, Switzerland); anti-GABAB receptor subunit
R1 (diluted 1:500 made in guinea pig, Chemicon); anti-GAD 65/67 (diluted 1:1000, Boehringer,
Mannheim, Germany) and additional anti-GAD65/67 (Chemicon); anti-VIAAT/VGAT (diluted
1:400, Bruno Gasnier, Paris, France).Secondary antibodies (anti-mouse-IgG, anti-rabbit IgG
conjugated to Alexa 488 or Cy2 and anti-guinea pig IgG coupled to Cy3 or avidin) used were all
purchased from Dianova, Hamburg, Germany.

Immunoelectronmicroscopy for VIAAT/VGAT and GAD was performed on sections of rat
(Sprague-Dawley) pituitaries (fixed in 4% paraformaldehyde, 0.1% glutaraldehyde in 0.05 M
PBS, pH 7.4) using Lowicryl (K4M) embedded rat pituitaries (Polysciences Europe, Eppenheim,
Germany), with GAD and VIAAT/VGAT antisera listed above and a secondary gold-labeled
antiserum (1:20; 10 nm; Aurion, Wageningen, The Netherlands). The results were examined
with a Zeiss Electron microscope EM 10. For control purposes, the antisera were omitted or
replaced with normal rabbit serum was used instead.

In situ hybridization studies in monkey pituitaries were performed as described (20), by using
radioactive rat 35 S-labeled GAD 67 cRNA sense and antisense probes. For visualization of the
hybridization, sections were exposed to X-ray film (Hyperfilm B-max; Amersham Pharmacia



Biotech, Piscataway, N.J.). Some were also dipped in NTB-2 photographic emulsion (Eastman
Kodak Company, Rochester, N.Y.) and exposed at 4°C in a light-tight box. The sections were
subsequently processed with Kodak developer (D-19) and fixer, counterstained with 0.1%
thionin, dehydrated with ethanol, cleared with xylene, and finally coverslipped with DPX
mounting medium (BDH Laboratory Supplies, Poole, England) as described (32). For control
purposes, coronal hypothalamic sections were used.

For the detection of VIAAT/VGAT mRNA rat (Sprague-Dawley) pituitaries (n=4) were fixed in
4% paraformaldehyde containing 3.8% sodium borate (pH 9.5) (26, 33). Cryostat sections (10
pm) were prepared and probed with nonradioactive digoxygenin(DIG)-UTP labeled rat
VIAAT/VGAT cRNA antisense or sense probes, transcribed from a 320 bp RT-PCR derived
cDNA by using SP6 and T7 RNA polymerase, respectively. Hybridization was detected by using
an alkaline phosphatase coupled anti-DIG-antiserum, followed by visualization with BCIP (5-
bromo-4-chloro-3-indolyl-phosphate) and NBT (4-nitro-blue-tetrazolium-chloride), as described
previously (26, 33). For control purposes, consecutive sections were incubated with a
VIAAT/VGAT cRNA sense riboprobe. Images obtained were photographed by using a Zeiss
(Jena, Germany) microscope.

RESULTS

VIAAT/VGAT and GAD 67 gene expression in the pituitary

RT-PCR of rat pituitary and a rat pituitary tumor cell line (GH3) followed by sequencing showed
expression of the genes for VIAAT/VGAT and GAD 67 (Fig. 1). The cellular distribution of
GAD and VIAAT/VGAT was analyzed by immuno- and in situ hybridization histochemistry. In
rat pituitaries (Fig. 2) VIAAT/VGAT gene expression was found in all cells of the intermediate
lobe and in distinct cells of the anterior lobe. Consistently, a subset of cells also contained
immunoreactive GABA.

Similarly GAD and VIAAT/VGAT were localized in the corresponding compartments of the
monkey pituitary (Fig. 3). Immunohistochemical results for GAD and VIAAT/VGAT obtained
in male pituitaries were not fundamentally different from those in female pituitaries.

Cellular and subcellular localization of
GAD67 and VIAAT/VGAT in the rat anterior lobe

To identify the cell type expressing GAD and VIAAT/VGAT in the anterior lobe, we
immunostained semithin consecutive sections with antisera directed against all pituitary
hormones, GAD, and VIAAT/VGAT. The growth hormone secreting GH cells were the only cell
type identified to express GAD and VIAAT/VGAT (Fig. 4). On the subcellular level both
antigens were confined to the membranes of typical secretory granules of GH cells (Fig. 5).
Labeling was essentially absent in the cytoplasm and in all controls.

GAD activity in rat pituitary and GH3 cells



Evidence for the activity of GAD in pituitary and GH3 cells was provided during measurement
of 14C1 glutamate decarboxylation. Tissue of the cerebellum was used as a positive control (=
100%), whereas negative controls consisted of lymphoma cells. In four hypophyses of free
cycling female rats, the activity ranged from 4% to 21% related to the cerebellum, whereas the
values determined in three different batches of cultivated GH3 cells ranged from 5% to 19%.

Identification of pituitary GABA receptors

Double immunocytochemistry followed by either conventional or confocal laser scanning
microcopy showed that all endocrine cells of the anterior lobe were immunoreactive for at least
one GABAa receptor subunit or the GABAb receptor. As an example, Figure 6 depicts y2
GABAa receptor subunit immunoreactivity on several endocrine cells, one of which was
identified as a GH cell. A detailed analysis of the GABA receptor distribution will be published
elsewhere (Jung et al., unpublished results).

DISCUSSION

The control of pituitary function by GABA is exerted at different hierarchic levels. First, the
function of those hypothalamic neurons that secrete releasing factors (e.g., GnRH, GHRH, TRH)
are regulated by GABAergic neurons (c.f. refs. 34, 35). For example, GnRH-secreting neurons in
the hypothalamus are endowed with GABAa receptor subunits, which suggests a direct
GABAergic regulation (34) of GnRH release. Second, GABAergic hypothalamic neurons extend
their axons to the median eminence to form pericapillary terminals from where GABA can
access the portal circulation and subsequently the pituitary. Third, hypothalamic GABAergic
axons can also directly reach and terminate on endocrine cells of the intermediate lobe in most
species examined (13, 14). Together with GABA released into the portal circulation, GABAergic
axons have been regarded as the exclusive source of regulatory GABA in the pituitary. Our study
shows the unexpected presence of additional sources of GABA in the pituitary GH cells of the
anterior lobe and POMC cells of the intermediate lobe. These results imply a novel basic
mechanism and an additional level of regulation in the hypothalamus-pituitary axis.

GABA and pituitary function

Previous studies indicated that GABA is released by nerve terminals impinging on endocrine
cells of the intermediate lobe (cf. refs. 14) representing POMC cells. Our novel results show that
these POMC cells express the biosynthetic enzyme of GABA, GAD67, and its secretory vesicle
transporter, VIAAT/VGAT, suggesting a dual source of GABA in this tissue compartment. This
finding implies both a neuronal and an autocrine/paracrine regulation of POMC cells by GABA.
GABA effects are known to include an alteration of hormone secretion mediated by GABAa
receptors in the intermediate lobe (4, 11).

In contrast to the intermediate lobe, composed of only one endocrine cell type, the anterior lobe
is heterogeneous and contains five different endocrine cell types. Endocrine cells of the pituitary
are controlled by hypothalamic factors and peripheral hormones. In addition intrapituitary
folliculostellate cells influence endocrine cells for example via interleukin 6, substance P, NO,
VEGF. Although no direct GABAergic innervation of the anterior lobe is known in rodents and



primates, GABA may reach these cells via the portal blood. The fact that GABA is crucial for
the control of hormone secretion in this pituitary compartment has previously been clearly
demonstrated for PRL, GH, FSH, LH, ACTH, and TSH. It is important to note that GABA acting
via pharmacologically defined GABA receptors affected secretion induced by the releasing
hormones (1-9).

Antagonists and agonists have been used to define the nature of the GABA receptors involved in
the control of secretion of pituitary hormones and provided evidence for the presence of GABAa
and GABAb receptors (8, 9). More recently the presence of GABAa receptor subtypes and
GABAc receptors in the pituitary was documented at the molecular level (10-12). Only a few
GABA receptors have been localized at the cellular level in the pituitary. These are GABAc
receptors, which are present on TSH secreting cells, and GABAa receptors found on
melanotrophs of the frog intermediate lobe (11, 12). We are currently analyzing the distribution
of GABA receptor subtypes and their subunits in the rat pituitary (unpublished results). Initial
results clearly indicate that GABAa and/or GABAb receptors exist in all pituitary cell types
known to be affected by GABA in their secretory response. An example is shown in the present
study. Thus, GABAa receptors exist not only in GH cells but also in other adjacent endocrine
cells indicative of auto/paracrine influences.

Production and storage of GABA in the pituitary

In the anterior lobe, cells immunoreactive for GH were the only cell type found to express the
genes for GAD67 and VIAAT/VGAT. This finding applies to male and female pituitaries for all
strains investigated, although subtle differences cannot be ruled out at present. It is interesting
that cells immunoreactive for PRL—and thus closely related to GH cells—were negative for
GAD and VIAAT/VGAT. Production of GABA in the anterior pituitary was indicated by GAD
activity. These traits were also conserved in the tumor cell line GH3, which secretes GH and
PRL. Immunoelectronmicroscopy revealed the association of GAD and VIAAT/VGAT with
secretory granule membranes of GH cells. GAD is also associated with the surface of synaptic
vesicles (36, 37). At the present time we have no comparable information concerning the
subcellular distribution of GAD and VIAAT/VGAT in POMC cells of the intermediate lobe. The

presence of GAD on the surface of secretory granules implies that newly formed GABA can be
transported preferentially into secretory organelles. The fact that GABA and GH are stored
together in the same compartment of the pituitary GH cells implies that upon stimulation by
secretagogues (such as GHRH) GH and GABA are cosecreted.

As is generally accepted, calcium triggers exocytosis in GH (38) and other endocrine cells.
Because intracellular calcium oscillations occur spontaneously in GH cells (and other endocrine
cells of the anterior lobe of the pituitary) and can be modulated by hypothalamic factors,
including GHRH and somatostatin (39, 40), GH cells are regarded as "pacemaker cells". The
integration of these signals in the pacemaker cells causes the rhythmic GH secretion patterns that
have been observed in the primate pituitary in vitro (41) and also in the rat and primate pituitary
in vivo (see refs 42, 43). The presence of GH and GABA in the same subcellular compartment
and the rhythmic pattern of GH secretion imply parallel rhythmicity in the release of GABA. The
presence of functional GABA receptors in pituitary endocrine cells (see above) suggests that
GABA may control pulsatile release of hormones of neighboring endocrine cells in a paracrine



manner. In addition, the observed GABA receptors on GH cells may allow an autocrine
feedback. The details of this proposed novel mechanism remain to be elucidated.

Emerging concept: Regulatory GABA in endocrine organs

Nonneuronal synthesis and storage of GABA is known to occur also in another endocrine cell
type, namely B cells of the pancreatic islets. In this cellular system GABA storage appears to
occur in microvesicles rather than in insulin containing granules (36). GABA is synthesized from
glutamate in B cells by GAD, the major autoantigen observed in Stiff-Man-syndrome and
insulin-dependent diabetes mellitus (44). In the pancreatic islets, GABA serves as a paracrine
inhibitory factor for glucagon secretion by A cells (45), which have been shown to express
GABAa receptors. Thus, the release of GABA by B cells and ist action on A cells represent a
well-documented example for a paracrine action of GABA in an endocrine tissue. The results of
the present study extend these findings to the pituitary and are the first evidence that GABA may
be a widespread regulator of endocrine function.

Conclusions

Our data, together with several previous reports, indicate that GABA is an important regulator in
the pancreatic islet and in the endocrine mastergland, the anterior lobe of the pituitary. Here,
GABA is produced by GH cells and has the proven potential to influence the function of all other
endocrine cells in a paracrine way (1-9). Moreover, immunohistochemical demonstration of the
presence of GABAa and/or GABAb receptors on GH cells (this study) pinpoints to an additional
autocrine pathway. The consequence of this autocrine influence of GABA on GH cells is
currently unknown. However, the GH cell itself is tightly controlled by both stimulatory
(GHRH) and inhibiting hypothalamic peptides (somatostatin). In contrast, no inhibitory
hypothalamic peptides but only stimulatory peptides are known to regulate the release of the
glandotropic hormones LH, FSH, TSH, and ACTH. Instead, release of these hormones is under
the strict control of peripheral hormones (steroids, thyroid hormone, inhibin). Considering our
current results, we propose that GABA produced by GH cells is ideally suited to serve as an
intrinsic regulatory factor (in addition to angiotensin II, activin/inhibin, etc.) at the level of the
pituitary. Because we made similar observations in the rat and in a higher primate, we suggest
that an as yet unknown GABAergic system involved in the control of the pituitary exists
throughout mammalian species.
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Figure 1. Expression of VIAAT/VGAT and GAD67 mRNA in rat pituitary (pit) and GH3 ceils. Ethidium bromide-
stained agarose gel depicts results of RT-PCR of VIAAT/VGAT. Cloning and sequencing of RT-PCR products confirmed
their identity. In the example shown, a pituitary of a female Sprague-Dawley rat was used.
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Figure 2. Expression of VIATT/VGAT in rat pituitary revealed by nonradioactive in situ hybridization (ISH) and
immunohistochemistry in the rat pituitary. Top panels show ISH results with an antisense VIATT/VGAT riboprobe
(left) and and, for control, with a sense riboprobe, in a consecutive section (right, bar = 200 pm). Note absence of
hybridization signal in the posterior lobe (P), strong homogeneous signal in the intermediate lobe (I), and distinct groups
of positive cells in the anterior lobe (A). Inset shows these cells at higher magnification (bar=40 pm). Middle left and
right panels depict results from immunostaining for VIAT/VGAT in the pituitary. Note that immunoreactivity is confined
to distinct cells in the anterior lobe (left; bar=30 pm), to all cells in the intermediate lobe and is completely absent in the
posterior lobe (right; bar=20 pm). Bottom left panel shows GABA immunoreactive cells in the anterior lobe (bar = 10
pm) and corresponding control with non-immune serum instead of GABA-antiserum (right; bar=10 pm). In the examples
depicted pituitaries from female Sprague-Dawley rats were used.
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Figure 3. Localization of GAD and VIAAT/VGAT in the monkey pituitary by in situ hybridization and
immunohistochemistry. Top three panels: In situ hybridization (ISH); expression of GAD67 mRNA in the
hypothalamus and pituitary gland of male rhesus monkeys, as revealed by ISH histochemistry. Left panel: representative
autoradiograph showing the distribution of GAD67 mRNA in various nuclei of the hypothalamus and thalamus; on =
optic nerve, 3 = third ventricle. Middle panel: representative autoradiograph showing intense GAD67 mRNA expression
in the intermediate lobe of the pituitary gland (indicated by arrows). Expression GAD67 is also evident in the anterior (A)
but not the posterior (P) pituitary gland. Right panel: dark-field photomicrograph showing intense silver-grain deposition
over the intermediate lobe of the pituitary gland (indicated by arrows). Scale bars for the three panels = 3.5 mm, 2 mm,
and 125 pm, respectively. Bottom two panels: immunohistochemical GAD staining of distinct cells in the anterior lobe
and homogeneous staining in the intermediate lobe (left; bar=60 pm). Panel on the right shows at higher magnification the
staining for VIAAT/VGAT in cells of the anterior lobe (bar=20 pm).



Fig. 4

Figure 4. Colocalization of VIAAT/VGAT, GAD, and GH in the rat pituitary. Consecutive semithin sections of a rat
pituitary were immunostained for GH, GAD and VIATT/VGAT. A blood vessel is labeled with an asterisk for orientation.
Bar = 10 pm. In this example, a pituitary from a male Lewis rat was used.
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Figure 5. Immunoelectron microscopical detection of GAD and VIAAT/VGAT in granules of GH cells. Note that
gold labels are found in either case that is associated with the membrane of the typical storage vesicle of GH cells. Control
(co) shows incubation with buffer instead of specific antisera. Bar (for all panels except insets) = 120 nm; bars in insets =
50 nm. A pituitary from a female Sprague-Dawley rat was used in the example given.



Fig. 6

Figure 6. Example of GABAa receptor subunits in GH and other pituitary cells.Immunocytochemical detection of
three immunoreactive GH cells by confocal laser microscopy (left). Two of these GH cells and another adjacent pituitary
cell are immunoreactive for the y 2 subunit of the GABA A receptor (middle panel). The right panel shows the computer-
merged images. Bar = 5 pm. In this example, a pituitary from a female Wistar rat was used.
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Abstract

Male Syrian hamsters (Mesocricetus auratus) are seasonal breeders. They show marked testicular regression when exposed to short
autumnal photoperiods, and then remain sexually quiescent for several months. By mid-winter, however, they show a loss in
responsiveness to the inhibitory influence of short photoperiods and their testes begin to recrudesce. To shed light on the neuroendocrine
mechanism responsible for mediating these reproductive changes, we examined the influence of photoperiod on the expression of GnRH
mRNA in the hamster forebrain. Adult males were either exposed to short photoperiods (6LT8D) for 16 weeks or were maintained under
long photoperiods (14L:10D); additional animals were exposed to short or long photoperiods for 22 weeks. As expected, exposure to
short photoperiods for 12 weeks resulted in a marked decrease (P<0.01) in testicular mass and serum testosterone levels, but after 22
weeks these reproductive parameters were once again significantly elevated (P<0.01). In contrast, quantitative in situ hybridization
histochemistry revealed no difference (P>0.05) between the GnRH mRNA levels of the short-photoperiod hamsters and their
aged-matched long-photoperiod controls, although an age-related decrease (P<0.05) was evident in both photoperiod-treatment groups.
These data emphasize that GnRH mRNA is highly expressed in hamsters even when their reproductive axis has been rendered sexually
quiescent by exposure to short photoperiods, and that photoperiod-induced changes in GnRH secretion, rather than synthesis, are more

likely to regulate the timing of the breeding season. On the other hand, the data indicate that GnRH mRNA levels show an aging-related
decrease, regardless of photoperiod, suggesting that in the long term a decrease in GnRH gene expression may contribute to the reduced
fertility of old hamsters. © 2001 Elsevier Science B.V. All rights reserved.

Theme: Endocrine and autonomic regulation

Topic: Hypothalamic-pituitary-gonadal regulation

Keywords: Photoperiodism; Seasonality; Testes; Testosterone; Aging

1. Introduction

The breeding season of Syrian (golden) hamsters is
controlled by a photoperiodic mechanism that involves
changes in gonadotropin secretion. When sexually mature
males are exposed to photoperiods shorter than 12.5 h of
light per day, their circulating luteinizing hormone (LH),
follicle-stimulating hormone (FSH) and testosterone con-

*Corresponding author. Division of Neuroscience, Oregon Regional
Primate, Research Center, 505 NW 185th Avenue, Beaverton, OR 97006,
USA. Fax: +1-503-6905-384.

E-mail address: urbanski@ohsu.edu (H.F. Urbanski).

centrations decline markedly; within 8-12 weeks their
testes regress and spermatogenic activity ceases
[1,4,13,20], The animals then remain sexually quiescent
for an additional 8-12 weeks, after which time the
inhibitory influence of short photoperiods on the reproduc¬
tive neuroendocrine axis is lost and the testes recrudesce

[2,12,14,16,27],
Although gonadotropin-releasing hormone (GnRH) neu¬

rons are known to regulate the secretion of LH and FSH in
hamsters, it is unclear how their activity is influenced by
changes in photoperiod. Despite the clear-cut suppression
in pituitary LH and FSH content that occurs when ham¬
sters are exposed to short photoperiods, immunoreactive

0169-328X/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
PII: S0169-328X(01 100070-5
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GnRH in the hypothalamus continues to be detectable and
the number of GnRH neurons does not appear to change
[7,10,21,25]. Neurotransmitters such as glutamate are

thought to play an important role in the photoperiodic
modulation of GnRH secretion in hamsters [20], but it is
unclear whether photoperiod-induced changes in GnRH
synthesis also contribute to the long term alterations of the
hamsters reproductive neuroendocrine axis. To shed light
on this issue we used in situ hybridization histochemistry
to examine GnRH mRNA expression in hamsters main¬
tained in short photoperiods for 16 or 22 weeks (i.e., when
the animals are at the height of their nonbreeding season
and when they are undergoing testicular recrudescence,
respectively); for control purposes we also examined
GnRH mRNA expression in age-matched hamsters main¬
tained continuously in long photoperiods (i.e., in a sexually
mature condition). The results indicate that the number of
GnRH mRNA-expressing neurons remains remarkably
constant across the breeding season. Moreover, the results
clearly indicate that short-photoperiod-induced suppression
of the hamster's reproductive axis is not associated with a
significant decrease in GnRH mRNA levels, although an
aging-related decrease does occur. Therefore, the photo-
neuroendocrine mechanism that regulates the termination
and subsequent reactivation of the hamster's breeding
season is unlikely to involve chronic changes in GnRH
gene expression.

2. Materials and methods

2.1. Animals

Sixteen male Syrian hamsters (Mesocricetus auratus) of
the HsdHamAURA stock (Harlan, Indianapolis, IN, USA)
were raised from birth in a long photoperiod that com¬

prised 14 h of light per day (14L:10D). They were
maintained in accordance with the N1H Guide for the Care
and Use of Laboratory Animals. Room temperature was
maintained at 21-22°C, and food (Purina rodent chow) and
water were available ad libitum.

2.2. Experimental design

At 10 weeks of age, the sexually-mature animals were
exposed to one of four photoperiodic treatments. For the
next 16 weeks, animals in group 1 remained in long
photoperiods while animals in group 2 were exposed to
short photoperiods (6L:18D). Similarly, for the next 22
weeks, animals in group 3 remained in long photoperiods
while animals in group 4 were exposed to short photo¬
periods. This 2X2 experimental design was chosen to
enable examination of both the short-term and the long-
term influence of short photoperiods on the GnRH system
(i.e., photoperiodic treatments which in Syrian hamsters

are known to cause testicular regression and recrudescence,
respectively).

At the end of the photoperiodic treatments, all of the
animals were anesthetized with methohexital sodium (Bre-
vital sodium; 50 mg/kg/BW, i.p.; Eli Lilly, Indianapolis,
IN, USA). A cardiac blood sample was collected from each
animal, and the serum was later assayed for testosterone
using a previously-described radioimmunoassay (RIA) [9].
The testes were weighed and mean testicular mass was
determined. Brain tissue was fixed in situ by perfusion
with a 4% paraformaldehyde fixative (pH 7.4), as previ¬
ously described [18]. The brains were then cryoprotected
using a glycerol solution [26], and frozen coronal sections
(25 p.m) were cut through the region containing the
diagonal band of Broca and medial septal/preoptic area
[5]. They were subsequently processed either for in situ
hybridization histochemistry (ISH) or for a combination of
immunohistochemistry (IHC) and ISH.

2.3. In situ hybridization histochemistry

ISH was performed on a series of 25-p.m-thick coronal
brain sections, collected at 200-p.m intervals; these sec¬
tions spanned the entire medial septal/preoptic area and
diagonal band of Broca, which represents the region where
most of the GnRH-immunopositive perikarya are located
in the Syrian hamster [21,22]. First, the sections were
mounted on glass microscope slides (Fisherbrand Super-
frost/Plus; Fisher, Auburn, WA, USA) and vacuum-dried
overnight. The pre-hybridization procedure involved fixa¬
tion of the sections with 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) for 15 min, a rinse in Tris-
EDTA, digestion with Proteinase K (10 |xg/ml) in Tris-
EDTA buffer (pH 8.0; 100 rnM Tris, 50 mM EDTA) for
30 min at 37°C, acetylation, dehydration with ascending
concentrations of ethanol, and drying under vacuum for 2
h. The sections were then hybridized for 18 h at 65°C with
100 (jlI of 35S-labeled antisense riboprobe diluted to 1-107
cpm/ml of hybridization buffer [50 mM dithiothreitol, 250
|xg/ml tRNA, 50% formamide, 0.3 M sodium chloride,
IXDenhardt's solution, 20 mM Tris (pH 8.0), 1 mM
EDTA and 10% dextran sulfate]. This riboprobe was
transcribed from a 191-base pair (bp) region of the Syrian
hamster cDNA which encodes the GnRH/GnRH-as-

sociated-peptide precursor (GenBank Accession number
U91938). The post-hybridization procedure involved incu¬
bation of the sections in Tris-EDTA buffer (pH 8.0; 10
mM Tris, 1 mM EDTA, 0.5 M sodium chloride) containing
RNase A (10 |xg/ml) for 30 min at 37°C, followed by two
30-min washes at room temperature with 2X saline-
sodium citrate buffer [SSC; the 20X stock solution com¬

prised 175.3 g sodium chloride and 88.2 g sodium citrate
per liter (pH 7.0)] containing 1 mM dithiothreitol. After a
final 30-min wash at 70°C with 0. IX SSC containing 1
mM dithiothreitol, the sections were dehydrated with
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Fig. I. Paired testicular mass and plasma testosterone concentrations in
hamsters maintained in different photoperiods. For the first 10 weeks of
life the animals were maintained in long photoperiods, and then for the
next 16 or 22 weeks were either transferred to short photoperiods (white
bars) or further maintained in long photoperiods (black bars). Each bar
represents the mean value from four animals and the S.E.M.s are shown
as vertical lines. The profound suppressive influence of short photo¬
periods on the hamster's reproductive system is evident at 16 weeks, but
is lost by 22 weeks. bP<0.01, between 16-week and 22-week groups,
T<0.05, P<0.01, between age-matched long-photoperiod and short-
photoperiod groups (ANOVA followed by the Newman-Keuls test).

ascending concentrations of ethanol, containing 0.3 M
ammonium acetate, and air-dried for 30 min.

2.4. Immunohistochemistry combined with ISH

To validate the specificity of the riboprobe to GnRH
mRNA, a few sections were double-labeled for GnRH

peptide and GnRH mRNA. First, free-floating sections
were processed for IHC using a mouse monoclonal anti¬
body to GnRH, as previously described [18]. In essence,
the procedure involved overnight incubation of the sections
in the primary antibody (HU4H), followed by incubation
with biotinylated antimouse IgG. The sections were sub¬
sequently processed using the peroxidase-ABC amplifica¬
tion procedure (Vector Laboratories, Burlingame, CA,
USA) and 3,3'-diaminobenzidine tetrahydrochloride as the
chromogen. Care was taken to ensure an RNase-free
environment; all glassware was baked prior to use and all
antibody and rinse solutions were made using diethyl
pyrocarbonate pre-treated water. The immunostained sec¬
tions were mounted on glass microscope slides (Fisher-
brand Superfrost/Plus), vacuum-dried overnight, and then
processed for ISH using an antisense 35S-labeled riboprobe
to GnRH mRNA, as described above.

2.5. Image analysis and statistics

To visualize the hybridization pattern, sections were

apposed to Hyperfilm (3-max (Amersham Pharmacia
Biotech, Piscataway, NJ, USA) for 3 days (i.e., an expo¬
sure period that maintained the hybridization signal in the
linear response range of the film). In addition, the sections
were subsequently dehydrated in ethanol, defatted in
xylenes, and dipped in photographic emulsion (NTB-2,

%

Fig. 2. Double-label histochemistry demonstrating the specificity of the riboprobe to GnRH. Hamster brain sections were first processed for
immunohistochemistry using a monoclonal antibody to GnRH and DAB as the chromogen. They were then processed for in situ hybridization
histochemistry using a "S-labeled antisense riboprobe to hamster GnRH, and dipped in photographic emulsion to reveal the regional expression of GnRH
mRNA. Representative bright-field photomicrographs showing dense silver grain deposition overlying immunolabled GnRH cell bodies are illustrated in
the upper panels, and corresponding dark-field micrographs are illustrated in the lower panels. Scale bar for all panels=40 p.m.
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stained with thionine, dehydrated with ethanol, cleared
with xylenes, and finally coverslipped using DPX mount¬
ing medium. Silver grain density was examined under a

microscope using a 40 X objective lens. Cells were consid¬
ered positive for GnRH mRNA if the silver grain density
was at least 5X background and the cells also showed a
well-defined nucleus; on average, 216± 14 cells were
examined per animal.

For quantitation, the autoradiographs were uniformly
trans-illuminated (Northern Light, Imaging Research, St.
Catherines, Canada) and the images captured using a Sony
CCD camera (Model XC-77, Sony Corporation of
America, Cypress, CA, USA) equipped with a 50-mm
macro-lens. They were then digitized using a frame
grabber (Data Translation, Marlboro, MA, USA) installed
in a Macintosh Power PC computer, and analyzed using
the NIH Image program. Regions of hybridization were
defined using the freehand outlining tool and the mean
optical density of each cell was measured, after correcting
for background noise. In cases where multiple GnRH cells
were in close proximity to each other, the exact number of
cells was established by referring to the silver grain
densities in the corresponding thionine-stained slides; these
were carefully examined using both bright-field and dark-
field microscopy. The mean optical density measurements
from each brain were averaged within the four treatment
groups. Similarly, the average number of GnRH cells per
section was calculated for each treatment group. Differ¬
ences between group means were examined by analysis of
variance (ANOVA) followed by the Newman-Keuls test.

3. Results

Eastman Kodak Company, Rochester, NY, USA). After 6
days of exposure at 4°C in a light-tight box they were

processed with Kodak developer (D-19) and fixer, counter-

As expected, exposure of hamsters to short photoperiods
for 16 weeks resulted in marked (f><0.01) regression of
the testes and an associated decrease in serum testosterone

concentrations (Fig. 1). This photoperiod-induced inhibi¬
tion of the reproductive axis was not sustained indefinitely,
however. Hamsters maintained in short photoperiods for
22 weeks showed complete recrudescence of their testes,

Fig. 3. Expression of GnRH mRNA in the hamster forebrain. revealed by
in situ hybridization histochemistry, (a) Low-magnification autoradio-
graph showing specific hybridization of the S-labelled antisense ribop-
robe in the medial septal area. The line-drawing overlay shows the outline
of the coronal brain section and the position of the lateral ventricles. A
higher magnification of the region enclosed within the dotted rectangle is
depicted in (b); autoradiographic images were digitized, and the optical
density of each cell was analyzed using the NIH Image computer
program. The brain sections were also dipped in photographic emulsion
and the resulting silver grain densities were used, together with thionin
staining, to confirm perikaryal expression of GnRH mRNA and to enable
more precise counting of GnRH mRNA-expressing cells. Intense silver
grain deposition is evident overlying the scattered GnRH cells, under both
bright-field (c) and dark-field (d) illumination. Scale bars=500 p.m.
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which had the same mass as those from age-matched
long-photoperiod control animals (Fig. 1); serum testo¬
sterone concentrations were also significantly (P<0.01)
elevated in the 22-week short-photoperiod group but had
not yet reached the levels typical of hamsters maintained in
long photoperiods for 22 weeks.

To validate the hamster GnRH antisense riboprobe, a
few hamster brain sections were double labeled using a
combination of IHC and ISH. The IHC was performed
using a previously-characterized monoclonal GnRH anti¬
body [ 18] and clearly labeled GnRH neurons, with very
little background noise (Fig. 2, top panels). The same
sections were then processed for ISH, using a '15S-labeled
antisense hamster GnRH riboprobe, and expression of
GnRH mRNA was visualized by silver grain deposition.
Well-defined, concentrated silver grain deposits were evi¬
dent only in association with the GnRH-immunopositive
neurons, especially when viewed under dark-field illumina¬
tion (Fig. 2, bottom panels).

Quantitative analysis of GnRH mRNA expression was

performed on autoradiographic films using computer-as¬
sisted densitometry (Fig. 3). A total of 3460 GnRH cells
were analyzed and the mean number detected per section
was averaged for each animal; the overall group means
were then subjected to statistical evaluation. No significant
(FX).05) difference in GnRH cell number was found
between the different treatment groups (Fig. 4, top panel).
In addition, no significant (P>0.05) difference was found
in the level of GnRH mRNA expression between the
short-photoperiod hamsters and their respective age-
matched long-photoperiod controls (Fig. 4, bottom panel).
However, both the short-photoperiod and long-photoperiod
22-week animals showed significantly (P<0.05) lower
levels of GnRH mRNA expression than the photoperiod-
matched 16-week animals (Fig. 4, bottom panel).
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Fig. 4. GnRH mRNA expression in the hamster forebrain after exposure
to different photoperiods. For the first 10 weeks of life the animals were
maintained in long photoperiods, and then for the next 16 or 22 weeks
were either transferred to short photoperiods (white bars) or further
maintained in long photoperiods (black bars). Each bar represents the
mean value from four animals and the S.E.M.s are shown as vertical

lines. The overall mean number of GnRH neurons detected in each brain
section was similar regardless of age or photoperiodic treatment (upper
panel). Photoperiod also had no effect on GnRH mRNA levels, de¬
termined by optical densitometry, although an aging-related decline in
GnRH mRNA expression was clearly evident. "P<0.05, between different
age groups (ANOVA followed by the Newman-Keuls test).

4. Discussion

When laboratory-housed male hamsters are exposed to
short photoperiods, their circulating gonadotropin concen¬
trations decrease markedly and their testes regress. After
prolonged exposure to short photoperiods, however, their
circulating gonadotropin concentrations eventually rise
again and their testes recrudesce [1,2,4,12-14,16,20].
These reproductive changes closely resemble those that
occur naturally in outdoor-housed hamsters in the autumn
and mid-winter, respectively [2], and so provide a prag¬
matic model in which to study the underlying neuroen¬
docrine mechanism that controls the breeding season.
Because GnRH represent the primary neuroendocrine link
between the brain and the reproductive system, we sought
to examine whether its expression in the hamster is
photoperiodically regulated. We reasoned that GnRH
mRNA expression would be significantly lower in animals
exposed to short photoperiods for 16 weeks (i.e., with fully

regressed testes) than in age-matched sexually active
animals maintained in long photoperiods. Similarly, we
reasoned that if changes in GnRH mRNA expression
represent a key mechanism controlling the onset of the
hamster's breeding season, then a significant increase
would be apparent during the 'spontaneous' reactivation of
the reproductive axis that occurs when hamsters are
exposed to short photoperiods for 22 weeks.

Functional differences between the regressed and re¬
crudesced testes were reflected at the endocrine level, by a
marked difference in serum testosterone concentrations.
These observations underscore the profound influence that
photoperiod can exert on the reproductive axis of the
hamster and confirm that the animals used in the present
study were either in a sexually mature or sexually quies¬
cent physiological state.

Because GnRH neurons have a very diffuse distribution
pattern in the hamster forebrain we considered ISH to be
the best approach to quantifying photoperiod-induced
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changes in GnRH mRNA expression. Furthermore, by
using a hamster GnRH riboprobe we were able to obtain
highly specific hybridization patterns with extremely little
background noise; consequently, we were able to use
autoradiographic densitometry to assess the level of GnRH
mRNA expression by individual cells.

Overall, no influence of photoperiod on GnRH expres¬
sion could be detected. After exposing hamsters to short
photoperiods for 16 weeks, their GnRH mRNA levels were
no different from those of age-matched controls main¬
tained in long-photoperiods, despite the marked difference
in reproductive status between the two groups. Similarly,
the number of cells expressing GnRH mRNA was not
different between the short-photoperiod and long-photo-
period groups. Interestingly, however, the level of GnRH
mRNA expression was significantly lower at 22 weeks
than at 16 weeks, regardless of whether the animals had
been exposed to short photoperiods or long photoperiods.
This is a crucial finding because it clearly demonstrates
that the 'spontaneous' testicular recrudescence that occurs
after prolonged exposure to short photoperiods is not
associated with an increase in GnRH mRNA expression.
On the other hand, it supports the hypothesis that an
aging-associated decrease in GnRH mRNA expression
may represent an initial step in the progressive loss of
reproductive function during aging.

Although GnRH mRNA levels were examined in several
thousand GnRH neurons, the morphology of these neurons
was not examined and so it is unclear whether the level of

expression was similar in the different GnRH neuronal
subtypes. Previous immunohistochemical studies have
shown that in the Syrian hamster the majority of the GnRH
neuronal perikarya are unipolar but some perikarya are

clearly bipolar [3,21,22]. Also, GnRH neurons have a
diffuse distribution pattern and so are likely to be differen¬
tially influenced by different neurotransmitter systems.
Therefore, one cannot exclude the possibility that a subtle
photoperiodic modulation of GnRH expression in a spe¬
cific subpopulations of GnRH neurons escaped detection in
the present study. Similarly, because the exact timing of
the transition between the regression and recrudescence
phases is unknown, one cannot exclude the possibility that
a transitory increase in GnRH mRNA levels occurs only
during this switch; in Siberian hamsters a transitory
increase in the expression of GnRH mRNA and peptide
has been observed when sexually quiescent animals are
transferred from short to long photoperiods [3,8], Never¬
theless, the present data are consistent with previous
observations which failed to observe a decrease in GnRH
mRNA levels during short-term (4 weeks) exposure of
male Syrian hamsters to short photoperiods [11]. Taken
together, these data show that changes in GnRH mRNA
expression are unlikely to play a leading role in the
neuroendocrine mechanism responsible for modulating the
activity of the hamster's reproductive axis. On the other
hand, they are consistent with the view that photo-

periodically-induced changes in neuronal and/or glial
elements causes an alteration in the pattern of GnRH
secretion [6,15,17,19,20,23,24], and thereby control the
onset and termination of the hamster's breeding season.
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In recent years, several forms of gonadotrophin releasing hormone (GnRH) molecules
have been isolated from primate brain. These molecules are very similar in sequence and this
raises the question of whether previously developed neutralisation vaccines based on GnRH
(now termed GnRH-I) would remove other forms of GnRH (namely GnRH-II) as well. As
the function of these other molecules has not yet been clearly defined, potential health risks
could exist by their ablation. In view of the high sequence homology between the molecules,
this paper describes the production of highly specific polyclonal antibodies against GnRH-I
and GnRH-II, with negligible cross-reactivity. The ultimate aim of this is to develop an
anti-fertility vaccine which does not present any inappropriate side-effects, caused by
neutralisation of a GnRH molecule which may or may not be directly involved in reproduc¬
tion. Several formulations were investigated, based on analogues of the following molecules,
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conjugated to tetanus toxoid:

GnRH-I
GnRH-II

pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2
pGlu-His-Trp-Ser-His-Gly-Trp-Tyr-Pro-Gly-NH2

The specificity of the antibodies produced was examined, together with effects on fertility
and any inappropriate side-effects. Immunostaining of hypothalamic sections was carried
out, using the generated antisera, to determine the regional distribution of GnRH-I and
GnRH-II neurones, as well as to further evaluate the specifity of the antibodies. © 2001
Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Anti-fertility vaccine; GnRH-1; GnRH-II; Immunisation; Neutralisation

1. Introduction

Until fairly recently, it was believed that the hypothalamic decapeptide,
gonadotrophin-releasing hormone (GnRH), was the sole controlling factor
in causing the release of luteinising hormone and follicle stimulating hor¬
mone from the pituitary, in the regulation of mammalian fertility (Sher¬
wood et al., 1993). However, it was known that different forms of GnRH
existed in lower vertebrates (Powell et al., 1994; Kasten et al., 1996). In the
last few years GnRH peptides with similar sequences have been isolated
from higher vertebrate brains as well (Kasten et al., 1996), including
primates (Urbanski et al., 1999; Latimer et al., 2000), although clear
identification of their physiological roles has not yet been defined.

Active immunisation against GnRH and its analogues (reviewed in Ferro
and Stimson, 1999) has a marked physiological effect on fertility, in both
male and female animal species (Ferro et al., 1995a; Ferro and Stimson,
1997, 1999). This occurs through immunoneutralisation of GnRH, resulting
in ablation of sex steroid levels, arrest in gametogenesis and extreme
gonadal atrophy. The use of this type of therapy is in clinical trial (Thau,
1992; Moudgal et al., 1997), with reportedly encouraging results (Talwar et
al., 1992; Pal and Talwar, 1995; Talwar, 1997) as well as being under
investigation in the veterinary field (Hoskinson et al., 1990). However, a

growing concern due to the high sequence homology between GnRH-I and
GnRH-II molecules, is that neutralisation of GnRH-I could lead to inadver-
tant ablation of GnRH-II as well. Since the full function of GnRH-II is

unknown, this could result in long-term complications.
The primary purpose of this study was to selectively produce an anti¬

serum to GnRH-I, with minimal cross-reactivity to GnRH-II. In a prelimi¬
nary experiment, GnRH-I and GnRH-II peptides, truncated by two amino
acids at the N-terminal (des-2), were conjugated to tetanus toxoid and used
to immunise male rats over a 10-week period. Specific antibody levels and
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cross-reactivity, were assessed by enzyme linked immunosorbant assay
(ELISA) (Ferro et al., 1996). Having demonstrated that cross-reactivity
between the two forms of GnRH was minimal, the antisera were used to
selectively stain primate hypothalamic sections, in order to investigate a
physiological role for GnRH-II.

The main aim of this study was to develop a vaccine to control mam¬
malian gonadal function based on a highly specific antibody response to
GnRH-I. Therefore, in order to improve the efficacy of immunocastration,
another truncated sequence of GnRH-I (des-1, removal of one amino acid
at the N terminal) was examined in the rat model. This sequence was
further modified with the addition of a cysteine residue at the N terminal
and an amide group at the C terminal. Antibody specificity, cross-reactivity
and subclass type were assessed. Testicular measurements (Ferro and Stim-
son, 1996) were taken throughout the study and testosterone levels assayed
in order to assess the efficacy of immunisation on reproductive function.

2. Materials and methods

2.1. Immunogen preparation

2.1.1. Conjugation via carboxylic and amine groups
The peptides (0.2 pmol) conjugated to tetanus toxoid (0.1 pmol), using

this method were either des-2 GnRH-I (His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-
Gly) or des-2 GnRH-II (His-Trp-Ser-His-Gly-Trp-Tyr-Pro-Gly). Tetanus
toxoid (Connaught, Canada) was dialysed against 0.9% saline, pH 6.3, for
2 h at room temperature. Coupling buffer (10 ml), consisting of 0.1 M
NaCl, pH 6.0 was added to the tetanus toxoid, together with 6 mg EDC
(ethyl-3-[3-dimethyl amino propyl] carbodiimide hydrochloride) (Perbio,
UK) and 16 mg A-hydroxy succinimide (Perbio, UK) and left for 15 min at
room temperature. Peptide (90% purity, synthesised by Immune Systems,
UK) was dissolved in 0.5 ml distilled water and added to the tetanus toxoid.
The mixture was incubated in the dark, at room temperature for 3 h. The
conjugate was dialysed against 0.9% saline, overnight at 4 °C and the
volume measured. Conjugation efficiency and carrier:peptide ratio were
determined by setting up a standard curve with free peptide (0.015-1
mg/ml). The A2g0 values were recorded together with a 1:2 dilution of
unconjugated tetanus toxoid control. The A2So of the conjugate was sub¬
tracted from the A280 of the control and the resulting absorbance read
against the standard curve to calculate the concentration of conjugated
peptide. The conjugate was dialysed against flake polyethylene glycol (Afw
20 000, Sigma-Aldrich, UK) for 2 h at room temperature, followed by 2 h
against 0.9% saline and then stored frozen, until required for immunisation.
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2.1.2. Conjugation via suphydryl and amine groups
The peptide sequence Cys-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2

(des-1 GnRH-I analogue, 2 pmol, 90% purity, synthesised by Immune
Systems, UK) was conjugated to tetanus toxoid (0.1 pmol) using sulpho-
maleimido benzoic succinimide (S-MBS, Perbio, UK) as described previ¬
ously (Aithal et al., 1988; Ferro et al., 1996).

2.2. Immunisation schedule

Male Sprague-Dawley rats were housed in a fully climatised room: room
temperature 22 °C; relative humidity 55%; light and dark cycles of 12 h
each; illumination 60 Lux. In study week 0, at the age of 7 weeks, the rats
were randomised, divided into groups of eight and ear-coded.

In the preliminary experiment, the immunogen was emulsified with
Freund's complete adjuvant (Sigma-Aldrich, UK), such that each dose
consisted of 1 ml of a 1:1 mix of conjugate:adjuvant. The rats were
immunised intraperitoneally in study week 1 and booster injections were
given in study weeks 2, 3, 4 and 10 with Freund's incomplete adjuvant.

In the subsequent experiment, the following modifications were made.
The immunogen (50 pg equivalent of peptide) was mixed in a 1:1 ratio with
an aluminium hydroxide based adjuvant, Imject alum (Perbio, UK). The
mixture was left for 30 min before use. The animals were immunised

intraperitoneally in study weeks 1, 3, 5, 7.

2.3. Antibody estimations

Three days after each immunisation, tail bleeds were carried out into
capillary tubes (Hawksley and Sons, UK) and the blood centrifuged at
1000 x g for 20 min to obtain serum for measurement of antibody levels.
The sera were frozen until specific ELISAs were carried out on BSA:peptide
coated plates as described previously (Ferro et al., 1996).

2.3.1. Indirect assay to measure specific antibody levels
Peptide-BSA conjugate (equivalent to 1 pg peptide/well in 100 pi phos¬

phate buffered saline [PBS], pH 7.4) was coated onto tissue culture grade
96-well plates for 1 h at 37 °C. The plates were washed twice with wash
buffer (PBS, containing 0.01% Tween 20) and blocked with 3% (w/v)
Marvel in PBS-Tween, for 1 h at 37 °C. The plates were washed three times
with wash buffer. Rat sera (0.1 ml, diluted 1:1000 in PBS, prepared from
tail bleeds) was incubated per well for 1 h at 37 °C [carried out in triplicate
for each sample]. The plates were washed three times with PBS-Tween.
Horse radish peroxidase labelled goat-anti-rat IgG (Perbio, UK) was diluted
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1:3000 in PBS and 100 j-il/well incubated for 45 min at 37 °C. The plates
were washed three times with PBS (without Tween) and developed with
0.1 ml TMB substrate/well (250 pi of stock 6 mg/ml 3,3',5,5'-tetramethyl
benzidine in dimethylsulphoxide, added to 25 ml 0.1 M sodium acetate
buffer, pH 5.5 with 4 pi 30% (v/v) hydrogen peroxide). The reaction was
stopped with 50 pl/well 10% (v/v) sulphuric acid after 15 min and the
A450 read. The means of the triplicate results were calculated and plotted
on a graph against the study week number.

2.3.2. Indirect assay to measure antibody cross-reactivity
ELISAs were carried out, as above, but anti-GnRH-I sera was exam¬

ined on GnRH-II-BSA-coated plates and vice versa.

2.3.3. Indirect assay to assess antibody subclasses
Peptide specific ELISAs were carried out as described above, but horse

radish peroxidase-labelled goat-anti-rat IgM, IgGl-IgG2c (manufactured
by Bethyl laboratories USA, distributed by Universal Biologicals, UK),
diluted 1:5000 in PBS, were used in place of whole labelled goat anti-rat
IgG. Pooled antisera from CHWSYGLRPG-NH2 immunised animals,
taken at post-mortem, was used as positive control, with labelled goat-
anti-rat whole IgG for the second antibody. The means of triplicate
results were plotted on a graph against the study week number.

2.4. Assessment of reproductive physiological effects

Single measurements of combined testicular widths were carried out on
a weekly basis throughout the studies. This was found to provide an
appropriate observation of the effect of immunisation on reproductive
function.

At the end of each study, the animals were exsanguinated by section of
the abdominal aorta distal to the renal arteries; the blood was retained
for further analyses. Brief autopsies were also performed on the animals
to identify any adverse effects of immunisation; the testes, seminal vesicles
and epididymes were weighed and then preserved in 10% formalin in
PBS.

2.4.1. Histological comparison of the testes and epididymes
The formalin fixed tissues were cut into small pieces (0.5 cm2), and

embedded in 'Tissue Tek' (Raymond A Lamb, UK), at — 70 °C. The
tissues were sectioned (thickness 6 pm) in a cryotome (Shandon Scientific,
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UK), at — 15 °C. Finally the sectioned tissues were fixed for 5 min onto
silanised superfrost slides (BDH, UK) with Carnoy's fluid (60% Absolute
alcohol, 30% chloroform and 10% glacial acetic acid) and stained with
Mayer's Haematoxylin and Eosin (prepared as described by Luna, 1968).
The slides were dipped for 2 min in the following solutions, unless otherwise
stated: 100% alcohol, 100% alcohol, 95% alcohol, tap water, distilled water,
Mayer's haematoxylin (25 s), tap water, distilled water, 80% alcohol,
Phloxine-Eosine, 95% alcohol, 100% alcohol, 100% alcohol, 100% alco-
hohxylene mix (1:1, 30 s), xylene mount DPX.

Morphometric analysis of the testicular sections was performed under
bright-field microscopy using a CCD camera and the Image computer
program (National Institutes of Health).

2.4.2. Testosterone estimation
Testosterone levels were determined in the serum, prepared from blood

obtained at autopsy. A direct competitive radioimmune assay (Euro/DPC,
UK) was used according to the manufacturers' instructions.

2.5. Hypothalmic expression of GnRH-I and GnRH-II

In order to help elucidate the physiological function of GnRH-II, com¬
parative immunohistochemistry was performed on paraformaldehyde-fixed
hypothalamic sections from rhesus macaques (Macaca mulatto), using the
anti-GnRH-I and anti-GnRH-II sera from the preliminary study. The
sections were prepared as detailed previously (Latimer et al., 2000). Free-
floating coronal sections (25 pm) were washed three times, 5 min each, with
Tris buffer (0.05 M Tris, pH 7.6, containing 0.15 M sodium chloride). They
were then incubated in 2% normal rabbit serum in Tris buffer for 20 min
and washed as before. Next, the sections were incubated for 48 h at 4 °C
with anti-GnRH-I, anti-GnRH-II, or pre-immune sera at a 1:500 dilution in
Tris buffer. They were then washed three times, 5 min each, incubated in
biotinylated rabbit anti-rat IgG (Vector Laboratories, Burlingame, CA) at a
1:500 dilution in Tris buffer for 1 h at room temperature, and again washed.
To detect the signal, the sections were exposed to an avidin/biotin complex
(Standard ABC kit; Vector Laboratories) for 1 h, washed three times in Tris
buffer, 5 min each, and exposed to 3,3'-diaminobenzidine tetrachloride (1
mg/ml Tris buffer; Sigma, St. Louis, MO) for 5 min, concluding with three
more washes. The sections were then mounted on glass slides (Fisherbrand
Superfrost/Plus; Fisher, Auburn, WA) and air dried for 1 h. The slides were
then serially dehydrated through ascending ethanol concentrations, dipped
in xylenes, and coverslipped with DPX (Electron Microscopy Sciences, Fort
Washington, PA).
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3. Results

3.1. Efficiency of conjugation

The peptide:carrier ratio for the des-2 GnRH-I to tetanus toxoid or
bovine serum albumin, varied between 8:1 and 14:1, with conjugation
efficiencies ranging from 40 to 70%. On the other hand, the peptidexarrier
ratio for des-2 GnRH-II was consistently lower at 4:1-7:1, with conjugation
efficiencies of 20-35%. When using the S-MBS method, the peptidexarrier
ratio was 20:1 and 100% efficient.

3.2. Assessment of specific antibody levels

A comparison of the specific antibody levels for des-2 GnRH-I, des-2
GnRH-II and des-1 GnRH-I is shown in Fig. 1. In the des-2 peptide
animals (which were immunised in study weeks 1,2, 3, 4 and 10), IgG levels
rose slightly in both groups of animals following the second immunisation,
and increased substantially after three administrations. In the des-1 GnRH-I
analogue treated animals (which were immunised in study weeks 1,3,5, 7),
IgG levels rose after the first administration and continued to rise after the
subsequent immunisations.

1.5 J

A 450 1 "

0.5 -

des-2 GnRH-l-TT

des-2 GnRH-II-TT

des-1 GnRH-I-TT

Fig. 1. The IgG antibody response of animals immunised against des-2 GnRH-I, des-2
GnRH-II and des-1 GnRH-I. The A450 were measured from specific ELISAs carried out on
BSA-peptide coated plates. Immunisations were carried out in study weeks 1, 2, 3, 4, 10 (for
the des-2 treated animals) and 1, 3, 5, 7 (for the des-1 treated animals).
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Table 1

The assessment of cross-reactivity of antisera from the des-1 (GnRH-I-TT) and des-2
(GnRH-I-TT and GnRH-II-TT) treated animals on ELISA plates coated with the des-2
peptides, conjugated to BSA

Treatment ELISA Plate coating

GnRH-I-BSA GnRH-II-BSA

^450 i S.D. ^450 nm i S.D

des 2 GnRH-I-TT 0.838 + 0.302 0.211 +0.481
des 2 GnRH-II-TT 0.164 + 0.076 1.206 + 0.358
des 1 GnRH-I-TT 1.793 ±0.058 0.000 + 0.000

Each value represents the mean + S.D. of triplicate A450 ELISA readings. The antisera tested
were from study week 12.

The des-1 GnRH-I analogue treated animals produced the maximum
response and levels rose immediately, then plateaued after 2 weeks. On the
other hand, both the des-2 analogues (GnRH-I and GnRH-II) showed a
3-week lag, before concentrations rose. Despite the difference in levels, the
pattern of response was virtually the same for all treatments.

3.3. Assessment of antibody cross-reactivity

Anti-GnRH-I sera did not cross-react with GnRH-II beyond background
levels, and vice versa as shown in Table 1.

Antisera from animals immunised against the des-1 GnRH-I analogue
showed no cross-reactivity with GnRH-II. Therefore it was decided to
further examine these antisera.

3.4. Antibody subclasses in desl GnRH-I analogue treated animals

Fig. 2 shows the results from ELISAs used to determine antibody
subclasses. The results show the presence of all the subclasses examined.
The peak A450 was observed in study weeks 4-5 and the order of
magnitude was IgG2c > IgG2a > IgGl > IgG2b > IgM.

3.5. Testicular width measurements

The des-1 GnRH-I analogue immunised animals showed a significant
reduction in combined testicular width, following the third administration,
compared with saline-treated animals (Table 2).
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3.6. Post-mortem assessment of gonadal atrophy

At post-mortem, five out of eight of the des-2 GnRH-I-TT immunised
animals showed a reduction in weight of combined testes, epididymes,
prostate and seminal vesicles compared with the non-treatment controls
(results not shown). Whereas, none of the des-2 GnRH-II-TT immunised
animals showed any gross gonadal changes.

On the other hand, all the animals treated with the tetanus toxoid
conjugated des-1 GnRH-I analogue, showed a significant reduction in the
size of the reproductive organs (Table 3), compared with untreated controls.
These results were attributed to the negligible testosterone concentrations of
the treatment group (0.0 ± 0.0 ng/ml compared with the untreated controls
(1.63 ±0.77 ng/ml).

Histologically, the testes in the des-1 GnRH-I analogue treated animals
showed marked reduction in spermatogenesis, with azospermia and marked
depletion of Leydig cells. Fig. 3a shows a section through an untreated
control testis compared with Fig. 3b a section through a des-1 GnRH-I
analogue treated animal. Both sections are at the same magnification
( x 12.5 objective lens). Marked atrophy of the testis leading to testicular
failure was characterised by azoospermia of the seminiferous tubules. The

3

-A IgG2c

■ffl IgM

-• IgG2b

IgGl

IgG2a

0 1 2 3 4 5 6 7 8 9 10 11 12 13

Study week

Fig. 2. The IgM and IgG subclass response of animals immunised against the tetanus toxoid
conjugate of des-1 GnRH-I. ELISAs were carried out on BSA-des-1 GnRH-I coated plates.
Immunisations were administered in study weeks 1, 3, 5, 7.
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Table 2
The mean combined testes width at terminal sacrifice in animals immunised against des-1
GnRH I-TT compared with control animals

Study week Combined testes width (mm) ± S.D.

No treatment des 1 GnRH-I-TT treatment

1 20.04+ 1.65 19.74 ±1.16
2 18.03 + 1.51 18.36 ± 1.16
3 22.83 ±0.55 23.23 ± 1.03
4 22.26 + 0.79 21.65 ± 1.27
5 20.63 + 1.24 18.51 ± 1.11
6 20.26 + 1.03 15.73 ± 1.46
7 20.73 ±0.88 13.20 ± 1.83
8 19.89 ±0.82 7.30 ±2.12
9 18.76 ± 1.13 5.85 ± 1.46

10 18.60 ±0.70 4.87 ±0.56

Immunisation was administered in study weeks 1, 3, 5, 7. Significant reductions in width
(.PcO.Ol), compared with non-treated control occurred after the third immunisation
(ANOVA, followed by Student-Newman-Keuls test).

spermatogenic cells of the tubules appeared to become degenerated and
were continuously cast off. The inner wall of the tubules contained only a
small number of spermatogenic cells (spermatogonium and spermatocytes)
and Sertoli cells, with no visible spermatozoa under light microscopy (Fig.
3b). The inter tubular spaces were distended and contained smaller number
of darkly stained spindle cells, resembling primitive gonadal stromal cells.
Leydig cells lying in between the seminiferous tubules were virtually non-ex¬
istent and rarely in small clusters, leaving only a few irregular polyhedral

Table 3
The mean weight and S.D. of reproductive organs at terminal sacrifice

Treatment Organ weight ± S.D. (g)

Combined testes Combined epididymis Seminal vesicles

None 3.98 + 0.24 1.39 + 0.07 3.19 + 0.19
des 1-GnRH-I-TT 0.73 ± 0.03 0.32 ±0.01 0.30 ± 0.03

Animals were immunised against des-1 GnRH-I-TT, compared with no treatment. There was
a significant reduction in organ weight (R<0.01), following treatment (ANOVA, followed by
Student-Newman-Keuls test). The mean body weight of the animals was 488.8 ± 27.4 g
(untreated controls) and 465.0 + 51.1 g (des-1 GnRH-I analogue treated group). There was
no significant difference in body weight.
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flu

Fig. 3. Comparative sections through reproductive organs from untreated and animals
immunised with des-1 GnRH-I-TT: (a) untreated rat testes, (b) treated animal testes [all
photographs were taken at the same magnification ( x 12.5)]. Note the presence of spermata-
zoa (S), germ cells (G) and Leydig cells (L). Magnification bar = 40 pm], (c) untreated
epididymis head, (d) treated epididymis head, (e) untreated epididymis tail, (f) treated
epididymis tail. All photographs were taken at the same magnification ( x 12.5). Note the
extent of distention of the spermatic tubules (T), absence and presence of spermatazoa (S),
cuboidal epithelial cells (E) and columnar epithelial cells (C). Magnification bar = 40 pm.
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Fig. 3. (Continued)

cells in rows together with blood vessels. In comparison, the untreated
control testis contained functionally active seminiferous tubules, lined with
complex stratified epithelium (Fig. 3a) and composed of two major cate¬
gories of cells (spermatogenic and Sertoli cells).
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Fig. 3. (Continued)

The most striking changes were observed in the excretory ducts of the
testes, with hyperplasia of the inner lining epithelial cells in the head, body
and tail of the epididymis, which appeared to be folded. The pseudos-
tratified columnar epithelial cells of the head of epididymis (ductuli effer-
entes) appeared as stratified tall columnar epithelial cells (Fig. 3c and d),
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Table 4

Morphometeric analysis of seminiferous tubules from GnRH-immunized rats

n Mean tubule diameter (|am) Mean tubule area (|am2)

Control # 1 106 188 + 1.2 31,769 ±378
GnRH-I # 1 83 86+ 1.5a'b 8,976 + 144a,b
GnRH-I #2 87 86+ 1.6a'b 9,137 ± 162a'b
GnRH-II #1 106 171 + 1.0a 26,655 + 306a
GnRH-II #2 101 176+ l.la 27,793 + 288a

Two immunised animals in each group, which showed the highest antibody levels at sacrifice
were chosen for the analysis. Each value represents the mean + S.E.M. of 83-106 seminifer¬
ous tubules.

a/><0.01, relative to non-immunized control;
b P<0.01, relative to GnRH-II-immunized animals (ANOVA, followed by Student-New-

man-Keuls test).

with a reduced concentration of spermatozoa in the lumen of the ductuli
efferentes. The smooth muscle lining the ductuli efferentes showed a thick¬
ening and similar changes were also observed in the smooth muscle layer
(lining epithelium of the tail) of epididymis (Fig. 3e and f). The thin
columnar epithelial cells of the tail of epididymis appeared as a stratified
layer of columnar cells and the concentration of spermatozoa in the tubules
was also negligible. A varying degree of loose connective tissue surrounded
the tubules, together with a few infiltrated reactive cells (with the staining
method used, these could not be clearly identified, but were likely to be
lymphocytes or macrophages).

Histological assessment of the tubules from GnRH-II immunised animals
showed abundant spermatozoa in the epididymes. However, morphometric
analysis (Table 4) showed that there was significant reduction in size relative
to the untreated control animals. As expected, the GnRH-I immunised
animals showed that immunisation had a profound, suppressive effect.

3.7. GnRH-I and GnRH-II distribution in primate brain

Using the GnRH-I and GnRH-II antisera to stain hypothalamic sections,
GnRH-I immunopositive soma and fibres were detected in the ventral
hypothalamus—characteristically, the soma were fusiform and the fibres
had pronounced varicosities. Rostrally, the soma and fibres were distributed
in a diffuse pattern and caudally were oriented towards the median emi¬
nence (Fig. 4). In contrast, GnRH-II immunopositive fibres were densely
distributed in the supraoptic nucleus and paraventricular nucleus, and
caudally were densely distributed parallel to the ventral edge of the hypo-
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thalamus (Fig. 4). Few, if any, GnRH-II immunopositive soma were
detected. Overall, there appeared to be no overlap between the dense
GnRH-II fibres and the scattered GnRH-I fibres.

4. Discussion

Immunisation against GnRH has been widely studied (Ferro and Stim-
son, 1999) over the past three decades, for its potential in disrupting the
fertility axis. Until recently, it was believed that only one GnRH molecule
was responsible in mammals for controlling sex hormone production in
males and females (Conn et al., 1987). However, increasingly, there has been
evidence to suggest that several forms of GnRH exist in mammals (Sher¬
wood et al., 1993), including primates (Powell et al., 1994; Kasten et al.,
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Fig. 4. Immunohistochemistry showing differential staining of neuronal fibres in the rhesus
monkey hypothalamus, using antibodies to different forms of GnRH. Coronal brain sections
(25 pm) were immunostained using either serum from a non-immunized rat (untreated
control) or from rats immunized against GnRH-I or GnRH-II. The photomicrographs depict
GnRH neuronal fibers in the ventro-medial region of the hypothalamus. Note the character¬
istically beaded GnRH-I fibres and densely-staining terminals in the median eminence, and
the dense GnRH-II fibers running along the ventral edge of the hypothalamus. 3v = third
ventricle, me = median eminence, on = optic nerve.
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1996). Due to the close similarity in sequence between the GnRH molecules,
it was hypothesised that immunoneutralisation of one GnRH molecule
could result in concurrent ablation of all the other forms. Without knowing
the significance and role of all the GnRH molecules, it was considered
essential to investigate the likelihood of this problem occurring.

Initially, we examined sequences of GnRH-I and GnRH-II with the
removal of two amino acids at the N terminus (des-2). Since GnRH is
poorly immunogenic, the sequences were coupled to tetanus toxoid, as used
previously by us (Ferro and Stimson, 1996). The method used to conjugate
the carrier protein and peptides involved the use of EDC. The results
showed that this type of conjugation was not efficient-therefore commer¬

cially, a large quantity of peptide would be lost in the manufacturing
process; GnRH-II resulted in even lower peptide:carrier ratios. When
developing the improved GnRH-I formulation, conjugation efficiency was
taken into account and a cysteine residue was attached to enable the use of
S-MBS, a more specific coupling agent (Aithal et al., 1988; Ferro and
Stimson, 1998). The loss of peptide, using this method, was negligible.

There did not appear to be a correlation between the peptide:carrier ratio
and the level of specific antibody raised. Despite the lower ratio with des-2
GnRH-II, the animals immunised with this conjugate showed slightly higher
antibody levels than the des-2 GnRH-I immunised animals. However, these
were surpassed by the des-1 GnRH-I analogue treated animals. The differ¬
ence between these two experiments was that the des-2 animals were
immunised weekly, as opposed to fortnightly in the des-1 animals. The
increased IgG levels in the des-1 treated animals were not considered to be
attributable to the difference in immunisation regime, but more likely to be
due to the peptide:carrier ratio. Nevertheless, the pattern of response was
similar in all treatment groups.

There was a low level (background) of antibody cross-reactivity in the
des-2 treated animals. However, this was eliminated with the des-1 GnRH-I
analogue formulation where there was negligible cross-reactivity; one reason
for this could be that the antibodies formed against GnRH-I were against
the hairpin loop. With the removal of the two amino acids, the hairpin loop
becomes an open structure. As yet there is no information indicating what
the structure for GnRH-II may be. Nevertheless, we believe from the amino
acid sequence and charges present, that GnRH-II is likely to be a more
open structure (as opposed to a tight hairpin). Therefore, 'structural'
antibodies produced against des-2 GnRH-I are more likely to cross-react
with des-2 GnRH-II, compared with any 'structural' antibodies formed
against des-1 GnRH-I and vice versa.

In view of the fact that the des-1 GnRH-I antisera showed higher
specificity to GnRH-I, we examined the antibody subclasses produced. It is
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known that certain subclasses enable better immunocastration (Desmukh et
al., 1994). The main subclasses produced were IgG2c, IgGl, IgG2a and to
a lesser degree IgG2b and IgM. In a previous study (Ferro et al., 1995b),
using another GnRH-I analogue, GnRH-glycys, at an equivalent concentra¬
tion of peptide, the major subclasses were IgG2a, IgGl and IgG2c, with no
discernable IgM or IgG2b. However, it should be noted that the carrier
protein in this study was PPD (purified protein derived from tuberculin) and
the adjuvant was Freund's Adjuvant. These factors may have had an
influence on the subclasses produced. Little is known about the subclasses
and the criteria for their production in the rat, however, it is believed that
IgGl and IgG2a indicate that both humoral and cellular immunisation was
achieved (Philips et al., 1999). The role of IgG2c is thought to be T cell
independent, and the antibodies tend to be of low affinity (Peters et al.,
1999). Therefore, we believe that the critical subclasses in the present
context are in fact IgGl and IgG2a.

The effect of the neutralising antibody levels was observed in vivo as a
reduction in testicular size. Many studies have shown that the physical
changes in the gonads requires a critical antibody titre together with a
reduction in testosterone levels (Schally and Schally, 1987; Adams and
Adams, 1990). In our study, optimum antibody levels (achieved by study
week 3, following the second immunisation) corresponded with a significant
decrease in testicular width, with a 2-week lag-period (study week 5). This
corresponded to our experience with the analogue GnRH-glycys (Ferro and
Stimson, 1996), whereby a decrease in testosterone levels was shown to
occur following the second administration of immunogen and gonadal
atrophy began a week later. The reduction in testicular size continued until
the end of the study (a period of 6 weeks).

Numerous studies (Awoniyi et al., 1989; Hoskinson et al., 1990; Giri et
al., 1991; Dowsett et al., 1993; Ladd et al., 1994; Meloen et al., 1994;
Kumar et al., 2000), in a wide range of animal species, have described the
effect of active immunisation against GnRH-I on the gonads and accessory
organs. Morphological changes in the gonads were examined at the end of
each study. In this study we examined the testes, epididymes, prostate and
seminal vesicles. The des-2 GnRH-II treated animals did not show any
gross alteration in the gonads or accessory sex organs. However, they
showed a slight increase in kidney weight (results not shown) which may be
indicative of a role for GnRH-II in osmoregulation. Histological assessment
showed drastic changes in testicular morphology, as well as atrophy to the
seminiferous tubules and a total depression in spermatogenesis in the
GnRH-I immunised animals. From other GnRH-neutralisation studies

(Ferro et al., 1995a; Ferro and Stimson, 1996), it has been shown that these
effects are reversible after a few months. Histologically, examination of the
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testicular tissue and excretory ducts have indicated a clear manifestation of
secondary infertility. The hypogonadal state caused the dysfunction of the
Leydig and Sertoli cells of the testes following neutralisation of GnRH.
Although there is no evidence of spermatogenesis in the tubules of the
testes, very few spermatozoa were seen in the head of epididymis and their
presence was not found in the tail of the epididymis. Androgen action is
necessary for spermatogenesis in seminiferous tubules and for epididymal
function, but it has been noted that it is especially important for the
maturation of spermatozoa in the tail of epididymis (Wilson and Foster,
1992).

Although spermatogenesis was apparently not affected by GnRH-II
immunisation (results not shown), morphometric analysis of the seminifer¬
ous tubules indicates that there is a slight reduction on tubule size.

In order to further investigate and elucidate a role for GnRH-II, the
GnRH-II antisera was used to immunostain primate hypothalmic sections.
The deduction from this work was that GnRH-I and GnRH-II are pro¬
duced by two distinct populations of neurones and it is likely that the
synthesis and release of these two peptides are regulated by different
neuroendocrine pathways. This corroborates results from other studies
(Lescheid et al., 1997) using in situ hybridisation, which implicate the same
hypothalamic regions in GnRH-II expression. In this study, a possible
function in reproduction is indicated for GnRH-II, as well as a role
associated with the kidney. GnRH-II neurones were not found to overlap in
location with GnRH-I neurones. Further work is required to investigate
co-localisation of GnRH-II secreting cells with other endocrine cells, such
as oxytocin and vasopressin secretors (Latimer et al., 2000). Nevertheless,
studies have shown that GnRH-II stimulates LH release in vivo (Lescheid et
al., 1997) and one possibility is that GnRH-II is important as a pulse
generator which may stimulate the onset of puberty (Latimer et al., 1999,
2000). Therefore, immunoneutralisation in the adult animal may not be
relevant.

This study demonstrated an effective means of specifically immunoneu-
tralising related peptide sequences, without invoking cross-reactivity. In
addition, an analogue was designed which could immunocastrate male
animals, without any inappropriate side effects. This vaccine will be further
developed for use in clinical and veterinary applications.
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hormone bound to the serum prolactin-
binding protein because of the absence of
Zn2+ in those assays, and that most growth
hormone in serum is really bound to
proteins, and not free. Another possibility
is that the donor does not have the

average distribution ofbound growth
hormone; variation among individuals has
been observed2.

Soluble receptors affect the biological
activity of the ligands that they bind in at
least two ways. One is that they prolong
the circulation time of many growth
factors and hormones, and therefore
provide a more stable pool ofhormone
which extends the biological activity. The
second effect is that they reduce the
effective concentrations at the membrane

receptor by competing with that receptor
for binding to the hormone, which may

reduce the biological activity1'2. These two
competing effects make it difficult to
predict what the overall physiological
effect is in different situations. The

presence of the human prolactin-binding
protein will complicate efforts to
understand what occurs with growth
hormone, for in the presence of Zn2+, the
extracellular domain of the human

prolactin receptor binds human growth
hormone with up to 100-fold higher
affinity than human prolactin, and 10-fold
higher than human growth hormone
binds to the extracellular domain of its

receptor4. The serum prolactin-binding
protein therefore can be a potent growth
hormone-binding protein. The biological
effects of the serum prolactin-binding
protein, whatever they turn out to be,
might be as marked for the biological

activities of growth hormone as they are
for those ofprolactin.
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Leptin and puberty
Henryk F, Urbanski

Leptin is thought to relay metabolic
information to the hypothalamic-pituitary-
gonadal axis and to participate in the
neuroendocrine control of puberty. To help
elucidate the underlying mechanism,
Cheung etal. recently performed a diverse
series of experiments, the results of which
undermine the prevailing hypothesis that
leptin acts as a metabolic trigger for the
initiation of puberty. Instead, their results
suggest that leptin is one of many

permissivo metabolic factors that allow
pubertal development to proceed.

The discovery of the adipose tissue
hormone, leptin, seven years ago

represents a milestone in our

understanding ofhow body mass and
energy balance affect reproductive
function1. Before this discovery, it was

already well established that sexual
maturation does not normally occur until
the body reaches a certain level ofsomatic
development, but the underlying
mechanism was poorly understood and the
identity of the key neuroendocrine
mediators was unclear. This changed
dramatically once it was shown that leptin,
a protein product ofthe obese gene (Lep),
relays information about the state of the
adipose tissue mass to the feeding behavior
centers of the brain. More importantly,
clinical data began to emerge showing that

circulating leptin concentrations in boys
surge just before the onset ofpuberty, and
this raised the exciting possibility that
leptin might also be physiologically
involved in the maturation of the

reproductive axis. Nevertheless, whether
leptin acts as the primary trigger for the
initiation ofpuberty or whether it simply
acts in a permissive way to allow pubertal
maturation to proceed is still highly
debatable2-5, lb help resolve this issue,
Cheung ct al.6 recently performed a scries
ofwell-orchestrated experiments, using
rodents, in which they examined the
following specific questions: (1) Does the
developmental rise in circulating leptin
concentrations actually precede the onset
ofpuberty? (2) Does the expression of leptin
receptor mRNA in the hypothalamus
increase during puberty? (3) Can treatment
with leptin advance puberty onset?

Plasma leptin concentrations
If leptin plays a key role in triggering the
onset ofpuberty, a significant increase in
plasma leptin concentrations should take
place during early pubertal development.
In most (but not all) of the correlative
clinical studies that have been reported,
a prepubertal rise in circulating leptin
concentrations was indeed observed. Tb
examine this issue in rodents, Cheung
et al. collected terminal blood samples

from developing postnatal male and
female rats at five-day intervals and, as

expected, the animals showed a steady
increase in body mass during postnatal
development. However, serum leptin
concentrations did not show a significant
increase until after the animals had
become adults. Although it is possible that
an earlier (prepubertal) increase might
have been detected by collection of blood
samples later in the day (leptin secretion
is known to be higher at night than during
the day7 and the pubertal increase in
serum leptin concentrations might
initially be confined to the night, as is the
case for luteinizing hormone), a more
conservative interpretation ofthe data is
that leptin does not act as a principal
trigger for puberty onset in rats.

Leptin receptor mRNA
If the onset ofpuberty is preceded by an
increase in the sensitivity of the
hypothalamic-pituitary-gonadal axis to
leptin, then leptin could still act as a
pubertal trigger in spite of the absence of
an obvious prepubertal rise in plasma
leptin concentrations. Tb address this
possibility, Cheung et al. performed a
second experiment in which in situ.
hybridization histochemistry was used to
measure expression of mRNA encoding
the leptin receptor (Lepr) in the

http://tem.trends.com 1043-2760/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved. Pll: S1043-2760(01 )00505-7
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hypothalamus ofjuvenile, prepubertal
and pootpubcrtal fomale rate. However, in
all of the hypothalamic nuclei that were
examined (i.e. retrochiasmatic area,
arcuate nucleus, ventromedial nucleus,
anterior and ventral portion of the
dorsomedial nucleus, ventral
premammillary nucleus, and posterior
periventricular nuclcuo) the level oiLcpr
mRNA was uniform across all ages. Again,
the conservative interpretation of this
finding is that leptin does not act as a

principal trigger for puberty onset in rats.

Treatment with leptin
Because of the limited value ofcorrelative

studies, Cheung et al. performed a third
experiment in which leptin (2 pg g-1 body
mass, intraperitoneal) was administered
daily to prepubertal female mice.
Previous rodent studies had yielded
contradictory results regarding the role of
leptin in puberty, and the hope was that
their study would help to clarify this
issue. They reasoned that if leptin simply
plays a permissive role in puberty (rather
than acting as a trigger), then treatment
with leptin should abolish the delay of
puberty that is readily caused by feed
restriction; however, it should not
advance the normal timing of puberty
onset in ad libituin-fed animals. As

predicted, food intake decreased in mice
that woro treated with loptin and thoy
showed first estrus at an earlier age than
did vehicle-treated pair-fed controls.
More importantly, however, first estrus in
these leptin-treated animals occurred at
the same time as in the ad libitum-fed
animals. Hence, leptin failed to advance
the timing ofpuberty onoct in female
mice, confirming the findings from a

previous study by Cheung et al. in rats8.

Leptin's physiological role?
Taken together, the results from these
three diverse experiments undermine the
idea that leptin acts as a metabolic trigger
for the onset ofpuberty. Instead, they
re-enforce the view that leptin plays a

permissive role. Whether these
conclusions can be extrapolated to
humans is unclear because the underlying
pubertal processes in rodents and
primates are not identical. However, they
are consistent with the clinical
observation that the onset ofpuberty in
boys with constitutional delay in growth
and puberty occurs when circulating
leptin levels are still low9, and so force us
to question the physiological relevance
that a prepubertal increase in plasma
leptin concentrations might have in
humans, even if it does occur.
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Meeting Report

The circus in the pituitary
Craig A. McArdle and John J. Evans
Actions and Interactions at the Pituitary
was a Satellite Meeting of the 34th
Congress of the International Union of
Physiological Sciences held in Christchurch,
New Zealand from 24-25 August 2001.

Pituitary cells arc dynamic and complex
individualo that talk to their ncighbouro
and this meeting* underlined the real
progress that is being made in
understanding the nature and effects of
the conversations between pituitary cells.
Throughout the meeting, the emphasis

*The meeting was dedicated to the memory of Stephen
Frawley, who sadly died of pancreatic cancer earlier
this year. His groundbreaking work on

somatomammotrophs and the regulation oftheir
plasticity provided the basis ofmuch that was
discussed at this meeting.

was placed on the importance of the
anatomical and functional heterogeneity
ofpituitary cells and on their plasticity).
The gland was characterized not so much
as a formal squadron ofcells but as a
circus ofsprites that changed costumes,
intruded into othcro' acta and entranced
uo with fcato of functional contortion.

The traditional view of the pituitary
holds that there are five endocrinological
cell types. However, Gwen Childs
(University ofArkansas for Medical
Sciences, Little Rock, AR, USA) discussed
'somatogonadotroph' cells. Using dual
staining methods, she observed that some
cells that contained luteinizing hormone

tProceedings of this meeting will be published by
Swets and Zeitlinger in a special issue of the Archives
ofPhysiology and Biochemistry.

(LH) or follicle stimulating hormone
(FSH) also expressed growth hormone
(GH) (Fig. 1). Subsets of these cells
expressed GH releasing hormone
(GHRH) and/or gonadotropin releasing
hormone (GnRH) receptors. The
hormonal regulation of thooc populations
is illustrated by an incroaso in
coexpression of GH and LH in proestrus,
suggesting coordinated regulation of
reproduction by GH and gonadotrophins.
Furthermore, by exploiting single cell
RT-PCR to explore multihormone
expression, Carl Denef (University of
Leuven, Leuven, Belgium) has
investigated the remarkable observations
that mRNA of all of the traditional
anterior pituitary hormones are
detectable in multihormonal cells.
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