
THE UNIVERSITYo/EDINBURGH
'
l> I \ B

Title Melatonin and the control of seasonal breeding in the Soay ram

Author Almeida, Osborne Francisco Xavier.

Qualification PhD

Year 1982

Thesis scannedfrom best copy available: may contain faint or blurred
text, and/or cropped ormissing pages.

Digitisation notes:

• Pagination inconsistent throughout.

Scanned as part of the PhD Thesis Digitisation project
http://libraryblogs.is.ed.ac.uk/phddigitisation



MELATONIN AND THE CONTROL OF SEASONAL BREEDING

IN THE SOAY RAM

OSBORNE FRANCISCO XAVIER ALMEIDA

Doctor of Philosophy

University of Edinburgh

1982



CONTENTS

DECLARATION (i)

ACKNOWLEDGEMENTS (ii)

ABSTRACT (iii)

GLOSSARY (v)

PUBLICATIONS RELATED TO THE STUDIES DESCRIBED (vii)

CHAPTER 1. GENERAL INTRODUCTION

1.1 The Mammalian Pineal
1.1.1 Historical perspective 1
1.1.2 Evolution 4
1.1.3 Anatomical Aspects 6

1.2 Pineal Chemistry 12
1.2.1 Indoleamines 14
1.2.2 Route of pineal secretions 18

1.3 Seasonal Breeding in Mammals 19

1.3.1 The Phenomenon 19
1.3.2 Critical daylength 22
1.3.3 Measurement of daylength 23
1.3.4 Photorefractoriness and annual rhythms 24
1.3.5 Seasonal breeding in sheep 26

1.4 Implication of the pineal gland and melatonin in the
control of seasonal reproduction in mammals 32

CHAPTER 2 GENERAL MATERIALS AND METHODS

2.1 Animals 42
2.2 Measurement of testis size and sexual flush 44
2.3 Blood collection from sheep 44
2.4 Superior Cervical Ganglionectomy (SCGx) 45
2.5 Radioimmunoassays 47

2.5.1 Radioimmunoassay of melatonin 47
2.5.2 Radioimmunoassay of prolactin 59
2.5.3 Radioimmunoassay of testosterone 60

2.6 Statistical Analyses 60

CHAPTER 3 PATTERNS OF MELATONIN IN THE BLOOD AND THE
PHOTOPERIODIC RESPONSES OF INTACT AND SUPERIOR
CERVICAL GANGLIONECTOMISEP SOAY RAMS

3.1 Introduction 65
3.2 Materials and Methods 65
3.3 Results 67
3.4 Discussion 76



CHAPTER 4 TESTICULAR CHANGES AND PATTERNS OF MELATONIN AND

PROLACTIN SECRETION"IN SOAY RAMS EXPOSED TO LONG

OR SHORT DAILY PHOTOPERIODS FOR PROLONGED PERIODS

4.1 Introduction 79
4.2 Materials and Methods 80
4.3 Results 81
4.4 Discussion 92

CHAPTER 5 TWENTY-FOUR HOUR RHYTHMS IN THE PLASMA LEVELS
OF MELATONIN, PROLACTIN, SODIUM AND POTASSIUM
AND THE REPRODUCTIVE RESPONSES OF RAMS EXPOSED

TO TWO RESONANCE PHOTOPERIODS

5.1 Introduction 97
5.2 Materials and Methods 99
5.3 Results 100
5.4 Discussion 112

CHAPTER 6 PATTERNS OF MELATONIN AND PROLACTIN SECRETION

IN SOAY RAMS EXPOSED TO 10 DAYS OF EITHER
CONSTANT LIGHT OR CONSTANT DARKNESS

6.1 Introduction 116
6.2 Materials and Methods 117
6.3 Results 123
6.4 Discussion 136

CHAPTER 7 REPRODUCTIVE RESPONSES OF SOAY RAMS EXPOSED TO
NATURAL PHOTOPERIODS AFTER ACTIVE IMMUNISATION
AGAINST MELATONIN

7.1 Introduction 140
7.2 Materials and Methods 140
7.3 Results 145
7.4 Discussion 147

CHAPTER 8 GENERAL DISCUSSION 150

REFERENCES 163



(i)

DECLARATION

Except where acknowledgement is made by reference, the experiments

described in this thesis were the unaided work of the author.

No part of this work has already been accepted in substance for

any other degree, nor is any part of it being concurrently submitted in

candidature for another degree.

O.F.X. ALMEIDA

June 1982



(11)

ACKNOWLEDGEMENTS

The work described in this thesis was carried out during tenure of

a Medical Research Council Studentship. It was carried out under the

guidance of Dr. G.A. Lincoln, and I am grateful to him for his advice

and helpful discussions and constant encouragement. I am also grateful

to Professor R.V. Short for giving me the opportunity to undertake this

project and for his continued interest in it. Other members of the

scientific, technical and administrative staff and students of the MRC

Reproductive Biology Unit and Department of Obstetrics and Gynaecology

of Edinburgh University also contributed to this work by providing a

stimulating, helpful and friendly environment. In particular, I am

indebted to Norah Anderson, Rhona Cunningham and Lorna Lambert for

their expert help in the care and blood sampling of the sheep used in

these studies and in the assay of various hormones. Tom McFetters and

Ted Pinner provided excellent drawing and photographic services, while

Carol Adam and Rose Carpenter provided a skillful deciphering and

typographic service. Liz Niven also assisted greatly with efficient

library services.

I am grateful to Dr. A.S. McNeilly for supplying reagents for the

prolactin radioimmunoassays. I would also like to thank Dr. J. Arendt,

Professor G.D. Niswender and Dr. M.D. Rollag for their supply of

antisera and advice on the establishment of a radioimmunoassay for

melatonin.

I would also like to acknowledge the kindness of Dr. E.L Bittman

and Dr. R.F. Seamark for making some of their unpublished data

available to me, and to Dr. G.A. Lincoln for allowing me to use several

of his original figures in my introductory chapter.

Finally, my thanks are due to my parents and other members of my

family who were my first teachers and constant source of support.



(iii)

ABSTRACT

The studies described in this thesis were undertaken to

investigate the role of melatonin (MEL), a secretion of the pineal

gland, in the photoperiodic regulation of testicular activity in rams

of the Soay breed. For this, rams were exposed to a variety of

artificial light-dark (LD) cycles and their reproductive responses and

temporal patterns of MEL in the blood were monitored.

Exposure of intact rams to short daylengths induced testicular

development, whereas exposure to long daylengths resulted in testicular

regression. While MEL was secreted maximally during periods of

darkness in intact rams kept under short and long daylenghts, temporal

differences, related to the duration of light and darkness, were

observed in the profiles obtained under each photoperiod. There were

no differences in the absolute amounts of MEL secreted.

Rams held under constant light or constant darkness for up to lOd

maintained a 24h rhythm in their blood levels of MEL, suggesting that

this rhythm was an endogenous circadian rhythm, with the LD cycle

simply serving to entrain it.

Evidence that the blood MEL rhythm is a circadian one was obtained

in a study in which rams were exposed to a photoperiod consisting of

8hL:40hD (48h cycle) or one of 8hL:28hD (36h cycle). In the 48h cycle,

the 8h light period occurred at the same circadian time in each cycle,

whereas in the 36h cycle it occurred at alternating circadian times.

This protocol would test whether rams measure daylength by a circadian

mechanism or by counting up the hours of light and darkness in each

cycle. A consistent 24h MEL rhythm was found in the rams exposed to

the 48h cycle, but not in those exposed to the 36h cycle, i.e.

entrainment of the 24h MEL rhythm apparently depends on a LD cue

occurring at 24h intervals or multiples thereof.
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In the above experiment, the testes of the rams under the 48h

cycle became fully developed as though the rams were exposed to

ordinary short daylengths whereas those of the rams under the 36h cycle

became only partially developed. Thus a circadian mechanism also

appears to underly the photoperiodic regulation of reproduction, and

there may be a correlation between blood patterns of MEL, photoperiod

and reproductive status.

Correlations between blood patterns of MEL and reproductive state

were also obtained in an experiment in which rams were exposed to a

prolonged period (96 weeks) of either long or short daylengths. The

animals eventually became refractory to the normal reproductive effects

of each of these photoperiods, showing gonadal involution and

recrudescence despite the daylengths they were exposed to. The 24h

pattern in the blood levels of MEL were found to become disrupted

concomitantly with the onset of photo-refractoriness.

In an attempt to find the site of action of MEL, rams were

actively immunized against the hormone. Despite the achievement of

reasonable antibody titres, the photoperiodic responses of the rams

were not disturbed, suggesting that MEL might act within the CNS to

which the antibodies would have no access.

A central site of action is presumed in a model for the way in

which MEL might be involved in the photoperiodic regulation of

reproduction in the ram. It is proposed that its principal role is to

relay information about daylength to the hypothalamic-pituitary-gonad

axis. The patterns of MEL secretion closely reflect the LD cycle

through a circadian mechanism. In addition, there is a circadian

rhythm in brain sensitivity to MEL. Interpretation of the photoperiod,

and thus gonadal activation or involution, is then based upon the phase

relationships of the rhythms in MEL release and the sensitivity of the

brain to MEL.
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CSF:

BSA:

FSH:

GnRH:

LD:

n^L:n2D:

LL; DD:

LH:

MEL:

PAGE:
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RHT:

RIA:
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TERMS*

Amplitude:
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GLOSSARY

Cerebrospinal fluid

Bovine serum albumin

Follicle stimulating hormone

Gonadotrophin-releasing hormone

Light-dark cycle. A light-dark cycle is composed of light
time (L) and dark time (D); the term 'photoperiod' is
used synonymously with LD cycle

n^ hours light : n2 hours darkness

Continuous illumination; continuous darkness

Luteinizing hormone

Melatonin

Polyacrylamide gel electrophoresis

Pinealectomy

Prolactin

Retinohypothalamic tract

Radioimmunoassay

Superior cervical ganglion (ganglia)

Superior cervical ganglionectomy

Difference between maximum (or minimum) and mean
value in an oscillation

Period of illumination

Entraining agent: see zeitgeber

Entrainment:

Free run:

Long days:

Night-time:

Synchronization of a self-sustaining oscillation by
a forcing oscillation (zeitgeber). During
entrainment, the frequencies of the two oscillations
are the same or integral multiples.

State of a non-entrained rhythm, either in constant
conditions or after loss of entrainment by a

zeitgeber that is still present but too weak.

Long daily photoperiods

Period of darkness
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Phase: Instantaneous state of an oscillation within a period,
represented by the value of the variable and all its
time derivatives.

Phase angle: Value of the abscissa corresponding to a phase of the
oscillation.

Phase shift: Single displacement of an oscillation along the time
axis; may occur instantaneously or after several
transients.

Phase relation: General term for the time-relation between two coupled
oscillations.

Period: Time after which a definite phase of an oscillation
recurs.

Short days: Short daily photoperiods

Zeitgeber: The forcing (external) oscillation that entrains a

biological (self-sustaining) oscillation.

*Taken from: Handbook of Neurobiology, Vol.4: "Biological Rhythms".
J. Aschoff, Ed. p.547. Plenum Press, New York, 1981.
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GENERAL INTRODUCTION

1.1 THE MAMMALIAN PINEAL

1.1.1 Historical Perspective

The Greek anatomist Herophilus and his followers (ca.300 B.C.)

propounded the idea that the ventricles of the mammalian brain were the

"seat of the mind". This school also suggested that the pine cone-like

body in the third ventricle was a sphincter, serving to regulate the

flow of thought (Kitay & Altschule, 1954). The ancient Greeks called

this body Konarion (Singer, 1956) and, in classical anatomy it is known

as the epiphysis cerebri or conarium. Today it is more commonly called

the pineal as suggested by Thomas Willis (1621-75).

Another Greek, Galenus (132-200 A.D.), in his notes on the

dissection of the brain, described the location of the pineal in

relation to other brain structures. Galen refuted the concept of the

pineal as a sphincter, suggesting instead that it might be a gland,

similar to the lymph glands (Singer, 1956; Kitay & Altschule, 1954;

Kappers, 1981).

Rene Descartes (1596-1650 A.D.), the philosopher and physician,

designated the pineal as the "seat of the soul", since it is the only

unpaired organ in the brain (Kappers, 1979). Descartes also proposed

that the pineal received information from the eyes and other sense

organs (Fig. 1.1).

Credit for recognition of the pineal as an endocrine gland should

be given to Thomas Gibson. Reviving Galen's analogies to describe the

area surrounding the pineal, Gibson, in his "Epitome of Anatomy",

published in 1763, wrote:-



Drawing from Rene Descartes' "Tractus de Homine", in
which he depicts the pineal as a single, cone-shaped

body serving as the centre of all sensory input into
the brain. Descartes proposed that the pineal is the
"seat of the soul". (Photograph by courtesy of the

Library of the Royal Society of Medicine, London).
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The first is Glandula pinealis, or Penis; because it representeth
the Pine-nut, or a Man's Yard. It is seated in the beginning of that
Pipe by which the third and fourth Ventricles are united. Its basis is
downwards, and its apex or end looks upwards. It is of.a substance
harder than the Brain, o^ a pale colour, and covered with a thin
Membrane. This Gland des Cartes thinks to be the primary seat of the
Soul, and that all animal operators draw their origine from it. But
Bartholin has sufficiently confuted that opinion; for it seems to be
but of the same use as other Glands, and particularly the Glandula
pituitaria placed near It, viz. to separate the Lympha from the
Arterial blood; which Lympha is resorbed by the Veins (or it may be by
Vasa lymphatica) as was shown from Dr. Lower. Near to this on both
sides of this third Ventricle four round bodies appear. The two upper
are lesser, and are called Testes: the two greater are lower, and are
called Nates. The chink betwixt the Nates is called Anus.

Gibson's writings led to the idea that the pineal was the "penLs

of the brain". Despite the connotations of this term, the link with

reproduction was not made until 1898 when the French clinician

Heubner described precocious sexual development in a four-year old boy

who was found to have a pineal tumour at post mortem.

A more complete history of the discovery and early embryological,

anatomical and physiological studies of the pineal is provided by

Rolleston (1936). In 1954, Kitay & Altschule reviewed the literature

on comparative and clinical aspects of pineal function. It is their

book, "The Pineal Gland" which triggered much research into pineal

physiology.

The first pineal hormone to be isolated was the methoxyindole,

N-acetyl-5-methoxytryptamine (melatonin, MW 232). It was extracted and

characterised from bovine pineals by Lerner and his colleagues (Lerner,

Case, Takahashi, Lee & Mori, 1958; Lerner, Case & Heinzelman, 1959)

who were seeking the pineal substance that caused the blanching of frog

and tadpole skins (McCord & Allen, 1917). Lerner called the highly

potent pineal skin-lightening agent "melatonin" since it antagonised

the effects of melanocyte stimulating hormone from the pars intermedia

of the pituitary. The synthesis of melatonin was described by



Szmuszkovicz, Anthony & Heinzelman (1960). Of all the pineal compounds

identified, melatonin has received the greatest attention (Cardinali,

1981; Birau & Schloot, 1981). There are now several chemical and

immunological methods for the assay of melatonin in a variety of body

fluids and tissues (Quay, 1974; Lewy & McKay, 1978; Arendt, 1981),

but the skin-lightening effects on frog and tadpole skins still remains

the only biological assay for melatonin (Lynch, Ozaki & Wurtman,

1978) .

1.1.2 Evolution

Distinct pineal bodies, occurring as dorsally-projecting

structures on the diencephalon have been found in most vertebrates.

The few exceptions are the hagfish (Myxine), the crocodiles, endentates

and dugongs (Oksche, 1965), although there is evidence that diffuse

regions of pineal tissue might exist along the diencephalic brain roof

in some of these species (Wurtman, Axelrod & Kelly, 1968; Roth, Gern,

Roth, Ralph & Jacabson, 1980; Harlow, Phillips & Ralph, 1981). Even

the most primitive of living fishes, the jawless fishes, have pineal

systems (Edinger, 1956), pointing to the age of the vertebrate pineal.

During the course of evolution, the vertebrate pineal has shown

transformations in structure, function and innervation. In the lower

vertebrates, "pineal systems" consisting of a pineal organ and

parapineal tissues have been described, whereas distinct pineal glands

are found in birds and mammals (Wurtraan et a_l, 1968; Collin, 1971;

Kappers, 1971) .

The pineal cell has transformed from being a sensory cell

concerned with photoreception in the fishes, amphibians and lacertilian

reptiles, to an endocrine cell in snakes, turtles, birds and mammals.

There is good evidence that the avian pinealocyte has retained some of

its photoreceptive properties and can respond directly to light
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PINEALOCYTEPHOTORECEPTOR CELL RUDIMENTARY
PHOTORECEPTOR CELL

Fig. 1.2 Schematic representation of the transformation of the
photosensory cells of primitive vertebrates into mammalian

pinealocytes. Photoreceptor cells occur in the cyclo-

stomes, fishes and amphibians, and to some extent in the
chelonian and lacertilian reptiles. Rudimentary photo¬
receptor cells are found in the chelonians, lacertilians
and birds; their existence has also bee/n tentatively

suggested in mammalian embryos. Pinealocytes are found in
mammals. They are also found in snakes, and probably
occur in small numbers in the chelonians, lacertilians
and birds.

Abbreviations: b.M, basement membrane; C, centriole;

ca, blood capillary; e.r., endoplasmic reticulum;
G, Golgi apparatus; l.s.r. light-sensory region, m,

mitochondrion; n, nucleus; s.g. secretory granule; r.s.v.,
synoptic ribbon with vesicles; s.n.c., sensory nerve cell,
(drawn from: Collin, 1971; Hamaski & Elder, 1977).



(Deguchi, 1979, 1981), whereas the mammalian pineal cell has apparently

lost all its photoreceptive functions. The evolution of the mammalian

pinealocyte has been reviewed by Collin (1971) and Hamaski & Eder

(1977), and their studies are summarised in Fig.1.2.

The neural connections of the pinealocyte with the rest of the

brain have also changed during evolution. The pineal organs of the

lower vertebrates send sensory nerve bundles to the brain, whereas

in birds and mammals, the pineal gland only receives autonomic fibres

from the brain. In the mammalian foetus, however, pineal embryology is

seen to recapitulate phylogeny; nervous input from the pineal into the

brain has been described (Kappers, 1965; Quay, 1974; Ueck, 1979;

Lincoln, 1983) .

The endocrine function of the mammalian pineal is regulated by the

environmental light-dark cycle (Rei»ter, 1980; Cardinal!, 1981). For

this, it depends upon its autonomic innervation from the brain. The

avian pineal also responds to changes in the external lighting but its

responses appear to be independent of its innervation (Binkley, 1980;

Menaker, Hudson & Takahashi, 1981); this presumably reflects the

photoreceptive properties of the avian pineal cell.

1.1.3 Anatomical Aspects

The relative size of the pineal gland varies markedly within the

mammalian class. In a review of the literature, Ralph (1975) concludes

that larger pineals are found in mammals of high latitudes than in

those of the tropical and equatorial regions. The relative sizes of

the pineals of four mammals are shown in Fig. 1.3. The significance of

such differences will be discussed in Section 1.4 of this chapter.

Mammalian pineals differ greatly in shape. In some species, the

pineal is a single-structured organ whereas in others it may consist of
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RABBIT

SEAL

Fig. 1.3 Examples of variation in the size and shape of the pineal

gland in four mammalian species. Note the relatively

large pineal of the Weddell seal. This species is found
in the cool temperature latitudes and shows a marked
seasonal reproductive cycle (from: Lincoln, 1983).
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a complex of several distinct lobes. There are five classes of pineal

complexes; these are reviewed by Vollrath (1979).

The fine structure of the pinealocyte has been extensively

reviewed by Wurtman et al (1968), Kappers (1971), Oksche (1971) and

Quay (1974). The mammalian pineal cell consists of a large cell body

and a synaptic pedicle which extends towards a perivascular space (Fig.

1.2). The synaptic pedicle has a basement membrane through which it

makes contact with nerve fibres. Secretory granules are frequently

observed within the synaptic pedicle, apparently migrating from the

cell body towards the basement membrane. The cell body itself

comprises a large nucleus, a Golgi apparatus and rough endoplasmic

reticulum.

The mammalian pineal is a highly vascularised organ. The pineal

parenchyme receives its blood supply from the posterior choroid

arteries (Quay, 1974). The blood capillaries are separated from the

pineal cells by a well-developed perivascular space into which the

pinealocytes send cytoplasmic extensions (Reiter, Vaughan & Black,

1975). The mammalian pineal is surrounded by meninges, and the gland

lies in close proximity to the 3rd ventricle which is filled with

cerebrospinal fluid (CSF). There do not appear to be any structural

links such as interstitial channels or canniculi between the pineal and

the CSF (Reiter ert ai^, 1975).

Our knowledge of the neural connections of the pineal gland stem

mainly from studies in rodents. The mammalian pineal does not send

sensory nerve fibres into the central nervous systen (CNS). The only

neural link between the pineal and the brain is through the autonomic

nervous system. The major innervation comes from the sympathetic
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Fig.1.4 The neural structures involved in transmitting photic
information to the mammalian pineal. The involvement
of these structures was shown by studying changes in
the rhythmical production of pineal indoleamines in

response to the various lesions (X) shown. The initial
studies were performed in the laboratory rat, but have
since been extended to, and confirmed in, a number of
other mammalian species (see Moore, 1979). The direct
link between the retina and the SCN- the retinohypothalamic
tract - has been shown to exist in the sheep (Legan &

Winans, 1981). The neural pathway between the SCN and
SCG has not yet been identified in any species (Drawing
from:Lincoln, 1983).
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nerves originating in the superior cervical ganglia. Some of these

fibres enter along with the pineal blood vessels, while others reach

the caudal pole f the pineal by way of the nervi conarll. The axons

branch extensively and terminate in the perivascular space, in close

proximity the pinealocytes (Kappers, 1965; Quay, 1974; Moore, 1978;

Ueck, 1979). Recently, a more direct CNS sensory input to the pineal

has been described; fibres linking the habenula with the pineal have

been identified in several rodents (Ueck, 1979; Semm, Schneider &

Vollrath, 1981; Dafny, 1980).

The sympathetic nerve supply to the pineal has been found to be

essential for transmitting information about the environmental

light-dark (LD) cycle to the pineal. The neural route by which photic

information reaches the gland has been mapped by lesion studies

accompanied by studies of pineal chemistry (Fig.1.4.). Such studies

indicated that the primary optic nerves are not involved, since

blinding does not disturb pineal function. Lesions placed between the

suprachiasmatic nuclei (SCN) and the pineal did, however, alter pineal

chemistry. This led to the discovery of the retino-hypothalamic tract

(RHT) which links the eyes with the SCN, independently of the primary

visual tracts. The nerve impulse travels from the SCN to the superior

cervical ganglia (SCG) and thence to the pineal gland (Moore, 1978,

1979). The proposed neural pathway is shown in Fig.1.5. The pathway

was first described for the rat, but there is now evidence for its

existence in other mammals including the hamster (Stetson &

Watson-Whitmyre, 1976) and sheep (Legan & Winans, 1981).
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pineal

OPTIC NERVE

Fig. 1.5 Neural pathway by which light reaches the pineal.
Light falling on the retina is transformed into a

neural signal which is conducted to the hypothalamic
suprachiasmatic nuclei (SCN). This signal is carried

by unmyelinated nerve fibres which form the retino-

hypothalamic tract (RHT). The RHT is contained within
the optic nerve, but is independent of the primary
visual tract. From the SCN, the phot c information is
conducted along a pathway which descends, via the spinal
cord, to the pre-ganglionic neurones supplying the
sympathetic superior cervical ganglion (SCG). The neural
signal is reversed within the SCG, and the relase of

norepinephrine (NE) by the post-gangjionic neurones which
ascend from the SCG to the pineal is inhibited. The
dotted lines indicate portions of the pathway which have
not yet been anatomically identified.



- 12 -

1.2 PINEAL CHEMISTRY

The mammalian pineal gland contains a wide range of molecules.

Quay (1974) lists the various classes of compound as: inorganic

constituents, lipids, carbohydrates, amino acids, indoleamines,

catecholamines, nucleotides and nucleic acids, proteins, peptides,

pigments and "miscellaneous compounds". The chemistry of these

principles is described by Quay (1974).

All the peptides isolated from the pineals of mammals have

molecular weights <2000. To date, 12 pineal peptides have been

described. While their names reflect their biological actions, their

structures are not necessarily identical to those of their hypothalamic

name-sakes. The peptides identified are: arginine vasotocin and lysine

vasotocin (AVT and LVT; Milcu, Pavel & Neacsu, 1963; Pavel, 1978),

gonadotrophin-releasing hormone (GnRH, LHRH; King & Millar, 1981;

Piekut & Knigge, 1981), thyrotrophin releasing hormone (TRH;

Youngblood, Hunn & Kizer, 1979), thyrotrophin inhibitory hormone (TRIH;

Vriend, Hinkle & Knigge, 1980), pineal prolactin releasing and

inhibitory factors (PPRF and PPIF; Chang, Ebels & Benson, 1979), pineal

antigonadotrophin (PAG; Benson, Larson & Findell, 1981),

threonylseryllysine (threonine-serine-lysine; Orts, Bruot & Sartin,

1980), somatostatin releasing inhibitory factor (SRIF; Dube, Le Clerc &

Pelletier, 1975), oxytocin (Oxy; Dogterom, Suijdewint, Pe*et & Bruijs,

1979) and arginine vasopressin (AVP, Dogterom et al, 1979).

The only other class of pineal hormone that has received a great

deal of study is that of the indoleamines. Indeed, these compounds

have received even more attention than the peptides, especially in

regard to reproduction. The following section is therefore devoted to

the chemistry of the Indoleamines.
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METABOLISM OF PINEAL INDOLES

Fig. 1.6 Synthesis of pineal indoleamines.

Abbreviations: TP, tryptophan hydroxylase;
SNAT, N-acetyl transferase;
AAD, aromatic animo acid decarboxylase;

HIOMT, hydroxindole-o-methyltransferase.

N-acetyl-5-methoxytryptamine = MELATONIN.
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1.2.1 Indoleamines

Synthesis: Knowledge of the synthesis of the pineal indoleamines comes

mainly from studies with rat pineal tissue. The amino acid

L-tryptophan is the common precursor of all the indoleamines

synthesised in the pineal and elsewhere in the brain. The first step

in indoleamine synthesis is the hydrolysis of tryptophan to

5-hydroxytryptophan (5-HTP) by the enzyme tryptophan hydroxylase.

Pineal 5-HTP is unstable and is rapidly converted to serotonin (5-HT)

by the enzyme aromatic amino acid-decarboxylase. The sympathetic

fibres which innervate the pineal also contain large amounts of 5-HT

(Wurtman et_ a^, 1968) and this is likely to be another source of this

hydroxyindole in the pineal. Of all the indoleamines found in the

pineal, 5-HT is found in the highest concentrations.

Serotonin serves as a precursor for the synthesis of a number of

methoxyindoles as shown in Fig.1.6. One of these methoxyindoles,

N-acetyl-5-methoxytryptamine or melatonin, is the compound of central

interest to this thesis. Its synthesis from 5-HT involves two

enzymatic steps. Serotonin is first acetylated to N-acetyl-serotonin

through the action of N-acetyl-transferase (SNAT; EC2.3.1.5). The

N-acetyl-serotonin is then methylated by hydroxyindole-O-

methyltransferase to form melatonin (MEL). Since the enzyme SNAT is

specific to the synthesis of MEL, its activity has frequently been

measured as an index of MEL synthesis (Klein, 1978).

Neural regulation of indoleamine synthesis: The synthesis and secretion

of pineal indoleamines change in relation to the environmental LD

cycle, e.g. maximal amounts of 5-HT are found in the pineal during the

daily light phase, while maximal amounts of the methoxyindoles, such as

MEL, are found during darkness (Quay, 1974; Rollag & Niswender,



1976; Kennaway, Frith, Phillipou, Matthews & Seamark, 1977; Leone,

Silman, Hooper, Finnie, Carter, Edwards, Smith, Towell & Mullen, 1979;

Cardinali, 1981).

Photic information from the environment is conveyed to the pineal

through its sympathetic innervation. Light excites neurones in the SCN

which transmit impulses to the SCG. These impulses cause an inhibition

of the spontaneous discharges from the post-SCG sympathetic fibres

which terminate in the pineal gland. During periods of darkness, these

fibres are excited and release NE from their terminals. This NE in

turn stimulates the pinealocytes (Newman, Taylor & Wilson, 1970;

Nishino, Koizumi & Brooks, 1976; Semm & Vollrath, 1979). A daily

rhythm in NE release in the region of the rat pineal has been recorded

by Brownstein & Axelrod (1974).

The effects of NE on pineal metabolism have been most thoroughly

studied with rat pineal organ culture systems using isotopically-

labelled tryptophan as the precursor (Minneman & Wurtman, 1976; Klein,

1978). Although those studies were specifically designed to

study the regulation of the synthesis of MEL, their results may be

equally applicable to any of the other pineal indoleamines. During

darkness, the NE released from the sympathetic nerve terminals reaches

the pinealocyte by diffusion (Kappers, 1976). Here it binds to

^-adrenergic receptors, causing an increase in intracellular

cyclic-adenosine 3, 5-monophosphate (cAMP). The cAMP, acting as a

second messenger, triggers off de novo protein synthesis, including

that of the enzymes required for the conversion of tryptophan to 5-HT,

and of 5-HT to the various methoxyindoles. The synthesis of

N-acetyl-transferase is believed to be particularly dependent upon this

NE stimulation for its synthesis (Klein, 1978).
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PlNEALOCYTE

Fig. 1.7 Rhythm in the biosynthesis of melatonin. The enzymes
involved in the various conversion steps are shown
in Fig. 1.6. The production of the enzyme serotonin

N-acetyl-transferase (SNAT) appears to be the rate-

limiting step in the synthesis of melatonin.



The rhythmical synthesis of products in the MEL synthetic pathway

are shown in Fig.1.7. It should be noted that while there is a diurnal

variation in the blood levels of tryptophan (Wurtman, Rose, Chou &

Larin, 1968), its uptake into the pinealocytes seems to be regulated by

NE since it is possible to stimulate tryptophan uptake by the addition

of NE to the medium of rat pinealocytes in culture (Wurtman, Shein,

Axelrod & Larin, 1969).

As shown earlier in Fig.1.4, pineal rhythms persist during

exposure to constant photoperiods, after blinding and following lesions

which do not include the nerve tracts between the SCN and the pineal;

the rhythms that persist still have a period close to 24 h, but they

bear no relationship to the external LD cycle. Destruction of the

nerve tracts linking the SCN and pineal results in a loss of all pineal

rhythmicity. However, pineal indole metabolism is not necessarily

abolished after such lesions, since NE may still reach the pineal cells

from the original sympathetic nerve endings, or from surrounding

nervous tissue. The lesion studies have led to the view that the

pineal rhythm is generated from within the SCN; the SCN are now known

to generate many other 24 h rhythms in mammals (Axelrod, 1978; Moore,

1978, 1979; Klein, Weller, Reppert, Tamarkin & Auerbach, 1979; Rusak &

Zucker, 1979).

Pineal indole metabolism can also be altered by various

pharmacological procedures. These methods involve drugs which either

stimulate or block the^drenergic receptors on the pinealocytes, or
which block protein synthesis (Minneman & Wurtman, 1976; Smith, 1981).

Drugs which interfere with SCN function can also be used to modify

pineal activity (Zatz, 1979).
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1.2.2 Route of Pineal Secretions

It is a matter of debate as to which compartment, the CSF or the

blood, or both, the pineal secretes its principles into. The gland

appears to be outside the blood-brain barrier, and it has no

structures which might be associated with the transport of molecules,

that extend into the 3rd ventricle (Reiter et al 1975; Trentini, Mess,

de Caetani & Ruzsas, 1979; Cardinal!, 1981). Indeed, cytological

evidence suggests that the pineal cells release the contents of their

secretory granules into the perivascular space (Kappers, 1971).

Measurements of the most commonly studied pineal compound, MEL,

show that this putative hormone is found in both the CSF and the blood

of several mammalian species (Man: Arendt, Wetterberg, Heyden,

Sizonenko & Paunier, 1977; sheep: Rollag, Morgan & Niswender, 1977,

1978; rhesus monkeys: Perlow, Reppert, Boyar & Klein, 1981). Generally

the amount found in the CSF is only a small fraction of that found in

the blood; for example Rollag et al (1977, 1978) reported

concentrations in the blood which were approximately 100 times those in

the CSF.

The morphological and biochemical evidence thus implies that the

blood receives the major proportion of pineal secretions. However,

since it is widely believed that the sites of action of the pineal

products probably reside within the brain (Demaine & Kann, 1979;

Trentini et al. 1979; Reiter, 1980; Cardinali, 1981; Glass & Lynch,

1981, 1982), it could be argued that only small concentrations of the

pineal hormones would be required for action; after all, the hormones

would reach their intended sites rapidly, and without the dilution and

metabolism that they would be subject to, if they entered the general

circulation.
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Quay (1973) has proposed that there may be a counter-current flow

of blood within the great cerebral vein, whereby pineal hormones that

enter capillaries within the pineal would have ready acdess to the

intraventricular CSF without, or before, entering the systemic

circulation. Retrograde blood flow has been shown to occur in several

major blood vessels, including the great cerebral vein (Reiter et al,

1975).

Although there is evidence that MEL and other pineal

Methoxyindoles are bound to blood plasma proteins (Cardinali, Lynch &

Wurtman, 1972), the binding is apparently easily reversible. Indeed,

Laud & Smith (1979) reported that these methoxyindoles were bound to

high capacity, low affinity binding sites.

1.3 SEASONAL BREEDING IN MAMMALS

1.3.1 The phenomenon: The survival of most mammalian species of the

temperate and polar regions relies upon their ability to produce their

young at a time of year when the chances for survival of the young and

their parents are maximal. Most mammals have thus adopted a strategy

of reversible sexuality and fertility, and cycles of reproductive

activity recur on an annual basis in a very reproducible manner. The

fluctuations in reproductive competence are closely synchronised with

the seasons and hence, the phenomenon is called seasonal breeding.

Climate, predation and availability of food are three factors

which dictate the optimal time for parturition; Baker (1938) referred

to these as the "ultimate causes" of seasonal breeding. How then, do

mammals predict the time for the onset of breeding activity, given that,

in most species, (1) the most propitious time for giving birth, and (2)

the length of gestation are fixed?

In theory, the very same ultimate factors which determine the

optimal time for giving birth could also serve as environmental



- 20 -

time-telling cues (zeltgebers) for the more proximate events leading to

breeding and conception. In small mammals which have short gestation

lengths, the ultimate factors are possibly the same as the proximate

ones. However, in larger mammals, in which gestation can last for

several months, factors which allow the anticipation of the time for

breeding become necessary. These factors must be reliable so as not to

cause a wastage of reproductive effort. Cyclic events in our solar

system provide a stable cue in the form of seasonal changes in

daylength. Most seasonal breeders appear to have adapted to respond to

changes in the daily photoperiod in order to time not only their

reproductive cycles, but also their cyles of wool growth, horn growth

and appetite; these other cycles themselves contribute to the

survival and reproductive success of individuals (Hoffmann, 1981a).

That the annual cycle in daylength could serve as a timing

mechanism was first proposed by Schaffer (1907). Empirical proof for

this idea was provided by Rowan (1925) who showed that the gonads of

the Junco bird (Junco hyemalis) could be stimulated by exposure to

artificially long days during the winter. The field vole (Microtus

agrestis) was the first mammal in which daylength was shown to have

effects upon the timing of breeding (Baker & Ranson, 1932). The list

of photoperiodic mammals is now considerable, and includes the sheep

(Clarke, 1981). In every species investigated, the effects of the

natural photoperiod can be reproduced by artificial photoperiods; this

allows the study of seasonal breeding under the controlled conditions

of the laboratory.

Most small mammals have adapted to respond to long daily

photoperiods for the induction of reproductive activity, whereas larger
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Fig. 1.8 Times of conception in three breeds of sheep

originating from different latitudes (data from:

Hafez, 1952).
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ones such as sheep and deer have adapted to use a decrease in daylength

as a signal to enter the breeding condition (Turek & Campbell, 1979;

Clarke, 1981). Since the period of gestation varies from species to

species, responses to either long daylengths or short daylengths,

allows most species to produce their young during the spring and

early summer months. The daily photoperiod also appears to have a role

in timing the breeding seasons of mammals in which the proper timing of

birth is achieved by delayed implantation (Clarke, 1981; Flint, Renfree

& Weir, 1981; Hoffmann, 1981a).

1.3.2 Critical Daylength

Differences between species in the"" responses to daylength can be

explained in terms of each species having its own particular threshold

of response or critical daylength. Thus a long day species such as the

golden hamster (Mesocricetus auratus) breeds when daylengths are in

excess of 12.5 h (Gaston & Menaker, 1967), whereas a short day species

such as the sheep breeds when daylengths fall below about 10.5 h

(Hafez, 1952) .

Considerable differences in critical daylengths also appear to

exist between breeds of sheep originating from different latitudes, and

this gives rise to breed differences in the periods of sexual activity,

conception and birth. The rates of conception, with respect to time of

year, in three breeds of sheep are shown in Fig.1.8. The

Spanish-Piebald ewe from 35°N conceives between July and November

(peak conception rate in August) and the Houflon from 40°N conceives

between September and January (peak in November). The Soay from 58°N

has a much narrower period of conception, ranging from October to

December (peak in November). Generally, those breeds from the higher

latitudes have a shorter critical daylength and a correspondingly

later breeding period; this adaptation allows them to produce their
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young later in the year to correlate with the later occurrence of

optimal conditions for the survival of the offspring and parents

(Jewell & Grubb, 1974).

Differences in critical daylength might also occur between the

sexes. Short (1973) suggested that such differences would be of

adaptive advantage since the male mammal requires several weeks for

spermatogenesis whereas the female requires only a few days for the

reactivation of her ovaries to the point of ovulation. Thus, if the

male had a different critical daylength from the female, the chances of

fertile matings would be improved.

1.3.3 Measurement of daylength

Two hypothetical mechanisms by which animals might measure changes

in daylength exist. The hour-glass hypothesis proposes that animals in

some way count the number of hours of light or darkness each day. The

ratio of light to dark is perhaps reflected by the amount of some

chemical substance which accumulates to affect seasonal cycles (Hillman,

1979; Rusak & Zucker, 1979).

The second model for photoperiodic time measurement is the

circadian model (Bunning, 1973). This hypothesis is based on the

organism having an endogenous 24h rhythm in sensitivity to light or

darkness. It is the coincidence of either light or darkness with the

sensitive phase, which determines the photoperiodic response; the

sensitive phase is, itself, entrained by the LD cycle. The majority of

evidence suggests that mammals have a circadian basis to their

measurement of daylength (Ravault & Ortavant, 1977; Turek & Campbell,

1979; Rusak & Zucker, 1979; Elliott, 1981; Elliott & Goldman, 1981;

Hoffmann, 1981a; Rusak, 1981).
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1.3.4 Photorefractorlness and Annual Rhythms

The relationship between photoperiod and breeding cycle is not a

simple one. In many birds and mamamals, prolonged exposure to a

particular photoperiod results in the development of insensitivity to

that photoperiod, i.e. the animals become photorefractory. The length

of exposure to a particular photoperiod before refractoriness to it

occurs, varies between species. Usually, the refractory condition

persists until the animal is exposed to a photoperiod different to that

which induced the refractory condition in the first place. There are a

few species, however, which do not strictly conform to this pattern

(Turek & Campbell, 1979; Stetson & Tate-Ostroff, 1981).

Most small rodents become refractory to the gonado-inhibitory

effects of short daylengths. These species redevelop their gonads

during prolonged exposure to short days, but this redevelopment is

characterised by its sluggishness, relative to the rapid development

seen in response to long days (white-footed mouse: Johnston & Zucker,

1980b; golden hamster: Reiter, 1972; Stetson, Matt & Watson-Whitmyre,

1976; Stetson & Tate-Ostroff, 1981; Djungarian hamster: Hoffmann,

1981a-c).

Ferrets become refractory to the stimulatory effects of long daily

photoperiods (Thorpe & Herbert, 1976), and so resemble many avian

species (Hammer, 1968; Turek & Campbell, 1979). However, it seems that

photorefractoriness in ferrets may not be of the usual type, since

Thorpe & Herbert (1976) found that a minority of individuals could

recover spontaneously from the refactory condition, i.e. without

exposure to a different LD cycle. This type of photorefactoriness has

also been recorded in at least one species of bird, the Japanese quail



(Coturnlx coturnlx japonica); Follett, Robinson, Simpson & Harlow

(1981) reported that refractoriness in this species could be prevented

by transferring birds to increasingly long daylengths.

Photorefractoriness occurs under both natural and artificial

photoperiods and may be regarded as an adaptive safety mechanism. When

it occurs to terminate breeding it may be considered to serve to

prevent ferilisation late in the season, even though the "proximate

factors" may still be favourable. Since gestation and incubation are

of fixed duration, late breeding could result in the arrival of

offspring when the "ultimate factors" are exhausted or unfavourable

(Lofts & Murton, 1968). When it occurs to induce breeding, it may be

considered as a mechanism which maximises the continuation of the

species despite the apparently adverse conditions which may prevail.

The latter case might, of course, be an indication that the animals

have become responsive to some other environmental cue to time their

breeding.

Some birds and mammals which have apparently become

photorefractory, have been found to express seasonal reproductive and

metabolic cycles under constant photoperiods. These cycles recur at

approximately 12-monthly intervals and have therefore been termed

"circannual rhythms" (Pengelley & Asmundson, 1971; Ducker, Bowman &

Temple, 1973; Pengelley, 1974; Gwinner, 1981). Some authors argue that

the circannual rhythm is endogenously generated, with changes in the LD

cycle simply serving to couple the internal rhythm with the seasons

(Pengelley, 1974; Gwinner, 1981).



- 26 -

1.3.5 Seasonal breeding in sheep

The best experimental evidence that photoperiod is the principal

cue used by sheep for the timing of their breeding cycles comes from

the studies of Marshall (1937) and Yeates (1949). Marshall transferred

sheep from the northern hemisphere to the southern hemisphere and

observed that the breeding season of the sheep was shifted by 6 months,

corresponding to the season in their new environment. Yeates (1949)

demonstrated that, irrespective of fluctuations in other environmental

variables such as food and temperature, the sexual cycle of the sheep

was principally responsive to manipulation of the photoperiod.

Seasonal reproduction in sheep has been the subject of several

reviews (Hafez, 1952; Lincoln & Short, 1980; Karsch & Foster, 1981;

Legan & Winans, 1981; Thimonier, 1981). While all breeds of sheep

display seasonal cycles of breeding activity, it is in those from the

higher latitudes that seasonal cycles are most pronounced.

Soay Sheep

The Soay breed is one of the most seasonal breeds of sheep. It

originates from the remote islands of St. Kilda, several hundred miles

off the north-west coast of Scotland (58°N). Its ancestors were

introduced to St. Kilda by Norsemen during the Bronze Age (ca.5000

B.C.), and that neolithic stock is believed to have stemmed from the

Mouflon sheep of the European Mediterranean Basin (Fraser Darling,

1974) .

Climatic conditions are harsh, and vegetation sparse^on St. Kilda

(Jewell, Milner & Morton-Boyd, 1974), and so seasonal breeding has been

of paramount importance for the survival of the Soay sheep. Some

features of the seasonal changes in temperature, daylength and

vegetation on St. Kilda are shown in Fig. 1.9. Minimum temperatures

occur in January (4°C) while maximum temperatures occur in July (13°C).
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Fig. 1.9 The reproductive cycle of the Soay sheep in relation
to changes in the external environment (temperature,
day length and density of vegetation) on the Islands
of St. Kilda (58°N). Data summarised from: Campbell
(1974), Grubb (1974), Grubb & Jewell (1973), Jewell
& Grubb (1974), Milner & Gwynne (1974) and H.M.S.O.
Nautical Almanac (1976).
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Precipitation is high (annual total 1200 mm), with snow or hail falling

for up to 20 days each year. Strong winds occur during much of the

year; gale force 8 winds have been recorded for about 70 days per year,

and force 5-7 winds occur much more frequently (Campbell, 1974). The

density of vegetation increases from about lOg/m^ in the winter

months (December-March) to about 120 g/m^ in July and August. The

vegetation is most digestible between May and August (Milner & Gwynne,

1974).

During late September, the Soay rams on St. Kilda show the first

signs of the annual rut. This behaviour, which is concerned with

gaining access to ewes, reaches a peak in mid-October (Grubb, 1974).

By this time a large proportion of the ewes will have started to show

oestrus, and mating begins. Mating occurs in earnest during early to

mid-November, by which time almost all of the ewes are showing oestrous

cycles. The percentage of cycling ewes drops dramatically during the

latter part of November, reflecting a high incidence of conception in

the two previous weeks. The majority of conceptions occur during the

second ovulatory cycle (Jewell & Grubb, 1974). Gestation in the Soay

sheep lasts for a mean of 151.2 days (range: 148-155 days) and most

births occur during the first half of April (Jewell & Grubb, 1974).

The reproductive cycle of the Soay sheep on St. Kilda occurs with

remarkable consistency each year. The distribution of the major events

of the cycle are summarised in Fig. 1.9.

The endocrine events during the seasonal sexual cycle of Soay rams

under natural daylengths has been studied in detail by Lincoln (Fig.

1.10). The secretion of luteinising hormone (LH) occurs episodically

throughout the year, but the frequency of episodes, and amplitude of

secretion, are greatest during the months of August and September,

when daylengths are beginning to decrease. The blood concentrations of
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Fig. 1.10 Changes in the blood plasma concentrations of prolactin,
follicle stimulating hormone and testosterone of 5

adult Soay rams (mean - SEM) in relation to changes in
the natural photoperiod at Edinburgh (56°N). Changes
in the diameter of the testes and sexual skin flush

are also shown, (from: Lincoln & Short, 1980).
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follicle stimulating hormone (FSH) begin to rise gradually from about

July, reaching a maximum during September. The size of the testes

increase from June onwards and reach a maximum diameter in October.

The blood plasma concentrations of testosterone also begin to rise in

June, reaching a peak in late September-early October; this peak

corresponds with the onset of rutting behaviour and the appearance of

an inguinal sexual skin flush. The skin flush is thought to be due to

hyperaeraia of the inguinal region (Lincoln & Davidson, 1977).

Reproductive activity declines from November onwards, until the

following autumn.

It should be noted that the changes observed In the

pituitary-gonadal axis occur in advance of the longest and shortest

days of the year (summer and winter solstices). In particular, the

recovery of LH secretion and testicular size in advance of a decrease

in the natural photoperiod, and the termination of reproductive

activity while daylengths are still decreasing, might be considered to

be photorefractory events.

The testes of Soay rams are three times as heavy during the

breeding season as during the non-breeding season (Mortimer & Lincoln,

1982). Ultrastructural studies reveal only small changes in the Leydig

cells between the breeding and non-breeding periods, despite a 30%

reduction in their secretion of testosterone. Changes in Sertoli cell

activity and seminiferous tubule diameter account for the large

seasonal differences in testis size (Mortimer & Lincoln, 1982). The

significance of the patterns of secretion of the gonadotrophins (LH and

FSH) upon testicular steroidogenic and spermatogenic activity have been

discussed by Lincoln & Short (1980).

Fig. 1.10 also shows seasonal changes in the blood concentrations

of prolactin (PRL) In the Soay ram. The highest concentrations of PRL

occur in the blood during the mid-summer months, when daylengths are
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. 1.11 Comparison of changes in the diameter of the testes (mean -

SEM) of Soay rams living (a) under natural lighting condition
near Edinburgh (n = 14) and (b) under controlled lighting
of alternating 16-week periods of short days (8L:16D) and

long days (16L:8D). The rams in the first group had access

to natural pastures, while those in the second group were

maintained on a standard diet, (from: Lincoln & Short, 1980)
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longest. Intermediate levels of PRL are found as daylengths begin to

increase during the spring, and again, as daylength begins to decrease

during the late-summer months. Minimal levels of PRL are found during

the winter months. The secretion of PRL therefore shows a more-or-less

inverse relationship to that of the gonadotrophins and to changes in

testicular activity.

Cycles of sexual activity can be induced in the laboratory by

exposing Soay rams to alternating 16 week periods of artificial long

days and short days (Lincoln & Davidson, 1977). Several such

artificially-induced testicular cycles, during which the rams received

a constant level of nutrition, are shown In Fig. 1.11. Comparison with

the natural cycles (Fig. 1.11) shows that the testicular responses were

accelerated under the artificial photoperiods, due to the contracted

cycle length (32 weeks vs. 52 weeks). Otherwise, the sequence and

magnitude of changes in gonadotrophin and prolactin secretion and

testicular activity remained unchanged under these artificial cycles

(Lincoln & Short, 1980). From his detailed studies of gonadotrophin

secretion under such artificial photoperiodic cycles, Lincoln deduced

how the episodic release of hypothalamic gonadotrophin releasing

hormone (GnRH) might control the secretion of LH and FSH by the

pituitary (Lincoln & Short, 1980; Lincoln, 1981).

1.4 IMPLICATION OF THE PINEAL GLAND AND MELATONIN IN THE CONTROL OF

SEASONAL REPRODUCTION IN MAMMALS

Many early studies with extracts of pineal tissue suggested that

the pineal might have inhibitory effects upon the gonads (Kitay &

Altschule, 1954). This concept was supported by the studies of Quay

(1956) on the morphology of the pinealocytes of the white-footed mouse

(Peromyscus leucopus) during various stages of its reproductive cycle.

Quay reported large, and histologically active, pineals during the



non-breeding period compared with the breeding period. Other indirect

evidence for pineal involvement in seasonal breeding comes from the

data reviewed by Ralph (1975) showing that mammalian species from the

higher latitudes had larger pineals than species from the tropical and

equatorial regions; it is the species from the high latitudes that

have the most marked breeding seasons.

Removal of the pineal (PINX), or interfering with structures

involved in the transfer of photic information to the pineal (e.g.

superior cervical ganglionectomy, SCGx), alters the ability of many

mammals to respond to changes in the photoperiod for the timing of

their reproductive cycles. Thus, in long day species such as the

golden and Djungarian hamsters, ferrets, and voles, PINX or SCGx

prevent the gonadal involution normally induced by short daylengths or

by blinding (Hoffmann & Reiter, 1965; Hoffmann, 1974; Farrar &

Clarke, 1976; Thorpe & Herbert, 1976). On the basis of such results

from long day species, several authors promoted the view that the

pineal exerted inhibitory effects upon reproduction (Turek & Campbell,

1979; Reiter, 1980). Since these effects were not manifest during

long days, it was suggested that such species were "physiologically

pinealectomised" under long daily photoperiods.

If the pineal really acted to inhibit reproduction during short

days, by secreting more antigonadotrophin for example, an opposite

hypothesis would need to be invoked to explain breeding activity

induced by short daylengths in species such as the sheep and deer.

Moreover, in at least two long day breeders, the ferret and Djungarian

hamster, the pineal also appears to be involved in the stimulatory

effects of the photoperiod upon reproduction. For example, Herbert
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(1969, 1971) found that SCGx or PINX ferrets were unable to advance the

onset of oestrus in response to long days and Hoffmann & colleagues

found that testicular redevelopment under long days was delayed in PINX

Djungarian hamsters (Hoffman & Kuderling, 1975, 1977; Brackmann &

Hoffmann, 1977). These observations thus argue against the

anti-gonadotrophin hypothesis.

A more plausible hypothesis is that the pineal is necessary for

the transduction of photoperiodic effects, and thus for the

synchronization of reproductive activity with the prevailing season.

In support of this idea, Herbert (1972) and Herbert, Stacey & Thorpe

(1978) observed in ferrets kept under natural photoperiods, that PINX

prevented neither the onset nor the termination of oestrus; however,

the oestrous cycles of these animals eventually became asynchronous

with the photoperiod.

The foregoing suggests that the pineal is involved in the temporal

control of seasonal reproduction. So, how are its effects conveyed to

the hypothalamo-hypophyseal-gonadal axis? A humoral mechanism is

almost certainly involved, and both the pineal indoleamines and

peptides have been suggested as candidates for this role (Reiter,

1980). The indolearaine most commonly suggested to fit this role has

been MEL (Cardinal!, 1981), while AVT is the most frequently suggested

peptide (Pavel, Luca, Calb & Goldstein, 1979).

There is some tentative evidence that AVT might modify

gonadotrophin secretion (Pavel, 1978; Pavel _et al, 1979; Reiter, 1980;

Benson et _al, 1981). AVT concentrations in the pineal and CSF increase

during darkness, in the same way as those of MEL. Since the

administration of MEL induces AVT release in vivo (cats: Pavel et al,



1973), it has been suggested that this peptide might be the important

pineal hormone, with the indoleamines simply acting as local peptide-

releasing factors (Pavel et^ _al, 1979; Reiter, 1980; Benson trt al,

1981).

The evidence that MEL might be responsible for mediating the

effects of photoperiod upon reproduction stem from studies involving

the injection or implantation of this putative pineal hormone. The two

methods give different results because in the first (injection) method,

the MEL is rapidly cleared from the body, whereas the second

(implantation) method results in a sustained elevation of MEL

concentrations.

Several studies involving MEL implantation suggested that this

indoleamine inhibited reproduction. For example, MEL implantation in

male short-tailed weasels during the winter, prevented testicular

recovery during subsequent exposure to long days; implantation during

the summer resulted in testicular involution, despite the stimulatory

long daily photoperiod (Rust & Meyer, 1969). Hoffmann (1978) made a

similar observation in the Djungarian hamster; testicular development

was delayed in hamsters implanted with MEL during the winter and

subsequently exposed to artificial long daylengths. In the golden

hamster, testicular regression was induced by MEL implants during long

days (Turek, Desjardins & Menaker, 1976a), and implantation with MEL

during short days delayed the development of the gonads during

subsequent exposure to long days (Turek, Desjardins & Menaker, 1975a).

When Soay rams were implanted with MEL and challenged with a period of

short days, the implanted rams showed a very marked delay in the

recrudescence of their gonads, compared with the control rams (Lincoln

& Almeida, 1982). Thorpe & Herbert (1976) also observed antigonadal

effects of MEL, albeit by injection; ferrets thus treated showed

premature anoestrous during stimulatory long days.
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In contrast, other studies have shown that MEL may actually

promote reproductive activity. In sexually active adult golden and

Djungarian hamsters, MEL implants prevent gonadal involution upon

exposure to short days (Hoffmann, 1974; Reiter, Vaughan, Blask &

Johnston, 1974; Turek e^ al, 1976a). If the animals are implanted with

MEL after the testes have regressed under short days, premature

redevelopment occurs (Turek & Losee, 1978).

The above results suggest that MEL implants counteract, or

interfere with, the normal effects of the photoperiod upon gonadal

activity. This conclusion is supported by the discovery that

reproductive events which are photo-independent, for example,

spontaneous recovery from the inhibitory effects of a particular

photoperiod, are not affected by MEL implants; thus short day

refractoriness in the Djungarian and golden hamsters cannot be

prevented by MEL treatment (Hoffmann, 1973; Turek & Losee, 1978).

Puberty in the golden hamster also occurs independently of the

photoperiod (Reiter, Sorrentino & Hoffmann, 1970) and pre-pubertal

treatment with MEL is without effect in this species (Turek, 1979a). In

contrast, Brackmann (1977) showed that implantation with MEL caused a

delay in the sexual maturation of Djungarian hamsters; pubertal

development in this species is regulated by the photoperiod (Hoffmann,

1978). It is also pertinent to mention here that the effects of MEL

implantation are more profound in photoperiodic mammals than in

non-photoperiodic species (Turek, Desjardins & Menaker, 1976a).

The main criticism aimed at the experiments in which MEL implants

have been used, is that the treatment results in an unphysiological

situation, in which MEL levels are elevated throughout the day, rather

than during periods of darkness only. This criticism has been overcome

by the use of MEL injections, given at specific times of the day.

Tamarkin, Westrom, Hamill & Goldman (1976) and Tamarkin, Lefebvre,



Hollister & Goldman (1977) found that single dally Injections of MEL

given near the end of the light period of a normally stimulatory long

day, caused gonadal regression in male and female golden hamsters.

However, a similar injection given earlier in the day did not cause

gonadal regression, i.e. hamsters respond differently to MEL at

different times of the day, suggesting that the pattern of MEL

delivery, and thus presumably its secretion, is critical in determining

its effects upon reproduction. Timed injections of MEL in golden

hamsters have also proved capable of inhibiting testicular regression

induced by short days (Turek & Pappas, 1980). Thus, MEL itself appears

to modulate the photoperiodic signal. Both the amount and the temporal

pattern of its availability appear to be important in determining the

photoperiodic response. Lastly, as with implanted MEL, timed injections

of MEL are only effective in altering photo-dependent changes in

reproductive activity. For example, MEL injections in golden hamsters

fail to prevent spontaneous gonadal recovery during short days

(Bittman, 1978; Bittman, Goldman & Zucker, 1979), or of attainment of

sexual maturity (Rissman, 1980).

Additional evidence that MEL might play a role in seasonal

reproduction comes from observations in sheep and hamsters: the pineal

content of the golden hamster varies throughout its seasonal

reproductive cycle (Rollag, Panke & Reiter, 1980), and studies of the

blood concentrations of MEL in sheep reveal significant changes in

amplitude and temporal pattern which can be correlated with photoperiod

and reproductive status (e.g. Rollag, O'Callaghan & Niswender, 1978;

Arendt, 1978; Arendt & Symons, 1981).

It has been argued that MEL is not the pineal compound that

modulates the photoperiodic responses of mammals, but rather that it is

a local factor acting upon the pineal itself to release other pineal
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substances such as AVT (Reiter, et al. , 1974; Panel et al., 1979).

This suggestion Is refuted on the basis that MEL has similar effects on

reproduction even after PINX (Hoffmann & Kuderling, 1977; Turek, 1977;

Tamarkin & Goldman, 1977a; Goldman, Hall, Hollister, Roychoudhury,

Tamarkln & Westrora, 1979). The effects of MEL therefore appear to be

Independent of the pineal gland Itself. It is interesting however,

that Blttman & Zucker (1981) found In the golden hamster, that

re-sensitizatlon by long days following short day refractoriness, can

be prevented by PINX. They proposed that the pineal might secrete some

other factor which restores brain sensitivity to both the photoperiod

and MEL.

The site of MEL action remains elusive. Membrane and cytosol

receptors for MEL have been identified in specific brain areas such as

the medial basal hypothalamus (Cardinal!, Vacas & Boyer, 1979), the

pineal gland itself (Cardinali & Vacas, 1981; Grota, Holloway & Brown,

1981) and peripheral tissues such as the liver and reproductive tract

(Cardinali, 1981; Cardinali & Vacas, 1981). The brain receptors for

MEL are reported to show different capacities for the hormone at

different times of the LD cycle (Cardinali & Vacas, 1981).

It has been reported that the effects of MEL are altered in golden

hamsters with lesions placed in their SCN (Bittman, Goldman & Zucker,

1979; Rusak, 1980). This observation is interesting in view of a

recent report that the effects of MEL implants upon reproduction in the

white-footed mouse are most effective when placed in the medial pre¬

optic and supra-and retrochiasmatic nuclei of the hypothalamus (Glass &

Lynch, 1981,1982). These studies therefore suggest that MEL might act

to alter the time-measuring ability of mammals, through its actions on

the central circadian rhythm generator, the SCN. The SCN have already

been strongly implicated in the control of seasonal breeding in sheep

and other mammals (Domanski, Przekop & Polkowska, 1980; Elliott &
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Goldman, 1981).

It will be recalled that changing patterns in GnRH secretion are

believed to cause the downstream changes seen during seasonal breeding

cycles (Lincoln & Short, 1980; Goodman & Karsch, 1981). Studies by

Demaine & Kann (1979,1981) indicate that MEL might act to alter the

electrical activity of the hypothalamic neurones responsible for

secreting GnRH. In vitro studies on the isolated, perifused medial

basal hypothalamus also suggest such an action for MEL (Kao & Weisz,

(1977).

Martin & Klein (1976) observed that MEL inhibited the neonatal rat's

pituitary response to GnRH, in vitro, suggesting that the gonadotrophs

might also be a site of MEL action. Similar in vivo data were reported

for mature and immature dogs (Yamashita, Mieno, Shimizu & Yamashita,

1978; Mieno, Yamashita, Iimori & Yamashita, 1978). Tests in two other

species, however, failed to support this idea (neonatal golden hamster:

Bacon, 1982 ; Sattler & Martin, 1981; adult ewes: Symons & Arendt,

1982).

1.5 AIMS OF PRESENT STUDIES

There is a well-pronounced seasonal cycle in the reproductive

activity of the Soay sheep (Jewell & Grubh, 1974; Lincoln & Short,

1980) and recently, much detailed information on the photoperiodic

control of gonadotrophin secretion and testicular activity in this

breed has been collected (Lincoln & Short, 1980). In addition, the

photoperiodic response of Soay rams has been shown to depend upon an

intact pineal gland (Lincoln, 1979a,b). With the availability of

sensitive assays for the detection of MEL in the blood, it became

feasible to investigate the role of this putative pineal hormone In the

control of seasonal breeding In the Soay sheep. As part of the present

research project, a radioimmunoassay for MEL (Rollag & Niswender, 1976)

was established, and measurements of MEL were made in the blood plasma
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of Soay rams exposed to a variety of photoperiods. This allowed

correlations between patterns of MEL secretion and reproductive status

to be investigated.



CHAPTER 2

GENERAL MATERIALS AND METHODS
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GENERAL MATERIALS AND METHODS

2.1 ANIMALS : All the studies described in this thesis were

carried out on rams of the Soay breed of sheep (Fig. 2.1). This breed

was chosen because it shows pronounced seasonal changes in its

reproductive physiology and behaviour (Grubb & Jewell, 1973; Lincoln &

Davidson, 1977) ; futhermore, these changes can be induced by changes

in the artificial photoperiod in the laboratory (Lincoln & Short,

1980). The origin and ecology of the Soay breed has been reviewed by

Jewell, Milner & Morton-Boyd, (1974).

The rams were obtained as lambs from either the existing flocks

held on the farms of the Animal Breeding Research Organization (ABRO)

at Roslin, near Edinburgh or from a commercial source (P. Mapson,

Cambridge). They were either maintained under natural photoperiods and

diets supplemented with hay and turnips, or in light-proof sheds with

artificial light-dark cycles. The rams held Indoors were fed a

formulated pelletted diet (ABRO, AA6), supplemented with hay.

The artificial daylight in the light-proof sheds was provided by

fluorescent strip lights (Mazda) which gave approximately 160 Lux at

the level of the sheep's heads. The artificial photoperiods the rams

were normally exposed to consisted of alternating 16 week periods of

either long daily photoperiods (16 hours light : 8 hour darkness,

16L:8D) or short daily photoperiods (8 hours light : 16 hours darkness

8L:16D). The changes from one photoperiod to another were abrupt and

were achieved by altering the timing of "lights out" by 8 hours.

Occasions when such schedules were not employed are specificially

referred to in the text.

The temperature in the light-proof sheds was not controlled, but
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Fig. 2.1 An adult Soay ram living under natural conditions
on the field station belonging to the A.R.C.
Animal Breeding Research Organization, Roslin,
Midlothian (May, 1982).
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supplementary heating was provided during the winter months to reduce

day-night fluctuations in temperature.

The rams held in the sheds were individually penned, but were in

visual, olfactory and auditory contact with each other. They were fed

once daily between 08.00 and 09.00 hours. Water was available ad lib

The day-to-day care of the rams was provided by Norah Anderson.

2.2. Measurement of testis size and sexual flush

The shortest diameter of each testicle was measured, within the

scrotum, using Vernier callipers (Lincoln & Davidson, 1977).

Hyperaemia of the inguinal skin, here referred to as the "sexual

flush", was scored on an arbitrary scale of 0"5; the higher the flush

score, the greater the degree of hyperaemia (Lincoln & Davidson, 1977).

Intense sexual flushes were found to correspond with high blood levels

of testosterone (Lincoln & Davidson, 1977).

2.3. BLOOD COLLECTION FROM SHEEP

2.3.1 Venepuncture: Single 5ml blood samples were collected by

venepuncture of the jugular vein, using a heparinized (Weddel

Pharmaceuticals, London) evacuated glass tube, fitted with a

"Vacutainer" needle of 21G gauge (Beckton Dickinson USA). When serum

samples were required, heparin-free tubes were used.

2.3.2 Cannulation: When blood samples were required at frequent

intervals (e.g. every 20 minutes, or hourly), cannulae (Braunula Luer,

Armour Pharmaceuticals) were Inserted into a jugular vein of the rams.

The area surrounding the point of insertion of the cannula was first

shaved and swabbed with a disinfectant (thiomerosal in alcohol; Royal

Infirmary of Edinburgh Pharmacy). The position of the cannula was

maintained with 2-3 sutures placed through the skin of the neck.

Connection of the cannula to a 3-way tap was made by means of a length

of manometer tubing (Portex Ltd., Hythe, Kent). In this way the

animals could be sampled with minimum disturbance. The cannulae were



inserted at least 16 h prior to the start of the blood sampling. They

were kept patent by flushing through with heparinized saline (5000 IU

heparin/litre 0.9% sterile saline). 3-4 ml samples of whole blood were

withdrawn on each occasion and replaced with a similar volume of

heparinized saline. Cannulae were repaired or replaced whenever

feasible, and during darkness, this was done by using a low-intensity

hand-held torch which emitted a point source of light that could be

directed at the jugular vein. Care was taken not to shine the light

into the eyes of the sheep.

2.3.4. Separation and storage of blood plasma and serum : Blood plasma

was obtained by centrifuging the heparinized blood samples at 2000g for

30 minutes, and transferring the clear plasma supernatant into plastic

vials (Sarstedt, Leicester). Blood from which the serum was to be

harvested was allowed to clot for at least 16h at 4°C before

centrifugation and aspiration of the supernatants into plastic vials.

The plasma and serum samples were stored, capped, at -20°C until

required for the assay of hormone and electrolyte concentrations and

antibody titres. Anti-biotics were not added to any of the samples.

2.4. SUPERIOR CERVICAL GANGLIONECTOMY (SCGx)

The SCG were surgically removed from both sides of the neck by Dr.

G.A. Lincoln, following the procedures described by Appleton & Waites

(1959). The operations were conducted in partially sterile conditions,

under fluothane/nitrous oxide oxygen (British Oxygen Co.) anaesthesia.

The rams received 1ml (i.m.) of the antibiotic Streptopen (Glaxo) for 1

week after the SCGx. Rams which received the sham operation were

similarly treated.

The SCGx rams all showed the symptoms of Horner's Syndrome (ptosis

of eyelids, constantly warm horns due to hyperaemia of horns, dry

nostrils) for up to 4 years after surgery (Lincoln, Klandorf &

Anderson, 1980).
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2.5. RADIOIMMUNOASSAYS

2.5.1 Radioimmunoassay of Melatonin

Blood plasma concentrations of MEL were measured by the RIA method

described by Rollag & Nlswender (1976), after slight modifications.

Initial attempts to set up the assay described by Arendt, Wetterberg,

Heyden, Sizonenko & Paunier (1977) failed.

The radioimmunoassay (RIA) of a compound requires a specific

high-titre, high-affinity antibody against the compound of interest

(Skelly, Brown & Besch, 1973; Hunter, 1978; Hurn, 1974; Pratt, 1978).

Melatonin (N-acetyl-5-methoxytryptamine, MW 232; Fig. 2.2) is not

inherently antigenic but can be made immunogenic by conjugating it, or

a closely related compound, to a large protein (e.g. BSA, thyroglobulin

etc). Due to its small size, the production of specific antibodies to

MEL has proved particularly difficult.

Radioimmunoassay also requires a radioactively-labelled form of

the substance to be measured (Yalow & Berson, 1968). Hunter (1974)

has discussed the need for pure antigens which can be labelled to high

specific activities in order to achieve specificity and sensitivity.

The size and structure of native MEL has been a limiting factor in the

production of tracers with high specific-activities. For example, ^H

substitution can only be made in one position of the MEL molecule and

the highest specific-activity achieved is in the order of 30 Ci/mmol,

compared with 100 Ci/mmol for other haptens such a*s testosterone and

progesterone. Hunter (1974) and Pratt (1978) describe many advantages

of using 125i-labelled antigens instead of ^H-antigens; the chief

advantages are convenience, precision and sensitivity. Direct

radioiodination of the MEL molecule is not possible however, and while

it is possible to successfully iodinate MEL-BSA conjugates, such

tracers fail to bind to the antisera (O.F.X. Almeida, unpublished
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observations; J. Arendt, personal communication). This problem

presumably arises from the fact that the affinity that the antibody

shows is greater for the bridge through which the hapten is attached to

the carrier protein than for the hapten ("bridge-binding"; Hunter, Nars

& Rutherford, 1975; Nordblom, Webb, Counsell & England, 1981). Rollag

& Niswender (1976) synthesized an analogue of MEL, which was suitable

for radioiodination, by conjugating the ester N-succinimidyl-3-

(4-hydroxyphenyl)-propionate to 5-methoxytryptamine.

Their method is based on the "conjugation- labelling" technique of

Bolton & Hunter (1973).

Initial assays : Initially, an RIA using ^H-MEL (New England

Nuclear, GmBH; 26Ci/mmol) was established using an antiserum raised

against N-acetyl-5-methoxytryptophan-BSA (Rabbit K244 : Arendt et al.,

1977; K244 obtained courtesy of Dr. J. Arendt, Guildford, Surrey). The

sensitivity of that assay was lOpg/tube. However, K244 was not

available in sufficient quantities for routine determinations and an

unsuccessful attempt was then made to set up a sensitive RIA using a

different antiserum provided by Dr. J. Arendt (Sheep B31;

N-acetyl-5-methoxytryptophan-thyroglobulin). Both these earlier

methods originally employed an ammonium sulphate precipitation step to

separate bound from free fractions at the end of the assay, and the

free fraction was counted. A more convenient method whereby the bound

pellet was re-dissolved in methanol and counted in the assay tube,

after the addition of 0.4% Butyl-PBD/ Toluene (Koch-light) scintillant

was developed.

Final assay : Since an assay with high through-put and sensitivity

was required for these studies, the system of Rollag & Niswender (1976)

was eventually adopted, with some modifications as described below.

Antiserum

The antiserum (R1055), provided by Professor G.D. Niswender
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(Colorado), was raised in rabbits against a conjugate of N-succinyl-5-

methoxytryptamine and BSA (Rollag & Niswender, 1976; see Fig. 2.2).

The specificity of this antiserum has been described by Rollag &

Niswender (1976). The only further test of specificity conducted was

with the compound O-Acetyl-5-methoxytryptophol (Smith, Francis, Leone &

Mullen, 1980; synthesized by Dr. R.F. Seamark by acetylating

N-acetyl-serotonin with acetic anhydride). A 100% cross-reactivity was

obtained with this compound. However, its iramunoreactivity could be

reduced to undetectable levels by extracting it into 0.1M NaOH buffer

(pH13). Subsequent studies using this extraction indicated that this

compound is not normally present in sheep plasma (day or night). To

date, 0-Acetyl-5-methoxytryptophol has only been identified in the rat

pineal gland (Balemans, Smith & de Reuver, 1981), and it seems that it

is unlikely to occur in the plasma due to its susceptibility to

hydrolysis (Dr. I. Smith, personal communication).

Synthesis of analogue of melatonin for radioiodination

The analogue, N-succinimidyl-3-(hydroxyphenyl)-propionate

(Fig.2.2) was synthesised according to the method of Rollag & Niswender

(1976) and Dr. M.D. Rollag (personal communication). All the reagents

used were of analytical grade and, unless specified, were obtained from

BDH Chemicals. Anhydrous dioxane was prepared by mixing 100 ml dioxane

with 10 g of Grade 4A molecular sieves in a sealed container for 1

week.

Solution 'A' was prepared by dissolving 1 mmole (190 mg) of

5-methoxytryptamine (Sigma) and 1 mmol (238 ul) of tri-N-butylamine

(Koch-Light) in 15 ml dry dioxane. (The tri-N-butylamine serves as a

catalyst). Solution 'B' was prepared by dissolving 1 mraole (263mg)

N-succinimidyl-3-(4-hydroxyphenyl)-propionate in 15 ml dry dioxane.

Solutions 'A' and 'B' were mixed, and left in a shaking water-bath at

22°C, for 12hr in darkness. The reaction mixture was then centrifuged
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for 0.5hr at 2000g. The pellett was discarded, and the supernatant was

transferred to a separating funnel and washed with 20ml 0.1M

NaHC03 (pH 8-9) for 1 hr, so as to hydrolyse any unreacted

N-succinimidyl-3-(4-hydroxyphenyl)-propionate. The melatonin analogue,

together with unreacted 5-methoxytryptamine and tri-N-butylamine, was

extracted from this mixture with 50ml ethyl acetate. The ethyl acetate

extract was washed 3 times with 10ml 0.1M NaHC03 (pH 8-9) and 3 times

with 0.1N HC1 (adding extra ethyl acetate as appropriate), so as to

partition the analogue into the organic phase^and the

5-methoxytryptamine and tri-N-butylamine into the acidic aqueous phase.

The solvent was removed using a rotary evaporator and the resulting

white oil stored in 5ml methanol. The concentration of this 'stock

solution' was determined by measuring its optical density at a

wavelength of 279nm (extinction coefficient at 279nm=5000; M.D. Rollag,

personal communication). The analogue was synthesised on two occasions

'vith yields of 40.3% and 57.3%; a 100% yield would have provided 338mg

(1 mmole) of the analogue. The stock methanolic analogue solutions

were stored at -20°C, and appropriately diluted with methanol to give a

'working solution' containing 0.5 mg analogue/ml methanol when required

for radioiodination.

Radioiodination of Melatonin Analogue

The MEL analogue was radioiodinated according to the method of

Rollag & Niswender (1976), with slight modifications.

To 5 ug (15 nmoles) of the analogue (contained in 10 j»l methanol)
in a stoppered 1 ml glass vial, the following additions were made, in

sequence, at room temperature, and with thorough mixing after each

addition:-

1. 50 fxl 0.1M phosphate buffer (pH 7.1; without preservatives)
2. 1 jig. lactoperoxidase (Sigma; 21.4 ml; enzyme activity checked:



ratio of O.D. at 412 nm to O.D. at 280 run = 0.75; 1 pg. added in vol

volume of 1 pi deionized water.

3. 2 mCi Nal25i (Product IMS 30; Amershara; iodine in-20 pi

carrier-free in NaOH solution, pH 7-11, free from reducing agent).

4. 40 ng hydrogen peroxide (Hopkins & Wilkins; spectrophometric

verification of stock solution at 230 nra, molal absorptivity = 72.4;

40 ng added in 10 pi deionized water).

These reagents were mixed on a vortex mixer for 12 min and then

100 pi of 16% sucrose in a buffer of 0.022 M boric acid, 0.0064 M

disodium EDTA and 0.014 M Tris (pH 8.9; all reagents from Sigma) were

added. The products of iodination were separated by polyacrylamide gel

electrophoresis. Glass rods (5 x 75 mm; Pharmacia) filled to 65 run

with 7.5% polyacrylamide were used for this separation. Each gel rod

was loaded with 50 pi of the iodination and sucrose mixture. A

continuous water-cooled buffer system of 0.011 M boric acid, 0.0032 M

disodium EDTA and 0.007 M Tris (pH 8.9; all reagents from Sigma) was

used and the gels were subjected to anodic electrophoresis at a

constant current of 4mA/gel for between 60 and 90 minutes. On a

separate gel, 50 pi of a bromophenol blue BSA solution (0.1%

bromophenol blue, 1% BSA, 16% sucrose in buffer containing 0.011M boric

acid, 0.0032 M disodium EDTA and 0.007 M Tris, pH 8.9-9.0) were run for

calibration purposes (the bromophenol blue migrates as a broad diffuse

band, in front of the BSA which is characterised by a narrow deep blue

band). Electrophoresis was stopped when the BSA band had migrated

approximately 2/3 through the gel. At this time the monoioiodinated

analogue would be expected to be 1/2-way, and the diiodinated analogue

2/3-way through the gel (Dr. M.D. Rollag, personal communication).

Following electrophoresis, the gels were extruded and sectioned into

17 segments, each segment being approximately 4 mm in width. Each

segment was eluted for 12-16 in 1 ml 0.01M phosphate buffer
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Fig. 2.3 A typical electrophoretogram (PAGE) obtained on

separating the products of radioiodination of the
MEL analogue.



- 53 -

FRACTION NUMBER

Fig. 2.4 Elution profile obtained from Sephadex G-25 chromatography
column used to separate the products of radioiodination
of the MEL analogue.
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(containing 1% gelatin and 0.1% thiomersal, pH 7, all reagents supplied

by BDH Chemicals). A typical separation profile is shown in Fig. 2.3.

In every iodination performed (n=27), three peaks were obtained: the

peak at the anodic end corresponded to the diiodo-form, that in the

middle to the monoiodo-forra and that at the cathodic end to unreacted

iodine and other products of the iodination. Aliquots of the middle

(monoiodo-form) peak were tested for specific binding in the RIA

described in the following section. Those eluates which showed 20-40%

specific binding were pooled and stored at 4°C. Aliquots from this

pool were diluted in phosphate-gelatin buffer to give 40,000 - 50,000

cpm/100 ul, for use in the RIA (as it was not possible to quantify how

much of the analogue was monoiodinated, the specific activity of the

tracer could not be determined). The purity of the tracer and its

possible deterioration with time, was not tested, but reproducible

results were obtained with the same preparation for up to 6 weeks.

On 6 occasions, 100 pi 0.01M phosphate gelatin buffer was

substituted for the 100 pi 16% sucrose in boric acid, EDTA and tris
buffer in the above procedure. On these occasions the products of

iodination were separated by gel chromatography using a 1x15 cm column

containing Sephadex G-25 (Pharmacia) equilibrated with

preservative-free 0.01M phosphate buffer (pH 7.1). Prior to loading,

the packed gel was coated with a solution of 1% BSA in 0.01M phosphate

buffer. The iodinated mixture ( 190 pi) was eluted with 0.01M

phosphate buffer and collected in 2ml fractions. A typical elution

profile from this method of separation is shown in Fig. 2.4. This

method of separation was abandoned since the elution of the

monoiodinated-analogue peak took between 4 and 8 hours, and because it

had a relatively low specific binding (10-15%).

Radioimmunoassay of Melatonin

The extraction and assay procedures described are based on the



methods of Rollag & Niswender (1976) and Dr. M.D. Rollag (personal

communication). All the reagents used were of analytical grade and

obtained from BDH Chemicals unless specified.

Additions of plasma, standards and diluent buffers were made using

either precision dispensing instruments (Gilson, Eppendorf) or an

automatic dispensing system (Micromedic Systems Inc.) Additions of

antiserum and labelled hormone were made using a 5.0 ml capacity, 0.1

ml graduated, Hamilton repeating syringe dispensor. Chloroform,

petroleum ether and ethanol were dispensed using Oxford Repeating

Dispensers. All determinations were made in duplicate.

(a) Extraction: Plasma samples, quality control samples, "blanks"

(distilled water), and plasmas spiked with ^H-Melatonin (New England

Nuclear, Gm BSA; 36 Ci/mmol), were extracted in 12 x 75 mm glass tubes

as follows:-

1. Add 200 pi sample
2. Add 500 pi 0.1M carbonate buffer, pH 10.25
3. Add 2 ml chloroform

4. Mix on multi-vortex shaker for 30 min, at 20°C

5. Remove upper aqueous phase by aspiration (after centrifuging if

interphase is not well marked)

6. Add 1 ml distilled water

7. Mix on multi-vortex shaker for 5 min at 20°C

8. Centrifuge at 2000 g for 30 rain at 4°C

9. Remove upper aqueous phase by aspiration

10. Dry organic phase at 40°C under nitrogen

11. Reconstitute in 500 pi 0.01 M phosphate buffer (with 0.9% NaCl,
(pH7)

12. Mix and incubate in darkness for 16-24 h at 20°C

13. 2 ml petroleum ether (40°-60°C b.p.)

14. Mix on vortex mixer
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15. Freeze aqueous layer in dry ice/ethanol bath; decant organic

phase (waste) .

16. Thaw out aqueous phase at 20°C in darkness.

The extraction efficiency of this method was checked by comparing

the ^H-MEL activity in the plasma samples spiked with ^H, with that

in unextracted plasma spiked with ^H-MEL. Liquid scintillation

counting was performed on a Packard 3600 instrument, using 0.4%

butyl-PBD in toluene as the scintillation fluid. The mean efficiency

of this extraction procedure was 82.2% (n=30), with a co-efficient of

variation of 9.5%. Corrections for recovery were only made when the

extraction efficiency for a particular assay was below 70%.

(b) Assay (modified from method of Rollag & Niswender, 1976): The

assay buffer was 0.01 M phosphate buffer containing 0.9% NaCl 0.01%

thiomersalate and 0.1% gelatin (pH 7.0).

The antiserum was used at an initial dilution of 1/64000 in 0.01M

phosphate buffer containing 0.9% NaCl and 0.005% rabbit J'-globulin
(Miles Laboratories). In the early versions of this assay 0.05 M EDTA

was included in this buffer, but was later excluded as it was found to

interfere in the assay in an unpredictable manner.

A stock standard solution containing 1 mg melatonin/ml ethanol was

prepared and stored at -20°C. (The melatonin was obtained from

Sigma). This solution was diluted, in 3 serial dilutions, to give a

"working standard solution" of 1 pg melatonin/ml. These dilutions were

made in the assay buffer. Fresh batches were prepared for each assay.

Standards used in the assay ranged from 1 to 500 pg/tube (equivalent to

5-2500 pg/ml) and were made up to a volume of 500 pi with assay

buffer.

Dilutions of the ^25j_meiatonin analogue, calculated to

provide 40,000-50,000 cpm/100 pi, were also made in the assay buffer.



The assay procedure consisted of the following steps: to each of

the tubes containing standard solutions, 500 y1 assay buffer, or plasma
samples, 200 yil of the diluted antiserum were added (200 ul of 0.01 M

phosphate buffer containing 0.9% NaCl and 0.005% normal rabbit ^—
globulin were added to those tubes set up to determine "non-specific

binding"). The contents of the tubes were mixed on a vortex mixer and

then incubated for 24 h at 0-2°C. One hundred ul of diluted

^25j_rae^atonj[n analogue were then added to each tube, and the

contents of the tubes were mixed and incubated for 48 h at 0-2°C.

Following this incubation, 2 ml ethanol were added to all the tubes

(except those used to monitor the total amount of radioactivity added),

and the tubes were centrifuged at 2000 g for 30 min at 4°C. The

antibody-bound and free 125-j-_me^aton;£n analogue fractions were

separated by decanting the liquid contents of the tube. The

12^1-activity Df j-^e pellets (bound fraction) was determined in a

^-spectrometer (LKB).
(c) Calculation of results: The assay results were calculated using a

programme written by Dr. R. M. Sharpe for a desk-top calculator

(Hewlett-Packard 9821 A). In calculating specific binding, allowance

was made for non-specific binding. A logit-transformation was

performed on the binding data for the standards, and the method of

least squares was used to fit a regression line through the data

points. Complete details of the statistical procedures incorporated in

the program are described in Sharpe (1979). The upper and lower

"cut-off" points for interpolation were 90% (of zero-binding) and 10%

(of zero-binding) respectively. Other calculations (e.g. correction

for recovery subtraction of "extraction blanks" and conversion of

values in terms of pg/tube to pg/ml) were peformed manually.

(d) Assay characteristics: A typical standard curve is shown in
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- 58 -

Fig. 2.5 Fifty percent inhibition of 125j-mEL analogue binding

was achieved by 27 pg of MEL and the "least detectable dose (90%

cut-off point) was 3.5 pg/tube, in the illustrated example. Extraction

blanks never exceeded 25 pg/tube.

Validation of MEL RIA

The RIA method described above has already been validated by

Rollag and Niswender (1976) for use with ovine serum, but nevertheless,

a number of validation tests were carried out in the laboratory since

most of the samples were of blood plasma rather than of serum in the

present study.

(a) Chromatographic identity: Three pools of ovine plasma (collected

during the middle of the night, middle of the day, and one made from a

mixture of day and night-time samples) were incubated with

^H-Melatonin (New England Nuclear) for 3 hr at room temperature.

After extraction of the samples, as described above, aliquots of the

extracts were applied to Eastman No.6060 Chromatogram Sheets (Kodak)

and chromatographed in chloroform: methanol (9:1). Each

chromatogram was cut into 28 equal segments, and the segments were

eluted in 1 ml assay buffer for 16 h at room temperature. The eluates

were assayed by both liquid scintillation spectrometry and RIA.

As shown in Fig.2.6, ^H-MEL co-migrated with immunoreactive MEL

(Rf values: 0.46-0.68).

(b) Parallel inhibition: Fig. 2.5, showing a typical standard curve in

the RIA, also shows the displacement of the analogue by

various volumes (10,25,50 and 100 pi) of an ovine plasma extract. The

slopes of the logit-transformed data for the standard curve and plasma

extract displacement curve were -0.801 and -0.92 respectively: these

slopes were found not to be significantly different.

(c) Accuracy: Varying amounts of MEL were added to aliquots of ovine
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Fig. 2.6 Chromatographic localization of MEL immunoreactivity
and ^H-MEL (details in text).



Fig. 2.7 Recovery of MEL added to daytime ovine plasma already
containing 34.7 pg MEL/ml. Each point represents the
mean (- S.E.) of 4 determinations.
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plasma collected during day-time to give plasma concentrations of 50,

125, 250 and 500 pg/ml, and the various pools were extracted and

assayed, in quadruplicate by RIA. The results of the test are shown in

Fig. 2.7; there was a significant correlation between the assayed

concentrations and the theoretical concentrations of the 4 plasma pools

(the y-intercept of the fitted line in Fig. 2.7 indicates that the

endogenous MEL content of the plasma was 34.7 pg/ml).

(d) Intra-assay variation: This parameter was assessed by assaying

aliquots of 3 ovine plasma "quality control" pools in sextuplicate in

the same assay. The coefficients of variation for the various pools

were 21.4%, 12.3% and 9.7% at concentrations of approximately 30,75 and

130 pg/ml, respectively.

(e) Inter-assay variation : three quality control pools of ovine

plasma were assayed, in duplicate, on 25 consecutive occasions. The

inter- assay coefficients of variation were found to be 26.6%, 14.6%

and 8.9% for plasma pools with mean MEL concentrations of 28.0, 77.4

and 127.4 pg/ml respectively.

(f) Plasma vs. Serum Extracts : Rollag & Niswender (1976) described

their assay for use with blood serum samples. Most of the samples used

in this study however, were of blood plasma. To test for possible

differences in estimates obtained for the two fluids, plasma and serum

were prepared from a single blood pool collected from a Soay ram during

darkness. The plasma and serum were extracted identically and the MEL

content of their extracts measured by RIA. The two fluids were found

to contain nearly identical amounts of MEL.

2.5.2. Radioimmunoassay of ovine prolactin

A homologous, double-antibody RIA (Lamming, Moseley & McNeilly, 1974;

McNeilly & Andrews 1974) was used to measure blood plasma
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concentrations of prolactin. The lower limit of detection of the assay

(90% of zero-binding) was 1.6 ng/ml. The intra- and inter-assay

coefficients of variation were 4.3% and 12.2% respectively. The

reference standard used was NIH-P-S9 obtained from the Pituitary Agency

of the National Institute for Arthritis, Metabolic and Digestive

Diseases (USA). Computation of results was according to the method

described by Sharpe (1979). All samples from one animal were measured

in duplicate in a single assay or in adjacent assays.

2.5.3 Radioimmunoassay of Testosterone

Blood plasma concentrations of testosterone were measured, after

extraction with hexane-ether (Corker & Davidson, 1978) by the RIA

method described for human plasma by Corker & Davidson (1978). The

characteristics of the assay described by these authors were found to

remain unchanged when sheep plasma samples were assayed (Lincoln, Peet

& Cunningham, 1977). The hormone concentrations were calculated, after

correction for recovery (Corker & Davidson, 1978), by the methods

described by Sharpe (1979). All samples from one animal were measured

in a single assay or in adjacent assays.

2.6. STATISTICAL ANALYSES

Standard parametric tests (e.g. correlation coefficients, paired and

unpaired Student's 't' test, analysis of variance or 'F' test) were

used according to the conditions stipulated, and formulae given by

(Winer, 1971).

Non-parametric analyses (e.g. Sign test, Marn-Whitney 'U' test, Rank

Spearman Correlation Test) were used according to the rules and methods

described by Siegal (1956).

The hourly hormone data for individual animals was analysed for peaks

using a combination of the non-parametric "Sign Test" and Grubbs-Type

statistics for the detection of outliers (Tietjen & Moore, 1972). The

method was developed in conjunction with Mrs. Pamela Warner and Dr G.A.
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Lincoln. It consisted of the following steps: The value of the median

hormone concentration for each 24 hour period was computed for the

results from the individual rams. b) Each hourly value was assigned

as being above, below or equal to the median value for the 24 hour

period In which it occurred. c) The high values which represented

significant outliers for the values for the entire 24 hours were

determined as described by Tietjen & Moore (1972). A significant peak

in the hormonal profile was then taken as any period with at least 4

consecutive hourly values above the 24 hour median; at least one of

these values had to be a significant outlier.

Detection of peaks in the blood levels of electrolytes was not

possible by the outlier method due to the gradual build-up and decline

of concentrations during 24 hours. However, the cosistency of the

results allowed the use of the Sign Test alone - a peak was defined as

a period when at least 4 consecutive values were above the 24 hour

median for the period in which they occurred.

An estimate of the duration of the rhythms in the concentrations of

MEL, PRL and electrolytes was obtained by calculating the interval

between the start of each significant peak, for each animal.



CHAPTER 3

PATTERNS OF MELATONIN IN THE BLOOD AND THE PHOTOPERIODIC RESPONSES OF

INTACT AND SUPERIOR CERVICAL GANGLIONECTOMISED SOAY RAMS
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3.1 INTRODUCTION

The secretion of LH, FSH and PRL, and the activity of the testes

are known to be altered in rams subjected to changes in the natural or

artificial daylength (LH, FSH and testes: Lincoln & Davidson, 1977;

Lincoln, Peet & Cunningham, 1977; PRL: Pelletier, 1973; Ravault, 1976;

Lincoln, McNeilly & Cameron, 1978). Information about the photoperiod

is believed to reach the hypothalamo-pituitary unit of mammals via the

pineal gland, since pinealectomy or sympathetic denervation of the

gland abolishes the effects of daylength upon these various processes

(Lincoln, 1979a, 1979b; Turek & Campbell, 1976; Lincoln & Short, 1980;

Lincoln, Almeida, Klandorf & Cunningham, 1982; Seamark, Kennaway,

Matthews, Fellenberg, Phillipou, Kotaras, Mcintosh, Dunstan & Obst,

1981). Support for the idea that the pineal might play the role of

photo-transducer comes from the fact that the gland secretes a variety

of indolearaines in patterns which closely reflect the daily external LD

cycle (Quay, 1974; Balemans, 1979).

The aim of the experiment to be described here was to discover

(a) whether there are differences in the amplitudes or temporal

patterns of blood concentrations of MEL in rams kept under long daily

photoperiods (long days) and short daily photoperiods (short days), and

(b) whether the removal of the innervation to the pineal by SCGx

disrupts the patterns of MEL in the blood.

3.2 MATERIALS AND METHODS

Eight adult Soay rams held under alternating 16-week cycles of

artificial long days (16L:8D) or short days (8L:16D) for more than 3

years were used in the study. The pineal glands of 4 of these rams had

previously been denervated by surgical removal of the superior cervical

ganglia (see 2.4). The remaining four animals (one of which had
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LONG DAYS (16L-'8D) SHORT DAYS (8L-16D) LONG DAYS (16L-8D)

0 16 32 48
WEEKS

Fig. 3.1 Changes in the diameter of the testes (mean - SEM) of 4
control (•) and 4 superior cervical ganglionectomised

(SCGx; o) Soay rams during exposure to alternating 16
week periods of long days (16L:SD) and short days (8L:
16D). Hourly blood samples were collected for 28 hours
on two occasions during the study at the times indicated
( t ).
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received the sham operation), served as controls.

At weekly intervals during the study, the diameters of the rams'

testes were measured and recorded. On two occasions (once during a 16

week period of short days: 64 days since the change from long days to

short days; once during a 16 weeks period of long days: 87 days since

the change from short days to long days), jugular blood samples were

collected via indwelling cannulae, at hourly intervals, for 24 h, from

each of the rams. The blood was centrifuged within 1 h of collection

and the plasma stored at -20°C until assayed for concentrations of MEL

and PRL by RIA methods described in Chapter 2.

This experiment formed part of a larger study carried out in

collaboration with Dr. G.A. Lincoln (Lincoln, Almeida, Klandorf &

Cunningham, 1982).

3.3 RESULTS

3.3.1 Testicular Size

The size of the testes of the control rams varied in accordance

with changes in the photoperiod (Fig. 3.1 and Table 3.1); the testes

grew during exposure to short days and regressed during exposure to

long days.

The testes of the SCGx rams remained large under both long days

and short days, showing only small changes in diameter (difference

between mean values under long days and short days: 1.2 mm, compared to

•7.2 mm difference for control rams - See Table 3.1).
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TABLE 3.1

Changes in the size of the testes and in the blood plasma
concentrations of melatonin and prolactin (24h mean - 5EM)
in 4 control and 4 SCGx soay rams maintained under alternating

cycles of short days (8L;16D) and long days (16L:8D) each

cycle lasting 16 weeks.

GROUP SHORT DAYS LONG DAYS

Testicular

diameter (mm)

Control

SCGx

54.2 - 1.4a

57.0 + 1.2

47.0 - 1.0b

58.2 - 1.4

Melatonin Control

SCGx

125 - 46

67 - 6

160 - 27

76 - 16

Prolactin Control

SCGx

2.1 a,b

17.1 - 3.5

68.3 - 14.9b

16.3 i 7.1

a = P^.0.05 compared to long days (Student's paired t-test)

b = P-<C0.05 compared to SCGx group (Student's t-test)
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Fig. 3.2 Changes in the blood plasma concentration

of MEL (mean - SEM) in 4 control (•) and 4

superior cervical ganglionectomised (SCGx; o)

rams sampled hourly, for 28h, during short

days and long days. The open boxes indicate

the times of day over which "group peak"

levels of MEL secretion occurred. The timing

of the daily cycle of light and darkness is

shown below.
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08.00

Fig. 3.3 Timing of the occurrence of peak MEL concentrations
in the blood of 4 control and 4 SCGx Soay rams

during a short day (8L:16D). Each bar in the same

horizontal plane represents a peak for a single
animal. (An open bar represents a period of high
MEL levels which did not constitute a peak as

defined in 2.6). The stippled areas represent

periods of darkness.
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CONTROL RAMS

SCGxRAMS

08.00 16.00 2400 08.00

TIME OF DAY

Fig. 3.4 Timing of the occurrence of peak MEL concentrations
in the blood of 4 control and 4 SCGx Soay rams

during a long day (16L:8D). Each bar in the same

horizontal plane represents a peak for a single
animal (some animals showed more than one peak).
The stippled areas represent periods of darkness.
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3.3.2 Melatonin

The control rams showed Increased blood plasma levels of MEL

during darkness under both short days and long days (Fig. 3.2, upper

panel). The peaks occurred earlier in the day, corresponding to the

earlier onset of darkness, in the short day group compared to the long

day group (Figs. 3.3 & 3.4, upper panels). Under short days, peak

blood levels of MEL occurred 1-2 hours in advance of the onset of

darkness.

The night-time blood concentrations of MEL were significantly

greater during long days than during short days (long days: 382 + 52

pg/ml vs short days: 135 + 10 pg/ml, p4 0.05, Student's paired 't'

test). However, measurement of "areas under the curve" revealed no

significant difference in the total amount of MEL found in the blood

under long days and short days (long days: 5.2 + 0.4 vs. short days:

4.8 + 0.2 arbitrary units, p>0.1, Student's paired 't' test). The

24h mean concentrations of MEL under long days and short days are

compared in Table 3.1.

The SCGx rams did not show consistent night-time rises in their

blood levels of MEL; indeed, on some occasions, small peaks of MEL were

found during periods of light (Figs. 3.2, 3.3 and 3.4, lower panels).

The mean daily concentrations and amounts of MEL in the blood of the

SCGx rams did not differ under long days and short days (Fig. 3.2,

Table 3.1). The 24h mean blood levels of MEL were significantly

greater in the control rams than in the SCGx rams under both these

photoperiods (Table 3.1).

3.3.3 Prolactin

The 24h mean blood plasma concentrations of PRL in the control

rams were significantly lower during short days than during long days
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Fig. 3.5 Changes in the blood plasma levels of

PRL (mean - SEM) in 4 control (•) and

4 superior cervical ganglionectomised

(SCGx; o) rams sampled hourly, for 28h,

during short days and long days. The

timing of the daily cycle of light and

darkness is shown below.
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(Fig. 3.5, upper panel, Table 3.1), whereas no differences were found

in the SCGx rams exposed to those two photoperiods (Fig. 3.5, lower

panel, Table 3.1). Under short days, the SCGx rams showed

significantly higher blood concentrations of PRL compared with the

control rams; the reverse pattern was found during long days.

3.4 DISCUSSION

The blood plasma concentrations of MEL in the intact Soay rams

were found to change consistently and in close relation to the external

LD cycle. The highest levels were found mainly during periods of

darkness, thus supporting data previously reported for the sheep

(Rollag & Niswender, 1976; Kennaway et al, 1977; Arendt, 1979).

While the absolute amounts of MEL found in the blood were similar

under long days and short days, the patterns of changes in the blood

levels of MEL differed markedly under the two photoperiodic regimens.

During short days, the peak blood concentrations of MEL occurred

earlier in the day and for a greater number of hours than during long

days; however, the amplitudes of these peaks were significantly

smaller than those observed during long days. These data for the Soay

ram differ from those obtained in a different breed of sheep, in one

respect. While different patterns of MEL were found in the blood of

Corriedale crossbred Western Range ewes at different times of the year,

no seasonal differences were observed in the amplitudes of these levels

(Rollag, O'Callaghan & Niswender, 1978).

In contrast to the findings of Rollag & Niswender (1976), a simple

relationship between the patterns of appearance of MEL in the blood and

the onset of light or darkness was not found in the present studies on

the Soay breed. Those authors reported that the blood levels of MEL

in sheep did not increase until the onset of darkness, and that the

onset of light caused an immediate reduction in these levels. In this

study, the control rams appeared to anticipate the onset of darkness
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by showing large increases in the blood levels of MEL 1 - 2 h before

"lights-out", while in several instances, MEL was still detectable in

large concentrations in the blood 1 - 2 h after "lights-on".

MEL was found to be present in the blood of the SCGx rams, albeit

in lower concentrations tha* those found in intact rams. While the

SCGx rams showed fluctuations in their blood levels of MEL throughout

the day, these fluctuations were not consistent between animals and

they did not bear any relationship to the external LD cycle; peak

blood concentratios of MEL occurred in individual SCGx rams at

different times of the day even during periods of illumination. There

was no discernible difference between the patterns of MEL in the blood

of SCGx rams exposed to long days or short days.

Kams show marked reproductive responses to changes in the

photoperiod; they grow their testes during short days and regress them

ducing long days. Changes in the photoperiod also result in marked

differences in the blood levels of PRL; low circulating levels of this

hormone are found during short days while high levels are found during

long days. The present data therefore suggest a correlation between

the patterns of MEL in the blood and the photoperiodic responses of

rams. The lack of photoperiodic responses, and of consistent LD-

related changes in the blood levels of MEL in the SCGx rams lend

support to this idea.

There are already several lines of evidence that MEL is involved

in the photoperiodic control of ovine reproduction. Silastic implants

of MEL were found to delay the development of the testes of Soay rams

exposed to short daylengths, (Lincoln & Almeida, 1982), while the

feeding of MEL to anoestrous Merino ewes led to the resumption of
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ovarian activity during naturally long daylengths (D.J. Kennaway & R.F.

Seamark, personal communication). Furthermore, when PINX Suffolk ewes

held under long daily photoperiods (16L:SD) were infused with MEL

according to a short day pattern (infusions made for 16 consecutive

hours daily), reproductive activity was induced (E.L. Bittman, personal

communication). Bittman's finding points to the importance of the

temporal pattern of MEL availability in determining the reproductive

response of sheep. Earlier studies in the golden hamster also noted

that the timing of MEL injections was critical in determining the

effects of a particular photoperiod, or indeed the hormone itself, upon

reproduction (Tamarkin, Westrom, Hamill & Goldman, 1976; Tamarkin,

Lefebre, Hollister & Goldman, 1977). The present data also suggest

that MEL may act to inhibit reproduction, since the blood levels of MEL

in the intact rams were greater during exposure to long days when the

testes were regressed than during exposure to short days, when the

testes were large. Also, the SCGx rams had depressed blood MEL levies

while their testes remained active.



CHAPTER 4

TESTICULAR CHANGES AND PATTERNS OF MELATONIN AND PROLACTIN SECRETION IN

SOAY RAMS EXPOSED TO LONG OR SHORT DAILY PHOTOPERIODS FOR PROLONGED

PERIODS
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4.1 INTRODUCTION

Alterations in the natural or artificial photoperiod may at first

appear to simply induce or terminate reproductive activity. However,

if animals are maintained under either a gonado-stimulatory or

gonado-inhibitory photoperiod for an extended period of time, they may

become insensitive, or refractory, to the normal effects of that

photoperiod (see 1.3.4).

There are only a few reports on the effects of maintaining sheep

under constant LD cycles for prolonged periods (e.g. Hampshire &

Suffolk ewes: Cole, 1953; Merino ewes: Radford, 1961; Ille-de-France

ewes: Thibault, Courot, Martinet, Mauleon, du Mesnil du Buisson,

Ortavant, Pelletier & Signoret, 1966; Southdown ewes: Thwaites, 1965;

Clun Forest ewes: Ducker, Bowman & Temple, 1973; Suffolk & Swaledale

Border Leicester rams: Howies, Webster & Haynes, 1980). In all these

studies, cycles of gonadal activity were observed, despite the

prolonged exposure of the sheep to stimulatory or non-stimulatory

daylengths, i.e. the normal effects of the photoperiod were ignored.

" Loicker £it _al (1973) and Howies et_ jQ (1980) suggested that sheep might

possess an inherent rhythm of reproductive activity which becomes

manifest in the absence of adequate changes in daylength. In addition,

-'dowles al^ (1980) concurred with the earlier suggestion of Lincoln &

Davidson (1977) that the role of the photoperiod may be to entrain the

time of the sexual cycle, rather than to cause it.

The involvement of the pineal, and in particular of MEL, in

mammalian photorefractoriness has been reviewed earlier (1.4). Studies

in the golden and Djungarian hamsters, the white-footed mouse and the

ferret suggest that the photorefractory phenomenon might be accounted

for by changes in (1) pineal activity or (2) the sensitivity of target
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tissues to the effects of MEL (golden hamster: Turek, Desjardins &

Menaker, 1976; Bittman, 1978a; Turek & Pappas, 1980; Hoffmann, 1981a-c;

Stetson & Tate-Ostroff, 1981; Djungarian hamster: Hoffmann, 1981a-c;

white-footed mouse: Johnston & Zucker, 1980a; ferret: Thorpe & Herbert,

1976; Herbert, 1981). These hypotheses stem from studies involving

PINX or MEL supplementation. The one study in which the MEL content of

the pineal was directly measured indicated that photorefractoriness in
f'm&al

the golden hamster is not accompanied by changes in^MEL synthesis
activity (Rollag, Panke & Reiter, 1980a).

The present study was intended to reveal any correlations which

might exist between changes in testicular activity and the patterns of

MEL in the blood of Soay rams exposed to either long days (16L:8D) or

chort days (8L:16D) for a period of nearly 2 years. Blood

concentrations of PRL were also assayed for an additional indication of

the rams' responsiveness to the two photoperiods.

4.2 MATERIALS AND METHODS

Two groups of 8 adult Soay rams were housed in separate, but

adjacent, light-proof rooms. The first group ('L group') of rams had

been exposed to a 16 week period of short daily photoperiods (8L:16D)

prior to the start of the experiment (week 0) when they were

transferred to a prolonged period (94 weeks) of long daily photoperiods

(16L:8D). The second group ('S group') of rams had been exposed to a

16 week period of long days (16L:8D) before being transferred to an

extended period (94 weeks) of short days (8L:16D).

Both groups of rams were maintained identically (as described in

2.1) and experienced the same daily fluctuations in ambient

temperature.

At frequent intervals throughout the study, the diameters of the
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testes of all the rams were measured using calipers (2.2). At weekly

intervals, starting from week 17, a single 5 ml jugular-blood sample

was collected from each ram by venepuncture (2.3); these samples were

collected between 0800 and lOOOh. On 15 occasions during the study

(weeks 0,17,21,25,29,33,40,46,55,63,68,74,81,86 and 93), a cannula was

inserted into the jugular vein of each ram and blood samples were

collected at hourly intervals for periods of 25-30 hours. The weekly

blood plasma samples were assayed for their concentrations of prolactin

(PRL) and testosterone by the RIA methods described earlier (PRL:

2.5.2; testosterone: 2.5.3). Due to the constraints of time, the MEL

concentrations in the blood plasmas of only 4 rams from each of the

groups were assayed. MEL was measured by the RIA method described in

2.5.1. All the samples from a single animal were assayed together, In

a single assay (PRL) or in adjacent assays (testosterone and MEL), to

reduce the effects of inter-assay variation. The data were analysed by

the various statistical procedures described in 2.6. Periods quoted

for testicular regression or recrudescence to occur refer to the time

interval between the attainment of minimum and maximum testis size.

At week 53 of the study one ram had to be culled due to his

development of urethral calculi.

This study was carried out in collaboration with Dr. G.A. Lincoln,

and technical assistance was provided by Norah Anderson (care of

animals and collection of blood samples), Rhona Cunningham (serial

bleeds and testosterone RIA) and Lorna Lambert (serial bleeds and PRL

RIA) .

4.3 RESULTS

4.3.1 Testicular changes

(a) 'L group': Throughout the study, the rams in this group showed
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consistent changes in testicular activity (Fig. 4.1). Initially,

during exposure to long days, all the rams regressed their testes

(15.0 + S.E.M. 0.4 weeks from the switch from short days to long days).

Testicular growth then recurred, taking 25.3 + 0.9 weeks to reach

maximum size, after which alternating periods of testicular regression

and recrudescence were observed until the end of the study (regression

phase: 14.6 + 1.7 weeks, followed by growth phase: 12.1 + 2.6 weeks,

and regression phase: 12.7 +1.1 weeks). The degree of testicular

regression varied significantly (Student's paired 't' test, p<L0.001)

on each occasion; 1st regression: 33.6 + 0.5 mm, 2nd regression: 41.5

+ 0.9 mm, 3rd regression 47.0 + 1.0 mm (Table 4.1). On the two

occasions when testicular recrudescence was observed, however, the

maximum sizes of the testes did not differ significantly (53.1 + 0.3 mm

and 54.9 + 0.5 mm). The changes in testicular size were accompanied by

parallel changes in the blood plasma concentrations of testosterone,

(b) 'S group': Consistent changes In testicular activity were also

observed in this group of rams (Fig. 4.2). Initially, testicular

growth was induced during exposure to short days (14.3 + 0.8 S.E.M.

weeks from the switch from long days to short days). This was followed

by a phase of testicular regression (time for regression: 14 + 0.5

weeks) and another phase of growth (time for maximum growth: 23.3 +

1.6 weeks). Between weeks 52 and 94 of the study, cycles in testicular

size were difficult to detect since the diameters of the testes varied

only some 5 mm from the mean maximum diameter (Table 4.1). There was a

significant correlation between testis size and blood plasma te-sfCite+SnC-

concentrations between weeks 17 and 52 of the experiment (p^-0.001);



- 84 -

~D
r~

O

60~i

o 50~
E
o>

z 40"
t—
o
<

WEEKS UNDER 8L -16D

Fig. 4.2 Changes in testicular diameter and blood plasma
testosterone concentrations^and blood levels of
prolactin in adult Soay rams exposed to short

daily photoperiods (8L:6D) for 94 weeks, having

previously been exposed to 16 weeks of long days
(16L:8D). Means - S.E.M. are shown; n = 8.
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thereafter, the plasma levels of testosterone continued to wax and wane

despite the fact that the testes were maintained at about maximum

diameter until the end of the study.

4.3.2 Changes in blood PRL concentrations

(a) 'L group': The long-term changes in the blood plasma

concentrations of PRL are shown in Fig. 4.1. Until week 70, there was

a significant inverse relationship between the blood plasma levels of

PRL and testicular size (p^O.Ol). Thereafter, a greater degree of

variation was observed between the individual rams, and there was no

longer a clear relationship between the blood levels of PRL and

testicular activity.

(b) 'S group': PRL levels in the blood plasma of this group of rams

remained low (< 15 ng/ml) between weeks 17 and 70, but increased to an

average of 25 ng/ml for the remainder of the study (Fig. 4.2). At all

times, the blood PRL levels of this group were significantly lower than

those of the 'L group' (p<. 0.001). There was no correlation between

the changes in blood PRL concentrations and the changes in the

testicular activity of these rams.

4.3.3 Changes in blood MEL concentrations

(a) 'L group': The hourly fluctuations in the mean blood levels of MEL

on 6 occasions during the exposure of rams to a prolonged period of

long days are shown in Fig. 4.3. With continued exposure to long days,

there was an increase in the 24h mean blood levels of MEL; however,

there was no correlation between the 24h mean concentrations of MEL and

the long-term changes in the activity of the testes.

The daily profiles of the blood MEL concentrations were
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TABLE 4.1

Summary of minimum and maximum testicular diameters found during
successive periods of testicular regression and recrudescence in
two groups of adult soay rams exposed to a prolonged period (94
weeks) of either long daily photoperiods ("L group": n = 8) or

short daily photoperiods ("S group": n = 8).

TESTICULAR DIAMETER (mm)*

TREATMENT REGRESSION WEEK
MINIMUM MAXIMUM

GROUP NO. NO.
(mean - SEM) (mean - SEM)

(n = 8) (n = 8)

L 1 16 33.6 - 0.5

2 54 41.5 - 0.9

3 89 47.0 - 1.0 54.1 - 0.39

S 1 0 32.3 - 0.7

2 28 32.8 - 0.8

3 63 49.0 - 1.2

4 81 48.6 i 0.8 52.3 - 0.59

* Only minimum testicular diameters differed significantly between cycles.
Maximum testicular diameters were similar on successive phases of

recrudescence, and the means for 3 such phases are shown.
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Fig. 4.3 Changes (mean - SEM) in testis size and in the 24h patterns
of melatonin concentrations in the blood plasma of 4 adult

Soay rams exposed to a prolonged period of long daily

photoperiods (16L:8D). Before transfer to the 16L:8D

regime, the rams had been exposed to 16 weeks of short

daily photoperiods (8L:16D). The data for week 0 is for
the last day of that 16 week period of 8L:16D. The arrow¬

heads refer to the points at which the hourly blood
collections were made (weeks 0, 17, 25, 40, 55 and 68).
The timing of periods of light (open bars) and darkness
(closed bars) are shown at the bottom.
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TIMING OF MELATONIN PEAK

PROLONGED LONG DAYS (n^4)

WEEK 0

8 16
HOURS

1600 2400 0800

TIME OF DAY

Tig. 4.A Timing of the occurrence of peak MEL concentrations in tE
blood of 4 rams at various time intervals during exposure to a

prolonged period of long daily photoperiods (16L:8D) after a 16 week

period of short days (week 0; 8L:16D). Each bar in the same horizor

plane represents a peak for a single animal (An open bar represents
a period of high MEL levels which did not constitute a peak as defir
in 2.6). The stippled areas represent periods of darkness.
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characterised by peak hormone levels occurring at particular times of

the day (Fig. 4.4). At the beginning of the study, these daily peaks

consistently occurred late in the day, mainly during periods of

darkness. However, this pattern was not maintained throughout the

experiment, and in several instances, these peaks occurred early in the

day, during periods of light; such asynchrony with the LD cycle was

usually accompanied by a less consistent pattern between individual

rams.

The large degree of variation observed in the blood MEL profiles

of the 4 rams made it difficult to correlate these profiles with the

long-term changes in testicular activity. However, during two periods

of testicular regression (weeks 17-21 and 46-55 approximately),

"the MEL profiles were characterised by well-synchronised nocturnal

peaks, while during two periods of spontaneous testicular development

(weeks 25-40 and 63-68 approximately), the blood MEL profiles were

disrupted.

(b) 'S group': The hourly fluctuations in the mean blood levels of MEL

on 6 occasions during the exposure of rams to an extended period of

short days are shown in Fig. 4.5. The 24h mean blood concentrations

of MEL did not change significantly until after week 40, when they

increased. These changes in the blood levels of MEL did not correlate

with the long-term changes in the activity of the testes.

During their pre-treatment with long days (week 0), this group of

rams showed consistent patterns of circulating MEL, with peak levels of

this hormone being confined to the latter part of the day, during

darkness (Fig. 4.6). The testes of this group were completely
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at which the hourly blood collections were made (weeks
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shown at the bottom.
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TIMING OF MELATONIN PEAK

PROLONGED SHORT DAYS (n«4)
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■ --

\ / / / /
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Fig. 4.6 Timing of the occurrence of peak MEL levels in the blood
of 4 rams at various time intervals during exposure prolonged period
of short daily photoperiods (8L:16D), after a 16 week period of

long days (week 0, 16L:8D). Each bar in the same horizontal plane
represents a peak for a single animal. (An open bar represents a

period of high MEL levels which did not constitute a peak as defined
in 2.6). The stippled areas represent periods of darkness.
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regressed at that time. Subseqently, when the rams were transferred to

short days, the MEL peaks occurred consistently earlier in the day,

although still during darkness (week 17, Fig. 4.6); during this time

testicular redevelopment had occurred. By week 21, when the testes had

begun to regress, the MEL peaks occurred later in the day; this

pattern, which resembled that seen during long days (week 0), persisted

until week 29 when a disruption of the consistent blood patterns of MEL

was observed. Spontaneous testicular redevelopment was initiated at

around the same time when the disrupted MEL patterns were first noted

(week 29); the testes were maintained at a near-maximal size for the

remainder of the study, during which time the MEL profiles remained

disrupted.

4.4 DISCUSSION

In the Soay ram, the testes regress during long days and grow

during short days. Cycles of testicular activity can be induced in the

laboratory by exposing rams to alternating 16 week periods of long days

or short days (Lincoln & Short, 1980). In the present experiment, rams

were held under either long days or short days for a period of nearly 2

years (94 weeks), and their reproductive activity was monitored. It

was found that the rams held under both photoperiodic regimes could

eventually over-ride the normal effects of the LD cycles to which they

were exposed. Thus, those rams exposed to an extended period of long

days were able to show cycles of testicular regression and

redevelopment, despite the normally gonado-Inhibitory photoperiod,

while those rams exposed to short days for a prolonged period were,

initially at least, able to regress their testes despite the normally

gonado-stiraulatory photoperiod. These observations therefore suggest

that Soay rams become photorefractory.

The rates of testicular redevelopment during the exposure to
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constant photoperiods in this study were retarded compared to those

observed during alternating 16 week cycles of artificial photoperiods

(c.f. Lincoln & Davidson, 1977; Chapter 3). Sluggish spontaneous

redevelopment of the gonads has previously been found in other mammals

believed to have become photorefractory (Reiter, 1972; Turek &

Campbell, 1979; Johnston & Zucker, 1980a, Zucker, Johnston & Frost,

1980).

The fact that the long day-exposed group of rams continued to show

gonadal cycles of activity, whereas the short day-exposed rams did not

show such cycles (Figs. 4.1 & 4.2) is important, since it suggests that

in addition to entraining the seasonal reproductive cycle, the

photoperiod may play an active role in causing it. The reduced

amplitude of the testicular cycles seen in the long day group (c.f.

Lincoln & Davidson, 1977) may be taken as further evidence for this

suggestion.

In two previous studies in which sheep were maintained under long

or short photoperiods for prolonged periods, cycles in gonadal activity

were observed (ewes: Ducker et al, 1973; rams: Howies et aJ, 1980).

Those authors concluded that sheep may have an endogenous rhythm of

gonadal activity which is normally entrained by the photoperiod so as

to produce seasonal gonadal cycles. The recurring gonadal cycles

obtained in the rams exposed to constant long daily photoperiods in

this study would support the idea of an endogenous rhythm; however,

the lack of cyclicity in those rams exposed to constant short daily

photoperiods casts doubts on such a hypothesis. The lack of

reproductive cyclicity during extended periods of exposure to short

days is not unique to the present study; Cole (1953) found that

Hampshire and Suffolk ewes showed continuous oestrous cycles when

exposed to a prolonged period of short days.
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In many species, photorefractoriness can only be broken by

exposure to a photoperiod different to that which caused the loss In

photosensitivity in the first place, e.g. most birds and small mammals

which become refractory to the stimulatory effects of long days require

exposure to non-stimulatory short days in order to restore their

responsiveness to long days (Turek & Campbell, 1979; Hoffmann, 1981a).

In contrast, species such as the ferret (Herbert, 1981) and sheep

(Cole, 1953; Ducker et ai^, 1973 and Howies _et aT, 1980; Figs. 4.1 &

4.2), can apparently spontaneously emerge from the photorefractory

condition, thus giving rise to the concept that endogenous cycles of

reproductive activity exist. It has been proposed that there might be

an asociation between the life-span of a species and its ability to

recover from the photorefractory state (Herbert, 1981; Hoffmann,

1981a).

The PRL data obtained in the present study also support the idea

that sheep become photorefractory. Cycles of PRL levels in the blood

can normally be induced by subjecting rams to alternating 16 week

cycles of long days and short days During long days, the blood PRL

levels are elevated, while during short days, these levels are

diminished (Lincoln, McNeilly & Cameron, 1978). In this present

study, the blood PRL concentrations waxed and waned in those rams kept

under constant long days, despite the continuance of the normally PRL-

stimulatory photoperiod, while the rams kept under constant short days

eventually showed increased blood PRL concentrations, despite the

normally PRL-suppressive photoperiod. As with the changes in

testicular activity, there was no common period in the cycles of blood

PRL levels for the two groups of rams.

Although the 24h mean blood concentrations of MEL increased with
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continued exposure to both constant long days and constant short days,

there was no correlation between the absolute blood plasma levels of

MEL and those of testicular activity. However, some correlations could

be drawn between the blood patterns of MEL and the changes in

testicular activity. In both groups of rams, consistent patterns in

the blood levels of MEL were found until week 17 of the study, with

peak levels of MEL always coinciding with periods of darkness (Figs.

4.4 and 4.6). When these peaks occurred during the last 8h of the day

under long days, testicular regression was observed; however, when

they occurred during the last 16h of the day under short days,

testicular re-development was observed (c.f. Chapter 3). After week 17

of constant long days or constant short days, these blood patterns of

MEL were frequently disrupted in both groups of rams (Figs. 4.4 &

4.6); these disrupted patterns were usually associated with periods

during which spontaneous redevelopment of the testes was occurring.

However, this correlation provides no clues as to whether the disrupted

patterns are causal or symptomatic of the photorefractory state of the

testes.



CHAPTER 5

TWENTY-FOUR HOUR RHYTHMS IN THE PLASMA LEVELS OF MELATONIN, PROLACTIN,

SODIUM AND POTASSIUM AND THE REPRODUCTIVE RESPONSES OF RAMS EXPOSED TO

TWO RESONANCE PHOTOPERIODS.
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5.1. INTRODUCTION

Two main hypotheses exist to explain how organisms measure daylength.

In one, it is proposed that time measurement depends on the absolute

number of hours of light or dark in each 24 hour period ('hour-glass'

model). In the other, time measurement depends on the way the daily

photoperiod influences circadian rhythms generated endogenously by the

animal (circadian hypothesis). The hour-glass model seems to hold for

only a small number of insect species (Lees, 1966; Lees & Hardie 1981;

Saunders, 1977), while support for the circadian model comes from

experiments on a wide range of insects (Pittendrigh & Minis, 1964;

Saunders, 1970), birds (Hamner, 1963; Follett & Sharp, 1969) and

mammals (Elliott, Stetson & Menaker, 1972; Morin, Fitzgerald, Rusak &

Zucker, 1977; Rusak & Zucker, 1979). These models are discussed at

length by Elliott & Goldman (1981).

The involvement of a circadian mechanism was first proposed by
*C •(

Bunning in 1936 (Bunning, 1973). He suggested that organisms possess

an endogenous circadian rhythm in their sensitivity to light,

consisting of two half cycles (12 hours each), which he termed the

"photophillic" and "scotophillic" phases. In long days (light periody

12hr), light impinges into the second half of the daily cycle (the

light-sensitive phase) producing, in long-day species, a photo-induced

response. An equivalent mechanism, albeit opposite, can be envisaged

to operate for short-day species. Pittendrigh & Minis (1964) extended

Bunning's hypothesis into an "external coincidence model" in which

light has a dual role: (a) that of inducer (or suppressor), and (b)

that of an entraining agent for endogenous circadian rhythms. Those

authors also proposed an "internal coincidence model" in which light

only serves to entrain the endogenous rhythms, induction being the

result of internal phase-relationships of specific rhythms.
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Nanda & Haraner (1958), studying flower formation in the short-day

soybean (Glycine max), devised what is still considered to he the best

test for the involvement of circadian rhythms in the photoperiodic

response. Their protocol consisted of measuring the photoperiodic

response under a range of light/dark (LD) cycles in which a fixed

period of light was coupled to dark periods of varying duration (e.g.

6L:6D, 6L:12D, 6L:18D, 6L:24D....6L:66D). The rationale behind this

experimental design is that if the photoperiodic clock is based on the

hour-glass principle, none of the LD cycles listed would be expected to

induce a long day response. On the other hand, if photoperiodic

induction was found to rise and fall as a periodic function of the LD

cycle (modulo 24h), it would be inferred that neither the duration of

light, nor the duration of darkness, nor the L/D ratio is the

determining factor. Such a result would argue strongly in favour of a

circadian mechanism (Elliott, 1981; Elliott & Goldman, 1981). Nanda &

Hamner (1958) observed that maximal responses were obtained when the LD

cycle lengths equalled 24h, 48h and 72h, and that cycle lengths of 18h,

36h and 60h produced minimal responses.

Resonance schedules have been used widely in the study of

photoperiodism in birds (Hamner, 1963, 1964; Follett & Sharp, 1969;

Follett, Mattocks & Farner, 1974), but in only two mammalian species

(golden hamsters: Elliott, Stetson & Menaker, 1972; Stetson, Elliott &

Menaker, 1975; field voles; Grocock & Clarke, 1974). In this chapter,

a simple resonance photoperiod experiment carried out on Soay sheep is

described. Because of the large size of the animals it was only

practicable to use two groups of 8 rams. After exposing both groups to

long daily photoperiods (16h light: 8h darkness, 16L:8D) to induce

testicular regression, one group was exposed to a 48h cycle comprising
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8L:40D, and the other group to a 36 h cycle comprising 8L:28D. It was

predicted that these schedules would give contrasting reproductive

responses, i.e. 8L:40D simulating a 'short day' and 8L:28D simulating a

'long day'. For an insight into the mechanisms Involved in the

photoperiodic response of sheep, daily fluctuations in the blood levels

of MEL, PRL and electrolytes (sodium and potassium) were measured

during exposure to the two resonance photoperiods. The changes in MEL

concentration would reflect changes In pineal activity, those In PRL,

changes in hypothalamic dopaminergic activity, and those in

electrolytes, changes in feeding, metabolic and adrenocorticoid

activity.

5.2 MATERIALS AND METHODS

Animals and lighting: Sixteen, sexually mature rams of the Soay breed

(aged 1-2 years) which had been living out-of-doors near Edinburgh

(56°N) since birth, were brought into light-proof sheds in November,

1978. They were held under artificial illumination of long days

(16L:8D) for a period of 16 weeks so as to induce complete testicular

regression (Lincoln & Short, 1980). Eight of the rams were then

exposed to a resonance photoperiod of 8L:40D for 16 weeks (referred to

as the 8L:40D group). The other 8 rams were exposed to a lighting

regimen of 8L:28D for 16 weeks (referred to as the 8L:28D group). The

animals were fed a commercial pelletted diet (AA6, Animal Breeding

Research Organisation, Edinburgh) given once daily at 09.00 hours

throughout the study. The temperature in the animal sheds was

partially controlled using heaters at night to reduce daily

fluctuations.

Reproductive indexes and hormone and electrolyte assays: The diameter

of the testes of the rams were measured at weekly intervals, and on
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each occasion the inguinal sexual skin flush was recorded on an

arbitrary scale of 0-5 (Lincoln & Davidson, 1977).

On 4 occasions during the study, blood samples were collected at

hourly intervals for periods of 2-4 days (Day 0-4, 28-29, 78-79, and

111-112 after the switch from long days to the resonance photoperiods).

For this, an indwelling cannula was inserted into the jugular vein of

each ram during one of the 8 h periods of light, at least 24 h before

the beginning of the collection of blood samples. The blood plasmas

were stored at -20°C until required for the assay of melatonin and

prolactin by the methods detailed in Sections 2.5.1 and 2.5.2

respectively. The concentrations of sodium and potassium were also

measured in some of the samples (4 rams from each treatment group) by

flame spectrophotometry. The precision of the assay for the sodium

concentrations was + 1 mmol/1 and for the potassium concentrations, +

0.1 mmol/1. The electrolyte determinations were made by the Department

of Clinical Chemistry, Royal Infirmary of Edinburgh.

This study was performed in collaboration with Dr. G.A. Lincoln,

and preliminary data from it have already been published (Lincoln,

Almeida & Arendt, 1981; Lincoln & Almeida, 1982).

5.3 RESULTS

Testicular size and sexual flush; The changes in the reproductive

parameters in the rams during exposure to the two resonance

photoperiods are summarised in Fig. 5.1. At the beginning of the

study, all of the rams were reproductively quiescent after the 16 weeks

of long days (16L:8D). The testes were regressed and none of the

animals had an inguinal sexual flush.
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. 5.1 Changes in the diameter of the testes (mean - SEM) and
the intensity of the sexual skin flush (individual data)
in groups of 8 adult Soay rams exposed to a resonance

light cycle of either 8L:40D (upper panel) or 8L:28D
(lower panel) for 16 weeks following exposure to long

days (16L:8D) for 16 weeks. Note the more rapid sexual

development under the 8L:40D regimen.
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During exposure to the resonance photoperiods both groups of rams

showed a resurgence of reproductive activity. The testes enlarged and

there was a reappearance of the sexual skin flush. The timing of these

reproductive changes differed, however, between the two groups. The

animals exposed to the 8L:40D lighting regimen developed their testes

more rapidly than the animals under the 8L:28D regimen (analysis of

variance: p^l 0.001, F=81.7, df=l,112), and showed significantly earlier

development of the sexual skin flush. The 8L:40D group also differed

from the 8L:28D group in showing greater synchrony in the occurrence of

each of the reproductive changes. For example, the sexual flush first

appeared during a 3 week period (weeks 7-10) after the onset of the

3L:40D regimen, while this change occurred during a 9 week period

(weeks 10-19) after the onset of the 8L:28D regimen.

Hormone concentrations: The changes in the mean plasma concentrations

for MEL and PRL during the two resonance photoperiods are shown in

Table 5.1. The mean daily concentrations of MEL were increased, while

the mean daily concentrations of PRL were markedly decreased, during

exposure to both the 8L:40D and 8L:28D regimens. There were

differences between the two groups, however, in the timing of the

changes in the PRL levels. A significant decrease in PRL levels

occurred by day 28-29 in the 8L:40D group compared to day 111-112 in

the 8L:28D group. There was no significant difference between the

groups in the long term changes in the mean blood plasma levels of

MEL.

Melatonin, prolactin and electrolyte rhythms: The hourly fluctuations

in the plasma levels of MEL and PRL on various occasions during

exposure to the 8L:40D and 8L:28D regimens are shown in Figs. 5.2 and

5.3. The hourly changes in the plasma concentrations of potassium and

sodium paralleled each other and so only the potassium data are shown



TABLE 5.1

Summary of the changes in the concentration of melatonin and

prolactin in the blood plasma from two groups of 8 rams sampled
on 5 occasions following transfer from long days (16L:8D) to a

resonance lighting regimen of either 8L:40D or 8L;28D. The
results are the mean - S.E.M. of 24h median hormone values based

on blood samples collected at hourly intervals for each day

DAY DAYS DAYS DAYS DAYS

0 1-3 28-29 78-79 -

(16L:BD) •

MELATONIN

(pg/ml)

8L:40D 25.3 37.5 71.8 79.8

Group - 8.3 - 9.1 - 10.8a - 16.5a

8L:28D 38.3 39.3 109.1 101.2 127.0

Group - 13.9 - 7.4 - 24.5a - 22.2a - 25.1a

PROLACTIN

(ng/ml)
8L:40D 67.6 69.7 20.8 1.5 1.5

Group - 11.6 - 14.1 - 10.4a'b - 0.8a'b - 0.8a

8L:28D 71.9 77.0 77.0 67.6 3.7

Group - 10.6 - 14.2 - 14.2 - 12.3 - 1.8a

a = Significantly different from corresponding values for Day Q;
Student 't'-test, 0.05

b = Significantly different from corresponding values for 8L:28D
Group
Student 't'-test, P^.0.05
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here (Fig. 5.4).

On day 0 (last day of long days of 16L:8D), the plasma profiles

for MEL, PRL and potassium were similar in both groups, with peak

levels for all three compounds occuring late in the light phase or

during darkness.

During each period of blood sampling under the 8L:40D

photoperiod there was evidence of consistent 24 h rhythms in the plasma

levels of MEL and the electrolytes. The highest values were observed

during darkness, following the 8 h light period, and again during

darkness, approximately 24 h later (Figs. 5.2 and 5.5). While peak

blood MEL values occurred relatively earlier during the subjective day

under the 8L:40D regimen compared to under the 8L:16D regimen (Fig.

5.5), peak blood levels of the electrolytes occurred at the same time

of day under both these photoperiodic regimens (Fig. 5.4). At the

beginning of the exposure to the 8L:40D treatment, there was evidence

of a consistent 24 h rhythm in the plasma levels of PRL (Fig. 5.3).

By day 28-29, however, the levels of this hormone had become too low to

detect any rhythmical changes in its secretion.

In the group of rams treated with the 8L:28D photoperiod, the

blood profiles of MEL became irregular by day 28-29, and remained so

for the rest of the study (Fig. 5.2); peaks of MEL were found during

both periods of light and darkness, and the period between peaks was

seldom close to 24 h (Fig. 5.6). The blood profiles of PRL also became

irregular from day 28-29 onwards (Fig. 5.3). The plasma profiles of

the electrolytes remained unchanged from the 16L::8D pattern throughout

the experiment (Fig. 54.). Comparisons between the periods in the

rhythms of blood MEL, PRL and the electrolytes in the 8L:40D and 8L:28D

groups are shown in Table 5.2.
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DAYS OF EXPERIMENT

Fig. 5.2 Changes in the concentration of melatonin (mean - SEM) in
the blood plasma from 8 adult Soay rams sampled at hourly
intervals for 2-4 days on 3 occasions during exposure to
16 weeks of either 8L:40D (upper panel) or 8L:28D (lower
panel), following 16 weeks of long days (16L:8D). Day 0
is the last day of long days. The timing of the periods
of light (open bar) and darkness (closed bar) are shown

at the bottom.
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DAYS OF EXPERIMENT

Fig. 5.3 Changes in the concentration of prolactin (mean - SEM) in
the blood plasma from 8 adult Soay rams sampled at hourly
intervals for 2-4 days on 3 occasions during exposure to
16 weeks of either 8L:40D (upper panel) or 8L:28D (lower

panel), following 16 weeks of long days (16L:8D). Day 0
is the last day of long days. The timing of the periods
of light (open bar) and darkness (closed bar) are shown

at the bottom.
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8L-40D GROUP

28 29 78 79

DAYS OF EXPERIMENT

111 112

Fig. 5.4 Changes in the concentration of potassium (mean - SEM) in
the blood plasma from 4 adult Soay rams sampled at hourly
intervals for 2 days on 4 occasions during exposure to 16
weeks of 8L:40D (upper panel) or 8L:28D (lower panel),
following 16 weeks of 16L:8D. Day 0 is the last day of
16L:8D. The timing of the periods of light (open bar) and
darkness (closed bar) are shown at the bottom.
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TIMING OF MELATONIN PEAK

8L:40D GROUP

HOURS

Fig. 5.5 The timing of peaks in the plasma concentrations of
melatonin in 8 adult Soay rams based on blood samples collected
at hourly intervals for 2-4 days on 3 separate occasions during
exposure to 16 weeks of 8L:40D, following a period of 16 weeks
16L:8D. Day 0 is the last day of 16L:8D. Each solid horizontal
bar represents the duration of a significant peak for an individual
animal while an open bar represents a peak which does not include
a significant outlier and is shown for completeness. Periods of
darkness are indicated by diagonal shading.
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TIMING OF MELATONIN PEAK
8L:28D GROUP

8 16

HOURS

Fig. 5.6 Timing of peaks in the plasma concentrations of melatonin
in 8 adult Soay rams based on blood samples collected at hourly
intervals for 2-4 days on 3 separate occasions during exposure to
16 weeks of 8L:28D, following a period of 16 weeks of 16L:8D. Day 0
is the last day of 16L:8D. Each solid horizontal bar represents the
duration of a significant peak for an individual animal while an open
bar represents a peak which does not include a significant outlier and
is shown for completeness. Periods of darkness are indicated by
diagonal shading.
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TABLE 5.2

Periods of cycles in the concentrations of melatonin, prolactin, sodium
and potassium in the blood collected from Soay rams on three occasions

during exposure to either 8L;40D or 8L:28D photoperiods. The period

lengths quoted are the median - range for all the values obtained for
each treatment group.

COMPOUND TREATMENT

(n)

CYCLE LENGTH (h)

DAYS

0-3

DAYS

28-29

DAYS

111-112

Melatonin 8L:40D (8)

8L:28D (8)

24 (20-30)

25 (18-30)

23 (21-32)

21 (12-52)

25 (18-32)

39 (12-52)

Prolactin 8L:40D (8)

8L:28D (8)

24 (19-31)

25 (12-31)

24 (18-25)

31 (17-52)

Undetectable

29 (10-52)

Sodium 8L:40D (4)

8L:28D (4)

25 (20-26)

24 (19-26)

25 (23-27)

24 (24-26)

25 (25-26)

23 (22-23)

Potassium 8L:40D (4)

8L:28D (4)

22 (18-22)

23 (22-27)

25 (23-27)

26 (20-27)

24 (22-24)

26 (23-27)
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FAST DEVELOPER

fgsBgear-
28 29 78 79

DAYS EXPOSURE TO 8L--28D

Fig. 5.7 Changes in the concentration of melatonin in the plasma
of two adult Soay rams based on blood samples collected
at hourly intervals for 2 days on 4 occasions during
exposure to 16 weeks of 8L:28D, following a period of 16
weeks of 16L:8D. Day 0 is the last day of 16L:8D. The
animals were selected to represent a fast developer (upper
panel) and a slow developer (lower panel) based on the
rate of growth of the testes and the timing of the
reappearance of the sexual skin flush. The timing of
the periods of light (open bar) and darkness (closed
bar) are shown at the bottom.
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Individual variation In the 8L:28D group

Under the 8L:28D regimen there was considerable variation between

the Individual rams In the timing of their testicular changes and

rhythmic patterns of hormone secretion. This allowed some correlations

to be tested. There was a significant correlation between the rate of

growth of the testes and the timing of the development of the sexual

flush (Spearman Rank Correlation: r=0.90, p /C0.01). There was a

significant correlation between the timing of the increase in the size

of the testes and the decrease in the 24 h mean plasma concentration of

prolactin (Spearman Rank Correlation: r=-0.70, p 4! 0.05), but no

significant correlation with the changes in the 24h mean concentrations

of melatonin. There were, however, no apparent correlations between

the hour to hour variations in the plasma levels of melatonin and

prolactin and the rates of testicular growth and rhythms in hormone

secretion. An example of the hormone data for the ram which showed the

most rapid development of the testes and earliest sexual flush from the

8L:28D group is shown in Figure 5.7 for comparison with similar data

for the slowest ram in that group.

5.4 DISCUSSION

All the rams used in this study had been exposed to long days of

16L:8D for 16 weeks prior to the start of the experiment so as to

induce reproductive quiescence. Those rams transferred from 16L:8D to

the 8L:40D resonance schedule showed a rapid and synchronised

reactivation of their reproductive organs, as gauged by testicular

diameter and the onset of the sexual skin flush (Fig. 5.1). The rate

and magnitude of this response was similar to that observed when rams

were previously transferred from long days of 16L:8D to short days of

8L:16D (Chapter 3). In contrast, the rate of reproductive
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redevelopment in the rams exposed to the 8L:28D regimen was sluggish

and redevelopment commenced at different times in the individual rams

(Fig. 5.1).

The testicular recrudescence of the 8L:28D group might at first

appear to be a stimulated response to the 8L:28D photoperiod, since all

the animals in that group eventually showed a redevelopment of their

testes. However, it will be recalled from the previous chapter that

rams exposed to non-stimulatory long days (16L:8D) for a period greater

than 16 weeks, spontaneously re-grow their gonads; the rate of

testicular redeveloment found under the 8L:28D schedule is, in fact,

similar to that found in rams during prolonged exposure to long days.

This suggests that the apparent response to the 8L:28D regimen was in

effect spontaneous redevelopment, similar to photorefractoriness. This

is in contrast to the changes seen under the 8L:40D regimen, where a

stimulated response definitely occurred. Since the change from long

days to either 8L:16D, 8L:28D and 8L:40D all involve a reduction in the

absolute daily number of hours of light, and only the 8L:16D and 8L:40D

regimens gave a stimulated response, these results argue against a

simple hour-glass model; they suggest that a circadian mechanism

underlies the photoperiodic control of reproduction in rams.

Differences were also found between the two groups of rams in

their PRL responses to the two resonance photoperiods (Fig. 5.3). The

decline in blood PRL levels was much more rapid under the 8L:40D

regimen than under the 8L:28D regimen. The rate of decline in PRL

under the 8L:40D photoperiod was similar to that previously observed

when rams were transferred from long days of 16L:8D to short days of

8L:16D (Chapter 3). These PRL data are inversely correlated with the

testicular changes, and also argue against a simple hour glass model
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being Involved in the photoperiodic response of the sheep.

The short-terra fluctuations in the blood levels of MEL, PRL and

the electrolt|yes may provide some insight into the mechanisms involved
in the measurement of photoperiodic time in sheep. In particular, the

daily changes in the blood levels of MEL were different during exposure

to the 8L:40D and 8L:28D regimens. At the beginning of the experiment,

there was a consistent 24h rhythm in the blood levels of MEL in both

groups of rams, with MEL peaks occurring during the last 8h of the

subjective day, during darkness. Under the 8L:40D regimen, this

24h rhythm persisted. Peaks of MEL in the blood were well synchronised

between the individual rams in the group and occurred principally

during darkness on all the occasions studied. In contrast, under the

8L:28D regimen, there was little evidence of a 24h rhythm. Peaks of

MEL in the blood were poorly synchronised between the individual

animals in the group, and were not confined to periods of darkness;

these disrupted blood patterns of MEL persisted until the end of the

-study.

One explanation for these results is that the 24h rhythm in MEL

;cretion is generated endogenously by some circadian clock, and that

this rhythm represents the basis of the photoperiodic response. Since

the 8L:40D treatment represents a total cycle length of 48h, which is a

multiple of 24h, the light period in each cycle comes at the same time

relative to the endogenous circadian rhythm; entrainment of the

endogenous rhythm is thus possible (Elliott & Goldman, 1981), and MEL

peaks occur in the blood at 24h intervals. On the other hand, the

8L:28D regimen represents a total cycle length of 36h, and the light

period in each cycle comes at different times relative to the circadian

rhythm; entrainment of the endogenous rhythm is thus not possible, and

peak blood levels of MEL are found at irregular intervals.
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The hourly fluctuations in the blood levels of PRL were more

difficult to analyse because the overall levels were already markedly

reduced by day 28-29 in the rams under the 8L:40D regimen, and the rams

under the 8L:28D regimen which had detectable levels, showed much

individual variation Nevertheless, the blood PRL patterns differed

between the two groups (Table 5.2).

Consistent hourly fluctuations in the blood levels of the

electrolytes measured were observed throughout the study in both

groups of rams. At the beginning of the study, a clearly defined 24h

rhythm was found in the blood patters of sodium and potassium, with

peak levels occuring relatively late in the subjective day. This

pattern was maintained under both the 8L:40D and 8L:28D schedule,

This result was taken to indicate that the prevailing photoperiod does

not have a direct effect on the blood electrolyte rhythm and that the

time of feeding influences this rhythm in sheep. (In this study, all

the rams were fed at 0900h every day; at this time, the blood levels

of sodium and potassium were always at their nadir).

Taken together, the present data suggest that there is an

underlying circadian mechanism to the photoperiodic response of rams,

and that the control of the pattern of MEL secretion may be part of

this mechanism.



CHAPTER 6

PATTERNS OF MELATONIN AND PROLACTIN SECRETION IN SOAY RAMS EXPOSED TO

10 DAYS OF EITHER CONSTANT LIGHT OR CONSTANT DARKNESS
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6.1 INTRODUCTION

In the previous chapters it has been shown that under ordinary 24h

LD cycles, the Soay ram displays a 24h rhythm in its blood plasma

concentrations of MEL. Evidence which suggested that this rhythm might

be a circadian rhythm was also obtained in an experiment using

resonance photoperiods (Chapter 5). Circadian rhythms are normally

entrained by the environmental LD cycle to have a period of precisely

24h. However, by definition, circadian rhythms are endogenously

generated rhythms and, in the absence of entraining agents, they

continue to be expressed, i.e. they "free-run" with a period close to

24h (Elliott & Goldman, 1981).

As a preliminary test of whether the Soay sheep could free-run its

24h rhythm in blood MEL concentrations, adult rams were exposed to lOd

of constant light (LL) or constant darkness (DD), and their hourly

blood levels of MEL were measured. The changes in the blood levels of

PRL were also measured as these levels were previously found to provide

a useful index of how a given photoperiod is interpreted by sheep (see

Chapter 3). Since the anatomical pathway by which photic information

is conveyed from the eyes to the pineal is known to include the

superior cervical ganglion (SCG) in a number of mammals (Lincoln,

1979a,b; Rusak & Zucker, 1979; Reiter, 1980; Cardinali, 1981)j rams

which had their SCG surgically removed were also included in the study.
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Fig. 6.1 Experimental design used for studying the effects
of exposure to conditions of constant light or

constant darkness upon the blood plasma concentrations
of melatonin and prolactin in intact and SCGx Soay rams.
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6.2 MATERIALS AND METHODS

Animals: Eight adult Soay rams which had been exposed to alternating 16

week periods of long days (16L:8D) and short days (8L:16D) during the

previous 3 years were used in this study. The superior cervical

ganglia (SCG) of 4 of the rams had been surgically removed 3 years

prior to this study (see 2.4), and one of the control rams received the

sham operation at that time. All 8 rams were housed together in a

light-proof shed in which the daily period of illumination always

commenced at 0800 hours. Food and water were always provided between

0800 and 0900 hours and this pattern of maintenance (see 2.1) was

continued during the course of the present experiments.

Experiment 1: The experiment was started during the 13th week of a

period of long daily photoperiods (16L:8D). After 93 days of long

days, the rams were exposed to lOd of continuous light (LL). The

intensity of light was the same as that used during the previous period

of long days (approximately 160 lux at the level of the sheeps' heads).

Hourly blood samples were obtained from the rams during the last day of

the long daily photoperiod (day 0) and days 1,2,3 and 10 of the LL

treatment (Fig. 6.1). These samples were collected through cannulae

inserted into the jugular veins of the rams at least 16 hours prior to

the commencement of the sample collections (see 2.3). The blood

plasmas were stored at -20°C until assayed for their concentrations of

MEL and PRL by the RIA methods described in 2.4 and 2.5 respectively.

Experiment 2: Following the lOd treatment with LL, the rams were once

again subjected to 16L:8D for a period of 9 days. They were then

exposed to lOd of constant darkness (DD), (Fig. 6.1). During DD^

cannulation and blood collections were performed with the aid of a 15W
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TABLE 6.1

Mean (- SEM) blood plasma concentrations of MEL in adult Soay rams

transferred from long days (16L:8D, Day 0) to 10d of constant light

(LL, Experiment 1) or constant darkness (DP, Experiment 2).

24h MEAN BLOOD MEL CONCENTRATION (pg/ml)
EXPERIMENT GROUP

(n) DAY 0 DAY 1 DAY 2 DAY 10

(1) LL Intact (4) 36.6

- 23.2

48.8

- 29.6

68.9

- 25.4

44.8

- 18.5

I

SCGx (4) 28.6

- 8.5

21.3

- 9.1

29.5

- 11.7

27.8

1 13.5

(2) DD Intact (4) 67.6

- 25.9

78.4

- 26.5

88.8

- 23.4

107.5

- 30.3

|
i SCGx (3) 31.6

- 15.0

19.6

- 6.8

32.7

- 14.9

61.1

- 16.2
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Fig. 6.2 Hourly changes in the concentration of melatonin (mean -

S.E.M.) in the blood plasma of 4 adult Soay rams on Days
0, 1, 2, 3 and 10 of an experiment in which the animals
were transferred from a period of long days (16L:8D) to
one of constant light (24L:0D or LL). Day 0 is the last

day of the long days prior to the transfer. The timing
of the periods of light (open bar) and darkness (closed
bar) are shown at the bottom.
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Timing of Melatonin peak

Constant light: Control Rams (n=4)

DAY 2
2iL:0D

DAY 10
2iL: 0 D

DAY 0
16L:8D

DAY 1
2iL:0D

0 8 16 24

Hours

Fig. 6.3 Timing of peaks in the blood plasma concentrations of
melatonin in 4 adult Soay rams transferred from a

period of long days (16L:8D) to one of constant light
(24L:0D or LL). Day 0 is the last of the long days

period. Each solid horizontal bar represents the
duration of a significant peak for an individual ram.

Periods of darkness are indicated by diagonal shading.
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DAYS

Fi.g. 6.4 Hourly changes in the concentration of melatonin (mean - SET

in the blood plasma of 4 adult SCGx Soay rams on Days 0, 1,

2, 3 and 10 of an experiment in which the animals were

transferred from a period of long days (16L:8D) to one of
constant light (24L:0D or LL). Day 0 is the last day of
the long days prior to the transfer. The timing of the

periods of light (open bar) and darkness (closed bar) are

shown at the bottom.
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Timing of Melatonin peak

Constant light: SCGx Rams (n=4)
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. 6.5 Timing of peaks in the blood plasma concentrations of
melatonin in 4 adult SCGx Soay rams transferred from a

period of long days (16L:8D) to one of constant light (24L:
OD or LL). Day 0 is the last day of the long days period.
Each solid horizontal bar represents the duration of a signi
peak for an individual ram. Periods of darkness are indicat

by diagonal shading.
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red light bulb (Philip's) and a hand-held torch which emitted a point

source of light (/(10 lux). The latter was used sparingly, and care

was taken not to direct it at the eyes of the sheep. Hourly blood

samples were collected and assayed for MEL and PRL on the last long day

(Day 0) and on days 1,2,3 and 10 of the DD treatment. On day 10, only 3

of the SCGx rams were successfully blood sampled.

6.3 RESULTS

6.3.1 Experiment 1: Exposure to LL for lOd

Blood MEL concentrations: The exposure of intact rams to lOd of

LL did not result in any significant changes in the 24h mean blood

levels of MEL (Table 6.1). There were, however, significant peaks in

the MEL levels on each occasion when the animals were sampled (Fig.

6.2). On the last long day (16L:6D, day 0), all 4 intact rams showed

peak blood concentrations of MEL during the last 8h of the day during

darkness (Fig. 6.3). This pattern was more-or-less maintained during

the lOd of LL, with 3 of the rams showing peak levels of MEL in the

blood; the fourth control animal showed peak blood levels of MEL

-earlier in the day.

The exposure of SCGx rams to lOd of LL did not result in any

significant changes in the 24h mean blood levels of MEL. Throughout

the study these levels remained significantly lower than those in the

intact rams (Table 6.1). Peak blood levels of MEL were also found in

this group, but their occurrence was irregular and inconsistent between

individual rams (Figs. 6.4 & 6.5).

Blood PRL concentrations: In the control rams exposed to LL, there was

a significant decline in the blood PRL levels by Day 10 (Table 6.2).

In the SCGx rams exposed to this photoperiod, there was no significant

change in the blood levels of PRL (Table 6.2). The blood levels of PRL
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Fig. 6.6 Hourly changesin the concentrations of prolactin (mean - SEM)
in the blood plasma of 4 adult Soay rams on Days 0, 1, 2, 3
and 10 of an experiment in which the animals were transferred
from a period of long days (16L:8D) to one of constant light
(24L:0D or LL). Day 0 is the last day of the long days prior
to the transfer. The timing of the periods of light (open
bar) and darkness (closed bar) are shown at the bottom.
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Fig. 6.7 Hourly changes in the concentration of prolactin (mean - SEM)
in the blood plasma of 4 adult SCGx Soay rams on Days 0, 1,

2, 3 and 10 of an experiment in which the animals were

transferred from a period of long days (16L:8D) to one of
constant light (24L:0D or LL). Day 0 is the last day of the

long days prior to the transfer. The timing of the periods
of light (open bar) and darkness (closed bar) are shown at
the bottom.
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TABLE 6.2

Mean (- SEM) daily blood plasma concentrations of PRL in adult Soay
rams transferred from long days (16L:8D, Day 0) to 10d of constant

light (LL, Experiment 1) or constant darkness (DP, Experiment 2).

EXPERIMENT GROUP

(n)

24h MEAN BLOOD PRL CONCENTRATION (ng/ml)

DAY 0 DAY 1 DAY 2 DAY 10

(1) LL Intact (4) 53.6

- 74.6

36.9

- 12.7

37.1

- 12.6

11.7a
- 9.7

SCGx (4) 3.9

- 1.2

3.7

t 1.7

4.8

± 5.4

8.0

- 2.9

(2) DD Intact (4) 16.1

- 7.4

12.3

- 6.6

10.2

± 5.4

6.3a
- 4.1

SCGx (3) 4.7

- 4.8

3.4

- 3.6

2<,2

- 1.1

5.6

- 2.9

a p <0.05; significantly different compared with Day 0 for same

group in each experiment.
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CONTROLS - CONSTANT DARK

E 200-

08-00 08-00 08-00 08-00 08-00 08-00
0123 10

DAYS

Fig. 6.8 Hourly changes in the concentration of melatonin (mean -

S.E.M.) in the blood plasma of 4 adult Soay rams on Days
0, 1, 2, 3 and 10 of an experiment in which the animals
were transferred from a period of long days (16L:8D) to
one of constant darkness (0L:24D or DD). Day 0 is the last

day of the long days prior to the transfer. The timing
of the periods of light (open bar) and darkness (closed
bar) are shown at the bottom.
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Timing of Melatonin peak

Constant dark: Control Rams(n=4)

0 8 16 24

Hours

Fig. 6.9 Timing of peaks in the blood plasma concentrations of
melatonin in 4 adult Soay rams transferred from a

period of long days (16L:8D) to one of constant
darkness (0L:24D or DD). Day 0 is the last of the

long days period. Each solid horizontal bar represents
the duration of a significant peak for an individual
ram. Periods of darkness are indicated by diagonal

shading.
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DAYS

Fig. 6.10 Hourly changes in the concentration of melatonin (mean - SEM)
in the blood plasma of 4 adult SCGx Soay rams on Days 0, 1, 2
3 and 10 of an experiment in which the animals were transfern
from a period of long days (16L:8D) to one of constant darkne:
(0L:24D or DD). Day 0 is the last day of the long days

prior to the transfer. The timing of the periods of light
(open bar) and darkness (closed bar) are shown at the bottom.
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Timing of Melatonin peak

Constant dark: SCO x Rams (n=4)

DAY 10
0L: 2iD no samples

[/ / / ' ' '

0 8

Hours

Fig. 6.11 Timing of peaks in the blood plasma concentrations of
melatonin in 4 adult SCGx Soay rams transferred from a

period of long days (16L:8D) to one of constant darkness
(0L:24D or DD). Day 0 is the last of the long days period.
Each solid horizontal bar represents the duration of a

significant peak for an individual ram. Periods of
darkness are indicated by diagonal shading.
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Fig. 6.12 Hourly changesin the concentrations of prolactin (mean -

SEM) in the blood plasma of 4 adult Soay rams on Days 0,

1, 2, 3 and 10 of an experiment in which the animals
were transferred from a period of long days (16L:8D), to
one of constant darkness (10L:24D or DD). Day 0 is the
last day of the long days prior to the transfer. The

timing of the periods of light (open bar) and darkness
(closed bar) are shown at the bottom.
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Fig. 6.13 Hourly changes in the concentration of prolactin (mean -

SEM) in the blood plasma of 4 adult SCGx Soay rams on

Days 0, 1, 2, 3 and 10 of an experiment in which the
animals were transferred from a period of long days (16L:
8D) to one of constant darkness (0L:24D or DD). Day 0
is the last day of the long days prior to the transfer.
The timing of the periods of light (open bar) and darkness
(closed bar) are shown at the bottom.



in the SCGx rams were significantly lower than those in the control

rams. The hourly changes in the blood levels of PRL on days 0,1,2 and

10 of the treatment with LL are shown in Figs. 6.6 and 6.7.

6.3.2 Experiment 2: Exposure to DP for lOd

Blood MEL concentrations: The exposure of intact rams to lOd of DD

resulted in an increase in the 24h mean blood concentrations of MEL,

but these increments were not statistically significant (Table 6.1).

There were also marked changes in the patterns of the blood levels of

MEL (Fig. 6.8). On the last long day before the transfer to DD

(day 0), the blood MEL peaks consistently occurred late in the day

(14-24h), mainly during darkness, and this pattern was maintained on

days 1 and 2 of the DD schedule (Fig.6.9). By day 10 of DD, however,

these peaks were found to occur consistently earlier in the subjective

day (9-24h, Fig. 6.9).

The exposure of the SCGx rams to lOd of DD resulted in some

increases in the 24h mean blood levels of MEL, but these changes were

not significant (Table 6.1; Fig. 6.10). During the last long day

before DD, and during the period of DD, significant peak blood levels

of MEL were found in the SCGx rams. However, these peaks did not occur

consistently between the individual SCGx rams; furthermore, they

occurred at irregular intervals during both the early and late portions

of the subjective day (Fig. 6.11).

Blood PRL concentrations: In the control rams exposed to DD, there was

a significant reduction in the 24h mean blood concentrations of PRL by

day 10 (Table 6.2). In the SCGx rams exposed to this photoperiod,

there was no significant change in the blood levels of PRL (Table 6.2).

The hourly changes in the blood levels of PRL in the intact and SCGx

rams on days 0,1,2 and 10 of DD are shown in Figs. 6.12 and 6.13.
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6.4 DISCUSSION

The treatment of long day-accustomed Intact Soay rams with lOd of

either LL or DD did not cause a significant change in the 24h mean

blood levels of MEL. This result therefore suggests that light and

dark per se do not suppress or induce elevations in the circulating

levels of MEL, and is similar to the data previously reported for two

other species held under DD. Rhesus monkeys subjected to DD for 3d did

not show significant increases in their mean daily CSF levels of MEL

(Perlow, Reppert, Boyar & Klein, 1981). Similarly, 3d of DD did not

cause a significant increase in the blood plasma levels of MEL in pony

mares, although an increase was observed after 3 weeks of DD (Berglund,

Sharp & Grubaugh, 1981).

In a similar experiment on the rhesus monkey, LL for 3d resulted

in a suppression of the MEL concentrations in the CSF (Perlow et^ al,

1981). In an experiment in which sheep were provided with a pulse of

light during a main period of darkness, Rollag, O'Callaghan & Niswender

(1978) found that the blood plasma levels of MEL declined to daytime

levels within 5-10 min of the onset of light. In contrast to the

present results, the data of Perlow et al (1981) and Rollag et al

(19/8) thus imply that light has a direct suppressive effect upon MEL

secretion. These discordant results are unlikely to be due to the

assay of different body fluids since the changes in the CSF levels of

MEL parallel those in the blood plasma (Rollag, Morgan & Niswender,

1977, 1978; Reppert, Perlow, Tamerkin & Klein, 1979). One possible

explanation for these differing results may be that the intensity of

the lights used in the present study may have been insufficient to

suppress MEL secretion. Studies in both humans and rats have shown

that the degree to which MEL secretion is suppressed is related to the



light intensity (Lewy, Wehr, Goodwin, Newsome & Markey, 1980a; Lewy,

Wehr, Nurnberger, Becker, Rosenthal, Markey, Goodwin & Newsome, 1980b;

Lynch, Rivest, Ronsheim & Wurtman, 1981).

In the present study, each of the treatments of the intact rams

with LL or DD, was characterised by periods of consistently high and

consistently low circulating levels of MEL (Figs. 6.3 & 6.9). The

occurrence of these peak blood levels of MEL indicate the persistence

of a 24h rhythm for at least the first 2d of the LL and DD treatments.

It is not known, however, whether the 24h periodicity persisted up to

day 10 of these treatments; for that information, hourly blood samples

should have been collected for at least one more 24h period at the end

of the LL and DD schedules.

Under DD, the control rams showed consistent changes in their

blood patterns of MEL and by day 10 of DD they all showed an earlier

occurrence of their peak blood levels of MEL. This observation could

be taken to indicate a free-running of the rhythm in MEL secretion

during DD; the shift in the timing of the MEL peak could be accounted

for if the period of this free-running rhythm was less than 24h. The

result obtained under LL differed from that obtained under DD, in that

the timing of the occurrence of peak blood levels of MEL tended to

remain the same as that under the previous treatment with long days.

There is no clear explanation for why the LL and DD results differ.

Nevertheless, both sets of data support the idea that the MEL rhythm

represents an endogenously generated rhythm which is normally entrained

by the external LD cycle. While the possible entraining effects of

other external cues (e.g. daily time of feeding, fluctuations in

ambient temperature) cannot be entirely excluded in the present study,

the results from the DD experiment tend to argue against the influence
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of such factors.

Previous studies in pony mares and rhesus monkeys have also shown

the free-running characteristics of the MEL rhythm in the blood and CSF

during DD (Berglund j^t al, 1981; Perlow ejt _al_, 1981). However, the

only other study in which the free-running MEL rhythm was tested for

under LL conditions (rhesus monkeys kept under LL for 3d: Perlow et al,

1981) showed a dampening, or loss, of this rhythm. As already pointed

out, the intensity of light used might account for the different

results obtained in the present experiment.

The blood levels of MEL in the SCGx rams remained relatively low

during both the LL and DD exposures. Some SCGx rams showed significant

peaks in their blood MEL concentrations; however, these peaks were

poorly synchronised between individual SCGx rams, and they bore no

relationship to the time of day. The low blood concentrations of MEL

in the SCGx animals indicate that the sympathetic denervation of the

pineal interfered with the secretion of MEL. The continued secretion

of MEL in these rams suggests that the norepinephrine stimulus for MEL

synthesis and secretion (see 1.2.1) may arise from elsewhere in the

brain, or that there may be extra-pineal sources of MEL in sheep. Also,

the disrupted patterns of MEL in the blood of the SCGx rams imply that

the daily rhythm in MEL secretion is not generated from within the

pineal itself.

During the lOd of exposure to both the LL and DD regimens, the

control rams showed a significant reduction in their blood

concentrations of PRL. Reduced blood PRL levels are normally

associated with exposure to short daylengths (Lincoln, McNeilly &

Cameron, 1978). The present LL results therefore suggest that this

effect is not a simple response to a reduction in daylength (c.f. hour-
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glass hypothesis; see Chapter 5), and that a circadian mechanism may

determine the pattern of PRL secretion in response to changes in the

photoperiod. Neither the LL nor the DD treatments resulted in any

significant changes in the blood levels of PRL in the SCGx rams. It is

therefore possible that the pineal somehow mediates the effects of the

photoperiod upon PRL secretion.



CHAPTER 7

REPRODUCTIVE RESPONSES OF SOAY RAMS EXPOSED TO NATURAL PHOTOPERIODS

AFTER ACTIVE IMMUNISATION AGAINST MELATONIN
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7.1 INTRODUCTION

In order to investigate the specific role of MEL in the control of

reproduction, active immunisation against this putative pineal hormone

was carried out in three previous studies (golden hamster: Brown,

Basinska, Bubenik, SIbony, Grota & Stancer, 1976; Knigge & Sheridan,

1976; laboratory rat: Niles, Brown & Grota, 1977). Despite the

presence of antibodies capable of binding MEL, the reproductive

responses of the rat and hamster were not affected. Nevertheless, in

the present study, the same immunological approach was applied to test

whether the photoperiodic control of reproduction in the Soay ram could

be modified. Since the facilities to maintain the rams in a controlled

environment were not available, this study was conducted on rams that

were held out-of-doors.

/.2 MATERIALS AND METHODS

Animals: Twelve, 1-year-old Soay rams were used for these studies.

During their first year, the rams have lived under natural daylengths

on a farm near Cambridge (52°N). They were transferred to the farm of

the Animal Breeding Research Organisation at Roslin, near Edinburgh

(56°N) one month before the start of the experiment. The rams were

held under natural daylengths, and allowed to graze freely throughout

the study.

Immunogens: Two immunogens, referred to as the "Brown" and "ICI"

preparations were used.

Brown immunogen: Initially, a conjugate of MEL-BSA prepared according

to the formaldehyde condensation method of Grota & Brown (1974) was

used. This material was provided by Dr. L.J. Grota (University of

Rochester School of Medicine, N.Y.) through the courtesy of Professor

G.M. Brown (Clarke Institute of Psychiatry, Toronto). The primary and
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first 2 booster immunisations were made with this material, while the

subsequent booster immunisations were made with a MEL-BSA conjugate

prepared by the present author (all reagents, unless specified,

obtained from Sigma Chemical Co., Poole, Dorset or BDH Chemicals,

Poole, Dorset). The method followed for the synthesis of the MEL-BSA

conjugate was based on that of Grota & Brown (1974) except that (1)

tritiated MEL (200 x 10^ dpm; New England Nuclear, GmBH) was added to

the reaction mixture to allow calculation of the reaction yield

(Leraaitre & Hartmann, 1980); (2) the conjugate was applied to a 125 x

2 cm column of Sephadex G-50 (Pharmacia), and eluted with 0.05M sodium

phosphate buffer (pH 7.4) and the fractions containing protein and

MEL-protein complexes (determined by UV spectrophotometery at 280 and

300 nm; Grota & Brown, 1974) were pooled; (3) the hapten-protein ratio

was determined by measuring ^H-MEL in the fractions of conjugate

collected; and (4) the fractions of MEL-BSA conjugate were dialysed

against several changes (20 1) of distilled water for 3 days and then

against 0.05M sodium-phosphate buffer (pH 7.4) for 1 day. The

hapten-to-protein molar ratio of the conjugate prepared in this way was

found to be 6, a value comparable to that obtained by Grota & Brown

(1974). The conjugate was lyophillised and stored at -20°C until

required.

ICI immunogen: This immunogen was a conjugate of N-succinyl-5-

methoxytryptamine and BSA. It was prepared and provided by Dr. H.

Gregory (ICI Ltd., Cheshire).

Immunisation; The 12 rams were equally divided into 3 groups. The

first group served as controls, receiving BSA as control immunogen;

the second group was given the Brown immunogen and the third group

received the ICI immunogen. One of the rams in this last group died

during the study and was not replaced.
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One primary and 4 booster immunisations were carried out during

the course of 18 months. The primary immunisation was conducted on

30th May, 1980, when daylengths were increasing (Fig. 7;1). Booster

doses were given 10,54,142 and 300 days later; the natural

photoperiods on these occasions are approximately represented in Fig.

7.1.

For the primary immunisation, the rams received 100 pg of

immunogen dissolved in 1.5 ml of 0.9% sterile saline (Travenol

Laboratories, Norfolk) and emulsified in 1.5 ml of Freund's Complete

Adjuvant (Difco Laboratories, West Molesey, Surrey), according to the

method described by Fraser (1975). The emulsion was injected into 4

intra-dermal sites on the dorsal surface and 2 intra-muscular (thigh)

sites of the rams, since injection into these sites has been reported

to elicit a rapid production of antibodies to haptens (Vaitukaitis,

KoLbins, Nieschlag & Ross, 1971; Hurn, 1974).

Booster immunisations were made with 50 pg of immunogen dissolved

in 1 ml of 0.9% sterile saline and emulsified with 1 ml Freund's

Incomplete Adjuvant (Difco). The emuls^ion was injected into 4 dorsal

iirtra-dermal sites.

Estimate of antibody production: At various intervals, blood was

collected from the jugular veins of the rams by "Vacutainer", using

heparin-free tubes to allow the harvesting of serum (see 2.3). The

sera were stored at -20°C until assayed for their MEL content (see

2.5.1)j and antibody titre as described below:-
To a 2.5 ml polystyrene test-tube (LP3, Sarstedt, Leicester),

antibody was added at various dilutions (final dilutions between 1/1000

and 1/256,000) in 900 pi of 0.01M sodium phosphate buffer containing
0.1% gelatine (PBSG; pH7), followed by 20 pg of (New England

Nuclear Chemicals, GmBH) in 100 pi PBSG. Similar tubes, from which
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antibody was omitted, were set up to allow estimation of non-specific

binding. The contents of the tubes were mixed thoroughly and incubated

at 4°C for 36h. The antigen-antibody complex was precipitated by

adding 1 ml saturated ammonium sulphate solution. The tube contents

were mixed and then centrifuged at 2000xg for 20 minutes at 4°c. The

supernatants were transferred to scintillation vials containing 10ml of

0.4% Butyl-PBD (Koch-Light, Colnbrook) in toluene (see 2.5.1) and

counted in a ^-spectrophotometer. The ^h-mEL bound at each antiserum
dilution was calculated, after taking into account non-specific

binding. The dilution of antiserum that bound 50% of the labelled

tracer (lOpg ^H-MEL) under these conditions was defined as the

"titre" (Abraham, 1975).

Testicular activity: Changes in testicular activity were recorded at

monthly intervals by measuring the size (diameter) of the testes (see

2.2).

On one occasion, approximately 11 months since the primary

immunisation, when daylengths were increasing, the rams were bled at 20

minute intervals for a period of 8 hours. For this, cannulae were

^placed into the jugular veins of the rams during the previous 24h

(see 2.3). The plasmas from the samples collected in this way were

stored at -20°C until assayed for their testosterone concentrations

according to the method described in 2.5.3.

This experiment was carried out in collaboration with Dr. G.A.

Lincoln and has been partially described by Lincoln & Almeida (1982).

The testosterone determinations were made by Mrs. R.A. Cunningham.
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Fig. 7.1 Changes in the size of the testes of 11 Soay rams exposed
to natural photoperiods for 18 months. 4 of the rams

(controls) were immunized against bovine serum albumin
(BSA) while the other 7 rams were immunized against a

conjugate of melatonin and BSA on the occasions indicated

by the filled arrow-heads. On the occasion marked by
the open arrow-head, blood samples were collected from
the rams at 20 minute intervals for 8 hours. The plasmas
obtained were assayed for their content of testosterone,
and those results are shown in Fig. 7.2.
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7.3 RESULTS

7.3.1 Antibody tltres and MEL concentrations: The Brown and ICI

conjugates both elicited immune responses in the rams and antibody

titres ranging between 1/1000 and 1/128,000 were recorded. The highest

titres were found about 2 weeks after the booster injections. The

blood of the rams with high antibody titres contained high blood levels

of MEL during daylight hours, and there was a significant correlation

between antibody titres and circulating levels of MEL (r=0.77, p

0.001). The specificity of the antisera were not tested.

The sera from those rams injected with BSA as immunogen (control

group) did not bind ^H-MEL. The daytime concentrations of MEL in

these samples were significantly lower than those found in the samples

from the immunised rams (control rams: 8.4 + 1.3 pg/ml; immunised

rams: 114.4 + 12.9 pg/ml; means + SEM, based on samples collected on 8

occasions).

7.3.2 Reproductive changes: The changes in the size of the testes of

the two immunised groups of rams did not differ significantly. They

were thus combined for comparison with the changes found in the control

rams (Fig. 7.1). At the start of the experiment (May), the testes of

both the control and immunised rams were regressed. During the summer

months (June-September) there was a marked increase in testicular

diameter, and peak testicular sizes were observed during the autumn

months (October-November). Subsequently, the testes of both groups of

rams regressed to reach a nadir during the winter months

(December-March). Testicular growth was resumed during the following

spring and summer months, and maximum testicular sizes were again

recorded during October and November. The seasonal reproductive cycle

of the immunised rams did not differ from that of the control rams.
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Patterns of testosterone secretion in individual Soay rams

exposed to natural photoperiods during the course of immunizat
against B5A (controls) or melatonin (Brown and ICI). The
samples were collected at 20 minute intervals for 8 hours
2 weeks after a booster immunization (see Fig. 7.1) and when
daylengths were beginning to increase. No significant
differences were found between mean plasma concentrations
of testosterone or number of episodes of testosterone release
between the control and immunized rams.
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When blood plasma samples were collected at 20 minute Intervals in

April, shortly after the 5th and final booster immunisation, and when

all the animals were beginning to redevelop their testes, the blood

plasma levels of testosterone were found to be similar in the immunised

and control animals; this included the mean plasma concentrations of

testosterone, as well as the minimum and maximum concentrations and the

number of episodic releases of testosterone (Fig. 7.2).

7.4 DISCUSSION

Antibody titres ranging between 1/1000 and 1/128000 were found in

the Soay rams which had been actively immunised against conjugates of

MEL-BSA and N-succinyl-5-methoxytryptamine-BSA. These rams also had

high circulating levels of MEL during daylight hours, suggesting that

the antibodies were effective in binding large amounts of endogenous

MEL. This result is different from that of Niles, Brown, Pang & Grota

(1979) who found that rats immunised against MEL had undetectable

levels of the hormone. Since the pineals of their immunised rats

contained large amounts of MEL, those authors concluded that the MEL

antibodies prevented the secretion of the hormone. The MEL content of

the pineals of the sheep used in the present study was not assayed;

however, the elevated levels of MEL in their blood suggests that the

immunisation had not totally blocked the secretion of MEL.

The presence of antibodies against MEL did not Interfere with the

rams' seasonal reproductive cycles (Fig. 7.1). Previous studies in

which laboratory rats and golden hamsters were immunised against MEL,

also failed to find any changes in reproduction (Brown ei_t _al, 1976;

Knigge & Sheridan, 1976; Niles et^ al, 1977; Brown, Grota, Bubenik &

Tsui, 1981). The present data for rams indicate that MEL

concentrations may not be causally related to the control of seasonal
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reproductive cycles. However, before any conclusions can be drawn from

such studies, it is necessary to demonstrate the efficacy of the

immunisation. For this, a number of factors need to be considered,

e.g. the specificity of the antisera, the effects of immunisation on

the daily blood patterns of MEL, and the ability of the antibodies to

neutralise the effects of MEL in the brain.

The specificities of the antisera raised in the present study were

not tested. However, the high titres of antiserum capable of binding

^H-MEL, together with the high day-time blood levels of MEL, point to

the fact that the antisera raised had a high capacity for MEL. While

the present antisera are not presumed to be 100% specific for MEL

immuno-neutralisation of other closely related indoleamines would not

have detracted from the main result.

Another related point is that in previous chapters it was found

that there is a daily rhythm in the secretion of MEL, and that the

daily blood patterns of MEL correlated with changes in reproductive

status. Since no night-time samples were collected in this study, it

is not possible to know whether this rhythm persisted during the period

of immunisation. If it did, it is possible that the rams still

experienced a normal rhythm in MEL secretion which was dictated by the

photoperiod; also, without knowing what the free circulating levels of

MEL were, this cannot be determined.

The final point is that the site of action of MEL is still

equivocal. Receptors for MEL have been found in the medial-basal

hypothalamus and several peripheral tissues, including the gonads

(Cardinali, 1981; Cardinal! & Vacas, 1981). If MEL acts upon the

brain, the failure of the immunisation against MEL to affect

reproduction might reflect the inability of the antibodies to cross the
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blood-brain barrier (c.f. Bradbury, 1979). This point could be

clarified by studying the reproductive effects of the passive transfer

of MEL antibodies directly into the cerebrospinal fluid (c.f. de Wied,

1979; Sakuma & Pfaff, 1980).

While the use of active immunisation against a specific hormone at

first appears to be a powerful method for investigating the action of

that hormone (Nieshlag, 1975; Edwards & Johnson, 1976; Hillier &

Cameron, 1976), there are considerable difficulties associated with the

interpretation of the results, as illustrated by the present study.

The present experiment would have been improved if the rams had been

exposed to controlled changes in the photoperiod, so that specific

effects of the photoperiod upon reproduction could be observed.

Another approach would be to passively transfer antibodies to MEL into

rams at specific times during their exposure to a controlled

(k>hotoperiod, and to test whether the photoperiodic stimulus could be

mufidifed by the antiserum.



CHAPTER 8

GENERAL DISCUSSION



- 150 -

GENERAL DISCUSSION

Breeding activity in most temperature-zone mammals is confined to a

brief period each year. Since the period of gestation is usually of a

fixed length, seasonal breeding ensures that the offspring arrive

at a time of year when climatic and nutritional factors are most likely

to enhance the chances of the survival of the young and of the

lactating mother. Seasonal breeding involves a seasonal reactivation

of the hypothalamic-pituitary gonad (HPG) axis, and the signal for this

reactivation is provided by the external environment. In fact, the

environment provides several cues which have the potential to

synchronize reproductive activity with the prevailing seasons, e.g.

temperature, precipitation, daylength and nutrition. Most mammals

appear to have adapted to respond to changes in the daily photoperiod

since this factor is the most stable in the long-term. In sheep, both

decreasing natural daylengths and artificial short daylengths trigger

the reactivation of the HPG axis (Lincoln & Short, 1980).

Theoretically, changes in daylength can be measured by one of two

mechanisms. In the first, the animal counts the number of hours of

light or darkness, or the ratio of light to dark. In this "hour-glass

model", daylength Is then reflected by the accumulation of the products

of some photochemical reaction (Hillman, 1979; Rusak & Zucker, 1979).

The second mechanism involves the animal's generation of endogenous 24h

(circadian) rhythms, and the way in which the LD cycle entrains these

rhythms, (Pittendrigh & Minis, 1964; Bunning, 1973; Rusak & Zucker,

1979). In most birds and mammals in which photoperiodic time

measurement has been investigated, it appears that the circadian system

Is involved (Follett, 1978; Rusak & Zucker, 1979). Using a "resonance

photoperiod" experimental protocol (Nanda & Hamner, 1958), it was shown
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that a clrcadlan mechanism most probably underlies the photoperiodic

regulation of testicular activity in the Soay ram (Chapter 5).

The neural structures involved in the generation and entrainment of

circadian rhythms in mammals have only recently been identified. Most

circadian rhythms are now believed to originate from the bilateral

suprachiasmatic nuclei (SCN) of the anterior hypothalamus (Rusak &

Zucker, 1979). These rhythms are entrained by the external 24h LD

cycle to have periods of precisely 24h; photic information reaches the

SCN by way of a direct retinohypothalamic tract (Moore & Klein, 1974;

Legau & Winans, 1981). The efferent connections of the SCN with the

.p-fneal gland are particularly well known. The SCN-pineal neural
\X

qpssthway is a tortious one, involving the superior cervical ganglia

(SCG), as described earlier (1.1.3). The normal daily variations in

pineal activity are disrupted by interruption of this neural pathway

(Moore, 1978). In all mammalian species investigated, including the

Soay sheep (Chapter 3), there is evidence for diurnal changes in the

patterns of MEL secretion. These changes are related to the time of

lay, with the highest concentrations being found during darkness and

the lowest concentrations during periods of light. In the present

study it was shown that SCGx in the Soay ram results in a disruption of

the daily pattern in the blood plasma levels of MEL (Chapter 3).

Two types of experiment carried out in this project indicated that

the daily variation in the blood patterns of MEL in the Soay ram might

represent a circadian rhythm. Firstly, when rams were exposed to lOd

of either constant light (LL) or constant darkness (DD), there was

evidence of the persistence of an approximately 24h rhythm in the blood

levels of MEL, i.e, the MEL rhythm was apparently able to free-run in

the absence of entraining LD cues (Chapter 6). Secondly, exposure
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of rams to two resonance photoperlods of 8L:40D and 8L:28D showed that

only the 8L:40D regimen was capable of entraining and maintaining a 24h

pattern in the blood concentrations of MEL (Chapter 5). '

As already indicated, the blood patterns of MEL normally closely

reflect the proportions of light and dark in each LD cycle. Evidence

for this was provided in Chapter 3, when it was shown that the blood

patterns of MEL differ between long days of 16L:8D and short days of

8L:16D. These different patterns of MEL secretion can be partly

explained in terms of differential entrainment by the two photoperiods.

While differences were found in the phases of MEL secretion during long

days and short days, differences were also found in the amplitude of

MEL secretion under these two photoperiods. The night-time

concentrations of MEL were greater during the 16L:8D regimen than

during the 8L:16D regimen, suggesting that this may be a separate

effect of the photoperiods; whether these amplitude differences are an

example of external coincidence (see p.157), or whether they simply

reflect limitations of the synthetic capacity of the pineal, is not

clear from the data available. Nevertheless, these changing patterns

of MEL secretion may be taken as an example of how changes in the

photoperiod are translated and transformed into humoral messages. It

Is through such a mechanism that MEL Is hypothesised to have a role in

the control of seasonal reproduction.

There is ample evidence which implicates MEL in the control of

mammalian seasonal reproductive cycles (see 1.4). Changes in the

photoperiod which normally stimulate gonadal recrudescence or

regression, apparently become ineffective after PINX or SCGx. The

daily patterns of MEL secretion are abolished or disrupted in PINX and

SCGx animals; however, replacement therapy with MEL in such animals can
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re-create some of the reproductive effects of the photoperiod. MEL,

when administered to intact mammals causes gonadal regression in some

instances and recrudescence in others; factors such as the prevailing

photoperiod, reproductive status and mode of administration appear to

determine the reproductive effects of exogenous MEL (Goldman, Hall,

Hollister, Roychoudhury, Tamarkin & Westrora, 1979; Turek & Campbell,

1979; Hoffmann, 1981b,c). The ability of MEL to recreate or negate the

effects of the photoperiod therefore suggests that it might be involved

in conveying changes in the LD cycle to the neuroendocrine-gonadal

axis.

The data collected in the present study show several correlations

between the blood patterns of MEL and the photoperiod-mediated changes

in the testicular activity of Soay rams. Firstly, intact Soay rams,

when held under alternating 16 week cycles of long days and short days,

showed cycles of testicular regression and redevelopment; these cycles

were correlated with consistent changes in their blood patterns of MEL

which reflected the daily photoperiod (Chapter 3). In contrast, SCGx

rams failed to show testicular responses to the changes in photoperiod,

eand their blood patterns of MEL did not correspond to the LD cycle.

•-Secondly, during two resonance photoperiod schedules of 8L:40D and

8L:28D, only those rams kept under the 8L:40D regimen redeveloped their

testes in a normal fashion. Those rams kept under the 8L:28D regimen

redeveloped their testes sluggishly, and with much individual variation

(Chapter 5, c.f. Chapter 3). The blood patterns of MEL also differed

between the two groups. While peak blood levels of MEL were

consistently found late in the day, at 24h intervals in the 8L:40D

group, peak blood levels of MEL occurred at irregular intervals in the

individual rams in the 8L:28D group. Thirdly, prolonged exposure of
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Soay rams to either long days or short days resulted in the development

of photorefractoriness , the onset of which was marked by a disruption

in the daily rhythm in the blood concentrations of MEL (Chapter 4).

On their own, the above correlations in the sheep do not prove a

causal relationship between MEL and reproduction. However, such a

relationship is suggested by the extensive experimental data available

for smaller mammals (Turek & Campbell, 1979; Reiter, 1980; Hoffmann,

1981a,b,c; Cardinali, 1981). The correlations drawn from the present

data mainly refer to patterns of MEL secretion related to the time of

day, rather than to the absolute blood levels of the hormone. A

correlation between blood MEL concentrations and reproduction existed

only in the first case cited. Since the SCGx rams had relatively low

blood levels of MEL and maintained large testes throughout the study

(Chapter 3), MEL might be considered to have a simple inhibitory effect

upon the HPG axis; otherwise, the data imply that it is the time of

day at which MEL occurs that is crucial in determining the reproductive

response of Soay rams, i.e. the role of MEL may be to translate the

photoperiod. How then might MEL convey information about the

photoperiod to the HPG axis?

Changes in daylength are known to alter the secretion of the

gonadotrophins and thus the activity of the gonads. Detailed studies

of the photoperiodic regulation of gonadotrophin secretion in the Soay

ram indicate that these events are the result of changes in the

frequency of the episodic release of GnRH by the hypothalamus (Lincoln

& Short, 1980). It is therefore logical to suppose that the action of

MEL might be to modify the activity of the hypothalamic GnRH neurones.

Indeed, specific high-affinity receptors for MEL have been located in

the medial basal hypothalmus (MBH), an area rich in GnRH-secreting



- 155 -

cells (Cardinali, Vacas & Boyer, 1979; Cardinali, 1981; Cardinali &

Vacas, 1981). There are several ways in which MEL reaching the MBH

could alter GnRH release. For example, MEL is known to alter the

electrical activity of nerve cells (Demaine & Kann, 1979; 1981), and

may therefore be envisaged to act either directly upon the

noradrenergic GnRH neurones or indirectly upon the neighbouring

dopaminergic and serotoninergic neurones; an interaction between these

monoaminergic systems of the brain is believed to be involved in the

control of GnRH secretion (McCann, 1981). Intracellular mechanisms of

action have also been proposed for MEL. The first proposal is based on

the observation that MEL inhibits prostaglandin synthesis and release

(Cardinali, 1981); prostaglandins have been suggested to serve as the

intracellular "second messengers" for the stimulatory effects of

norepinephrine upon GnRH synthesis and secretion (McCann, 1981). The

second is that MEL influences the rate of axonal transport of GnRH,

since the hormone affects the rate of microtubule synthesis

(Cardinali, 1981). In view of the above, it is interesting that

evidence obtained in the golden hamster suggests that the pineal gland

may be involved In mediating photoperiod-induced changes in

hypothalamic-pituitary responsivity to testosterone feedback (Turek,

1979b).

A simple hypothetical model for the way in which MEL might

influence seasonal breeding in sheep would be one in which MEL acted to

inhibit GnRH secretion. In that model, the degree of GnRH inhibition

would vary according to the prevailing photoperiod, since the patterns

of MEL secretion are known to reflect the proportions of light and dark

in each LD cycle. However, the present studies in sheep indicate that

there is no simple relationship between the amounts of MEL In the blood

and reproductive activity. Instead, a good correlation was found



- 156 -

between the temporal patterns in the blood levels of MEL and

reproductive activity. Do these results then imply that MEL inhibits

reproduction, but that this inhibitory effects is manifest at only

certain times of the day?

There is good experimental evidence that the reproductive

responses of the golden hamster and the ferret to exogenous MEL are

dependent upon the time of day at which the hormone is administered

(Tamarkin, Westrora, Hamill & Goldman, 1976; Herbert, 1981). For

example, MEL given during the late afternoon of a long day causes

gonadal involution in golden hamsters, whereas the same dose given

earlier in the day has no inhibitory effects upon reproduction

(Tamarkin et al., 1976; 1977).

On the basis of the foregoing data, is is possible to construct a

.*■ model for the role of MEL in the photoperiodic control of reproduction.

-• In this model, the role of the photoperiod is to dictate rhythms in MEL

secretion and in brain responsivity to MEL. These two rhythms are

entrained in different ways in response to changes in the photoperiod,

and it is the phase relationships between these rhythms that determine

'' he photoperiodic response of the gonads. Thus, when MEL secretion

occurs at the same time as a period of responsiveness to MEL,

reproduction is inhibited. This idea fits into the "internal

coincidence model" which will be discussed later.

There is some evidence which suggests that MEL itself might

influence rhythms in hypothalmic activity. Firstly, Yates & Herbert

(1976), working with ferrets, showed that timed injections of MEL

during long days could result in short day patterns in the hypothalamic

content of serotonin. Secondly, while SCGx Soay rams continue to show

24h rhythms in their blood levels of PRL, the timing of these rhythms,
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relative to the time of day, 16 different from that observed In control

rams (Lincoln, 1979a,b). These results may be caused by the direct

effects of MEL upon rhythms In brain monoamine activity, or by its

effects upon the SCN. Indeed, there is evidence to implicate an action

of MEL upon the SCN. For example, the SCN have been shown to bind MEL

(Brown, Grota, Bubenik, Niles & Tsui, 1981), the reproductive effects

of MEL implants are greatest when placed in the region of the SCN

(Glass & Lynch, 1981; 1982), and the reproductive effects of MEL differ

between SCN-lesioned and SCN-intact animals (Rusak & Morin, 1976;

Bittman, Goldman & Zucker, 1979, Rusak, 1980).

The appropriate phasing of various circadian rhythms which results

in a photoperiodic response forms the basis of the "internal

~coincidence model" which Pittendrigh & Minis (1964) proposed as an

extension to Bunning's original circadian hypothesis. In Bunning's

~?nodel, now referred to as the "external coincidence model", the

phntoperlod has a dual role: to entrain the circadian oscillations and

to drive the photoperiodic response by a temporal coincidence with a

photo-inducible phase (Saunders, 1977). In contrast, in the "internal

coincidence model" the photoperiod serves a single purpose: to entrain

one or more circadian oscillators.

In the present study, an attempt was made to investigate whether

the "internal coincidence model" might apply in sheep. In the

esonance photoperiod" experiment (Chapter 5), it was hoped to

demonstrate that particular phase relationships between rhythms in MEL

secretion and hypothalamic activity might be responsible for

determining the photoperiodic response. As a measure of hypothalamic

activity, the blood concentrations of PRL were measured. However,

since the 8L:40D schedule was interpreted as short days might be, the
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ORGANIZATION OF PHOTOPERIODIC REGULATION OF REPRODUCTION

?

I l

Fig. 8.1
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blood plasma levels of PRL were so markedly reduced that a rhythm

could not be detected. The blood plasma electrolyte concentrations

were also investigated since they would be expected to reflect 24h

rhythms in feeding and mineral metabolism. However, it appears that

these latter rhythms do not depend directly upon the external LD cycle

for their entrainment, and so these measures provided no information on

whether the "internal coincidence model" applies to the sheep. For

this, other rhythms would need to be studied in detail.

Although the internal and external coincidence hypotheses form two

distinct models, there is no obvious reason why they should both not

operate in causing the photoperiodic response. While most of the

present data favour the internal coincidence model, it should be

remembared that different amounts of MEL are secreted during long days

and short days (Chapter 3), suggesting the involvement of an external

cotvidence model. Furthermore, the quantitative effects of light in

suppressing MEL secretion are well documented in several mammalian

species, including the sheep (Rollag, O'Callaghan & Niswender, 1978;

Lewy, Wehr, Goodwin, Newsome & Markey, 1980; Lynch, Rivest, Ronsheim &

:"Vu."..""man, 1981; Perlow, Reppert, Boyar, & Klein, 1981).

A simple representation of the structures and interactions

proposed to be involved in the photoperiodic control of testicular

activity in the ram is shown in Fig. 8.1. In this plan, the release of

LH, FSH and PRL from the anterior pituitary regulates the activity of

the testes (1). The secretion of the gonadotrophins and PRL are

controlled by the release of GnRH and dopamine (DA) from the

hypothalamus (2). The secretions of the endocrine hypothalamus are

induced to show 24h rhythms by the SCN (3). The 24h rhythms which

originate in the SCN are endogenously generated, but their phases may

be entrained by the external LD cycle; photic information reaches the
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SCN via the RHT (4). The SCN are also connected to the pineal gland

via the SCG, and regulate the activity of the pineal (5). The pineal

produces and releases MEL according to a 24h rhythm which reflects

changes in the LD cycle. This MEL may feed back to regulate the

activity of the hypothalamic neurosecretory cells or of the SCN (6).

It is also possible that changes in the LD cycle can regulate MEL

secretion by a pathway which does not include the SCN (7).

Some of the results obtained in the present study on Soay rams can

be explained In terms of the model proposed above. For example, during

long days, MEL secretion is restricted to a short phase of darkness,

GnRH secretion is Inhibited and the testes regress (Fig. 8.2a).

Assuming that MEL acts to suppress GnRH release if it occurs at a time

when the hypothalamus is responsive to the effects of MEL, it may be

envisaged that during long days, there is a coincidence between the

occurrence of MEL and the phase of hypothalamic responsivity to MEL.

Under short days, MEL is again secreted mainly during darkness, but it

Is now apparently ineffective in suppressing reproductive activity

'Fig. 8.2b). This result may be explained in terms of non-coincidence,

due to the rhythms being entrained differently by short days compared

to long days. After prolonged exposure to either long days or short

days, the daily rhythm in MEL secretion is disrupted by unknown

mechanisms, and the testes appear to be only partially stimulated (Fig.

8.2c). Similarly, disrupted MEL rhythms and a partial stimulation of

the gonads is observed in SCGx rams exposed to either long days or

short days (Fig. 8.2d). These intermediate responses of the testes may

be explained in terms of partial coincidence due to the arrhythmicity

in MEL secretion and, or, the loss of rhythmicity In hypothalamic
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responsivity to MEL. It should be noted that the refractory and SCGx

states are not necessarily equivalent; for example, the SCGx rams had

much lower circulating levels of MEL than the intact photorefractory

rams.

The simple model described above, and shown in Fig. 8.2, presumes

the occurrence of internal coincidence. It does not, however, preclude

the simulataneous occurrence of external coincidence; after all, the

amplitude and duration of MEL secretion differs between sheep exposed

to long days and short days. The model also assumes that the brain's

responsiveness to MEL is restricted to one particular time of day. It

is however possible that the brain is continuously responsive to MEL,

except for a short specific daily period during which it is

non-responsive. The model supposes a single, GnRH-inhibiting, action

for MEL. This supposition is based upon electrophysiological and

biochemical studies (Demaine & Kann, 1979; 1981; Cardinali, 1981) and

studies involving implants of MEL (Glass & Lynch, 1981; 1982; Lincoln

& Almeida, 1982). The data showing that MEL has pro-gonadal effects

tends to be inconsistent, and could be interpreted as the failure of

MEL to inhibit reproduction. In the context of the proposed model,

such an interpretation is supported by data indicating that MEL may

participate in the phase-setting of various brain rhythms (Yates &

Herbert, 1976; Lincoln, 1979a,b; Rusak & Zucker, 1979).

Lastly, the model proposed above is based entirely on the

involvement of a circadian mechanism. It should be noted that data now

exsists for the sheep, that an hour-glass model might equally apply.

For example, it is possible to terminate anoestrous in ewes under long

days by simply increasing the duration of their exposure to MEL, by the

administration of MEL either by feeding (intact ewes: D.J. Kennaway,
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T.A. Gilmore & R.F. Seamark, personal communication) or by infusion

(PINX ewes: E.L. Bittman, personal communication).

It is clear from the present results that the mechanisms

underlying the photoperiodic control of seasonal breeding in the sheep

are complex. The present study has contributed to the understanding of

these mechanisms by demonstrating correlations between the patterns of

MEL in the blood plasma and specific photoperiod-mediated reproductive

conditions. It provides a framework upon which future studies, aimed

at elucidating the role of MEL in the control of seasonal breeding In

the rams, can be based.
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