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SUMMARY

The metabolismof [4-14C]progesterone and [4-14C]androst-4-ene-3,17-dione
(androstenedione) by a granulosa-theca cell tumour of the ovary, 310 g. in
weight, removed from a 43-year-old post-menopausal woman has been
studied in vitro.
The experiments provided no evidence that the tumour could utilize

progesterone as an oestrogen precursor. However, the tumour tissue
converted androstenedione to oestrone and oestradiol-17/?. The major
metabolite of progesterone was 20a-hydroxypregn-4-en-3-one.
These results are discussed in relation to current theories of the synthesis

of steroids in the ovary.

INTRODUCTION

Granulosa cell tumours are not rare ovarian neoplasms in man (Morris & Scully,
1958; Lyon, Sinykin & McKelvey, 1963) and may occur from childhood to old age.
The clinical symptoms associated with these tumours, namely precocious puberty,
menstrual disturbances, or post-menopausal bleeding, are attributed to oestrogen
secretion by the tumour, and high oestrogen concentrations have been reported in
urine from patients with such tumours (Bruk, Dancaster & Jackson, 1960; Dorfman,
1960; Marsh, Savard, Baggett, Van Wyk & Talbert, 1962). Thecal cells are often
present in the tumour and are sometimes prominent enough to justify the term
'granulosa-theca cell tumour'.
This report describes the metabolism in vitro of [4-14C]progesterone and [4-14C]-

androst-4-ene-3,l7-dione (androstenedione) by granulosa-theca cell tumour tissue.

MATERIALS AND METHODS

Clinical data

The patient, aged 43 years, had a profuse vaginal bleeding after a period of
amenorrhoea lasting 12 months. A large pelvic mass was found and histological
examination after curettage indicated cystic hyperplasia of the endometrium. At
laparotomy (14 February 1962), an ovarian tumour (11x9x9 cm. and weighing
310 g.) was removed and was found to be a luteinized granulosa-theca cell tumour
(Plate, figs. 1 and 2).
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Preparation of tissue and conditions of incubation
The tumour was chilled to about 0° immediately after removal from the patient.

A block of tumour tissue was divided into small pieces and random sections were
set aside for histological examination; the remainder was chopped in a Mcllwain &
Buddie (1953) apparatus. The amounts of chopped tissue and the radioactive steroids
shown in Table 1 were incubated in 30 ml. portions of Krebs-Ringer bicarbonate-
glucose medium (Umbreit, Burris & StaufFer, 1957) for 2 hr. at 37° and shaken in
95% oxygen: 5 % carbon dioxide.

Table 1. Recovery of radioactivity from incubations of tumour tissue
with radioactive steroids

[4-14C]Steroid incubated
(m/i moles)

Progesterone (254)

Androstenedione (279)

Radio¬

activity
(flC)

5-0

5-0

Weight of % of total
tissue radio-

incubated

(g)

4-58

4-81

activity
recovered

90

100

Extracted steroid

Fraction

Petrol ether
Neutral
Acidic
Petrol ether
Neutral
Acidic

% recovered
radio¬

activity
in fraction

11-9
84-4
3-7
7-1

89-0
3-9

Extraction and fractionation of steroids
After incubation the mixture was shaken with 50 ml. warm acetone and filtered.

The residue was washed with 25 ml. acetone and the washings combined with the
first extract. The acetone was removed under reduced pressure, and the steroids
extracted from the aqueous residue with 2 x 20 ml. chloroform. The dried chloroform
extract was then partitioned between equal volumes of 90% aqueous methanol and
petrol ether (40-60°). The petrol ether was separated and washed with an equal
volume of 90 % aqueous methanol. The combined methanol extracts were dried and
divided into neutral and acidic fractions as described previously (Griffiths, Grant &
Whyte, 1963).

Chromatography and measurements of radioactivity
The solvent systems and the paper used for chromatography are given in Table 2.

The paper strips were washed, their radioactivity scanned and measured, and the
steroids were eluted as described by Griffiths et al. (1963).

Identification of steroids
Steroids were identified by the carrier technique of Berliner & Salhanick (1956),

using the procedures of Griffiths et al. (1963). The Kober reaction (Brown, 1955) was
used to determine the specific activities of oestrogens eluted from the paper chromato-
grams. Oestrogen methyl ethers were prepared, separated on alumina columns and
measured by the Kober reaction (Brown, 1955). Non-radioactive oestrogens were
located on paper chromatograms, using the potassium ferricyanide-ferric chloride
reagent (Ba.rton, Evans & Gardner, 1952).
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Table 2. Paper chromatography: solvent systems used
Solvent
system (solvent proportions are by volume)

Petrol ether (80—100°)
Petrol ether: benzene (2:1)
Petrol ether: benzene (1:1)
Benzene

Ethyl acetate: toluene (1:9)
Ethyl acetate: chloroform (1:3)
Toluene
Chloroform
Chloroform: benzene (1:1)
Cyclohexane
Hexane

Mobile phase
Stationary phase

P 10*
PB 21*
PB 11*
B 10*
ET 19*
EC 13f
PG/TJ
F/Ct
F/CBf
F/Cyct
F/HexJ

Methanol:water (7:3)
Methanol-.water (7:3)
Methanol:water (7:3)
Methanol:water (7:3)
Methanol:water (7:3)
Methanol:water (7:3)
Propylene glycol
Formamide
Formamide
Formamide
Formamide

* TJsed with Whatman paper No. 1
f Used with Whatman paper 3 MM.
% Used with Whatman paper No. 42.

RESULTS

Histology of incubated tissue
From the examination of the small sections removed from the tumour tissue taken

for incubation, it was estimated that the portion of tissue investigated contained
equal amounts of luteinized granulosa cells and thecal cells.

The total radioactivity and the percentages recovered in each fraction are shown
in Table 1. Samples from the neutral steroid fraction were separated into four
distinct bands of radioactivity by the P 10 solvent system. These bands corresponded
in chromatographic mobility to (i) progesterone (RF 0-8), (ii) 3/?-hydroxypregn-4-
en-20-one (RF 0-65), (iii) 20a-hydroxypregn-4-en-3-one (RF 0-5) and (iv) material
remaining at the origin. After the carrier steroid had been added, (i) and (iii) were
identified as progesterone and 20a-hydroxypregn-4-en-3-one by their chromato¬
graphic mobility and by specific activity determination before and after derivative
formation (Table 3). Material (ii) was tentatively identified as a 3-hydroxypregn-4-
en-20-one (Table 3). Radioactive material corresponding to (iv) remained at the
origin of the chromatogram run in the solvent system EC 13. No increase inmobility
was observed after acetylation, and (iv) remains unidentified.
The remainder of the neutral fraction was chromatographed in the system PG/T

with the carriers 17a-hydroxyprogesterone and androstenedione. Eluates from areas
corresponding to these steroids were pooled, dried, and the dry residue re-chromato-
graphed. No significant radioactivity was detected on these chromatograms, sug¬
gesting that these steroids were not present among the metabolites of progesterone.
(The sensitivity of the gas-flow strip counter was sufficient to detect approximately
0-35 m/tc.)
Table 4 shows the distribution of radioactivity amongst the metabolites formed.
The acidic fraction was chromatographed in the system F/CB. All the detectable

radioactivity remained at the origin, and there was no evidence for the presence of

Metabolism of progesterone
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Table 3. Summary of evidence for the identification of steroids isolated from the
incubated tumour tissue

Specific
activity

Material Chemical Chromatographic mobility (m/ic/
investigated reaction identical with that of Solvent systems /imole)
Incubation with progesterone:
(i) — Progesterone F/Cyc, PG/T, P 10 72-69

Oxidation Progesterone P 10

Acotylation Progesterone P 10
Reduction 20/?-Hydroxypregn-4-en-3-one P 10 71-71

20a-Hydroxypregn-4-en-3-one P 10

Acetylation 20/?-Acetoxypregn-4-on-3-one F/Hex, P 10 70-19

20a-Acetoxypregn-4-en-3-one F/Hex, P 10
<") — 3/S-Hydroxypregn-4-en-20-one P 10, F/Hex

Oxidation Progesterone F/Hex
Acetylation 3/?-Acetoxypregn-4-en-20-one F/Hex

(iii) —• 20<x-Hydroxypregn-4-en-3-one PG/T, P 10 10-72

Acetylation 20a-Acetoxypregn-4-en-3-one F/Hex, P 10 10-67
Oxidation Progesterone F/Hex, P 10 11-47

Incubation with androstenedione :

(v) — Androstenedione F/Hex, PG/T, P 10 128-13
Reduction Testosterone PG/T, P 10, PB 21 121-82

Acetylation Testosterone acetate F/Hex, P 10 124-38

(vi) — Testosterone P 10, PG/T, PB 21 576-36
Acetylation Testosterone acetate F/Hex, P 10 550-62
Oxidation Androstenedione F/Hex, P 10 539-12

(viii) — Oestrone F/CB, PG/T 23-00
Methylation Oestrone-3-methyl ether Alumina column 21-21
Reduction Oestradiol-17/? F/CB
Methylation Oestradiol-17/?-3-mothyl ether Alumina column 20-97

(ix) — Oestradiol-17/? F/CB, F/C, ET 19

Table 4. Radioactivity of substances isolated from incubations with tumour tissue
as percentage of total radioactivity recovered

% total
Substrate incubated radioactivity

(m/t moles) Substances isolated recovered

Progesterone (254) (i) Progesterone 31-5

(") 3-Hydroxypregn-4-en-20-one 4-8

(iii) 20a-Hydroxypregn-4-en-3-one 16-6

(iv) Neutral polar material 31-5

Androstenedione (279) (v) Androstenedione 21-5

(vi) Testosterone 40-8

(vii) Neutral polar material 26-7

(viii) Oestrone 1-4

(ix) Oestradiol-17/? 0-6

(x) Acidic polar material 1-9

oestrone or oestradiol-17/?. On elution and re-running in the system F/C for 19 hr.,
the radioactivity remained at the origin. Under these conditions, oestra-l,3,5(10)-
triene-3,16a, 17/?-triol (oestriol) moves 5-5 cm. from the origin. The radioactive
material was not identified.
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Metabolism of androstenedione
The total radioactivity and the percentages recovered in each fraction are shown

in Table 1. Chromatography in the system P 10 of samples of the neutral fraction
gave three radioactive bands, the mobility of two (v) and (vi) corresponded to that
of androstenedione and testosterone respectively, a third (vii) remained at the origin.
The presence of androstenedione and testosterone was confirmed by procedures
summarized in Table 3. Chromatography of the origin material in the systems
PB 11 and B 10 separated it into at least seven small fractions and a large polar
fraction at the origin, none of which were identified.
The acid fraction contained only 3-9% of the recovered radioactivity. In the

system F/CB this fraction was separated into three radioactive bands corresponding
in mobility to oestrone (viii), oestradiol-17/? (ix) and another band (x) remained at
the origin. The presence of oestrone amounting to 1-4% of the amount of andro¬
stenedione incubated (Table 4) was confirmed by the carrier technique summarized
in Table 3. Material corresponding to (ix) contained the least amount of radio¬
activity. It had the chromatographic mobility of oestradiol-17/? in three solvent
systems (Table 3). The acidic polarmaterial remained at the origin of a chromatogram
run for 19 hr. in the system F/C. Oestriol moves 5-5 cm. from the origin under these
conditions. This radioactive material was not identified.

DISCUSSION

The clinical symptoms associated with granulosa cell tumours, namely precocious
puberty, menstrual disturbances or postmenopausal bleeding, are primarily caused
by an increased production of oestrogen. Thecal cells are often present in these
tumours and, as in the tissue described in this report, are sometimes prominent
enough to justify the term granulosa-theca cell tumour. Few of these tumours are
without demonstrable endocrine function (Morris & Scully, 1958). Increased urinary
excretion of oestrogens has been reported in patients with granulosa cell tumours
(Bruk et al. 1960; Dorfman, 1960; Marsh et al. 1962). The clinical features and cystic
hyperplasia of the endometrium provide evidence for the oestrogen secretion by the
tumour described in this report.
Our experiments provide no evidence that the tumour investigated could utilize

progesterone as an oestrogen precursor (Text-fig. 1, pathway (a)). The major product
identified after incubation with progesterone was 20a-hydroxypregn-4-en-3-one.
Neither 17a-liydroxyprogesterone, androstenedione, oestrone nor oestradiol-17/?
were found. However, as shown by a separate incubation experiment, androstene¬
dione was metabolized to oestrone and possibly oestradiol-17/? by the tumour tissue.
These observations are of particular interest with regard to oestrogen biosynthesis

in the ovary. Pathway (a) (Text-fig. 1) involving progesterone has been well estab¬
lished using follicular wall or parts of the whole ovary (Solomon, Vande Wiele &
Lieberman, 1956; Ryan & Smith, 1961a; Warren & Salhanick, 1961; Axelrod &
Goldzieher, 1962). It might be inferred from our observations that the oestrogens
were formed by pathways (6) and (c) (Text-fig. 1) not involving progesterone, and
there is considerable evidence that these pathways may be of significance in the
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ovary (Neher & Wettstein, 1960; Ryan & Smith, 19616; Short, 1961; West & Naville,
1962).
The principal reason for undertaking this type of investigation is the identification of

steroid biosynthetic activity with the particular cell types in an ovarian tumour,
although interpretation of the results becomes difficult when mixtures of cells are
incubated. The inference from Short's (1962) 'two-cell type'theoryofsteroid synthesis
by the ovary, from studies of transplanted rat ovaries (Falck, 1959) and from the histo-
chemical findings ofDeane, Lobel & Romney (1962) is that the luteinized granulosa'cells
of the tumour investigated were primarily concerned in the secretion of progesterone

Cholesterol

(b)

Dehydroepiandrosterone

Pregnenolone 17a-Hydroxypregnenolone

| tt
2Ch-Hydroxypregn- -< Progesterone

4-en-3-one .

1
17a-Hyd roxyprogesterone

I
Androstenedione >- Oestrone

It
Oestradiol-17/?Testosterone

Text-fig. 1. Possible pathways of steroid biosynthesis in the human ovary.

and 20a-hydroxypregn-4-en-3-one, whereas the thecal tissue produced the oestrogens.
Short (1962) concluded from an investigation of the steroids extracted from the
corpus luteum of the mare which seems to be composed mainly of one cell type—
the luteinized granulosa cell—that this tissue contains little '17a-hydroxylase' or
'17-20 desmolase'. However, it has been shown that luteinized granulosa cells in
the mare ovary can aromatize the A ring of C19steroid substrates (Mahajan & Samuels,
1963). Huang & Pearlman (1962) reported that luteinized ovaries of pseudopregnant
rats 'form the progestational hormones progesterone and 20a-hydroxypregn-4-en-3-
one to the virtual exclusion of other hormones'. The subsequent demonstration
(Huang & Pearlman, 1963) of a progesterone '17a-hydroxylase' and an androstene¬
dione aromatizing enzyme system in human corpus luteal tissue has been attributed
by Short (1962) to the thecal cells observed (Brambell, 1956) in this tissue. However,
this view is not supported by the results of Marsh et al. (1962) who reported that
granulosa cell tumour tissue, which, as they claimed, contained only luteinized
granulosa cells and no thecal cells, converted testosterone to oestrogens in high yield.
A tumour of this type, containing only granulosa cells, is regarded as particularly rare
(Morris & Scully, 1958).
The luteinized granulosa cell, therefore, seems to be able to form not only pro¬

gestational hormones, but also oestrogens if provided with androstenedione or
testosterone by either pathway (6) or (c) (Text-fig. 1). Furthermore, the granulosa-
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theca cell tumour investigatedmayhave secretedprogesterone,althoughno evidence for
this was obtained from the endometrial histology. Evidence for progesterone secretion
by granulosa cell tumour has been reported (Goldberg, Seegar Jones &Woodruff, 1963).
The role of the thecal tissue of the tumour in steroid secretion is difficult to assess.

If the tumour tissue secreted oestrogens, progesterone was apparently not the
precursor. It must also be considered that, in a tumour weighing over 300 g., some
degree of cellular de-differentiation may have occurred, and that some of the enzyme
systems may not have been functional.
Substance (ii) amounting to 5% of the progesterone incubated, was shown to

behave chromatographically like 3/?-hydroxypregn-4-en-20-one. Progesterone was
obtained by oxidation of this material, and the acetate of (ii) had the chromato¬
graphic mobility of 3/?-acetoxypregn-4-en-20-one. However, authentic 3a-hydroxy-
pregn-4-en-20-one was not available, and substance (ii) can only be tentatively
identified as a 3-hydroxypregn-4-en-20-one. Ringold, Ramachandran & Forchielli
(1962) reported the reduction of 6/?-fiuorotestosterone by supernatant fractions of
male rat liver to the corresponding 3-hydroxysteroids, and Levy, Saito, Takeyama,
Merrill & Schepis (1963) obtained 3a,17a-dihydroxypregn-4-en-20-one from perfusion
of 17a-hydroxyprogesterone through bovine adrenals and ovaries. As suggested by
Levy et at. (1963), rearrangement of a A4-3-hydroxysteroid to form a A5-3-hydroxy-
steroid would constitute a reversal of the oxidation of a A5-3-hydroxy to a A4-3-
oxosteroid.
We were unable to identify the extremely polar material formed in both incuba¬

tions. Similar unidentified material was found by Huang & Pearlman (1962, 1963).
Although it is accepted that steroid synthesis in vitro does not necessarily reflect

the physiological activity in vivo, considerable knowledge of steroid metabolism in
endocrine tissue has been gained by such studies. Further investigations with
granulosa cell tumour tissue in vitro with pregnenolone as substrate, should provide
interesting results.
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DESCRIPTION OF PLATE

Fig. 1. Area of tumour showing compact groups of granulosa-like cells separated by connective tissue
strands and blood vessels. (H. & E., x 192).
Fig. 2. Area of tumour with diffusely arranged cells resembling that of a thecoma. (H. & E., x 190).
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STEROID BIOSYNTHESIS IN VITRO BY TISSUE FROM A
GRANULOSA CELL MULTILOCULAR CYSTADENOMA
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D. CUNNINGHAM and G. BARR:j:

University Department of Steroid Biochemistry, Royal Infirmary,
Glasgow, C. 4; JDepartment of Obstetrics and Gynaecology,

Royal Infirmary, Glasgow, C. 4, Scotland

[Received 22 November 1965)

summary

A granulosa cell multilocular cystadenoma was removed from a 7-yr.-old
girl who showed breast growth and had a history of almost continuous
vaginal bleeding for 9 days. Tissue, which microscopically was shown to
consist almost exclusively of granulosa cells, was incubated with [4-14C]-
DHA and [7-3H]pregnenolone in Krebs-Ringer bicarbonate solution. The
ability of this tissue to synthesize oestrogens from these precursors was
investigated. These results and those of pre- and post-operative urinary
steroid estimations are discussed in relation to current theories of steroid

biosynthesis.
introduction

Granulosa cell tumours of the ovary occur from childhood to old age. Associated
clinical symptoms, such as precocious puberty, menstrual disorders or postmeno¬
pausal vaginal bleeding, are attributed to oestrogen secretion by the tumours.
Increased urinary excretion of oestrogenic steroids has been observed in patients
with such tumours (Bruk, Dancaster & Jackson, 1960; Dorfman, 1960; Marsh,
Savard, Baggett, Van Wyk & Talbert, 1962).
Investigations of steroid biosynthesis by tissue from these tumours in vitro have

been reported (Marsh et al. 1962; Griffiths, Grant & Symington, 1964; Kase,1964),
but details of precursors and pathways involved are still far from clear. How much
of this difficulty may be attributed to variations in the types of granulosa cell tumour
investigated is unknown. Pathologists are not always in agreement when describing
these tumours, and the samples of tumour taken for biochemical investigation are
often likely to contain varying proportions of tissues of differing cell types. Varying
degrees of anoxia or necrosis of the tissue may also have a bearing on the results.
In an earlier investigation (Griffiths et al. 1964) we reported on steroid biosynthesis
in vitro by a solid ovarian neoplasm, examined independently by three pathologists
and described as a granulosa-theca cell tumour. The opportunity has now been taken
to investigate steroid biosynthesis in a 'granulosa cell multilocular cystadenoma'.
* Present address: Tenovus Institute for Cancer Research, The Welsh National School of Medicine,

The Heath, Cardiff.
•f Present address: Department of Therapeutics, Maryfield Hospital, Dundee.
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CASE REPORT AND PATHOLOGICAL DATA

The patient, aged 7 yr., was referred to the Gynaecological Clinic after 9 days of
almost continuous vaginal bleeding. Her breasts showed a considerable degree of
development with nipple enlargement and pigmentation of the areolae (PI. 1, fig. 1).
Some pubic hair was noted and the external genitalia had developed to the state of
normal adolescence. The abdomen was moderately distended, and a firm cystic
swelling was found in the hypogastrium, extending from the symphysis pubis to a
point approximately 2-5 cm. above the umbilicus. The vaginal walls were rugose, and
showed evidence of oestrogen stimulation. The cervix, showing an active erosion,
and the uterine body, with a cavity about 6 cm. long, were similar to those of a normal
multiparous adult female. Curettage gave apparently normal endometrium without
difficulty, and histological examination of the sample (PI. 1, fig. 3) showed well-
marked proliferative changes in the glands and stroma, but no secretory changes.
At laparotomy, a mobile cystic tumour, with no adhesions to surrounding struc¬

tures or to the parietal peritoneum, was found at the site of the right ovary. The
entire mass was removed. The left ovary seemed normal.
The post-operative period was uneventful. Slight vaginal bleeding occurred

between the third and eleventh day after operation. This was considered to be due
to oestrogen withdrawal and the bleeding may have been terminated by the admini¬
stration of oestradiol on the ninth day. The patient, 6 months after operation, is
shown in PI. 1, fig. 2.

Pathological examination of the tumour
The tumour, described as a granulosa cell cystadenoma of the ovary, was a large

(18 cm. diam.) multilocular cyst containing about 1-5 1. straw-coloured fluid. The
linings of the larger cysts were generally smooth but some were raised, granular,
brown in colour and 1-2 mm. thick.

Microscopic examination showed the large cysts to be lined with a layer of granu¬
losa cells with a definite basement membrane (PI. 2, fig. 1). In a few areas, cells of
the theca interna were present, some showing luteinization (PI. 2, fig. 2), but there
was little evidence of underlying thecal cells. The raised, brown, granular areas con¬
sisted of hyperplastic granular cells with prominent Call-Exner bodies (PI. 2, fig. 3).
Material taken for investigation of steroid biosynthesis was from the raised areas

consisting almost exclusively of granulosa cells with few if any or no thecal cells
(PI. 2, fig. 3).
In other parts of the cyst walls, typical follicular cysts were present (PI. 2, fig.4).

METHODS

Investigation of urinary steroids
Urinary 17-oxosteroids were determined by the Medical Research Council (1963)

method, and 17-hydroxycorticosteroids by the method of Few (1961), slightly
modified. In each case Peterson & Pierce's (1960) modification of the Zimmermann
reaction was used, with tetramethylammonium hydroxide as alkali (James & De
Jong, 1961). Oestrogens were determined as described by Brown (1955), pregnanediol
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by the method of Klopper, Michie & Brown (1955), and pregnanetriol by the method
of Fotherby & Love (1960).
Eight days before operation, 10 fie [4-14C]progesterone (1-0 /ic/m/tmole) were

administered intravenously, and the specific activity of a highly purified sample of
the acetate of the isolated urinary pregnanediol was determined. This result was used
to calculate the rate of progesterone production, which, although a reasonable
deduction from the data available, may be subject to some error.
Nine days after operation, lmg. oestradiol-17/? benzoate was given intramus¬

cularly, and the amounts of oestrone, oestradiol-17/? and oestriol excreted in the
urine during the following 24 hr. were determined.

Investigation of cystic fluid
One litre of cystic fluid containing 5-2 g. protein/100 ml. was extracted three times

with an equal volume of ether. The ether extract was washed three times with 250 ml.
water, and examined for the presence of oestrone, oestradiol-17/? and oestriol by the
method of Brown (1955).

Investigations in vitro: preparation of tissue and conditions of incubation
The brown granular tissue described earlier was scraped from the linings of the

cysts and chopped in the apparatus of Mcllwain & Buddie (1953). The tissue (2 g.)
so obtained was incubated with 40 m/tmoles each of [4-14C]3/?-hydroxyandrost-5-en-
17-one (DHA) (50 myc/mymole) and [7-3H]3/?-hydroxypregn-5-en-20-one (pregnen¬
olone) (445 m/tc/m/tmole) in 24-0ml. Krebs-Ringer bicarbonate-glucose medium for
2 hr. at 37°, shaking in 95% oxygen:5% carbon dioxide.

Extraction and preliminary separation of steroids in the incubated mixture
After incubation, the mixture was shaken with 10 ml. acetone, and with 300 jag.

each of the following non-radioactive carriers: pregnenolone, 17a-hydroxypregneno¬
lone, DHA, progesterone, 17a-hydroxyprogesterone, androstenedione, testosterone,
oestrone, oestradiol-17/?, oestriol, sodium 3/?-sulphoxypregn-5-en-20-one (pregneno¬
lone sulphate), sodium 3/?-sulphoxy-17a-hydroxypregn-5-en-20-one (17a-hydroxy-
pregnenolone sulphate) and 3/?-sulphoxyandrost-5-en-17-one (DHA sulphate). The
mixture was then homogenized in a Silverson mixer with 5 vol. warm acetone and
filtered. The residue was washed twice with the same volume of acetone.
The pooled acetone extract and washings were taken almost to dryness under

reduced pressure; material in the aqueous residue was distributed between aqueous
methanol and petrol ether. The aqueous methanol was evaporated to a small volume,
water added, and the free steroids were extracted with chloroform (Griffiths, Grant,
Browning, Whyte & Sharp, 1966). Steroid sulphates were extracted from the aqueous
residue by the method of Thomas & Bulbrook (1964). Neutral and phenolic free
steroids were separated as described by Griffiths, Grant & Whyte (1963).

Chromatographic separation of steroids
Thin-layer chromatography on silica gel was used to isolate the individual free

steroids. The procedures for the preparation of plates and elution of steroids were
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those described by Griffiths et al. (1966), except that ether was used in place of
benzene for the elution from the silica gel of the oestrogens and their methyl ethers.
Steroid sulphates were run on thin layers of anion-exchange cellulose, MN-300

G/Ecteola (Macherey, Nagel and Co., Dfiren, Germany). For the preparation of
plates, 15 g. Ecteola (ion-exchange capacity 0-35 m-equiv./g.) were mixed with 75 ml.
water, as described by Oertel, Tornero & Groot (1964). Steroid sulphates were eluted
with methanol.
The following solvent systems were used: (I) benzene:hexane:ethanol (14:5:1),

(II) chloroform:acetone (185:15), (III) chloroform:ethanol (19:1), (IV)benzene:ethyl
acetate (9:1), (V) hexane:ethyl acetate (7:3), (YI) cyclohexane:ethyl acetate (7:3),
(VII) ethyl acetate:hexane: ethanol (80:15:5), and (VIII) 4 M-urea in 3 N-ammonium
hydroxide solution. Solvent proportions in systems I-VII are by volume.
Radioactive substances on thin-layer plates, 5 cm. wide, were detected by a

Packard radiochromatogram scanner (model 7201). The ultraviolet-absorbing
steroids were located directly by ultraviolet lamp. A5-3/?-Hydroxysteroids and oestro¬
gens were located by running standards near the edge of the plate and spraying this
part with 15% phosphomolybdic acid in ethanol or, in the case of steroid sulphates,
with methylene-blue solution.

Identification of steroids
Procedures similar to those of Griffiths et al. (1966) were used to identify the

steroids. For specific-activity determinations A4-3-oxosteroids were measured in
ethanol using their selective absorption at 240 m/i. A5-3/?-IIydroxysteroids and their
3/?-acetoxy and sulphoxy derivatives were measured with the ethanol: sulphuric
acid (1:2, v/v) reagent of Oertel & Eik-Nes (1959), and oestrogens and their methyl
ethers (prepared by the method of Brown, 1955) by the Kober reaction (Brown,
1955). Radioactivity was measured by a Packard Tri-Carb liquid scintillation spectro¬
meter, model 3214. The counting conditions were such that 14C and 3H could be
determined simultaneously with counting efficiencies, in channels I and II respec¬
tively, of 3 % and 47 % for 14C and 18% and 0% for 3H. The absolute quantities of
3H were calculated using the standard equations (Okita, Kabora, Richardson & Le
Roy, 1957) and those of 14C from direct readings on channel II (no tritium counts are
obtained in this channel under the conditions specified). No quenching was observed.
Radioactivity in steroid sulphate fractions was determined by dissolving the

residue in the vial in 1-0 ml. methanol and adding 9-0 ml. scintillator. Quenching was
determined by use of an internal standard.

Neutral steroid fraction
The neutral steroid fraction was applied as 3 in. long lines on three thin-layer plates

and chromatographed in solvent system I. Bands of steroids corresponding in
chromatographic mobility to (i) 17a-hydroxypregnenolone (RF 0-19), (ii) testosterone
{RF 0-23), (iii) 17a-hydroxyprogesterone (RF 0-27), (iv) DHA (RF 0-33), (v) pregneno¬
lone {Rf 0-33), (vi) androstenedione {RF 0-45) and (vii) progesterone {IIF 0-60) were
located. The steroids were eluted from these bands, and DHA and pregnenolone
separated by running in solvent system II, drying the plate and re-running in the same
system. Androstenedione and 17a-hydroxyprogesterone were subjected to an
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acetylation reaction for purification. Individual steroids were then separated using
the solvent systems described earlier. Portions of the eluted steroids were rechromato-
graphed directly or after the formation of derivatives as described by Griffiths et at.
(1963). Specific activities were then determined after elution from the plates.

Table 1. Evidence for the identification of steroids isolated from the incubation with
tissue from a granulosa cell multilocular cystadenoma

Specific activity
(disintegrations/

Material min./m/tmole)
investi¬ Chromatographic mobility Solvent , ,

gated Chemical reaction identical with that of: systems 3H 14C

(i) — 17a-Hydroxypregnenolone II, III 2379 0

Acetylation 3/?-Acetoxy -17a-hydroxypregn- IV 2362 0
5-en-20-one

(ii) — Testosterone III, I 14-9 2-4
Oxidation Androstenedione I 13-4 2-7

Acetylation Testosterone acetate I — 2-5

(iii) — 17a-Hydroxyprogesterone II, III 547 0
Reduction 17a-20/?-Dihydroxypregn-4-en- III 563 0

Reduction and acetylation 17a-Hydroxy-20/?-acetoxypregn- I 574 0
4-en-3-one

(iv) — DHA II 0 2968

Acetylation 3/?-Acetoxyandrost-5-en-17-one IV 0 2961
Reduction Androst-5-ene-3/?,17/?-diol III 0 2811

(v) — Pregnenolone II 28,642 0

Acetylation 3/?-Acetoxypregn-5-en-20-one IV 28,677 0
Reduction Pregn-5-ene-3/?,20/?-diol III 29,626 0

(vi) — Androstenedione II, I — 15-1
Reduction Testosterone I 5-09 14-9
Reduction and acetylation Testosterone acetate I 5-73 151

(vii) — Progesterone II, I 975 0
Reduction 20/?-Hydroxypregn-4-en-3-one I 1058 0
Reduction and acetylation 20/?-Acetoxypregn-4-en -3-one I 1054 0

(viii) — Oestrone II, I 0 —

Methylation Oestrone-3-methyl ether V 0 264
Reduction Oestradiol-17/? III 0 257

(ix) — Oestradiol-17/? I 59 731

Methylation Oestradiol-17/?-3-methyl ether VI 56 760
Oxidation Oestrone II 55 746

Phenolic steroid fraction
The phenolic steroid fraction was chromatographed on two thin-layer plates in

solvent system I. Bands of steroid corresponding in mobility to (viii) oestrone
(RF 0-51), (ix) oestradiol-17/? (JlF 0-30), and (x) oestriol (RF 0-05) were eluted.
Oestriol was re-run in solvent system VII. Portions of the eluted oestrone and
oestradiol-17/f-like material were rechromatographed directly, and after the forma¬
tion of derivatives, as shown in Table 1, the specific activities were determined.

Steroid sulphate fraction
Half of this fraction was chromatographed on 5 cm. wide plates spread with anion-

exchange Ecteola, using the solvent system VIII. The RF values for the sulphates of
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pregnenolone, 17a-hydroxypregnenolone and DHA in this system are 0-39, 0-48,
0-62, respectively. The plates were scanned for radioactivity, the steroid sulphates
eluted, and their radioactivity measured.

RESULTS

Urinary steroids and cystic fluid
The excretion of urinary steroids is shown in Text-figs. 1 and 2. The 17-oxosteroids

were within the normal range (Hamburger, 1948). Values for 17-hydroxycortico-
steroids (17-OHCS) were similar to those found by Loraine, Bell & Foss (1965) in a
child aged 9 yr. with precocious puberty of pituitary origin. On certain days, how¬
ever, the 17-OHCS levels were high compared with values given by Borth, Linder &
Riondel (1957).
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Text-fig. 1. Pre- and post-operative urine output (ml./24 hr.) and urinary 17-hydroxycortico¬
steroids, 17-oxosteroids, pregnanetriol and pregnanediol excretion (mg./24hr.).
Text-fig. 2. Pre- and post-operative urine excretion of oestrone, oestradiol, and oestriol (/tg./
24 hr.). Stippled bar = administration of 1 mg. oestradiol benzoate, i.m.

Before operation, the mean oestriol excretion appeared abnormally high, averaging
45-9 /ig./day. On the sixth day after the operation it fell to 4-8 jug. Before operation,
the mean daily oestrone and oestradiol-17d excretions were 3-6 jug. and 1-6 ng-, and
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after operation they decreased to 2-0 and 0-6 jug., respectively. After administration
of oestradiol benzoate on the ninth day after operation, a more normal pattern of
daily urinary oestrogen excretion was obtained: oestriol, 29-5 fig.; oestrone, 11-8 fig.;
and oestradiol, 8-6 jug. Migeon (1953) has reported that the amount of oestriol
excreted is normally about four times that of oestrone or oestradiol.
The mean daily urinary excretion of pregnanediol was 2-3 mg. This is much higher

than that found by Bergstrand & Gemzell (1957), who used the same method in girls
who had not reached puberty (0-57 + 0-57 mg./24 hr.) or who had irregular bleeding
after menarche (0-69 + 0-20 mg./24 hr.). In three young girls with regular periods,
they reported values averaging 2-56 mg./24 hr., similar to those found in the present
patient. After operation, pregnanediol excretion fell to 0-7 mg. Measured before
operation on one day the rate of progesterone production was 20-5 mg. The ratio of
production rate to urinary excretion agrees well with the observations of Klopper &
Michie (1956).

Steroid biosynthesis in vitro
Evidence (Table 1) was obtained for the formation from [7-3H]pregnenolone of

progesterone, 17a-hydroxypregnenolone, 17a-hydroxyprogesterone, androstenedione,
testosterone and oestradiol-17/?. Similarly (Table 1), it could be shown that andro¬
stenedione, testosterone, oestrone and oestradiol-17/? are formed from [4-14C]DHA.
Table 2 shows the distribution of radioactivity among the metabolites formed, and
the percentage of incubated steroids converted to metabolites.
The tritium found in the carrier steroids isolated accounted for 78-9% of the

isotope used in the experiment. The petrol ether and aqueous fractions contained
3-8% and 1-5% respectively, and 15-8% of the tritium was unaccounted for.

Table 2. Radioactivity of steroids incubated and found after incubation of tissue
from a granulosa cell multilocular cystadenoma

% substrate
Found after incubation (rn/tc) transformed

Steroid Incubated ,
—*

,
A

(

investigated (mfic) 14C 3H 14C 3H

Pregnenolone 17,800 12,337-0 69-31

17a-Hydroxypregnenolone — 992-8 5-58

Progesterone •— 446-1 2-51

17a-Hydroxyprogesterone — 229-7 1-29
DHA 2,000 1,362-0 — 68-1 —•

Androstenedione — 2-6 7-1 0-13 0-04
Testosterone — 1-2 6-6 0-06 0-04
Oestrone — 124-2 — 6-21 .—

Oestradiol-17/? — 327-0 28-4 16-35 0-16

The 14C found in the carrier steroids accounted for 90-9 % of the amount of isotope
used. The petrol ether and aqueous fractions each contained 1*5%, and 6-1% was
unaccounted for.
No radioactivity was found to be associated with carrier oestriol or with sulphates

of DHA, pregnenolone or 17a-hydroxypregnenolone.
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discussion

In an earlier investigation (Griffiths et al. 1964), labelled progesterone and andro-
stenedione were incubated separately with chopped tissue from a solid luteinized
granulosa-theca cell tumour weighing 310 g. Progesterone gave 20a-hydroxypregn-4-
en-3-one as the principal metabolite, and was not an oestrogen precursor. However,
androstenedione was converted to oestrogen. These results are in keeping with
observations made with similar types of tissue: luteinized ovaries of pseudopregnant
rats (Huang & Pearlman, 1962), the corpus luteum of the mare (Mahajan & Samuels,
1963) and cow (Savard, 1966) and ovarian granulosa cells of the pig (Bjersing &
Cartensen, 1964). It seems reasonable that tissue, consisting very largely of luteinized
granulosa cells, has the secretion of progesterone and 20a-hydroxypregn-4-en-3-one
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Progesterone

17a-Hydroxypregnenolone-

(6)

17a-Hydroxyprogesterone—

I
I
I
t
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(c)

Androstenedione .

. Androstenediol

(d)

Testosterone

20a-Hydroxypregn-4-en-3-one Oestrone : Oestradiol-17/?

Text-fig. 3. Possible pathways of steroid biosynthesis in the human ovary.

(Short, 1962; Short, Shorter & Linzell, 1963) as one of its principal functions. Histo-
chemical evidence for such a secretion by granulosa cell tumours has been adduced
(Novak & Woodruff, 1962; Goldberg, Seegar-Jones & Woodruff, 1963), and direct
evidence was obtained in the present investigation. However, in this investigation,
no histological evidence was obtained for secretory changes in the endometrium
which could be attributed to progesterone secretion.
The synthesis of oestrogens by granulosa cell tissue is of particular interest. It was

suggested (Griffiths et al. 1964) that pathway (b), (c) or possibly (d) (Text-fig. 3),
excluding progesterone, may be involved in the synthesis ofoestrogen in the luteinized
granulosa cell. Ryan & Smith (1961), Short (1961) and West & Naville (1962) had
shown that pathway (c) may be of some significance in the ovary, although not
necessarily in the granulosa cell. However, in a later investigation, Ryan (1963)
could find no evidence that this pathway was of significance in the human corpus
luteum of pregnancy, and concluded that pathway (a), involving progesterone, was
the biosynthetic pathway for oestrogen. However, this is contrary to results of
Huang & Pearlman (1963) on the human corpus luteum of menstruation. A great
deal of the conflicting evidence has probably arisen from the incubation ofmixtures
of cell types and from the use of preparations containing broken cells, thus making it
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more difficult to interpret results in terms of ovarian function in physiological environ¬
ments (Mahesh & Greenblatt, 1964).
Using whole cells to avoid the problems associated with the use of cofactors, and

tissue consisting almost exclusively of granulosa cells, we could show that DHA is
efficiently converted to oestrone and oestradiol-17/?. However, the absence of tritium
in the isolated DHA is unexpected. 17a-Hydroxypregnenolone was formed from
pregnenolone, and either DHA was not formed from 17a-hydroxypregnenolone or
it was formed and was rapidly transformed into some other substance. Rapid trans¬
formation of DHA in the organized intact cell system byway of androst-5-ene-3/?,17/?-
diol (androstenediol) to testosterone and oestradiol-17/? might account for this
finding. The 3H:14C ratios of androstenedione and testosterone would certainly
suggest that androstenedione is not the sole precursor of testosterone. Lack of
tritium-labelling in the isolated oestrone would also suggest that the oestradiol-17/?-
dehydrogenase favours the formation of the reduced steroid. When investigating a

granulosa cell tumour, Kase (1964) observed the formation of DHA from pregneno¬
lone, although a homogenate was used and cell disorganization may have permitted
some DHA accumulation.

Alternatively, it might be postulated that in the granulosa cell, 17a-hydroxy-
pregnenolone is not readily converted to DHA, but that this compound could be
provided directly from cholesterol without the formation of pregnenolone as an inter¬
mediate step (Gual, Lemus, Kline, Gut & Dorfman, 1963). DHA would then, as
already stated, be rapidly metabolized to oestrogens. The low percentage trans¬
formation of pregnenolone to oestradiol-17/? (0-16%) by tissue from a tumour, which
appears to cause its endocrine disturbances by excessive oestrogen production, also
raises the interesting question whether these granulosa cells make use of DHA from
an external source—for example, DHA sulphate secreted by the adrenal cortex.
Synthesis of oestrogens by pathway b, c or d in granulosa cell tisue in which pro¬

gesterone is not metabolized by pathway a suggests that there is a specific '17-
hydroxylase' for pregnenolone. Our results gave no indication for the presence of
this enzyme, since it could not be shown whether 17a-hydroxypregnenolone or pro¬
gesterone is the precursor of 17a-hydroxyprogesterone. The fact that no tritium could
be detected in urinary pregnanetriol after [3H]progesterone administration—whereas
urinary pregnanediol was labelled—is of doubtful value in attempting to answer this
question.
The absence of tritium or 14C in the oestriol isolated is interesting. Urinary steroid

measurements indicated that, before operation, this oestrogen was being excreted in
abnormally large amounts, which markedly decreased after operation. However,
postoperative administration of oestradiol-17/? resulted in a pattern of urinary
oestrogen excretion similar to that found in normal individuals, suggesting that the
tumour itself was forming oestriol. The inability of the tissue to synthesize oestriol
in vitro may therefore emphasize further that findings in vitro do not always represent
steroid synthesis under physiological conditions.
The limited amount of tissue available prevented the setting up of all desirable

precursor experiments necessary to obtain evidence on the various matters under
discussion. Their elucidation will be the subject of further investigations.
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DESCRIPTION OF PLATES

Plate 1

Fig. 1. Patient at time of admission.
Fig. 2. Patient 6 months after operation.
Fig. 3. Endometrium, showing marked proliferative changes in the glands and stroma, but no secretory
changes. Haematoxylin and eosin. ( x 190.)

Plate 2

Fig. 1. A single layer of granulosa cells lining the large smooth-walled cysts. The underlying tissue in the
centre of the section (A) consists of theca interna. Haematoxylin and eosin and periodic aeid-Schiff
reagent. (x 110.)
Fig. 2. A high-power view of the area marked 'A' in fig. 1, showing cells of the theca interna. Only one
or two luteinized cells are seen (arrows). Haematoxylin and eosin and periodic acid-Schiff reagent.
( x 380.)
Fig. 3. The raised brown granular areas present in the wall of some cysts consist of a hyperplastic layer
of granulosa cells. Prominent Call-Exner bodies (CE) can be seen. Haematoxylin and eosin. (x 120.)
Fig. 4. Multiple small granulosa cysts in the wall of many of the large cysts. Haematoxylin and eosin.
( x 55.)
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SUMMARY

Tissue from a corpus luteum of early human pregnancy
(14 weeks gestation) was incubated simultaneously with

dehydroepiandrosterone sulphate (DHA sulphate) and
pregnenolone. The tissue was chopped and incubated

in Krebs-Ringer bicarbonate-glucose medium without the addi¬
tion of cofactors. Under these conditions pregnenolone was
not converted to androstenedione, testosterone or oestrogen.
However DHA sulphate was metabolised by the tissue, with the
formation of DHA (36.2%), androstenedione (4.5%),testosterone
(0.03%), oestrone (1.2%) and oestradiol-17|3 (1.4%). Evidence
is presented for the conversion of DHA sulphate to 19-hydroxy
DHA sulphate and 19-hydroxyDHA.
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INTRODUCTION

Earlier studies (1) showed that progesterone was not

an oestrogen precursor when incubated with luteinized granu¬

losa cell tumour tissue, the principal metabolite being 20a-

hydroxypregn-4-en-3-one. Androstenedione, however, was con¬

verted to oestrogen. It is of interest that progesterone

was similarly metabolized by luteinized ovaries of pseudo-

pregnant rats (2), porcein granulosa cells (3) and corpora

lutea of man (4), mare (5) and cow (6). Ryan however demon¬

strated the conversion of pregnenolone and progesterone to

oestrogen (7) with human corpus luteum of pregnancy, and

furthermore, concluded that the alternative pathway involving

dehydroepiandrosterone (DHA) was not involved. Further

studies of Griffiths et al (8) showed that whereas 25% of

DHA, incubated with granulosa cell tumour tissue was converted

to oestrogen, only 0.16% of pregnenolone, incubated simul¬

taneously, was similarly transformed. It was then suggested

that plasma DHA sulphate could be a precursor of oestrogens in

such tissues, and in support of such a concept, it has recently

been shown by Fahmy et al (9) that DHA sulphate, incubated with

tissue from a virilizing Hilus cell tumour, was efficiently

converted to androstenedione and testosterone. The metabolism

of DHA sulphate by a corpus luteum of early human pregnancy is

now described.
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MATERIALS AND METHODS

Tissue preparation and incubation A corpus luteum (14
weeks gestation) removed at laparotomy from a 38 yr. old
female was immediately chilled to about 0° and retained at
this temperature until prepared for incubation 30 min.later.
The tissue was finely chopped using a razor blade and 2 g.
minced tissue was incubated simultaneously with 107. 8m|j.moles
each of [4-l4c3 pregnenolone (24 pC/[xmole) and [7a-^H] DHA
sulphate (189.9 pC/jimole) in 2 5 ml. Krebs-Ringer bicarbonate-
glucose medium. After 2 hr. shaking in an atmosphere of
95% O2: 5% CO2, the reaction was stopped by addition of
acetone.

Extraction and fractionation of steroids Prior to extrac¬

tion, the following non-radioactive steroids were added in
ethanol: 500 pg. of pregnenolone, 17a-hydroxypregnenolone,
progesterone, 17a-hydroxyprogesterone, DHA, androstenedione,
androstenediol (androst-5-ene-3(3,17(3-diol) , testosterone,
19-hydroxydehydroepiandrosterone (19-hydroxyDHA), oestrone,
oestradiol-17(3, oestriol and the sulphates of DHA, pregnen¬
olone, 17a-hydroxypregnenolone and testosterone. The mix¬
ture was homogenized in a Silverson mixer with 5 vol. acetone,
filtered and the steroids extracted and separated as described
previously (10) .

Chromatography Thin layer chromatography on silica gel was
used to isolate the individual steroids in the various frac¬
tions. The A4-3-oxosteroids were detected on the plates by
absorption of light at 254 irp and A5-3|3-hydroxysteroids, a
3|3-sulphoxysteroids and oestrogens using long wave (350 m|_i)
ultraviolet light. Procedures for plate preparation and
steroid elution have been described (10)(11). The following
solvent systems were used: (I) chloroform:acetone (185:15),
(II) cyclohexane:ethanol (180:20), (III) benzene:methanol
(170:30), (IV) hexane:ethyl acetate (100:100), (V) cyclo¬
hexane: ethylacetate (90:110), (VI) benzene:ethylacetate (180:
20), (VII) chloroform:ethanol (190:10), (VIII) cyclohexane:
ethylacetate (110:90), (IX) cyclohexane:ethylacetate (140:60),
(X) cyclohexane:ethylacetate:ethanol (90;90:20), (XI) chloro¬
form:methanol: water (187:12:1), (XII) benzene:ethylacetate
(150:50), (XIII) ethylacetate:t-butanol: 5N NH4OH (100:82:40).
Solvent proportions are by volume.
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Determination of isolated steroids and measurement of
radioactivity The procedures for measurement of steroids
after elution, and for derivative preparation were those
already described (8)(12). 19-hydroxysteroids were mea¬
sured using the Oertel-Eik Nes reagent(13):19-hydroxyDHA
and its diacetate from Allen corrected readings (14)at 355,
380,405 mp,, and the 19-hydroxyandrostenediol at 385,410,
435 mjj,. Readings were taken after a reaction period of
80 min. Radioactivity was measured by a Nuclear-Chicago
liquid scintillation spectrometer (Model 6860).

Separation of individual carrier steroids Individual
carrier steroids of the neutral and phenolic fractions
were separated, after extensive thin layer chromatography
by well established procedures (10). Carrier 19-hydroxy
DHA ran in solvent system I with an Rf of 0.04 thereby
separating it from 17a-hydroxypregnenolone and androstene-
diol. Steroid conjugates were chromatographed in solvent
system XIII in which the sulphates are not resolved and
have an Rf of 0.35. Material from this zone was eluted
and solvolysed (15). 300 jj.g.androstenediol, 19-hydroxy-
DHA, oestrone, oestradiol-17(3 and oestriol were then added
to the solvolysed extract. Neutral and phenolic carrier
steroids were then isolated as described earlier.

After isolation of individual carrier steroids,
portions of the steroids were chromatographed directly and
after the formation of derivatives (12). Specific
activities were then determined after elution from the plates.

Evidence for the identification of the steroids isolated

sulphate with the luteal tissue is shown on Tables 1 and 2.

Table 1 shows the unconjugated neutral steroids isolated and

Table 2 the conjugated steroids and unconjugated oestrogens.

The distribution of radioactivity amongst the isolated car¬

rier steroids is given in Table 3.

RESULTS

from the incubation of (4-^c} pregnenolone and DHA
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Table1.Radioactiveunconjugatedneutralsteroidsisolatedfromincubation Compoundisolatedand
Productmobility

Solvent

Sp.Act.(disintegrations

chemicalreaction

identicalwith

systern

perminute/mp.mole) 14c.
3h

Pregnenolone -

pregnenolone

i,iv

3117

-

reduction

pregn-5-ene-3|3,20(3-diol
iv

3097

-

acetylation

pregnenoloneacetate

iv

2934

-

17aoh-pregnenolone -

17a-0Hpregnenolone

i

17.2

-

acetylation

17a-0Hpregnenoloneacetate
vi

15.9

-

Progesterone -

progesterone

i,ii

529

-

reduction

20(3-0Hpregn-4-en-3-one
iii

551

-

reductionandacetylation
20|3-acetoxypregn-4-en-3-one
ii

533

-

17oc-OHprogesterone -

17a-0Hprogesterone

i

24.1

-

reduction

17a,20p-di0Hpregn-4-en-3-
v

25.9

-

one

reductionandacetylation
17a,20(3-di0Hpregn-4-en-3-
v

24.1

-

oneacetate

DHA

-

DHA

1,1v

-

9832

reduction

androstenediol

iv

-

9208

acetylation

DHAacetate

iv

-

9371

Androstenediol -

androstenediol

i,vii

_

57.9

acetylation

androstenediol-diacetate
vi

-

57.4

Androstenedione -

androstenedione

i,iii

_

1188

reduction

testosterone

iii

-

1186

reductionandacetylation
testosteroneacetate

i

-

1170

Testosterone -

testosterone

i

_

9.1

oxidation

androstenedione

iii

_

8.6

acetylation

testosteroneacetate

i

-

8.4

19-OH-DHA
-

19-OH-DHA

i,xi

-

7.4

acetylation

19-OH-DHAdiacetate

xii

-

7.7



Table2.Radioactiveunconjugatedoestrogensand conjugatedsteroidsisolatedfromincubations
Compoundisolatedand
Productmobility

Solvent
Sp.Act,(disintegrations

chemicalreaction

identicalwith

system

perminute/m|_i,mole) 14C
3h

Oestrone -

Oestrone

iv,viii

-

277.5

acetylation

oestroneacetate

ix

-

281.5

methylation

oestrone-3-ME

vi

280.2

oestradiol-17|3 -

oestradiol-17(3

iv,viii

-

371.6

acetylation

oestradiol-17(3diacetate
ix

-

341.9

methylation

oestradiol-17(3-3ME

vi

338.9

DHAsulphate -

DHAsulphate

xiii

-

solvolysis

DHA

vii,iv

-

7502

solvolysisandreduction
androstenediol

iv

-

7325

solvolysisandacetylation
DHAacetate

iv

-

7535

Androstenediolsulphate -

androstenediolsulphate
xiii

-

solvolysis

androstenediol

vii

-

18.9

solvolysisandacetylation
androstenediolacetate

vi

18.8

19-OHDHAsulphate -

19-OHDHAsulphate

xiii

solvolysis

19-OHDHA

vii,xi

-

10.8

solvolysisandreduction
19-OH-androstenediol

xi

-

12.2

solvolysisandacetylation
19-OHDHAdiacetate

xii

10.2



Table3.
Radioactivityofsteroidsfoundafterthesimultaneousincubation of2.58pc[4-pregnenoloneand20.47n.c7oc-3hdhasulphate withtissuefromacorpusluteumofhumanpregnancy

Steroidinvestigated
Foundafterincubation
%radioactivityfound

(mu.C)

inisolated
steroids

14_

3„

14_

3„

C

H

C

H

Pregnenolone

2171.4

84.0

Progesterone

385.1

14.9

17a-0Hprogesterone
16.85

0.6

17a-0Hpregnenolone
11.25

0.4

DHAsulphate

4298

O

t

rH

CN

Androstenediolsulphate

8.8

0.04

19-OHDHAsulphate

4.9

0.02

Testosteronesulphate

0.0

0.0

DHA

7399

36.2

Androstenediol

44.7

0.2

Androstenedione

929

4.5

Testosterone

6.8

0.03

19-OHDHA

4.4

0.02

Oestrone

233

1.14

Oestradiol-17|3

290

1.42

Oestriol

0.0

0.0

'



Little metabolism of pregnenolone occurred, progest¬

erone (14.9%) , 17a-hydroxyprogesterone (0.6%) and 17ct-hydroxy-

pregnenolone (0.4%) being the only metabolites identified.

Only 21% of the DHA sulphate remained at the end of the

incubation period, and androstenedione (4.5%) ,testosterone

(0.03%), oestrone (1.14%) and oestradiol-17|3 (1.42%) were

formed. Some radioactivity was found in androstenediol

sulphate and androstenediol. However, of real interest was

the evidence for the formation of 19-hydroxyDHA sulphate and

19-hydroxyDHA suggesting that these steroids may be involved

in oestrogen biosynthesis by luteal tissue.

DISCUSSION

There is an increasing interest in the precursor role

of steroid sulphates. Following the report of a relatively

high concentration of DHA sulphate in plasma (16), Baulieu

and Dray (17) Siiteri and MacDonald (18) demonstrated the

importance of this conjugate as a precursor of oestrogen in

the foeto-placental unit. The conversion of DHA sulphate

to androstenedione and testosterone by normal canine ovary

and testis perfused in vivo, has also been described (19) .

A comparison of the in vitro metabolism of DHA sulphate

and pregnenolone by luteal tissue is therefore of interest.

The results show that pregnenolone was not metabolised well

by the. luteal tissue which was investigated. Progesterone,
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17a-hydroxyprogesterone and 17a-hydroxypregnenolone were

formed, but in contrast to the tissue studied by Ryan (7) ,

no oestrogen was synthesised. However, only 21% of the

incubated DHA sulphate remained at the end of the incubation

period, demonstrating the presence of a relatively active

sulphatase enzyme system recently described by Warren and

French (20). Not only was androstenedione (4.5%) formed

from DHA sulphate but also testosterone (0.03%), a similar

observation therefore to that of Huang who showed that

testosterone is formed in corpus luteum of menstruation(21) .

Huang also described the formation of 6|3-hydroxyandrostene-

dione, and the synthesis of this steroid might account for

some of the incubated activity not isolated. Furthermore,

oestrone (1.14%) and oestradiol-17|3 (1.42%) were also syn¬

thesised from DHA sulphate. Although such in vitro studies

can only suggest that the tissue uses plasma DHA sulphate as

an oestrogen precursor, adequate evidence is provided to

show that the necessary enzymic capacity for such biosyn¬

thesis is present.

It was also of interest to find radioactivity associ¬

ated with 19-hydroxyDHA sulphate. The radioactivity re¬

mained with the carrier 19-hydroxyDHA after solvolysis of

the conjugate, acetylation, saponification, reduction and

re-acetylation, with thin-layer chromatography performed

between each stage. Although the specific activities were

low, there is reasonable evidence that this conjugate was
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formed during the incubation, and further studies will be

undertaken to confirm this finding. Evidence is also

provided for the synthesis of 19-hydroxyDHA, and it would

appear that the pathway DHA sulphate 19-hydroxyDHA

sulphate 19-hydroxyDHA 19-hydroxyandrostenedione

oestrone may well be of importance in this tissue.

The conclusion, therefore, from incubation studies

with pregnenolone and progesterone (7) that ^-3(3-hydroxy-
steroids are not involved in the synthesis of oestrogen by

luteal tissue may thus be unjustified. The results re-

reported herein, together with the studies of Flickinger et

al (22) who described the conversion of DHA to oestrogen

by luteal tissue would suggest that plasma DHA sulphate may

have a role as an oestrogen precursor in the corpus luteum

of early pregnancy and possibly other tissues.
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SUMMARY

Tissue from a hilus cell tumour of an ovary removed from a 58-yr.-old
virilized woman was incubated simultaneously with [7a-3H]dehydroepian-
drosterone sulphate (DHA sulphate) and [4-14C]pregnenolone. The tissue
was chopped and incubated in Krebs-Ringer bicarbonate glucose medium
without the addition of cofactors. Both steroids were efficiently meta¬
bolized by the tissue; 78-5 and 1*2% of the pregnenolone was converted to
androstenedione and testosterone respectively, whereas 34-6 % of the
incubated DHA sulphate was isolated in the carrier DHA, 41-4% in the
androstenedione and 0-5% in the testosterone.

INTRODUCTION

It has been recognized for a number of years that the hilus of the normal ovary
contains nests of cells which are morphologically similar, if not identical, with the
Leydig cells of the testis (Berger, 1922; Sternberg, 1949). Furthermore, it is known
that hyperplasia of such cells, or the presence of a hilus cell tumour are associated
with clinical symptoms of virilization. Although, after the first report of a hilus cell
tumour of the ovary by Berger (1942), approximately 50 cases have been reported
in the literature (Boivin & Richart, 1965; Dunnihoo, Grieme & Woolf, 1966) little is
known regarding the metabolism of steroids by these cells. Detailed biochemical
studies have been undertaken on a patient with a hilus cell tumour of one ovary by
Corral-Gallardo, Acevedo, Perez de Salazar, Loria & Goldzieher (1966). Studies in
vitro on the tumour tissue established its ability to convert progesterone to testosterone.
Since it is now well established that dehydroepiandrosterone (DHA) sulphate is

secreted by the human adrenal gland (Baulieu, 1962;Wieland, Levy, Katz & Hirsch-
mann, 1963) and that it is present in a relatively high concentration in plasma
(Baulieu, Mauvais-Jarvis & Corpechot, 1963) it seemed of interest to compare the
ability of the hilus cell tumour tissue to utilize pregnenolone and DHA sulphate as a
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precursor of testosterone. It has been adequately demonstrated that DHA sulphate
serves as a precursor of urinary oestrogens in pregnancy (Siiteri & MacDonald, 1963;
Warren & Timberlake, 1964) and that steroid sulphates can serve as biosynthetic
intermediates (Morato, Lemus & Gual, 1965; Calvin & Lieberman, 1964). The meta¬
bolism of [7a-3H]DHA sulphate and [4-14C]pregnenolone, incubated simultaneously
with hilus cell tumour tissue is now reported. A preliminary account of this work was
communicated by Fahmy, Griffiths, Turnbull & Symington (1967).

MATERIALS AND METHODS

Clinical data and histological appearance of the tumour
The patient, aged 58 yr., was referred to the Gynaecological Clinic because she had

developed, during the preceding 18 months, a male type of baldness, hirsutism of the
face, arms and legs, and because the pubic hair had extended to the umbilicus. More
recently her voice had become deeper and hoarse. Pelvic examination showed slight
but definite enlargement of the clitoris. The uterus and cervix were normal and the
cytological findings were negative. Palpation indicated that the right ovary was
enlarged.
Urinary 17-oxosteroids were determined by the Medical Research Council (1963)

method, and 17-hydroxycorticosteroids by the method of Few (1961). In each case,
Peterson & Pierce's (1960) modification of the Zimmermann reaction was used. The
mean excretion of neutral urinary 17-oxosteroids for 4 days before operation was
29-2 mg./24 hr. (range 26-0-33-5 mg.); which is elevated. After operation the mean
excretion fell to 10-3 mg./24 hr. Mean urinary 17-hydroxycorticosteroid excretion
was 12-2 mg./24 hr.
Total hysterectomy and bilateral salpingo-oophorectomy was carried out. A firm

ovoid brown tumour (1-5 x 1 x 1 cm.) weighing 4 g. occurring well into the right
ovary (2 x 1-5 x 1 cm.) was found. The adjacent ovarian tissue showed some small
cystic areas but no corpora lutea. The tumour was a circumscribed mass of cells with
deeply eosinophilic cytoplasm (Plate, fig. 1), existing in small clusters or cords, with a
marked similarity to interstitial cells (Plate, fig. 2). No Reinke crystalloids were
identified, and there was some mild pleomorphism ofnuclei. The tissuewas typical of a
hilus cell tumour of the ovary. The other ovary showed no unusual features and con¬
tained normal hilus cells. There were atrophic cystic changes in the endometrium
but no other abnormality. The myometrium and the Fallopian tubes were normal.

Preparation of tissue and conditions of incubation
The tumour was chilled to about 0° immediately upon removal from the patient

and kept at this temperature until prepared for incubation 30min. later. Part of the
tumour was finely chopped with a razor blade, and 2 g. minced tissue was incubated
simultaneously with 83mymoles each of [4-14C]pregnenolone (22-1 myc/m/imole) and
[7a-3H]DHA sulphate (368-1 m/tc/m/tmole) in 25 ml. Krebs-Ringer bicarbonate-
glucose medium. After 2 hr. shaking in an atmosphere of 95% 02:5 % C02 the reaction
was stopped by the addition of 10 ml. acetone.
Radioactive steroids used as precursors in the incubation were checked for purity

by diluting the samples with carrier material, and chromatographed on thin layer
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and paper in a number of solvent systems. DHA sulphate was also solvolysed and
chromatographed. Radioactive material on paper and thin layers was measured
using a Packard Model 7201 Radiochromatogram Scanner.

Extraction and fractionation of steroids
Before extraction, the following non-radioactive steroids were added in ethanol:

150/ig. each of pregnenolone, 17a-hydroxypregnenolone, progesterone, 17a-hydroxy-
progesterone, DHA, androstenedione, androstenediol (androst-5-en-3/?,17/?-diol) and
testosterone and 250 yg. each of pregnenolone sulphate, 17a-hydroxypregnenolone
sulphate, DHA sulphate, testosterone sulphate, oestrone, oestradiol-17/?, and
oestriol. The mixture was then homogenized in a Silverson mixer with 5 vol.
acetone and filtered. The residue was washed twice with 30 ml. acetone.
The pooled acetone extract and washings were taken almost to dryness under

reduced pressure, and material in the residue partitioned between aqueous methanol
(70%) and petrol ether (80-100°). The petrol ether was back-extracted with an
equal volume of aqueous methanol. The aqueous methanol was evaporated to a
small volume, water was added and free steroids extracted with 4 x 30 ml. ether.
Neutral and phenolic steroids were separated as described previously (Griffiths,
Grant & Whyte, 1963). After extraction of the free steroids, conjugates were re¬
moved by the method of Edwards, Kellie & Wade (1953).

Chromatographic separation of steroids
Thin-layer chromatography on silica gel was used to isolate the individual steroids

in the various fractions. The procedures for plate preparation and steroid elution
were those of Griffiths, Grant, Browning, Whyte & Sharp (1966a) except that Merck
silica gel H254/366 was used. Ethyl acetate was used to elute the A5-3/?-hydroxysteroids
from the silica gel and 2 ml. water used in the extraction procedure. Steroid sulphates
were eluted by adding 4 ml. ethyl acetate to the silica gel, mixing thoroughly, adding
2 ml. saturated NaCl solution and shaking vigorously. The upper acetate layer was
removed after centrifugation. The A4-3-oxosteroids were detected on the plates by
absorption of fight at 254 my, for A5-3/?-hydroxysteroids, A5-3/?-sulphoxysteroids
and oestrogens fight at 350 my was used.
The following solvent systems were used, the proportions being by volume: (I)

chloroform:acetone (185:15), (II) cyclohexane:ethanol (18:2), (III) benzene:ethyl
acetate (18:2), (IV) hexane:ethyl acetate (1:1), (V) benzene:methanol (17:3),
(VI) chloroform:ethanol (19:1), (VII) cyclohexane:ethyl acetate (9:11), (VIII) cyclo-
hexane:ethyl acetate (14:6), (IX) cyclohexane:ethyl acetate (11:9), (X) ethyl
acetate: cyclohexane: ethanol (9:9:2), (XI) tert.-butanol: ethyl acetate: 5 N-ammonia
(41:50:20), (XII) chloroform:methanol:water (187:12:1), (XIII) benzene:ethyl
acetate (3:1).

Identification of isolated steroids and measurement of radioactivity
Steroids were measured after elution from thin-layer chromatograms as de¬

scribed by Griffiths, Grant, Browning, Cunningham & Barr (19666). The procedures
for derivative preparation and saponification were those already established (Griffiths
et al. 1963). Steroid sulphates were solvolysed according to Burstein & Lieherman
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(1958), and radioactivity was measured by a Nuclear Chicago liquid scintillation
spectrometer (Model 6860). Counting conditions were such that 14C and 3H could be
determined simultaneously with efficiencies in channels I and II respectively of
17 and 54% for 14C and 40 and 0% for 3H.

Neutral steroid fraction
A portion of the neutral steroid fraction was applied as a band, 7-5 cm. long, to a

thin-layer chromatoplate. Appropriate reference steroids were applied beside it.
After chromatography in solvent system I, bands of steroid corresponding inmobility
to progesterone (RF 0-74), androstenedione {IIF 0-60) pregnenolone {RF 0-48), DHA
(Rf 0-46), 17a-hydroxyprogesterone (RF 0-30), testosterone (RF 0-27), 17a-hydroxy-
pregnenolone (RF 0-23) and androstenediol (IlF 0-22) were marked off, and removed.

Table 1. Evidence for the identification of steroids isolated from the incubation with
tissue from a hilus cell tumour of the ovary

Compared
with Specific activity-

authentic (disintegrations/min
material m/tmole)
in solvent ( ,

Compound isolated Derivative formed system »c 8H

Progesterone •— I : II 170 —

20/?-Hydroxypregn-4-en-3-one V 16-7 —

Androstenedione — I : II 6,234-0 54,431M
Testosterone V 5,935-0 51,893-1
Testosterone acetate II 6,118-9 54,317-.

Pregnenolone — I : IV 15-36 —

Pregn-5-ene-3/?,20/?-diol IV 15-75 —

3/?-Acetoxypregn-5-en-20-one III 16-69 —

DHA — I : IV 127-4 46,291-!
Androst-5-ene-3/?,17/?-diol IV 118-5 43,987-!
3/?-Acetoxyandrost-5-en-17-one III 117-2 45,767-!

17/?-Hydroxyprogesterono — I : II 242-3 —

17a,20/?-Dihydroxypregn-4-en-3-one VII 267-3 —

17a-Hydroxy-20/?-acetoxypregn-4-en-3-one VII 259-1 —

Testosterone — I : V 921 597-1
Androstenedione II 90-7 610!
Testosterone acetate II 87-6 588-!

17a-Hydroxypregnenolone — I : II 6-87 —

3/?-Acetoxy -17a-hydroxypregn-5 -en - 20-one II 6-42 —

Androstenediol — I : VI 50-99 5,172-'
Androstenediol diacetate III 54-2 5,395-

Oestrone — IV : III — 4-!

Oestrone acetate VIII — 4-

Oestradiol-17/? — IV : IX — 4-:

Oestradiol-17/J diacetate VIII — 4-!

DHA sulphate .— XI —

DHA XI : IV — 10,958-i
Androst-5-ene-3/?,17/?-diol IV — 11,392-1
3/?-Acetoxyandrost-5-en-17-one III — 11,947-!

Androstenediol sulphate — XI
Androstenediol XI : VI — 154

Androstenediol diacetate III — 15-'
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Steroids were eluted from these bands, and 17a-hydroxypregnenolone and andro-
stenediol separated by running in solvent system III after acetylation. For further
purification of the isolated steroids, progesterone, androstenedione and 17a-hydroxy-
progesterone were subjected to an acetylation reaction and chromatographed in
solvent system II. DHA and pregnenolone were acetylated and run in System III.
The 3/?-acetoxysteroids were then saponified, rechromatographed as free steroids
before derivatives were prepared and the specific activities determined (Table 1).

Phenolic steroid fraction
A portion of this fraction was applied as a 7-5 cm. band to a thin-layer chromato-

plate and chromatographed in solvent system IV which separated oestrone (RF 0-80),
oestradiol-17/? (PF 0-69) and oestriol (RF 0-08). Oestriol was eluted and re-chromato-
graphed in solvent system X (EF 0-45). No radioactivity was found to be associated
with oestriol after the preparation of the methyl ether. Oestrone and oestradiol-17/?
were then treated as described in Table 1.

Steroid sulphate fraction
The conjugates were chromatographed in solvent system XI in which the 3/?-sul-

phoxy derivatives of pregnenolone, 17a-hydroxypregnenolone and DHA are not
resolved, and have an RF of 0-35. Material from this zone was eluted and solvolysed.
300 jag. androstenediol, oestrone and oestradiol-17/? were added to the solvolysed
extract. Neutral and phenolic steroids were then isolated as described earlier.

Table 2. Radioactivity of steroids incubated and found after the simultaneous incubation
of 1-83 jig [4-14C^pregnenolone and 30-55 jig [loc-3H]DHA sulphate with tissue from a
hilus cell tumour of ovary

% Radioactivity
Found after incubation found in isolated

(m/4C) steroids

Steroid 140 3H 140 3H

Pregnenolone 3-4 — 0-2 —

17a-Hydroxypregnenolone 1-4 — 0-1 —

Progesterone 3-6 ■— 0-2 —

17a-Hydroxyprogesterone 52-5 — 2-9 —

DHA 28-4 10,569 1-6 34-6
Androstenediol 12-2 1,231 0-7 4-0
Androstenedione 1,1400 12,636 78-5 41-4
Testosterone 211 140-5 1-2 0-5
Oestrone — 1-9 — 0-006
Oestradiol — 1-9 — 0-006

DHA-sulphate — 3,163 — 10-4

Androstenediol-sulphate — 7-3 — 0-02

RESULTS

Evidence for the identification of the steroids isolated from the incubation of
[4-14C]pregnenolone and [7a-3H]DHA sulphate with hilus cell tumour tissue is given
in Table 1. The distribution of radioactivity among the metabolites isolated is shown
in Table 2. The capacity of the tissue to synthesize androgens is obvious, 85% and
81 % of the pregnenolone and DHA sulphate respectively were metabolized to the

5 Endoc. 41, i
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carrier steroids added. Pregnenolone was converted to androstenedione (78%) and
testosterone (1-15%). Also of interest was the isolation of 34-6% of the incubated 3H
in carrier DHA, 41-4% in androstenedione and 0-5% in the testosterone. Little
radioactivity was found in androstenediol (4%) or in androstenediol sulphate (0-02%).
Tentative evidence was found for the formation of trace amounts of oestrone and

oestradiol-17/? from the DHA sulphate but not for oestriol, but there was no 14Carbon
in the isolated sulphates of pregnenolone, 17a-hydroxypregnenolone and DHA.
There was no evidence that oestrone or oestradiol-17/? were sulphated during the
incubation.

DISCUSSION

The clinical symptoms of virilization in this patient were typical of those associated
with the presence of a hilus cell tumour of the ovary (Morris & Scully, 1958). The
morphological division of these tumours which depends upon the presence or
absence of Reinke crystalloids, inclusions characteristic of testicular Leydig cells, is
well documented (Dunnihoo et al. 1966). The presence of crystalloids confirms the
presence of hilus cells, but their absence does not exclude this classification of a
tumour lacking such crystalloids. Histological studies of the tissue indicated that it
was indeed a hilus cell tumour. The degree of virilization is not related to the ex¬
cretion of 17-oxosteroids, which is often within normal limits but can be elevated
(Dunnihoo et al. 1966). In the patient studied the mean urinary 17-oxosteroid level
before operation was elevated, 29-2 mg./24 hr. falling post-operatively to 10-3mg./
24 hr.
Since it has been established that there is a relatively high concentration of DHA

sulphate in plasma (Baulieu et al. 1963; Wieland et al. 1963), it is reasonable to
assume that this steroid could be utilized as a physiological substrate for hormone
biosynthesis by endocrine tumours. Support for this concept has been provided by
Aakvaag, Hagen & Eik-Nes (1964) who showed the conversion of DHA sulphate to
androstenedione and testosterone by normal canine ovary and testis perfused in vivo.
The metabolism ofDHA sulphate in significant amounts by tissue from an ovarian

hilus cell tumour, removed from a virilized woman is therefore of interest. Only
10-4% of the incubated DHA sulphate remained unmetabolized, 34-6% being iso¬
lated in the carrier DHA, 41-4% in the androstenedione and 0-5% in the testosterone.
This high conversion of DHA sulphate is in contrast to the 0-1 % conversion to
androstenedione by tissue from an arrhenoblastoma reported by Sandberg, Jenkins
& Trifon (1966). They found only 'a small and indeterminate yield of testosterone'.
Such studies in vitro do not prove that the hilus cell tumour used circulating DHA
sulphate as a hormone precursor, but they do provide adequate evidence that the
necessary enzymic capacity for such androgen biosynthesis is present in the tumour
tissue.
This capacity was also demonstrated by the conversion of 78-5% of the incubated

[4-14C]pregnenolone to androstenedione. 1-2% of this precursor was also isolated in
the carrier testosterone. Testosterone synthesis in vitro by normal ovary (Kase,
Forchielli & Dorfman, 1961), an arrhenoblastoma (Savard, Gut, Dorfman, Gabrilove
& Soffer, 1961) and a lipoid cell tumour (Sandberg, Slaunwhite, Jackson & Frawley,
1962) has been described. Corral-Gallardo et al. (1966) have shown the conversion
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of progesterone to testosterone by hilus cell tumour tissue. However, incubation
studies with progesterone do not always provide the best means for investigating
C19-steroid biosynthesis. Although it is well established that testosterone can be
synthesized in the ovary by the classical pathway involving A4-3-oxosteroids, namely
pregnenolone -> progesterone -> 17a-hydroxyprogesterone -> androstenedione —>
testosterone; an alternative pathway, involving 17a-hydroxypregnenolone -> DHA
-> androstenedione, does exist (Ryan & Smith, 1961). The results reported provide no
indication as to the relative importance of the two pathways in the hilus cell tumour
tissue.
The control mechanisms by which cells utilize the various biosynthetic pathways

for steroid production still remain obscure. Earlier studies (Griffiths, Grant &
Symington, 1964; Griffiths et at. 19666) suggested that granulosa cell tumour tissue
does not utilize progesterone for oestrogen formation. Furthermore, incubation with
[3H]pregnenolone did not result in DHA labelling, or in an efficient conversion to
oestrogen (0-16 %). However, the feminizing nature of the tumour, together with an
observed 25% conversion ofDHA to oestrogen, suggested that the tumour may have
been provided with a source of DHA, not involving pregnenolone. The metabolism
of DHA sulphate by hilus cell tumour tissue shows that DHA sulphate may provide
such a precursor for feminizing tumours. O'Malley, Lipsett & Jackson (1967) stated
that since DHA sulphate and 17a-hydroxypregnenolone were better precursors of
testosterone than DHA when incubated with tissue from a virilizing luteoma, the
pathway may be as follows: pregnenolone -> 17a-hydroxypregnenolone -> 17a-
hydroxypregnenolone sulphate -> DHA sulphate —> testosterone.
The metabolism of DHA sulphate by functional endocrine tumours seems of con¬

siderable importance. These studies also emphasize the apparent difference in bio¬
synthetic pathways used by the different cells of these tumours.
Only trace amounts of oestrogen were formed on incubation (0-012%) and the

evidence for their identity is tentative. Endometrial hyperplasia was not observed in
this patient, although Novak & Mattingly (1960) have reported that in 18 patients
with virilizing hilus cell tumours, in nine ofwhom the endometrium was histologically
investigated, endometrial hyperplasia co-existed with virilization in these nine.
Also of interest was the formation of androstenediol by this tumour tissue. Andro-
stenediol, although recently isolated from ovarian tissue incubations for the first
time (O'Malley et at. 1967), did not appear to be on themajor pathway for testosterone
formation as shown in the luteoma studied by these workers.
The authors would like to acknowledge the generous financial support of the

Tenovus organization in Cardiff.
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DESCRIPTION OF PLATE

Fig. 1. A nodule of cells characteristic of a hilus cell tumour is shown above and isolated groups and
collections of single cells are seen below. Haematoxylin and eosin ( x 75).
Fig. 2. The cells from the nodule (fig. 1) are arranged in cords. They have slight nuclear pleomorphism and
a marked eosinophilic cytoplasm. No Reinke crystalloids could be identified. Haematoxylin and eosin
(x 750).
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Oestrogen Synthesis by the Corpus Luteum of Human Pregnancy
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There is an increasing interest in the precursor
role of steroid sulphates. The importance ofDHA*
sulphate as an oestrogen precursor in the foeto-
placental unit was established (Baulieu & Dray,
1963; Siiteri & MacDonald, 1963) soon after the
report (Baulieu, Mauvais-Jarvis & Corpeehot, 1963)
that there is a relatively high concentration ofDHA
sulphate in plasma. The metabolism of DHA
sulphate by other endocrine tissues is therefore of
interest. Though incubation studies with tissue
from a corpus luteum of human pregnancy (Ryan,
1963) had shown that DHA was not involved in the
biosynthesis of oestrogens from pregnenolone
(3j8-hydroxypregn-5-en-20-one), recent investiga¬
tions (Fahmy,Griffiths & Turnbull, 1968a) suggested
that DHA sulphate was more effectively metabol¬
ized to oestrogen by luteal tissue than was preg¬
nenolone. At the same time, evidence was obtained
that oestrogen biosynthesis might occur by a
pathway involving 19-hydroxy-DHA sulphate and
19-hydroxy-DHA. Further studies on oestrogen
biosynthesis via this pathway are now described.
Corpora lutea of patients at (a) 14 weeks and

(6) 18 weeks gestation were removed at laparotomy,
and maintained at 0° until prepared for incubation
30min. later. The tissue was finely chopped
with a razor blade, and 0-8g. of mince was incu¬
bated in 12ml. of Krebs-Ringer bicarbonate-
glucose medium (Cohen, 1957), tissue (a) simulta¬
neouslywith lOOmpmoles eachof [4-14C]DHA (spec¬
ific activity 27-2pc/pmole) and [7a-3H]DHA sulph¬
ate (specific activity 204pc/pmole), and tissue (6)
with 93mpmoles each of [4-14C]pregnenolone
(specific activity 24pc/pmole) and [7a-3H]DHA
sulphate (specific activity 220pc/pmole). Incuba¬
tions were at 37° with shaking in an atmosphere of
O2 + CO2 (95:5) without addition of cofactors. The
purity of incubated precursors was checked by
radiochromatogram scanning.
The reaction was stopped by addition of acetone

and 500pg. each of the following non-radioactive
carrier steroids were added in ethanol: incubation
* Abbreviation: DHA, dehydroepiandrosterone (3/3-

hydroxyandrost-5-en-17-one).

(a), DHA sulphate, DHA, 19-hydroxy-DHA,
androstenediol (androst - 5 -ene - 3/3,17/3 - diol), 19 -

hydroxyandrostenediol, androstenedione (androst-
4 - ene - 3,17 - dione), 19 - hydroxyandrostenedione,
testosterone (17y8 - hydroxyandrost - 4 - en - 3 - one),
19 - hydroxytestosterone, oestrone [3 - hydroxy -

oestra - 1,3,5(10) - trien - 17 - one], oestradiol - 17/3
[oestra-1,3,5(10)-triene-3,17/3-diol] and oestriol
[oestra -1,3,5(10) - triene -3,16a,17/3-triol]; incuba¬
tion (6), pregnenolone, DHA sulphate, DHA,
19 - hydroxyandrostenedione, 19 - hydroxytesto -

sterone, 19-hydroxy-DHA, oestrone, oestradiol-17/3
and oestriol. Mixtures were then homogenized in a
Silverson mixer, and the steroids were separated
into neutral, phenolic and conjugated fractions
as described by Fahmy, Griffiths, Turnbull &
Symington (19686). Steroid conjugates were
analysed as described by Fahmy et al. (1968a).
Separation of carrier steroids was achieved on

thin layers of silica gel HF254/366 (E. Merck A.-G.,
Darmstadt, Germany) by the procedures described
by Griffiths, Cunningham & Cameron (1968).
Oestrogens, A4-3-oxo steroids and A5-3/3-hydroxy
steroids and their derivatives can be detected on

this silica gel by using either short-wave (254mp)
or long-wave (350mp) u.v. light. The following
solvent systems were used: I, chloroform-acetone
(37:3, v/v); II, chloroform - methanol - water
(187:12:1, by vol.); Ill, hexane-ethyl acetate
(1:1, v/v); IV, benzene-ethyl acetate (9:1, v/v);
V, benzene-ethyl acetate (3:1, v/v); VI, cyclo-
hexane-ethyl acetate-ethanol (9:9:2, by vol.);VII,
cyclohexane-ethyl acetate (11:9, v/v); VIII,
cyclohexane-ethyl acetate (7:3, v/v); IX, ethyl
acetate-2-methylpropan-2-ol-5N-NH3 (50:41:20,
by vol.); X, chloroform-ethanol (19:1, v/v).
Individual carrier steroids of the neutral and

phenolic fractions were separated by established
procedures (Fahmy et al. 1968a). The neutral
fraction was first chromatographed in solvent
system I, in which 19-hydroxy steroids run
together (Rf 0-05), well separated from andro¬
stenediol (Rf 0-2). The 19-hydroxy steroids were
eluted, rechromatographed and ultimately resolved
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Table 1. Evidence for the identification of metabolites formed during the incubations

Experimental details are given in the text. Percentages of the total radioactivity incubated are given in parentheses.

Specific activity (disintegrations/min./mpmole)
Solvent , * ,

system Incubation (a) Incubation (b)
Compound isolated and used for , , ,

J.
(

derivatives formed purification 14C 3H 14Q 3H

Pregnenolone III — — 645-2 0

Pregn-5-ene-3/5,20/?-diol III — — 660-6 (20-7%) 0 (0-0%)
3/3-Acetoxypregn-5-en-20-one IV — — 641-1 0

DHA sulphate IX — — — —.

3j8-Acetoxyandrost-5-en-17-one IV 0 9599 0 6759
DHA III 0 (0-0%) 9711 (27-3%) 0 (0-0%) 7279 (19-8%)
Androstenediol III 0 9707 0 7065

DHA III 1271 7977 0 5711

3/3-Acetoxyandrost-5-en-17-one IV 1329 (37-4%) 8376 (31-4%) 0 (0-0%) 5876 (22-5%)
Androstenediol III 1330 8285 0 6097

19-Hydroxy-DHA sulphate IX .—- — — —.

19-Hydroxy-DHA II 0 5-3 0 3-8

19-Hydroxy-DHA diacetate V 0 (0-0%) 4-4 (0-02%) 0 (0-0%) 3-0 (0-01%)
19-Hydroxyandrostenediol VI 0 6-5 0 3-4

19-Hydroxy-DHA II 3-7 12-3 0 17-67

19-Hydroxy-DHA diacetate V 3-3 (0 09%) 11 1 (0 04%) 0 (0-0%) 18-67 (0-07%)
19-Hydroxyandrostenediol VI 3-4 11-3 0 17-83

19 -Hydroxyandrostenedione II 23-6 17-2 0 67-7

19-Acetoxyandrostenedione V 24-1 (0-67%) 17-5 (0-06%) 0 (0-0%) 67-5 (0-25%)
19 -Hydroxytestosterone II 25-6 18-1 0 73-6

Androstenedione I 1425 1273
Testosterone I 1308 (39-9%) 1185 (4-8%) — —

Testosterone acetate I 1440 1257 — —

Testosterone I 15-8 17-0 — —

Testosterone acetate I 16-3 (0-45%) 17-6 (0-07%) — —

Androstenedione I 15-0 170 — —

Androstenediol sulphate IX —. — —

Androstenediol X 0 (0-0%) 13-8 (0-05%) — —

Androstenediol diacetate IV 0 12-8 — —

Androstenediol X 18-4 56-8 —

Androstenediol diacetate IV 17-0 (0-50%) 54-6 (0-21%) — —

Oestrone VII 310 12-5 0 1438-1
Oestrone acetate VIII 29-1 (0-90%) 13-3 (0-05%) 0 (0-0%) 1408-0 (5-76%)
Oestrone 3-methyl ether IV 28-8 13-6 0 1396-1

Oestradiol-17/3 VII 65-6 39-3 0 1382-2

Oestradiol-17/3 diacetate VIII 63-9 (1-95%) 38-5 (0-16%) 0 (0-0%) 1403-8 (5-66%)
Oestradiol-17/3 3-methyl ether IV 64-4 39-4 0 1412-9

in system II: 19-hydroxytestosterone (Rp 0-28),
19-hydroxy-DHA (Rp 0-40) and 19-hydroxy-
androstenedione (Rp 0-63). Radioactive steroid
sulphates were separated as described by Fahmy
et al. (1968a). Portions of steroids were then
rechromatographed directly or after formation of
derivatives (Griffiths, Grant & Whyte, 1963) and
specific activities measured (Griffiths, Grant,
Browning, Cunningham & Barr, 1966; Fahmy et al.
1968a).

Evidence for the identification of the metabolites
formed in the incubation and the percentage con¬
versions are given in Table 1. The simultaneous
incubation of pregnenolone and DHA sulphate
confirmed the earlier observation (Fahmy et al.
1968a) that under the conditions described DHA
sulphate, but not pregnenolone, is converted into
oestrone (5-76%) and oestradiol-17/3 (5-66%).
Neither oestriol nor oestrogen sulphates were
formed, but again evidence was obtained for the
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synthesis of 19-hydroxy-DHA sulphate and 19-
hydroxy-DHA. However, experiment (6), in which
DHA and DHA sulphate were incubated, indicated
that DHA was a better precursor of oestrogen than
was DHA sulphate, and that oestrogen synthesis
from DHA sulphate by way of 19-hydroxy-DHA
sulphate -19 - hydroxy -DHA -19 - hydroxyandro -

stenedione is probably of minor importance in
luteal tissue. It is noteworthy that no radioactivity
was isolated in carrier 19-hydroxytestosterone.
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Recent studies in which [7a-3H]dehydroepiandrosterone sulphate (DHA-S) was
;shown to be converted to oestrogen by minced corpora lutea (Fahmy, Griffiths &
Turnbull, 1968a), also showed the formation of 19-hydroxyandrostenedione (19-OH-
A) but not 19-hydroxytestosterone (19-OH-T). Little is known concerning the role of
testosterone as a direct precursor of oestradiol-17/? synthesis in the ovary, and of
19-OH-T as an obligatory intermediate. Even in the placenta the role of 19-OH-T
remains equivocal. Perfusion studies of Bolte, Mancuso, Dray, Baulieu & Diczfalusy
(1964) suggested that testosterone was directly converted to oestradiol-17/?, whereas
incubation studies have produced contradictory results (Baulieu, Wallace & Lieber-
man, 1963; Menini & Engel, 1967). It was therefore decided to investigate further
the precursor role of 19-OH-A and 19-OH-T in human luteal tissue.
Radioactive 19-OH-A and 19-OH-T were prepared by incubating either [4-14C]- or

[7a-3H]androstenedione with golden hamster adrenal homogenates (Griffiths &
■Giles, 1965). Incubations were terminated by addition of acetone containing 10 fig.
carrier 19-OH-A and 19-OH-T. These steroids were purified and characterized by
procedures already described (Griffiths & Giles, 1965). After extensive paper chroma¬
tography, radiochromatogram scanning indicated that the radioactive carrier steroids
were pure. This was confirmed by taking aliquots, adding a further 100 fig. carrier
and determining the specific activity of various derivatives.
Corpora lutea of early human pregnancy (12 and 13 weeks gestation), removed at

laparotomy, were maintained at 0° until incubated 30 min. later. Minced luteal tissue
(0-7 g.) was incubated without cofactors in 8-5 ml. Krebs-Ringer bicarbonate glucose
medium, shaking at 37° in 95% Oa:5% C02 with the following substrates: expt (a),
(i) lOOm/tmoles each of 19-OH-T and [7a-3H] 19-OH-A (10 fic), (ii) 100 m/mioles
each of 19-OH-A and [7a-3H]19-OH-T (10 fic)\ expt (b), 100 m/«noles each of
[4-14C]19-OH-A (0-54 pc) and [7a-3H]19-OH-T (4-23 pc). Incubations were for (a)
45 min. and (b) 20 min.
The following carrier steroids (500 fig. of each) were added in ethanol: 19-OH-A,

19-OH-T, 19-norandrostenedione (19-norA) and 19-nortestosterone (19-norT),
together with 800 fig. each of oestrone and oestradiol-17/?. Steroids were extracted
from the incubation mixture, separated into neutral and phenolic fractions, and
isolated and identified by procedures described by Fahmy, Griffiths, Turnbull &
Symington (19686). Individual carrier steroids were separated on Merck silica gel
HF254/366 using the following solvent systems: I, chloroform:methanol:water
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(187:12:1); II, cyclohexane: ethyl acetate: ethanol (90:90:20); III, cyclohexane: ethyl
acetate (110:90); IV, cyclohexane: ethyl acetate (40:60); V, benzene: ethyl acetate
(150:60); VI, benzene:ethyl acetate (180:20); VII, hexane:ethyl acetate (100:100).
Solvent system I adequately separated 19-OH-T (RF 0-24), 19-OH-A (RF 0-54),

19-norT (ItF 0-73) and 19-norA (IiF 0-90). Steroids were then rechromatographed
directly and after derivative formation, and their specific activities measured. Evi¬
dence for the identification of metabolites formed in the incubations and the per¬
centage conversion from the substrates are given in Table 1.

Table 1. Evidence for the identification of metabolites formed during the incubations
(Percentages of the total radioactivity incubated are given in parentheses. See text for definition of abbreviation

Specific activity (disintegrations/min./m/tmole)

Compound isolated and

Solvent
system
used for

Incubation (a) Incubation (b)

derivatives formed purification (i) ) »c 3H

19-OH-A II 4717]1 47-1]I 671] —

19-OH-A acetate V 4442 (34-3) 45-4 (0-4) 671I (89-9) —

19-OH-T II 463oJ 47-5 j 665 J —

19-OH-T II 12-2]1 8171]1 — 5459]
19-OH-T diacetate V 11-9 (0-1) 7929 (58-9) — 51781
19-norT V 10-6 J I 7759 JI — 5139/

19-norA
19-norT
19-norT acetate

19-norT
19-norT acetate
19-norA

Oestrone (Ej)
Ex acetate
E, 3-methyl ether

Oestradiol-17/? (E2)
E„ diacetate

E2 3-methyl ether

V
V
V

V
V
V

III
IV
VI

III
IV
VI

6-7]
7-7 >

7-3 J
(1-1)

1467
1593
1551

(20-5)

130
129
134

647
671
679

(1-1)
68-9-1
72-'

(8-9) (4-8)

7011
767 j- (9-6)
708 J

(8-0)

19-8
19-41
19-31

5-5]
5-8 [ (1-4)
5-91

3-9]
2-7 >

3-6 J
3-01
1-5 [2-71
3-11
1-91
2-91

43-01
41-i
42-'

23-11
24-!
22-1

The results shown in Table 1 indicate that not only is more oestrone and oes-
tradiol-17/? synthesized from 19-OH-A than from 19-OH-T, but also that more
oestrone is formed than oestradiol-17/?. It would appear, however, that 19-OH-T is
directly converted to oestradiol-17/? by human luteal tissue, since little interconversion
of 19-OH-A and 19-OH-T could be observed in these experiments. This confirms
earlier studies (Fahmy et al. 1968a) that little if any conversion of 19-OH-A to
19-OH-T occurs in luteal tissue, and suggests that oestrogens are synthesized by way
of androstenedione—19-OH-A—oestrone—oestradiol-17/?. Only small yields of 19-
norsteroids were synthesized during the incubation.
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ovarian tumours

In recent years, there have been impressive advances in our understanding
of the biochemistry of steroid hormone biosynthesis in ovarian tissue. Des¬
pite the complex nature of the ovary with its interrelated cell types under¬
going cyclical changes of structure and secretory activity, in vitro experi¬
mentation has been particularly valuable in defining the biosynthctic
role of the individual cells [ i ]. Studies in vitro with ovarian tumours of his¬
tologically homogeneous cell type have also been of value, but in relating
these data to the function of the normal cell, it should always be recognized
that the neoplastic cell may possess different biosynthetic characteristics.
Indeed, such studies are really ofgreater importance in relation to theories
of tumour histogenesis providing more biochemical parameters to the
problems of ovarian tumour classification [2-4]. There is now a con¬
siderable amount of information on the steroid biochemistry of ovarian
neoplasms, which generally can be related to the associated endocrine dis¬
turbance of the patient, although morphology still remains the essential
basis bywhich such tumours are identified and classified. Even then, tumour
classification on a reasonable histogenetic basis is difficult because of the
diversity of cell types usually observed in these tumours, and consequently,
a confusing nomenclature has evolved.
A generally accepted form of ovarian tumour classification, that of

Morris and Scully [3], is concerned principally with the 'functional' tu¬
mours, and divides these into (a) the 'sex cord-mesenchyme' type which
includes the oestrogen-secreting granulosa-theca cell and the virilizing
Sertoli-Leydig cell tumours. The latter group, composed of the 'testicular'
elements Sertoli cells and Leydig cells in various stages of maturity, are
normally referred to as arrhenoblastomas. A non-specific name 'lipoid cell
tumours' is given to that group of neoplasms (b) which are composed of
large polyhedral cells containing lipid. In this group are the 'adrenal-like
tumours', hilus cell tumours, 'masculinovoblastomas' and luteomas,
whereas group (c) includes the germ cell neoplasms, the germinomas and
teratomas and (d) a variety of tumours which appear to be associated with
what is referred to as 'functioning stroma'.
Granulosa-theca cell tumours constitute approximately 10 per cent of all

primary ovarian carcinomas [5]. The clinical symptoms, precocious
puberty, menstrual disorders or postmenopausal bleeding, are attributed to
the secretion of oestrogen by the tumours, and increased urinary excretion
of oestrogen has been observed in patients with these tumours [6, 7]. It
was not unreasonable therefore that the studies of Marsh and his col¬

leagues [8] showed a very high capacity of luteinized granulosa cell tumour
tissue from a 26-month-old girl, to convert in vitro, testosterone to oestrone
and oestradiol-i7P. Although similar studies with luteinized granulosa-
theca cell tumour tissue [9] also demonstrated the conversion of andros-
282
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tenedione to oestrogen, no C19- or C18-steroids were formed from progester¬
one incubated with this tissue, 20a-hydroxypregn-4-en-3-one being the
principal metabolite in this experiment. It is interesting that similar pat¬
terns of steroid metabolism have been observed with closely related tissue :
luteinized ovaries of pseudopregnant rats [ 10], corpus luteum of the mare
[ 11 ], cow [ i ], and man [12], and also porcine granulosa cells [13].

oestrone ( ) oestradiol-1 7 fi

FIGURE 1

It was suggested at this time [9] that the 'alternative pathways' (b) or
(c) (Fig. 1) which exclude progesterone, may be involved in the synthesis
of oestrogen from pregnenolone by this type of luteinized granulosa cell.
Probably dehydroepiandrosterone (dha) would then become the major
intermediate. Evidence for such a pathway in the granulosa cell tumour
tissue was provided by Kase [14] who incubated homogenates with radio¬
active pregnenolone and progesterone. Of interest, although difficult to
explain, was the formation ofdha and oestrone from pregnenolone, where¬
as there was no conversion of progesterone to oestrogen despite the syn¬
thesis of androstenedione. Furthermore, other investigations [15] in
which [4-14C] dha and [7a-3H] pregnenolone were incubated simul¬
taneously with tissue from a granulosa cell tumour, also provided evidence
that dha may have a major role as a precursor of oestrogen in this tissue.
These experiments showed that whereas approximately 25 per cent of the
dha was converted to oestrone and oestradiol-i7P, only o-16 per cent of the
pregnenolone was similarly transformed, and MacAulay and Weliky [16]
have also provided evidence that the 'alternative pathway' was ofparticular
importance in cells of a similar tumour investigated in their laboratories.
Such studies in vitro, on pathways for the biosynthesis ofsteroid hormones, do
however require care in interpretation when attempting to define the role
of the cells in vivo, especially with regard to tumour cells. Sampling of
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tumour tissue, often with its heterogeneous cell types, together with varying
degrees of anoxia or necrosis of the tissue, must all have some bearing on
the experimental results. The limitations of the rather arbitrary in vitro
experimental systems employed to study these pathways must also be
recognized. However, it is noteworthy that the steroid biosynthetic activity
of the luteinized granulosa cell of the human corpus luteum of pregnancy,
resembles in many respects the patterns shown by tissue from the granu-
losa-theca cell tumours [17, 18]. Chopped tissue from corpora lutea of
early human pregnancy was incubated simultaneously with [7<x-3H]
dha sulphate and [4-14C] pregnenolone in Krebs-Ringer bicarbonate
glucose medium in the absence of co-factors. Under these conditions dha
sulphate, but not pregnenolone, was converted to androstenedione, testo¬
sterone and oestrogen (Table 1). Furthermore a similar pattern of meta¬
bolism was obtained when the same radioactive steroids were incubated
with homogenates of this luteal tissue in the presence of various co-factors
(Table 1). These observations are contrary to results of Ryan [19] with
human corpus luteum of pregnancy, which indicated that oestrogen
synthesis from pregnenolone occurred via progesterone, i7oc-hydroxypro-
gesterone and androstenedione. dha appeared not to be concerned in oes¬
trogen synthesis in these experiments which did however utilize different
incubation conditions, again emphasizing the difficulties inherent in in
vitro studies.

TABLE 1. Incubation of 4-14C pregnenolone and 7a-3H DHA
sulphate with minced and homogenized luteal tissue. Percentage of the
incubated radioactivity which was isolated in the carrier steroids is
shown

Minced tissue Homogenized tissue
Compound isolated 14C 3H 14C 3H

Pregnenolone 42-4 — 38-6 -

Progesterone 46-0 — 27-9 -

DHA suipnate - 76-1 51-7
DHA - 6-2 6-1
Androstenedione _ 6-2 4-0
Oestrone _ 0-4 0-1

Oestradiol-17p - 0-5 11-3

Tissue was homogenized in 0-25 M sucrose /0*1 2 M nicotinamide and incubated
in tris buffer (pH 7-4) containing KCI, potassium fumarate, MgS04, NADP,
ATP, glucose-6-phosphate and glucose-6-phosphate dehydrogenase.

Enzyme specificitymay decide the relative activities of these pathways and
such in vitro experiments may indeed reflect the true in vivo state. On the
other hand, the presence of dha sulphate, or dha, within the incubation
system may exert some inhibitory concentration effect on the metabolism
of pregnenolone. The possibility that dha sulphate may have an intra¬
cellular role in regulating steroid metabolism should however be considered,
284



FIGURE 2

Asbestos particles extracted from the tissue of a Mesothelioma (x10,000)



FIGURE 3
A particle of natural talc exhibiting the 'decoration pattern' (x30,000)



FIGURE 4

A number of talc particles (from a cosmetic preparation) displaying the 'decoration
pattern' (x40.000)
FIGURE 5
A typical talc particle in tissue from a serous papillary cystadenocarcinoma of the ovaiy.
removed from a 27-year-old female, with no previous abdominal operation (x30,000)



FIGURE 6

Tissue from a squamous cell carcinoma of the cervix from a 62-year-old female.
The micrograph shows a capillary -C., red blood cell -R. and a talc particle embedded
deep in the capillary wall (x3,500)
FIGURE 7

The talc particle outlined in Figure 6 is shown at a higher magnification to display the
'decoration pattern' (x40,000)
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and has been previously suggested [20, 21 ]. As a preliminary experiment,
[7a-3H] i7a-hydroxypregnenolone was incubated with chopped tissue
from an early corpus luteum of pregnancy in the presence of varying
concentrations of dha sulphate. Table 2 shows the results of this experi¬
ment. Oestrogens were formed from i7a-hydroxypregnenolone, and dha
sulphate was an obvious controlling factor. Of interest however, in this
regard, was the increased metabolism of i7a-hydroxypregnenolone in the
presence of higher concentrations ofdha sulphate, and it would seem that
further studies to determine the products of the metabolism are obviously
in order, dha sulphate, present in the plasma in relatively high concen¬
trations [22], may then be the precursor of testosterone or oestradiol-i7(3
in certain of these endocrine tumours, or alternatively influence the meta¬
bolism of steroids within the cell. On the other hand, the relatively efficient
conversion of dha to oestrogens compared to that of C21-steroids by such
tissues, might indicate that the pathway cholesterol - dha which excludes
pregnenolone [23] could be of significance and the investigations of
Hammerstein, Rice and Savard [24] on the metabolism of acetate by the
corpus luteum are noteworthy in this respect.

TABLE 2. Incubation of 7a-3H 17a-hydroxypregnenolone with luteal tissue
in the presence of varying concentrations of DHA sulphate. Percentage of
incubated radioactivity which was isolated in the carrier steroids is shown

% radioactivity
mjaMoles DHA sulphate added

Compound Isolated 0 25 50 100
6-3

50-1

3-1

1-2

5-1}8'8
It has been recognized for a number of years that the hilus of the ovary

contains nests of cells which are morphologically similar, if not identical
with the Leydig cells of the testis [25, 26]. Hyperplasia, or more particu¬
larly neoplasia of such cells forming a hilus cell tumour, is generally asso¬
ciated with the clinical symptoms of virilization. (The hilus cell tumour
is a tumour of pure Leydig cells, distinct from the Sertoli-Leydig cell
tumour, or arrhenoblastoma, which contains a mixture ofSertoli and Ley-
dig cells.) Although approximately 50 cases ofhilus cell tumours have been
described in the literature [27, 28] little was known regarding their meta¬
bolism of steroids until recent biochemical studies were reported [29-31 ].
The concept that the hilus cell tumour, by analogy with the Leydig cell,
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17a-hydroxypregnenolone 27-5 25-4 18-7

17a-hydroxyprogesterone 48-9 52-7 52-4
Androstenedione 2-1 2-3 2-7

DHA 0-6 0-5 0-9

Oestrone 5-61H4'1 5-9 J
HO"? 11Oestradiol-17(3 8-5 I
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TA B LE 3. Incubation of [4-14C] pregnenolone and[7a-3H] DHA
sulphate with minced tissue from a variety of 'nonfunctional' ovarian
tumours, and also with ovarian stromal tissue. Figures show the
percentage incubated radioactivity isolated in the carrier steroids

Papillary
Steroid investigated Adenocarcinoma Fibroma

14C 3H 14C

Pregnenolone 100-0 - 90-14

Progesterone - - 0-07

DFIA sulphate - 97-85 -

DHA - 1-63 -

Androstenedione - 0-17 -

Testosterone - - -

Androstenediol -

Oestrone - 0-13 -

Oestradiol-17/3 - 0-22 -

actively synthesizes androstenedione and testosterone was supported by
these studies, two groups [30, 31 ] showing active conversion of pregneno¬
lone to C19-steroids and two [29, 31 ] the formation of these steroids from
progesterone. In addition, two of these studies [29, 31 ] also demonstrated
the 11 (3-hydroxylation of androstenedione, an observation which, together
with the report of Nocke [32] on the presence of an 11 p-hydroxylase in a
'gynandroblastoma' (an arrhenoblastoma associated with androgen and
oestrogen secretion [3]), indicate that the identification of the presence of
the 11 p-hydroxylase, an adrenal enzyme system, therefore provides little
evidence of the adrenal origin of the tumour.
It was also demonstrated that dha sulphate was extensively metabo¬

lized (41-4 per cent conversion to androstenedione) by hilus cell tumour
tissue [ 30 ] and contrasts with the small formation (o -1 per cent) of andro¬
stenedione from dha sulphate by an arrhenoblastoma [34]. Some evi¬
dence for oestrogen synthesis was also obtained [ 30, 31 ] and it is interesting
that Novak and Mattingly [34] have described the association between
endometrial hyperplasia and virilization in a number of patients with these
hilus cell tumours.
Sufficient comparative studies have not yet been made on ovarian

tumours to establish any definite relationship between a particular cell type
and an exclusive steroid biosynthetic pathway, although generally the results
obtained from the biochemical studies do tend to correlate with the clini¬
cal condition. Virilizing symptoms in patients have been associated with
in vitro testosterone synthesis in a number of arrhenoblastomas [35-37]
and also with lipoid cell tumours [38-40].
There is a striking morphological resemblance of certain virilizing lipoid

cell tumours to the zona fasciculata of the adrenal cortex [40, 41]. The
286
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dary granulosa
3ll tumour

Benign mucinous
cystadenoma Stroma

3H 3H 14C 3H

' 99-0 -

56-29 80-42 _ 53-70

29-21 7-42 - 9-02

0-38 0-30 - 0-08
0-02 - - -

0-42 - - -

0-46 - - -

0-85 - - -

histology, together with the marked responsiveness of the tumour to acth
and hgg, and also the presence of some of the symptoms of Cushing's
Syndrome [40-43] have been considered good evidence in favour of an
adrenal origin for these tumours. Taylor and Norris [44] believe these tu¬
mours to be derived, however, from the ovarian stromal cells. In vitro studies
have yet to provide evidence of a specific adrenal steroid biosynthetic pat¬
tern, although Dorfman [ 7 ] described high urinary 11 -oxy-17-oxosteroid
levels associated with a lipoid cell tumour. Perhaps the most interesting
biosynthetic pattern was described recently by O'Malley and his col¬
leagues [45] for a luteoma of pregnancy which caused virilization of
mother and child. Their experiments suggested that the predominant
pathway for testosterone synthesis involved pregnenolone-i7a-hydroxy-
pregnenolone-i7a-hydroxypregnenolone sulphate-DHA sulphate-andro-
stenediol sulphate- androstenediol-testosterone.
Over the past twenty years, a considerable amount of evidence has been

obtained to indicate that endocrine effects can occur in association with
the presence of ovarian tumours which are not of the group classically
referred to as 'functional tumours' [3, 46]. Hormonal activity has been
observed with secondary ovarian neoplasms, many derived from gastro¬
intestinal tumours, and with no evidence that the primary tumour synthe¬
sizes steroids, it has been assumed that the metastatic cells also lacked this
biosynthetic capacity [47, 48]. A number of Krukenberg ovarian tumours
of this type have been described [49, 50]. It was suggested that there is a
localized stromal reaction to the presence of either metastatic tissue, or
the primary neoplasm, with the formation from the stromal cells surround¬
ing the tumour of 'theca-lutein' type cells. These cells, which have been
identified in close relation to the tumour, have been considered responsible
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for the hormone secretion, 'the stroma treating the expanding tumour as if
it were a ripening follicle' [52].
Endocrine changes, generally manifested in an endometrial response,

have been associated with a number of different types of neoplasms, pseu¬
domucinous cystadenomas, cystadenofibromas, serous cystadenomas and
primary and secondary ovarian carcinomas [52, 54, 55] and Plotz and his
colleagues [56] have demonstrated the presence of steroid metabolizing
enzymes concerned in androgen and oestrogen synthesis from C21-steroids
in homogenates of certain of these 'nonfunctional' tumours.
Results from some of our studies with tissue from such tumours from

patients who presented without any endocrine disturbance, are shown in
Table 3. On simultaneous incubation of [4-14C] pregnenolone and
[7a-3H] dha sulphate, it was shown that the various tissues metabolized
dha sulphate with the formation of androstenedione, oestrone and
oestradiol-i 7P. There was, however, only limited metabolism of the
[4-14C] pregnenolone by this tissue, and none of the carrier C19- or C18-
steroids were labelled. The stromal tissue studied did not synthesize oes¬
trone or oestradiol-i7(3 from dha sulphate as might be expected [1].
Again interpretation of such in vitro observations is difficult. The results do
however confirm the presence of these enzyme systems within this type of
tumour tissue, although whether this activity is only associated with the
theca-lutein cells present within the tissue remains a problem, and the
possibility that the tumour cells themselves are concerned in steroid meta¬
bolism must also be borne in mind. Circulating dha sulphate may be
utilized by the tissue, the relative amounts of testosterone or oestradiol-i7(3
produced determining whether there is a marked endocrine effect and
secondly whether the effect is androgenic or oestrogenic.
Of interest is the possibility that such localized, oestrogen formation by

the 'theca-stroma' cells may influence the growth of the neoplastic tissue.
Relevant in this respect are the studies of Gricouroff [57], who has stated
that since the ovary can be the site ofprimary tumours which histologically
resemble tumours found in the endometrium of the uterine corpus, and
endometriosis of the ovary is quite frequent, it is therefore reasonable to
suppose that endometrioid tumours originate in such an endometriotic
lesion. Since endometriosis can show the same cyclic changes seen in the
uterus, it would appear to be functional endometrial tissue responding
normally to hormonal stimulation. Furthermore, irrespective of whether
the histogenesis of endometriosis is due to metaplastic change in the ovary,
or to endometrial tissue migrating to the ovary, the possible stromal reac¬
tion caused by the presence of this tissue with subsequent oestrogen syn¬
thesis, may be concerned in the development of the neoplastic tissue.
Induction of primary cancers of the ovary has been associated with as-
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bestos. Graham and Graham [ 58 ] suggested that the increasing incidenceof
ovarian carcinoma in modern society must be related to some factor of
'civilization' which is lacking in undeveloped countries, but which has a
steadily developing influence in the Western world. With the reported
association between asbestosis and ovarian cancer [59], together with the
similarity in histological appearance between certain ovarian carcinomas
and mesotheliomas, it was suggested that asbestos may be the factor to
which attention should be directed.
The development in our laboratories of an extraction-replication tech¬

nique [60] for the study of foreign particles within tissues has allowed the
in situ identification of crocidolite asbestos within the tissues of various
mesotheliomas [61] (Fig. 2). However, application of this technique to a
series of ovarian carcinoma and also to tissue removed from tumours of
the cervix showed that no asbestos particles could be found in the tissue
studied. Noteworthy, however, was the identification of talc particles deep
within the tumour tissue, in approximately 75 per cent (10 from 13) of
sections from the ovarian neoplasms studied. Talc, a magnesium silicate,
recognizable because of the characteristic 'decoration pattern' induced by
evaporation of platinum in vacuo on the crystal surface (Figs. 3 and 4), is
known to be converted naturally from anthophyllite asbestos. This is the
only crystalline material at present known to be indistinguishable from
talc using the extraction-replication technique. The observation that talc
particles found in the ovarian tissue (Fig. 5) were much smaller (1,000 A—
2 nm) than those found in cervical tissue (as large as 4 ;x) may be relevant
(Figs. 6 and 7 ). Application of the technique to normal ovarian tissue
showed talc particles in 4 from 12 sections studied.
There have been a number of reports concerning the relationship between

asbestos and carcinogenesis [62], and although it remains to be estab¬
lished whether talc is present in all tissues of the body, its possible localiza¬
tion in ovarian tissue, and an acknowledged relationship with asbestos,
suggest that this material is worthy of further consideration in relation to
ovarian tumour induction.
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discussion

Discussion ofpaper by Dr Griffiths

Odell Is it possible that some of these effects could have resulted from
talcum off the surgeon's gloves?
Griffiths None of the patients had undergone operation previously.
Naftolin If talcum powder was the cause, there would have been an epi¬
demic ofovarian pathology at the time when talc was still used on surgeons'
gloves.
Griffths Endometriosis is also a phenomenon very little studied in this
context. Apparently you get fragments of endometrium carried to the
ovary by retrograde tubal menstruation and these could be the focus of
malignant change. Professor Gricouroff in Paris has some very nice pic¬
tures of endometrial tissue in the subperitoneal uterine lymphatics.
Van der Molen Coming back to steroids, is anything known about sulphatase
in the tumours you discussed?
Griffths These enzymes as such were not studied. We incubated dha sul¬
phate, as I described, and some metabolism to oestrogen occurred.
Van der Molen What about sulphokinase?
Griffths We did not study this enzyme system in the tumour tissue.
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Ovarian cancer: some new analytical approaches
K. Griffiths, W. J. Henderson, J. A. Chandler and C. A. F. Joslin

Experimental approaches to endometrial and ovarian cancer
M. G. Brush

The use of oestradiol uptake and binding-site studies in endometrial and ovarian carcinoma
R. W. Taylor, M. G. Brush and R. J. B. King

Statistical aspects of a co-operative trial on the treatment of ovarian carcinoma
K. D. MacRae

Ovarian cancer clinical survey
A. W. Harcus
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B.!

Despite the complex nature of the ovary, with its
interrelated cell types and cyclical changes in secre¬
tory activity, experimental studies, both in vitro and
in vivo have provided a considerable amount of
information concerning the biosynthesis of steroid
hormones by ovarian tissue. In particular, the
investigation of Savard, Marsh & Rice (1965)
would suggest, as far as synthesis is concerned, that
some degree of compartmentalization is involved,
the follicle being primarily the source of oestrogens,
the corpus luteum the site of production of pro¬
gesterone and the ovarian stroma or interstitium
responsible for androgen synthesis. Moreover, bio¬
chemical studies with tissue from 'functional'
ovarian tumours which histologically could be
recognized and identified according to the generally
accepted form of tumour classification (Morris &
Scully, 1958) have indicated that the steroid bio¬
chemistry of these neoplasms was usually related
quite closely to the associated endocrine disturbance
of the patient (Griffiths et al., 1971). A number of

.T.

such investigations have been described involving the
oestrogen-producing granulosa theca-cell tumours,
androgen-secreting arrhenoblastomas and hilus cell
tumours and many others of this group referred to
as the 'functional' or hormone-secreting neoplasms
(Griffiths et al., 1971).
During the past two decades, however, there have

been reports that clinical manifestations associated
with excessive oestrogen secretion can accompany
the presence not only of certain 'non-functional'
tumours (Morris & Scully, 1958; Novak &Woodruff,
1958) such as the primary ovarian carcinomas,
cystadenofibromas and serous cystadenomas, bub
also secondary ovarian tumours derived from such
primary sources as cancers of the gastro-intestinal
tract (Scott, Lumsden & Levell, 1967; Conner et al.,
1968). It has been suggested that in the case of the
secondary tumour, there is a localized stromal
reaction to the presence of metastatic tissue. This
would result in the formation of the 'theca-lutein'
cells from the stroma! tissue surrounding the

Ovarian cancer: some new analytical approaches

K. Griffiths W. J. Henderso
B.Sc., Ph.D. F.R.Micro.Soc.

A. Chandler C. A. F. Joslin
Sc. F.R.Micro.Soc. M.B., F.F.R., D.M.R

Tenovus Institute for Cancer Research, Welsh National School ofMedicine,
Heath Park, Cardiff CF4 4XX
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developing tumour, and these cells have been con¬
sidered responsible for oestrogen secretion. The
histochemical studies of Scully & Cohen (1964) and
the demonstrated steroid biosynthetic capacity
(Savard et al., 1965) would indicate that the ovarian
stroma is more complex than merely a supporting
medium for the germinal tissue. Although there is
no direct evidence that such cells actively synthesize
oestrogen, experiments in vitro indicate the presence
of enzymes capable of oestrogen synthesis in the
tissue from such tumours (Plotz et al., 1967; Griffiths
et al., 1971). The possibility exists that oestrogen
production localized at the site of the early stromal
reaction to the presence of the metastases may play
some role in the development of the tumour.
Furthermore, it also appeared reasonable to

suppose that material such as asbestos fibres,
suggested as being associated with the aetiology of
ovarian cancer (Graham & Graham, 1967; Keel,
1960) could well form the focus of a similar type of
stromal reaction and early malignant changes in the
primary tumour. Work in our laboratories has
resulted in the development of an extraction-
replication technique for the investigation and
identification of foreign particles within biological
tissues (Henderson, 1969). Although this procedure
was used for the in situ identification of crocidolite
asbestos within mesotheliomas (Henderson, Harse
& Griffiths, 1969), its application to a study of
various ovarian tumours clearly indicated the
absence of asbestos fibres within the tissue (Hender¬
son et al., 1971). However, of particular interest was
the demonstration that there were particles of talc
in the tumours studied. Talc, a magnesium silicate,
was recognizable because of the 'decorative pattern'
induced by evaporation of platinum in vacuo on the
crystal surface (Fig. la and b).
The relationship between asbestos and carcino¬

genesis is well recognized (Wagner, Sleggs &
Marchand, 1960). As yet, there is no evidence to
suggest that the particles of talc are concerned as a
primary cause of carcinomatous change, but further
investigations are obviously in order. Such investi¬
gations are currently being facilitated by the use in
our laboratories of analytical electron microscopy.
EMMA 4 (Chandler, 1971), the recently installed
electron microscope micro-analyser (Fig. 2) allows
for the identification of foreign particles in tissue
while relating them to ultrastructural changes
which may be occurring therein. The technique
makes use of the fact that electrons, passing
through an ultrathin specimen to form an electron
image, also generate, from the irradiated specimen
area, X-rays with energies characteristic of the
elements of which the specimen is composed.
An atom of silicon in a particle of magnesium
silicate or talc, when struck by an incident electron,

Fig. 1. (a) A minute particle of talc, displaying the
characteristic decoration pattern, extracted from a
pseudomucinous carcinoma of the ovary, x 133,000.
(b) Particles of talc from a cosmetic preparation demon¬
strating the decoration pattern. A number of lattice
planes are also evident, x 50,000.

will emit an X-ray photon having a well defined
energy and different from that emitted by an atom
of magnesium. These emitted X-rays are collected
both with a solid state detector coupled to a mufti-
channel analyser, and simultaneously with crystal
spectrometers.
The region of the specimen chosen for analysis is

selected by focusing the illuminating electron beam
on to a small area which is visible as the transmission
image projected onto the microscope screen. Use
of a 'mini-lens' can focus the electron beam onto

the foreign cystalline particle so that it becomes the
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Fig. 2. EMMA—the analytical electron microscope, showing crystal spectrometers
and energy dispersive analyser, installed at the Tenovus Institute, Cardiff.

only part of the specimen emitting X-rays. Particle
preparations are produced by use of the extraction-
replication technique (Henderson, 1969) (Fig. 3) or
in specimens of tissue in ultrathin form so that
studies into the intracellular localization become
possible. Our studies have shown that the well-

known difficulties of investigating tissue inclusions
by ultrathin sectioning, with the characteristic dis-
lodgment of the particle under electron irradiation,

Fig. 4. Ullrathin section of ovarian tissue previously
prepared for histological examination; the use of a
double carbon sandwich technique allowed the particles
outlined to be analysed, x 3000.

Fig. 3. Asbestos fibres adhering to an extraction-replica
of mesothelioma tissue. X 6000.
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can be partially overcome by use of the double carbon
sandwich procedure (Fig. 4).
The whole X-ray energy spectrum from all ele¬

ments present in the particle is collected at the solid
state detector, and displayed on the multichannel
analyser as an accumulated spectrum intensity over a
selected period of time. Such a spectrum is shown
in Fig. 5. A typical analysis time to obtain the full
elemental spectrum from a single particle with
dimensions of the order of 1 gm is 100 sec. This
spectrum gives a qualitative assessment of the
elemental nature of the particle. For accurate
quantitative identification, the crystal spectrometers
are used which collect and display X-rays from
individual elements.
Such procedures provide the means by which

foreign crystalline materials found in biological
tissue can be readily analysed. The study of em¬
bedded talc particles in ovarian tissue from both
human and also experimental animals can be made
easier by the use of EMMA, and the development
of ultrathin sectioning techniques should allow
crystal identification in relation to possible changes
in the morphology of the tissue surrounding the
foreign inclusion.
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THE BIOCHEMISTRY OF OVARIAN CANCER

K. Griffiths and W.J. Henderson
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Carcinoma of the ovary now results in more than 10,000 deaths each year in
the United StatesV>f America (Burbank, 1971) and in Britain, has the highest
incidence of all gynaecological cancers (Campbell, 1975). The particularly malig¬
nant nature of this type of tumour is reflected in the overall 5-year survival figures
which have been reported as low as 20.6% (Stone et al., 1963). These rather de¬
pressing mortality rates are related to the difficulties in diagnosing the condition
in its early stages before the tumour disseminates and it has been slated that approxi¬
mately 50% have distant metastases when diagnosed. Furthermore, data on ovarian
cancer in England and Wales indicates that the mortality rate is increasin- steadily
each year at a level of 15% each decade (Table I) (Campbell, 1975). Little is known
concerning the aetiology of the disease and apart from detailed imestimations of
tumours removed from patients who presented with some associated endocrine
disturbance, our knowledge and understanding of ovarian cancer is relatively
limited.

The lack of specific information on ovarian cancer may well relate to the
difficulties pathologists and gynaecologists have had in establishing a reasonably
standardised form of tumour classification. Reviews by Morris and ScuBy (1958),
Teilum (1971) and Novak and Woodruff (1974) discuss the problems of ovarian
tumour classification. It would seem, however, that some form of international
agreement has now been reached on this problem and the World Health Organi¬
sation (WHO) (1973) together with the Pathology Committee of the International
Federation of Gynaecologists and Obstetricians (1971) have produced a standard¬
ised form of classification which will more readily allow the comparison c-f data
on ovarian cancer between different research and medical centres- Ir. particular,
such a development will facilitate the accumulation of information on the indi¬
vidual histological types of ovarian cancers, which may have different trms of i

behaviour, biochemistry and aetiology, rather than on a group of ram tsars. col-.
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Table 1. Ovarian cancer records - England and Wales.

Deaths from Cancer of the Ovary Deaths from Cancer of the Ovary
Annual death rate/1,000,000 women (by age at death) — 1971

1931-1935 65 1961 127 Age No. of deaths
1936-1940 80 1962 126 <15 2

1941-1945 92 1963 125 15-24 19

1946-1950 102 1964 129 25-34 31
1951-1955 113 1965 130 35-44 190
1956-1960 124 1966 133 45-54 686

1961-1965 128 1967 132 55-64 1064

1966-1970 138 1968 136 65-74 1062
1969 140 75-84 525
1970 144 > 85 109
1971 146 AH ages 3688

lectively referred to as ovarian neoplasms.
A major proportion of the ovarian tumours fall into four of the categories

used in the WHO classification: (i) common epithelial tumours, for example, the
serous aad mucinous cystadenomata, cystadenocarcinomata, adenofibromas and
endometrioid tumours; (ii) the sex cord-stromal tumours or mesenchyme type
tumours, which includes the oestrogen secreting granulosa-theca cell and the
virilising Sertoli-Leydig cell tumours. These virilising tumours which contain the
testicular elements, Leydig cells and Sertoli cells in various stages of maturity, are
generally referred to as arrhenoblastomas. A more rare type of neoplasm, the
lipoid cell tumour (iii) is separately classified from the 'functional tumours' of
group (ii) despite their general association with virilising symptoms. This group of
tumours includes the adrenal-rest cell tumour, the hilus cell tumour, the mascu-
linovoblastoma and luteoma. Those tumours referred to as germ cell tumours
(iv), the dysgerminoma, choriocarcinoma, teratoma and embryonal carcinomas,
although comparatively rare, contribute significantly to the ovarian cancer mor¬
tality statistics in younger people (Lingeman, 1974).

Many types of 'functional tumours' synthesising and secreting steroid hor¬
mones have been studied in considerable detail, especially during the 1960s. It
was during this particular period that most impressive advances were made in our
knowledge and understanding of steroid hormone biosynthesis by normal ovarian
tissue. Despite the complex nature of the ovary with its various cell types and its
cyclical changes of structure and secretory activity, experiments in vitro were
found of value in defining the biosynthetic role of individual cells. In particular,
the work of Savard and his colleagues (Savard et aL, 1965; Savard, 1968) and also
of Smith (1961) clearly confirmed using such techniques, the principal secretory
function not only of the follicle and corpus luteum, but also of the ovarian stroma.
There was a major interest in the various biosynthetic pathways (Fig.l) by which
steroid hormones were produced by the various cell types and experiments gen¬
erally involved incubating precursor radioactive steroids with sliced, minced or
homogenised ovarian tissue and determining the products formed after extraction,,
separation, identification and quantitation. The precise mechanisms however that
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ontrol the course of steroid biosynthesis in the various types of cells still remain
a be determined.

Studies in vitro of ovarian tumours were undertaken in similar manner to
etermine the steroid biosynthetic capacity of such neoplastic tissue and generally
te data obtained related well to the associated clinical symptoms or endocrine
isturbance of the patient. Such information together with urinary and plasma
eroid analyses, provided certain useful biochemical parameters in the search for
rational basis for tumour classification. The steroid producing potential of his-
ilogically well-defined tumour cells was probably of value in the discussions con-
rned with determining whether classification should be based on histology or on
e resultant endocrine effect (Teilum, 1971).
'Granulosa-theca cell tumours constitute approximately 10% of primary

arian carcinomas (Novak, 1952). The clinical symptoms associated with these
oplasms, precocious pipberty, menstrual disorders or postmenopausal bleeding,
e attributable to the synthesis and secretion of oestrogen by the tumours. In-
rased urinary oestrogen excretion has been shown in patients with granulosa-
eca cell tumours (Dorfman, 1960; Bruk et al., 1960;Beschef ah, 1966). Marsh
d his colleagues (Marsh et at, 1962) similarly observed in a 26-month old girl
th a luteinised granulosa cell tumour, urinary oestrogen excretion values higher
in the normal range for a mature woman and it was not unreasonable therefore
it their studies in vitro indicated a high capacity of the tumour tissue to can¬
't testosterone to oestrone and oestradiol-17/3. More recently Jenner et al. (1972)
>orted in a 9 year old girl with a granulosa cell tumour, a preoperative plasma
stradiol-17/J concentration of 413 pg/ml. This is substantially higher than the
icentration at any stage of the menstrual cycle and a girl at a similar stage of
^pubertal development would have a plasma oestradiol-1 7/1 concentration of
iroximately 20 pg/ml. Postoperatively, the plasma level decreased to 22 pg/ml
the 7th day and to 12 pg/ml after two months. Investigations in vitro on the
'synthetic capacity of granulosa cell tumours have been described with a variety
tumour types, luteinised and non-luteinised and also using varying, rather
itrary incubation conditions. Although Griffiths et al. (1964) demonstrated the
lversion of androstenedione to oestrogens by luteinized granulosa-theca cell
nour tissue, progesterone was not found to be a precursor of either C19- or Cj 8-
roids. These experiments, together with certain other subsequent investigations
>itro with granulosa cell tumour tissue (Kase, 1964; Griffiths et ah, 1966;
cAulay and Weliky, 1968) tended to suggest that the 'alternative' biosynthetic
hway for C19- and Cj8-steroid production, which does not include progesterone
involves dehydroepiandrosterone (DHA) (Fig.l), may be principally concerned
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-g.2 Extractiorrteplication technique. Tissue is embedded onto acetone softened cellulose

etate mounted on a microscope slide. Once the cellulose acetate hardens, the tissue is outlined
ith tape to form a 'well' and polyvinyl alcohol (PVA) solution layered onto the specimen. On
rdening this forms a replica of the tissue surface and this can be shadowed with platinum and
rbon. Particles in the tissue are extracted onto the PVA film. PVA is removed in hot water
d the replica mounted on microscope grids.

oestrogen synthesis. Other experiments (Besch et al., 1966) with a luteinised
anulosa cell tumour suggested that progesterone was concerned as an essential
termediate. Whether luteinisation of these cells affects the biosynthesis of ster-
ds remains to be seen and despite considerable study, it would seem that there
no acceptable biochemical interpretation of the process of luteinisation.

Although together, these reports make up an interesting study of granulosa
11 tumour tissue, when carefully examined, they do clearly emphasise the diffi-
ilties inherent in such in vitro experimentation and the care required when inter-
eting results. Although patterns of steroid biosynthesis tend to emerge, the re-
-Its are not strictly comparable. Incubation times vary, tissue preparations used
7 the various laboratories are different and obviously the use of co-factors in
cubation media will almost certainly affect the results. Certain research groups
r example (Ryan, 1963; Savard et al., 1965) have reported that in the human
rpus luteum, oestrogens are synthesized by the pathway involving progesterone,
lis would appear not to be so in similar tissue of other animals (Huang and
arlman, 1962; Mahajan and Samuels, 1963; Bjersing and Cartensen, 1964;
ivard et al., 1965) and in our laboratories (Fahmy et al., 1967, 1968; Griffiths
al., 1971) we have been unable to confirm that progesterone was a precursor of
9- and Cj 8-steroid synthesis in the human corpus luteum.
Although the theca cell tumour or thecoma is also an oestrogen-producing

mour and occurs with an incidence similar to that of the granulosa cell tumour
lovak et al., 1971) there'h&ve been few biochemical studies, either with the tissue
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Fig.3 Asbestos fibre recovered from a mesothelioma by the extraction replication technique.
The elemental analysis of the area of the fibre outlined is shown in Fig.7.

or the patients from whom the tumours were removed. In contrast our knowledge
of the virilising ovarian tumours referred to as arrhenoblastomas, or androblastomas
is more complete. These tumours are composed of the testicular elements, the
Leydig and Sertoli cells in different stages of maturity and are distinct from the
hilus cell tumour which is a tumour of pure Leydig cells, also associated with the
clinical symptoms of virilisation. By 1960, 240 cases of arrhenoblastoma had been
reported in the literature (Pedowitz and O'Brien, 1960), the greatest incidence
occurring in the third decade and although characteristically virilising, certain
arrhenoblastomas produce no recognisable endocrine effects, in keeping with the
principle that morphology should constitute the major criterion for diagnosis
(Morris and Scully, 1958).

Furthermore, Pedowitz and O'Brien (1960) reported that urinary 17-oxo-
steroid excretion, routinely measured in patients with virilising arrhenoblastomas
was only elevated in 13 of the 35 cases studied. The urinary 17-oxosteroid excre¬
tion is however a poor reflection of the plasma androgen concentration, and sub¬
sequent investigations ofMahesh et al. (1970) and Greenblatt et al. (1972) clearly
demonstrated in women with arrhenoblastomas high plasma testosterone and andro-
stenedione levels which markedly decreased postoperatively. Similarly, Laatikainen
et al. (1972) showed that despite apparently normal urinary 17-oxosteroid excre¬
tion in a patient with an arrhenoblastoma, detailed GLC-mass spectrometric analy¬
sis of certain plasma steroids, indicated abnormal concentrations. In particular,
the levels of the monosulphates of androsterone, epiandrosterone and DHA were
between 2-10 times those normally found in females.

,The metabolism of various radioactive steroids by preparations of tissue from 1
arrhenoblastomas ha$ also indicated what can probably be considered extensive
*• *■ v >."» - *■ • -■*- - •• >•-" -«: « r ■ ; >. * r * - .»:«
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/Vg.4 Talc, particle, showing the decorative pattern, extracted from an ovarian carcinoma.
Elemental analysis is given in Fig.8.

formation of androgens by the tissue in vitro (Wiest et al., 1959; Savard et al.,
1961; Kase and Conrad, 1964; Sato et al., 1969).

It has been recognised for many years that the hilus of the ovary contains
nests of cells which are morphologically similar if not identical to the Leydig
cells of the testes (Berger, 1922; Sternberg, 1949). Hyperplasia, or neoplasia of
such cells, forming a hilus cell tumour is usually associated with the clinical mani¬
festations of virilisation (Berger, 1942). These tumours are usually small, less than
5.0 cm diameter, encapsulated and are composed of closely packed polyhedral
cells with eosinophilic, finely granular cytoplasm and distinctive round nuclei
(Morris and Scully, 1958). The rather limited number of 60 tumours which were
reported in the literature by 1972, have been reviewed (Boivin and Richart, 1965;
Dunnihoo et al., 1966; Anderson, 1972).

The clinical symptoms of virilisation associated with the presence of a hilus
cell tumour therefore suggest that these tumours are synthesizing and secreting
excessive amounts of testosterone or, alternatively, a precursor which is peri¬
pherally converted to testosterone. The first reported biochemical study with this
tumour tissue (Corral-Gallardo et al., 1966) indicated that a minced preparation,
in the presence of various co-factors, converted incubated radioactive progesterone
.tq.both androstenedione (5.6%) and testosterone (0.3%). Interesting, however,
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Fig.5a EMMA-4 (AEI, Manchester, England) as installed at the Tenovus Institute showing the - ^
associated Tracor computer unit.
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ELECTRON BEAM

'.6 Diagrammatical representation of the focussed electron beam in EMMA.

is the formation of 11-deoxycorticosterone (DOC) from progesterone and of 11/3-
droxyandrostenedione from incubated androstenedione. The 11/3- and 21-
droxylases are essentially adrenal enzymes, although the former enzyme system
1 previously been shown to be present in testicular neoplasms (Savard et al.,
60; Dominguez, 1961; Besch et al., 1964) and 21-hydroxylation has been des-
bed in association with a masculinovoblastoma (lipoid cell tumour) (Brysson
il., 1962). The lack of corticosterone formation after incubating tissue with
>gesterone would suggest that the 11/3-hydroxylase was specific for C19-steroids.
A similar biochemical investigation in vitro (Fahmy et al., 1968) with tissue

m a hilus cell tumour provided adequate evidence that the necessary enzymic
'acity for androgen biosynthesis was present in the tumour tissue. After incu-
ion of radioactive pregnenolone with chopped tissue in the absence of co-
tors, 78.5% of the radioactivity was isolated in androstenedione and 1.2%
estosterone. Furthermore, DHA sulphate, normally present in high concen-
ions in plasma, was actively metabolised to androstenedione by the tissue al-
ugh other studies, both in vivo (Loriaux et al., 1970) and in vitro (Sandberg
L, 1966) indicated that this conjugated plasma steroid was not a precursor of
oid hormone synthesis in arrhenoblastomas. In considering steroid conjugates,
vever, it is noteworthy that Echt and Hada (1968) described the presence of
lary testosterone sulphate in concentrations up to 10,000 times the normal
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Fig. 7 Elemental analysis of the asbestos fibre outlined in Fig.3. The sodium associated with
iron, magnesium and silicon confirms the identification as crocidolite asbestos.

Fig.8 Spectrum showing the elemental analysis of talc illustrated in Fig.4. The 3:1 silicon:
magnesium ratio with low iron content is characteristic of talc. The platinum present was added
as part of the shadowing procedure.

level in a woman with a metastatic hilus cell tumour. They suggested that the sul¬
phate was produced by the tumour.

Some evidence for oestrogen synthesis by hilus cell tumour tissue has also
-been obtained (Fahmy etal., 1968;Jeffcoale,and Prunty, 1968) and-it^.interesting
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Fig. 9a Talc particle embedded in a cultured lung fibroblast.

that Novak and Mattingly (1960) directed attention to the association between
endometrial hyperplasia and virilisation in a number of patients with these
tumours. Elevated urinary oestrogen excretion has been reported (Hawkins and
Lawrence, 1965) in a patient with hilus cell hyperplasia of the ovary although
Brown and his colleagues (Bhargava et al., 1969) indicated that in a study of
various steroid secreting ovarian tumours, vaginal and endometrial cytology did
not relate to the oestrogen excretion data.

It is clear that there have not yet been sufficient comparative studies to
establish that particular ovarian tumours of histologically defined cell types have
characteristic steroid biosynthetic patterns. Results from studies in vitro have
however correlated well with the observed clinical disturbance of the patient, al¬
though these biochemical investigations have at present provided data of only
limited value to our understanding of tumour histogenesis.

The term 'lipoid cell tumours' is general and non-committal and is used to
include those usually virilising tumours with cells resembling the zona fasciculata
of the adrenal cortex, Leydig cells of the testis and luteinised stromal cells of the
ovary. Pathologists have long debated whether the different cell types can be
differentiated, especially in the presence of neoplasia (Teilum, 1971) and Taylor
and Norris (1967) consider with similar clinical and gross pathological findings,
histological subdivision is of doubtful value. They believe that on the basis of the
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7ig.9b Particles of talc embedded in cells from normal ovarian stroma cultured as explants.
Thin sectioning for electron microscopy with particles present results in tissue disintegration.

ivailable evidence, the most likely origin of the lipoid cell tumour is from ovarian
tromal cells within the medulla. Hughesdon (1966) also considers that the pre-
ence of intraovarian adrenal-rest cells from which a tumour might originate has
ret to be conclusively demonstrated. Certainly, despite the striking morphological
esemblances of certain lipid cell tumours to adrenal tissue and the presence of
ertain signs and symptoms of Cushing's syndrome in many of these patients with
uch tumours (Scully, 1963) biochemical investigations have only shown the syn-
■hesis of androgens by the adrenal-like ovarian cells (Sandberg et al., 1962) and
ot adrenocorticosteroids (Rosner et aL, 1964). Other investigations (Morrow et
4., 1968) have suggested that lipoid cell tumours respond to ACTH as well as
ICG, although this might reflect decreased specificity of membrane receptor
tes for protein hormones. There has also been a report of an arrhenoblastoma
isponding to ACTH (Gallagher et al., 1962).

Although the generally high excretion of urinary 17-oxosteroids in patients
ith adrenal-like lipoid cell tumours (Pedowitz and Pomerance, 1962; Prunty,
967) has been shown to be related to an increased formation of 11-oxygenated
7-oxosteroids (Dorfman, 1960; Morrow et al., 1968), the observations that the
ilus cell tumour and also a gynandroblastoma, an arrhenoblastoma synthesizing
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Fig. 10 Fibroblast with ingested asbestos chrysotile fibres. The fibres have penetrated the cell
membrane but the nuclear membrane remains intact (x 8,500).

androgen and oestrogen (Nocke, 1965) possess the 11/3-hydroxylating enzyme
system would appear to render invalid, the concept that 11/3-oxygenation is a
parameter of value in distinguishing between adrenal and ovarian tissue.

It is interesting that of the many biochemical investigations in vitro that
have been completed, only one (O'Malley et al., 1967) has produced a steroid
biosynthetic pattern which appears unique. This interesting study of a luteoma
of pregnancy, which caused virilisation of mother and child, suggested that the
predominant pathway for testosterone synthesis involved pregnenolone—17a-
hydroxypregnenolone—17a-hydroxypregnenolone sulphate—DHA sulphate—
androstenediol sulphate—androstenediol—testosterone.

Until recently, only those ovarian tumours of mesenchymal origin were
considered responsible for endocrine changes in the patient. Over the past few
years, however, evidence has now accumulated to indicate that endocrine effects
can also occur in the presence of ovarian tumours not classicaly considered
'functional' and menstrua] disturbances, postmenopausal bleeding, virilism,
changes in endometrial and vaginal cytology have been reported in association
with epithelial tumours, Brenner tumours, Krukenberg tumours and various others
(Wren and Frampton, 1963; Fox, 1965; Fathalla, 1968). Hormone synthesis has
been ascribed to an ovarian stromal reaction resulting from the stimulus from the
invasive epithelial elements of either a primary tumour of metastatic tissue from
possibly a primary gastrointestinal tumour. That the ovaries develop large second¬
ary tumours, termed Krjikepberg tumours (Israel et aL, 1965; Scott et at, 1967;
Connor et al., 1 968) sometimes before the primary tumour is evident suggests a
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favourable environment for growth. This localised stromal reaction results in the
formation in close relation to the tumour of theca-lutein cells, or luteinised
stromal cells, which have been considered responsible for the synthesis of oestro¬
gen (Hughesdon, 1958; Pfleidererct al., 1968). The presence of such cells may
well have been responsible for the steroid metabolising activity reported in homo-
genates of certain 'non-functional' ovarian cancers (Plotz et al., 1967). Endo¬
metrial hyperplasia has often been reported to occur in the postmenopausal
woman when these tumours are present (Wren and Frampton, 1963; Fox, 1965;
Eddie, 1967) and elevated urinary oestrogens have also been found in these women
(Bhargava et al., 1969; Procope, 1969; Edwards et al., 1971). Unfortunately, there
are few biochemical studies on the relationship between gonadotrophin secretion
and action and ovarian cancer. It is also difficult to determine whether the lutein-
ised-stromal cell synthesises and secretes oestrogen or whether an increased pro¬
duction of androstenedione, resulting from the stromal reaction or hyperplasia is
peripherally converted to oestrogen as indicated by Dr. Edman during this con¬
ference. It has been suggested previously (Griffiths et al., 1971) that any localised
oestrogen formation by the luteinised stromal cells may influence the growth of
primary or secondary tumour tissue. This could be particularly important in rela¬
tion to the histogenesis of ovarian cancer from endometriotic lesions (Scully et
al., 1966; Stevenson, 1970; Aure et al., 1971).

It is patently obvious however that despite the considerable interest during
the past two or three decades of both endocrinologist and pathologist, there is
still little real information concerning the aetiology of ovarian cancer. Although
the 'functional' tumour with its associated endocrine effects offers a fascinating
study to the biologist,Mhese generally benign and comparatively rare tumours
make up however only a small proportion of all ovarian cancers. Reports from
various cancer registries and from the cancer agencies (Doll et al., 1970) indicate
that in many countries, the serous cystadenocarcinoma is the most frequent type
of ovarian neoplasm comprising something of the order of 50% of the total ovar¬
ian cancers (Table II). Because of the differences in terminology and tumour
classification between various countries, there are few good epidemiological
studies of ovarian cancer and little knowledge of possible factors that might re¬
late to the aetiology of the disease. There would now seem little doubt however
that various forms of cancer, previously considered as spontaneous, may be
caused or influenced by environmental factors (Lingeman, 1974). With the excep¬
tion of Japan, the highest incidence rates of ovarian cancer are found in indus¬
trialised developed countries particularly in the west. It was of interest therefore
that Graham and Graham (1967) directed attention firstly to the reported asso¬
ciation between asbestosis and ovarian cancer (Keal, 1960) and secondly, to the
histological similarity between certain ovarian tumours and mesotheliomas,
peritoneal and pleural tumours considered to be induced by crocidolite, an amphi-
bole type of asbestos (Wagner et al., 1960; Elwood and Cochrane, 1964). They
suggested that asbestos may be the environmental factor present in developed
countries which has a marked influence on ovarian metabolism.

An extraction-replication technique (Fig.2), developed in our laboratories
to investigate foreign particles in biological tissues (Henderson and Griffiths, 1972)
and used to identify crocidolite (Fig.3) in mesotheliomas (Henderson et al., 1969)
and various forms of particulate material in stomach tumours from Japanese
males (Henderson et al., 1975) failed to demonstrate the presence of asbestos in
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Fig. 11 A particle of talc in contact with the surface of the cell. The "fuzzy coat" appears to
form around the end of the particle. Microfilaments can also be seen running parallel to the
cell surface (x 12,800).

Table II. Malignant cancers of the ovary (Connecticut Tumour Registry: 1960-1964).

Types of Tumour No. • %

Serous carcinomas 422 46
Various unspecified adenocarcinomas 174 19
Mucinous carcinomas 87 10
Malignant granulosa cell tumours 38 4
Malignant teratomas and dysgerminomas 21 2
Other tumours 173 19

Total: 915

(See Lingeman, 1974)

ovarian tumour tissue. The technique did however clearly provide evidence of talc
contamination of both neoplastic and normal ovarian tissue (Henderson et al.,
1971). Talc, a magnesium silicate with an elemental composition similar to asbestos,
was recognised by the distinct decoration pattern induced by the evaporation of
platinum in vacuo on the crystal surface (Fig.4). Although there are reports that
commercial talcs are contaminated with particles of asbestos (Lingeman, 1974), an
intensive study in our laboratories of various forms of natural talc from many
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Fig. 12 Histological section of ovary. After ashing the tissue on the slide, the areas outlined t
were transferred for particle analysis onto numbered electron microscopy 3 mm grids using
polyvinyl alcohol films (Henderson and Griffiths, 1972).

countries has failed to provide any evidence which would confirm such reports.
Although particle shape has for many years been the sole means of identify¬

ing foreign particulate material, more sophisticated techniques are now being
developed and in our laboratories, analytical electron microscopy can now be
used to provide complete identification. The electron microscope microanalysis
(EMMA-4, AEI, Manchester; Fig.5) (Chandler, 1971) is used to identify individual
particles or fibres extracted from biological tissues by the extraction replication
procedure. The technique makes use of the fact that electrons passing through
the specimen on the grid to form an electron image, also generate from the irradi¬
ated specimen area, X-rays which have energies characteristic of the elements of
which the specimen is composed (Fig.6). The illuminating electron beam can then
be focussed on to crystalline particles visible on the transmission image. The par¬
ticle then becomes the only part of the specimen emitting X-rays. Silicon atoms
of talc then emit X-ray photons with a well-defined energy which differs from
that of magnesium. These X-rays are collected by both a twin crystal spectrometer
system and also a solid state Si(Li) energy dispersive detector linked to a 1000
channel analyser. The spectrometer provides an accurate quantitative analysis
whereas the energy dispersive detector offers a rapid qualitative and semiquantita¬
tive procedure (see Figs 7 and 8 for spectra of crocidolite and talc). Such an ap¬
proach therefore provided unequivocal proof that talc is present in ovarian tissue.

The mode of entry of talc into the ovary and the biological effects of par¬
ticles such as magnesium silicates within the cell are obviously of particular inter¬
est. Talc is certainly widely used in the pharmaceutical and cosmetic industry and
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Fig. 13 An indication of the ages at which certain tumours appear to occur with greater inci¬
dence rates. (E.R. Novak and J.H. Long (1965). Am. ]. Obstet. Gynec. 92, 1 082; L.B. Felmus
and P. Pedowitz (1967). Obstet. Gynec. 29, 344.)

is used in association with certain contraceptives. Furthermore, although it has
been suggested that asbestos fibres but not the plate-like crystal of talc might be
expected to penetrate cell membranes, Figs 9 and 10 show talc particles embedded
within cultured fibroblasts and ovarian cells. Figure 11 illustrates the contact be¬
tween cellular material and the talc particle, the "fuzzy coat" appearance being
characteristic of pinocytosis and some recent collaborative studies were concerned
with the effect of ingested particles on cell ultrastructure and collagen synthesis
(Richards et al., 1974; Henderson et al., 1975). Moreover, Fig.12 and Table III
indicate that the amount of talc present in ovarian tissue could be of the order of
2 X 10s particles/mm3.

It is obvious that talc should not be present within the cells of the ovary and
probably other organs of the female genital tract but its presence in no way incri-
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Table III. Ashed ovarian section. Analysis for areas 1-6 arc shown and the number of talc par¬
ticles found in 10 randomly selected squares of one grid. The size range of the particles found
and recorded is also given.There are 565 squares/grid; on average therefore 8 X 56.5 = 452
particles/grid - approximately 0.7 mm3 of the tissue section, indicating (with 5 rim thick section)
452 x 200 X 3.3 talc particles/mm3, i.e. 271,200 particles.

Area 1 2 3 4 5 6 Mean

No. talc particles/10 square 2 8 8 18 6 4 8

Size range (n) 0.5-1.0 0.2-2.0 0.3-0.8 0.2-2.5 0.4-7.5 0.2-1.5

minates the particle in the process which results in the development of ovarian
neoplasia. However, in this field of cancer research in which little is known about
the aetiology of the disease, new concepts are necessary'. Speculation that granu¬
lomatous changes in the ovary induced by talc particles may result in disturbances
leading to stromal reaction, theca-Iutein cell formation, an imbalance of steroid
biochemistry, possible co-carcinogenic effects of steroid and protein hormones
should at least be considered. Certainly records indicate that many ovarian cancers,
in particular the epithelial tumours occur (Fig. 13, Table I) when ovarian function
is decreasing and plasma gonadotrophin concentration is high. It is interesting that
although, overall, ovarian tumours occur predominantly in the 50's, careful analy¬
sis would suggest that certain different histological types of ovarian neoplasm may
be associated-jvith different aetiological factors. Little is known about the hor¬
mone dependence of the various histological types of ovarian tumours and care¬
fully established detailed studies are required in this aspect of cancer research.
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SUMMARY

The specific retention of androgens and oestrogens by cytoplasmic components of human
ovarian tumours was investigated. High-affinity, low-capacity binding of androgens was
observed in 88% of tumour specimens and oestrogen binding in 32%. Retention of
oestrogens did not occur in the absence of androgen binding. The androgen-binding
component, of sedimentation coefficient 7-5-8-5S, showed specificity for 5a-dihydro-
testosterone and 17p-hydroxy-17a-methyl-estra-4,9,ll-trien-3-one (R1881). In some in¬
stances, competition for R1881-binding sites indicated the presence of progesterone
receptor-like binding. The data presented suggest strongly the existence of androgen and
oestrogen receptors in some ovarian tumours and may be relevant to histopathological
classification and therapeutic rationales.

INTRODUCTION

The ovarian surface germinal epithelium is accepted as the normal progenitor of common
epithelial tumours of the ovary which include approximately 90 per cent of malignant
ovarian tumours in women (Woodruff, 1976; Scully, 1977). Although little is known about
the ovarian surface germinal epithelial cell, steroid and/or peptide hormones probably play a
role in its normal function. Granulosa cells, which are dependent on steroid and peptide
hormones for their growth and function (Richards & Farookhi, 1978; Saiduddin &
Zassenhaus, 1978), are derived from the surface germinal epithelium (Papadaki & Beilby,
1971; Motta, 1974; Callebaut, 1976). On the basis of its ultrastructural changes during the
oestrous cycle ofexperimental animals, the surface epithelium has been assigned amajor role
in the ovulatory process (Bjersing & Cajander, 1975; Motta, Van Blerkom & Makabe, 1980).
Extensive proliferation of the fetal surface germinal epithelium during the fourth and fifth
months of pregnancy (Gondos, 1975; Kannerstein, Churg, McCaughey & Hill, 1977) and
changes in the maternal ovarian surface at term (Nelson & Greene, 1958) may be related to
steroid hormone status. The possible retention in some cases of neoplasia of the hormonal
control mechanisms which may modulate the functions of the normal surface germinal
epithelial cell could explain the variable success in steroid hormone therapy of ovarian
cancer (Tobias & Griffiths, 1976).
Steroid hormonal regulation of cellular processes involves a well-defined series of events

(see Mainwaring, 1977). Among the earliest of these is the association of the active steroid
with a cytoplasmic protein of high affinity and specificity, the receptor. The dogma which
links the response of a cell to a steroid hormone with its content of the requisite receptor
protein has lent interest to the recent reports ofoestrogen, progestin and androgen binding in
ovarian tumour cytosols (Friberg, Kullander, Persijn & Korsten, 1978; Holt, Caputo, Kelly,
Greenwald & Chorost, 1979; Janne, Kauppila, Syrjala & Vihko, 1980).



422 T. C. HAMILTON, P. DAVIES AND K. GRIFFITHS

Appropriate techniques have been utilized to examine the cytoplasmic binding charac¬
teristicswith respect to oestrogen and androgen in a series ofovarian tumours. Measurement
of androgen receptors in tissues of men has been hampered by, amongst other things, sex
hormone binding globulin (SHBG), and methods have been designed to overcome this
problem (Davies, 1977, 1978; Menon, Tananis, McLoughlin& Walsh, 1977; Shain& Boesel,
1978). Due to the higher levels of SHBG in women such an approach was mandatory, and
this major difficulty has been overcome in two currently well-accepted ways: (a) by the use of
protamine sulphate to precipitate selectively acidic proteins such as steroid receptors
(Steggles & King, 1970; Zava, Harrington & McGuire, 1976; Davies, Thomas & Griffiths,
1977), thusminimizing interference from SHBG, and (b) by using the synthetic steroid, 170-
hydroxy-17a-methyl-estra-4,9,l l-trien-3-one (methyltrienolone; R1881), which does not
bind to SHBG, but binds to androgen receptors with a higher affinity than do natural
androgens (Bonne & Raynaud, 1976). Results confirm previous reports with respect to
oestrogen binding and characterize more fully androgen binding components of ovarian
tumour cytosol.

MATERIALS AND METHODS

Tissues

Specimens of ovarian tumours were obtained through the kind co-operation of gynae¬
cological surgeons at the University Hospital of Wales (Cardiff), Royal Gwent Hospital
(Newport, Gwent), East Glamorgan General Hospital (Pontypridd, Mid Glamorgan) or
Nevill Hall Hospital (Abergavenny, Gwent). Tissues were obtained from patients who had
undergone exploratory laparotomy for an abdominal or pelvic mass. When sufficient tissue
from a surgically diagnosed ovarian tumour was available, a characteristic specimen was
selected by the surgeon, placed in a plastic bag on ice, immediately brought to the laboratory
and then frozen and stored at — 70 °C or placed in a vessel surrounded by crushed ice. In the
latter instance, experiments were begun immediately. The remainder of the tumour was
transferred to the Department of Pathology.

Classification of tumours
Tumours were classified on the basis of the histopathological criteria in use at the hospitals
involved in the study.

Chemicals

5a-Dihydro[l,2,4,5,6,7-3H]testosterone (3-7-5-5TBq/mmol) and [2,4,6,7-3H]oestradiol
(31-41 TBq/mmol) were purchased from The Radiochemical Centre, Amersham, Bucks.
Supplies of R1881, [17a-methyl-3H]R1881 (2-6-3-2 TBq/mmol) and 17a,21 -dimethyl-19-
nor-pregna-4,9-diene-3,20-dione (promegestone; R5020) were obtained from New England
Nuclear, Dreieich, West Germany. Unlabelled 5a-dihydrotestosterone, diethylstilboestrol,
progesterone and 9a-fluoro-110,21 -dihydroxy-16a, 17a-isopropylidenedioxy-1,4-pregna-
diene-3,20-dione (triamcinolone acetonide) were obtained from Sigma Chemical Co.
Ltd, Poole, Dorset. 6-Chloro-la,2a-methylene-4,6-pregnadiene-3,20-dione (cyproterone)
and a,a,a-trifluoro-2-methyl-4'-nitro-m-lactotoluidide (a metabolite of a,a,a-trifluoro-2-
methyl-4'-nitro-m-propionotoluidide, flutamide) were gifts from Schering Chemicals Ltd,
Burgess Hill, Sussex. l-(4-0-Dimethylaminoethoxyphenyl)l,2-diphenylbut-l-ene (tamo¬
xifen) was given by ICI Ltd, (Pharmaceuticals Division) Macclesfield, Cheshire. All other
reagents and chemicals were of the highest purity commercially available.

Centrifuges and rotors
The Beckman model L5-65 ultracentrifuge was used with a SW 50.1 (6 x 5 ml) swinging-
bucket rotor (rav 8-35 cm) for all high-speed centrifugation procedures.
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Temperature
Unless otherwise stated, all procedures were performed at 0-4 °C.

Chemical analysis
Estimation ofcytosol protein content was by amodification (Hartree, 1972) of the method of
Lowry, Rosebrough, Farr & Randall (1951) using crystalline bovine serum albumin as
standard.

Buffers
Buffer A consisted of Tris-HCl buffer (10mmol/l), pH7-4, containing EDTA (1 mmol/1),
dithiothreitol (0-5 mmol/1), and glycerol (10%, v/v). Buffer B comprised Tris-HCl buffer
(10mmol/1), pH7-4, containing EDTA (1 mmol/1), dithiothreitol (0-5 mmol/1), phenyl-
methylsulphonylfluoride (1 mmol/1) and potassium molybdate (10mmol/1).

Preparation of cytosol
The method was basically that of Davies & Griffiths (1973). Briefly, finely minced tumour
tissue was disrupted in a glass-glass Potter-Elvehjem homogenizer in the presence of buffer
A or B. Centrifugation of the homogenate at 800# for 10min yielded a supernatant fraction
which was recentrifuged at 105 000# for 1 h to provide a soluble supernatant fraction, the
cytosol.

Assessment of cytoplasmic steroid-hormone binding sites
Androgen binding sites in ovarian tumour cytosol were measured by a method similar to that
of Davies et al. (1977). Samples (100pi; 5-10mg protein/ml) of cytosol in buffer A were
mixed with equal volumes of [3H]5a-dihydrotestosterone (approximately 2-20 nmol/1) with
and without a 100-fold higher concentration of radio-inert steroid. After incubation
(16-20 h at 4 °C), protamine sulphate (200 pi of 1 mg/ml solution in buffer A) was added and
the tubes were mixed and centrifuged at 800# for 10min. The supernatant fractions were
discarded and the precipitates washed four times with 2ml buffer A. Final precipitates were
extracted twice with ethanol (1 ml), and the extracts combined in scintillation vials and
evaporated. Scintillation fluid (5ml; 5g 2,5-diphenyloxazole, 500ml Triton X-100, 1 litre
toluene) was added and radioactivity measured.
Cytoplasmic oestrogen binding in ovarian tumours was assessed similarly but using

[3H]oestradiol, and diethylstilboestrol as competitor. After incubation (16-20 h at 4 °C), free
steroid was removed by adsorption to charcoal (200 pi 0-5% (w/v) Norit A, 0 05% (w/v)
dextran T-70 and 01% (w/v) gelatin in buffer A). Exposure to charcoal (30min at 0-4°C)
was terminated by centrifugation at 800# for 10min. Samples of supernatant fraction
(200 pi) were mixed with scintillation fluid and bound radioactivity was determined.
Binding-site concentrations and dissociation constants were determined by the method of

Scatchard (1949).

Competition studies
The ability of various substances to compete with R1881 for specific cytoplasmic binding
sites in ovarian tumours was assessed by incubation (16-20h at 4°C) of cytosol with
[3H]R 1881 (5 nmol/1) in the presence and absence of increasing concentrations
(25 nmol/1-25 pmol/1) of potential competitors. Free steroid was removed by treatment with
charcoal (20min). The relative-binding affinity for each competitor was determined as
described by Cowan, Cowan & Grant (1977). In some instances, binding of R1881 to
progestin receptor-like proteins was minimized by preincubation (1 h) with triamcinolone
acetonide (5 pmol/1) before competition analysis (Asselin, Melancon, Gourdeau, Labrie,
Bonne & Raynaud, 1979).
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Sedimentation analysis
Gradients of sucrose (5-20%, w/v) were prepared in a uniform concentration of buffer B as
described by Davies & Griffiths (1973). When sufficient fresh tumour tissue was available it
was homogenized in buffer B and the purified cytosol incubated (2-6 h) with [3H]R1881
(5 nmol/1) with and without a 100-fold higher concentration of potential competitors. Free
steroid was removed from samples of cytosol by adsorption (lOmin) on a charcoal pellet
derived from an equivalent volume of charcoal suspension, as used for the oestrogen-
receptor assay. After removal ofcharcoal (800# for 10min), samples (500 pi) ofcytosol were
layered on the gradients and centrifuged at 150000# for 16 h at 3°C. Gradients were
fractionated by upward displacement with 50% (w/v) sucrose; fractions (three
drops~ 200 pi) were collected into scintillation vials. Scintillant was added to vials and
radioactivity determined.
In some cases, tissue was homogenized in buffer B containing [3H]R 1881 (5 nmol/1). Free

steroid was removed from purified cytosol and sedimentation analysis performed, as
described above.

RESULTS

Oestrogen and androgen binding in ovarian tumours
The efficacy of the protamine sulphate assay for determination of both low and high
concentrations ofandrogen-specific binding sites in ovarian tumour cytosols is illustrated by
Fig. la and b respectively. Analysis of binding data (insets, Fig. 1) by the method of
Scatchard (1949) (Fig. 1) facilitated estimation of dissociation constants and binding-site
concentrations.

two separate ovarian tumours ofprotein concentration (a) 7-9mg/ml and (b) 6 0mg/ml. Values for specific
binding (■), obtained by subtraction ofbinding observed in the presence of a 100-fold excess of unlabelled
steroid (O) from that in its absence (•) (insets) were analysed according to Scatchard (1949) (main figures).
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Binding data derived from the assay for oestradiol receptor are not presented graphically
in this paper, as they were similar to the representative data illustrated in Fig. 1 for the
androgen assay, and data derived from a comparable assay for cytoplasmic oestrogen
receptor-like binding in ovarian tumours have been shown by others (Holt et al. 1979).
The methods described above were used to assess the capacity for cytoplasmic binding of

oestradiol and/or 5a-dihydrotestosterone with receptor-like characteristics in 22 ovarian
tumours (see Table 1). Although tumour histogenesis varied, most tumours studied were
those considered to be derived from metaplastic and/or neoplastic surface germinal
epithelium; exceptions included tumours 1-30,1-148 and 11-28, since they were considered to
be derived from cells other than the surface germinal epithelium. Thus, removal of these
tumours from consideration provided information about steroid-receptor status in a group
of tumours of similar derivation.

Table 1. Specific receptor binding of oestradiol and 5y.-dihydrotestosterone (5ol-DHT) in
human ovarian tumour cytosols

Oestradiol binding 5a-DHT binding

fmol bound/ fmol bound/
mg cytosol mg cytosol

Code Histopathology protein (pmol/1) protein (nmol/1)
1-1 Ovarian cystadenocarcinoma — — ND
1-30 Granulosa cell tumour 19 10-4 ND
1-50 Ovarian adenocarcinoma — ND
1-64 Ovarian cystadenoma — — ND
1-78 Papillary adenocarcinoma — 13 5-9
1-86 Recurrent mucinous

cystadenocarcinoma
ND

1-96 Carcinoma of questionable
origin

ND

1-148 Ovarian carcino-sarcoma — — —

1-151 Mixed Brenner and mucosecretory
cystadenoma

— 4 2-7

1-161 Borderline cystadenocarcinoma 15 2700 5 0-5

1-170 Endometrioid cystadenocarcinoma — — 12 1-8
1-190 Omental biopsy-mucin secreting

adenocarcinoma

— 11 3-5

1-198 Serous papillary cystadenoma — — 17 5-1
1-204 Papillary adenocarcinoma 108 4000 88 0-5
1-214 Invasive papillary adenocarcinoma 79 860 20 0-6
II-3 Papillary cystadenocarcinoma 136 2500 51 1-4
11-28 Benign fibroma — — 42 0-7
11-99 Papillary adenocarcinoma 40 2600 + *
11-110 Benign mucinous cystadenoma — — —

11-113 Papillary mucinous
cystadenoma—borderline

ND ■

11-114 Unclassified ovarian tumour ND +
11-130 Poorly differentiated carcinoma ND +

Ka, dissociation constant; ND, not determined; +, positive as determined by sedimentation analysis (seeMaterials
and Methods); —, negative by any criterion of assay; + *, positive status conferred from data shown in Fig. 2b.

Of 19 specimens investigated, significant high-affinity binding of oestrogens was found in
six tumours (32%). Exclusion of tumours 1-30, 1-148 and 11-28 altered postive status to
31% (five out of 16 tumours). Androgen binding was observed in 14 out of 16 tumour
cytosols (88%): exclusion of tumours 1-148 and 11-28 altered positive status to 93% (13 out
of 14 specimens). Androgen and oestrogen binding were assessed together in 13 tumour
cytosols. Of these, 11 (85%) bound significant quantities of androgen and five (38% of the
total; 45% of androgen-binding cytosols) bound oestrogens: no oestrogen binding was
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found in the absence of androgen binding. Thus, 38% of tumours studied contained binding
sites for both steroids. Elimination of tumours 1-148 and 11-28 altered positive status to ten
tumours (91%) and five tumours (45%) for androgen and oestrogen ( +androgen) binding
respectively. Using the methods described, the concentration of oestrogen-binding sites
appeared to be frequently greater than the concentration of androgen-specific sites when
both were measured in the same specimen.

Competition studies
The suitability of use of the synthetic androgen, R1881, in detecting androgen receptors was
examined, but a common problem was encountered. The specificity of components binding
R1881 in cytosols prepared from two ovarian tumours is illustrated in Fig. 2 and Table 2. A
marked difference between the binding characteristics of these tumours was observed. 5a-
Dihydrotestosterone, cyproterone and the flutamide metabolite competed effectively for

Excess unlabelled competitor (times basal level)

Fig. 2. Binding of [3H]17p-hydroxy-17a-methyl-estra-4,9,l l-trien-3-one (R1881; 5nmol/l) by cytosols
from tumours (a) I-170 (9-2 mg protein/ml) and (b) 11-99 (8-4mg protein/ml) was assessed in the presence
of increasing concentrations of unlabelled R1881 (♦), 5a-dihydrotestosterone (a), cyproterone (A),
<x,a,a-trifluoro-2-methyl-4'-nitro-m-lactotoluidide (■), diethylstilboestrol (□), triamcinolone acetonide
(•) or 17ct,21 -dimethyl-19-nor-pregna-4,9-diene-3,20-dione (R5020; O); see text for methods.
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Table 2. Binding site specificity for [3H]R1881 in ovarian tumour cytosols with and without
prior treatment with triamcinolone acetonide (51Jtmol/F) presented as relative binding affinity%

Tumour 1-170 Tumour 11-99

No No

pretreatment Pretreatment pretreatment Pretreatment

R1881 * 100 100 100 100
R5020f 43-8 34 002 <003
Triamcinolone 17-8 — <002 —

acetonide

Cyproterone 0-35 82 003 012
5a-Dihydrotesto- 0-22 100 66 77
sterone

Flutamide metabolite 004 38 4-7 3-3

Diethylstilboestrol <004 34 <002 <003

* 17p-hydroxy- 17a-methyl-estra-4,9,l l-trien-3-one (methyltrienolone; R1881); 117a,21-dimethyl-19-nor-
pregna-4,9-diene-3,20-dione (promegestone; R5020).
t Relative binding affinity

concentration radioinert R1881 which causes 50% displacement of [3H]R 1881
— 1— x 100.

concentration of competitor which causes 50% displacement of [3H]R1881

[3H]R 1881-binding sites in tumour 11-99 (Fig. 2b). Other compounds tested were either
ineffective or only slightly effective at maximum concentrations. In cytosol from tumour I-
170 (Fig. 2a), however, 5a-dihydrotestosterone and the anti-androgens became effective only
at higher concentrations (Fig. 2a), whereas R5020 and triamcinolone acetonide were
effective at low concentrations. Reduction of these data to numeric form as relative binding
affinities confirmed the observation (see appropriate columns, Table 2).
When, in parallel studies, cytosols from these two tumours were pretreated with

triamcinolone acetonide, and relative binding affinities determined (see appropriate
columns, Table 2), the competitor spectrum in tumour 11-99 was unchanged (see Table 2),
but for tumour 1-170 the pattern of competition changed markedly and became more like
that of tumour 11-99, i.e. 5a-dihydrotestosterone and the antiandrogens were the more
effective competitors (Table 2). It was of interest to note that of the antiandrogens,
cyproterone was the more effective competitor in tumour 1-170 while the flutamide
metabolite was more effective in tumour 11-99. When [3H]5a-dihydrotestosterone was used
as binding ligand in cytosol from tumour 1-170, and binding assayed using the protamine
sulphate method, unlabelled R1881 and 5a-dihydrotestosterone competed effectively
whereas R5020 and progesterone did not (data not shown).
Preliminary examination of the specificity of oestrogen binding in the granulosa cell

tumour (1-30) included in this series (Table 1) revealed that diethylstilboestrol (100-fold
excess) and tamoxifen (1000-fold excess) competed well against [3H]oestradiol whereas 5a-
dihydrotestosterone (100-fold excess) competed weakly and progesterone (100-fold excess)
was ineffective (data not shown).

Sedimentation analysis
Androgen-binding components in cytosols from fresh ovarian tumours were characterized
further by this means. The sedimentation profiles obtained (Fig. 3) consistently showed a
component which bound [3H]R1881 and with a sedimentation coefficient (7-5-8-5S) similar
to that reported for the higher molecular weight component which binds [3H]5a-
dihydrotestosterone in the cytosol of human benign hypertrophic prostate and rat ventral
prostate (see for example Davies & Griffiths, 1975).
When competition studies were attempted (Fig. 3b and c), R1881 and 5a-dihydro-

testosterone were equally effective. Results obtained using R5020 were equivocal (Fig. 3b
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and c). Pretreatment of cytosol from tumour II-114 with triamcinolone acetonide failed to
alter the sucrose density-gradient profile observed for that tumour in Fig. 3b (triamcinolone
acetonide-treated samples are not shown).

DISCUSSION

Evidence presented here has confirmed the existence of high-affinity, oestrogen-specific
binding in cytosols prepared from some ovarian tumours (see Table 2). Specificity studies,

(a) \ (b)

(c)

Fig. 3. Cytosols prepared from (a) tumour 11-113 (8-4mgprotein/ml), (b) tumour 11-114 (7-2mg
protein/ml) and (c) tumour 11-130 (8-6 mg protein/ml) were incubated (2-6h at 4°C) with [3H]17(3-
hydroxy-17a-methyl-estra-4,9,l l-trien-3-one (R1881; •; 5nmol/l) (in (b) and (c) also in the presence of
unlabelled R1881 (A), 5a-dihydrotestosterone (A) or 17a-21-dimethyl-19-nor-pregna-4,9-diene-3,20-
dione (R5020; O) (all at 500nmol/l)) and analysed by sedimentation through gradients (5-20%, w/v) of
sucrose (see Materials and Methods). Centrifugation was from left to right. Indicators of comparative
sedimentation coefficients are bovine serum albumin (solid arrows, S2o,co 4-6S) and the higher molecular
weight [3H]R 1881 binding component from rat ventral prostate (broken arrows).
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although limited, reflect the observations of Holt et al. (1979), and the dissociation
constants, while suggesting a higher affinity of binding than shown by the same workers, are
within the range expected of receptor proteins. The major, and more interesting, findings
reported in this paper, however, concern the presence of androgen-binding components in
ovarian tumour cytosol.
Little evidence has been presented for specific androgen-binding entities in ovarian

tumours. Friberg et al. (1978) suggested their existence but did not quantify or characterize
them. Results reported here confirm the presence of a single class ofhigh-affinity, androgen-
binding sites, with dissociation constants in the range observed for androgen receptors in
classical target tissues. Components specifically retaining R1881 or 5a-dihydrotestosterone
displayed a sedimentation coefficient ofapproximately 8S in salt-free sucrose gradients: such
a sedimentation profile has been shown to be characteristic of androgen receptors
(Mainwaring, 1977). When the ability of ligands of various classes to compete for the
androgen-binding component was assessed, two patterns emerged. One, exemplified by
tumour 11-99 (Fig. 2b), demonstrated the straightforward competition profile expected ofan
androgen receptor; the other, shown by tumour 1-170 (Fig. 2a), was similar to that of the
progesterone receptor-like binding entity in human prostate (Cowan et al. 1977). Its
elimination by preincubation with triamcinolone acetonide indicated that detection of this
compound was due to the ability of R1881 to interact with progestin-binding proteins
(Cowan et al. 1977; Asselin et al. 1979). The properties of the residual binding were
characteristic of androgen receptors (see Table 2); thus this often recommended precaution
(Asselin et al. 1979) ensured that definitive androgen binding in ovarian tumour cytosols was
examined.
Ovarian tumours have been shown to contain oestrogen-(Friberg et al. 1978; Holt et al.

1979; Janne et al. 1980), progestin- (Holt et al. 1979; Janne et al. 1980) and androgen-(this
communication) binding components. It has been shown here that certain tumours can
exhibit a complex binding status, with reference to the presence of androgen and oestrogen
binding (Table 1), or to androgen and progestin binding (see above), or possibly to all three
binding components.
Steroid hormones may play a part in the maintenance and function of the ovarian surface

epithelium. This concept would be valid if the appropriate steroid hormone receptors could
be identified. The data presented here and by others (Friberg et al. 1978; Holt et al. 1979;
Janne et al. 1980) have supported the existence of receptor-like macromolecules in the
neoplastic counterpart of the surface epithelial cell. Whether these molecules are functional
receptors, mere artifacts of a tissue derived from Miillerian progenitors, or markers of
neoplasia must await further investigation.
How significant are the results obtained on this series of tumours? The receptor

concentration observed must be influenced by the steroid hormone production patterns of
the patients. Artifactually low receptor concentration could result from the presence of
endogenous steroids and incomplete exchange of exogenously added ligand with ligand
bound in vivo. As with ovarian cancer patients (Anthony, 1976), the average patient in this
series (mean age, 55 years) would be expected to be in a phase of the climacteric. The
increased androgen and low oestrogen levels due to involuting ovarian function (Guraya,
1976) during this phase of life may in part explain the ratio of less than one frequently
observed for androgen to oestrogen receptor concentrations in the same specimen from
appropriate tumours of this series.
Brief individual discussion of two tumours in this series is warranted. Oestrogen receptors

have been described in normal granulosa cells (Richards, 1975), but the oestrogen receptor¬
like binding in tumour 1-30 of this series was believed to be the first report of such binding in a
granulosa cell tumour, although peptide hormone receptor status of such tumours has been
discussed (Kammerman, 1980). Results on tumour 1-170 differed from those on another
ovarian tumour series (Holt et al. 1979) where progesterone receptors were not observed in
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the absence of oestrogen receptors. Examination of the history of this patient revealed the
existence of a concurrent endometrial carcinoma. Receptor status was in fact more
characteristic ofan endometrial carcinoma where progesterone receptors would be expected
and androgen receptors have been found in the absence of oestrogen receptors (Friberg et al.
1978). On the basis of receptor status, the ovarian tumour may have been an endometrial
secondary metastatic to the ovary rather than a true primary ovarian lesion. This possibility
could not be proved or excluded on histopathological grounds and supported the view that
ovarian tumour receptor status may aid in differential diagnosis (Holt et al. 1979).
It is clearly necessary to determine whether ovarian tumours contain functional steroid

receptors which play a role in control of growth. The methodology presented could then be
utilized to assess tumour receptor status and thus determine the rationale for endocrine
therapy on a disease often difficult to treat adequately.

We are grateful to the Tenovus Organization for their generous financial support. One of
us (T. C. H.) was supported by a Medical Research Council Grant No. G977/505.
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SUMMARY

The surface germinal epithelium of the rat ovary was isolated and grown in vitro. Cytosol
from cultured cells contained a saturable component, of sedimentation coefficient 7-5-8-5S,
which bound oestrogenic and antioestrogenic substances with high affinity (Kd 400 pmol/1).
Nuclei isolated from cells exposed to [3H]oestradiol contained radioactivity partially
susceptible to KC1 extraction. Sedimentation analysis of the KC1 extract showed that
[3H]oestradiol was associated with a moiety of sedimentation coefficient 4-5-5S.

INTRODUCTION

Most ovarian tumours of women originate from the modified mesothelium which covers
the surface of the organ (Scully, 1977). Embryological and morphological similarities
between these cells and those of hormone-dependent tissues (Julian, 1974; Scully, 1977) and
the marked increase in ovarian tumour incidence with the onset of the climacteric
(Anthony, 1976) have implicated hormones in tumour aetiology and/or maintenance.
Recently, many common epithelial tumours of the ovary have been shown to contain
cytoplasmic receptors for androgens, oestrogens and progestagens (e.g. Holt, Caputo,
Kelly, Greenwald & Chorost, 1979; Bergquist, Kullander & Thorell, 1981; Hamilton, Davies
& Griffiths, 1981). The presence of nuclear oestrogen receptors and increases in the activity
of peroxidase, a putative post-nuclear marker of oestrogen action, have been reported in
some epithelial ovarian carcinomas (Holt, Lyttle, Lorincz, Stern, Press & Herbst, 1981). A
possibly complete oestrogen regulatory system may explain the success of antioestrogen
therapy in patients with oestrogen receptor-positive ovarian tumours (Myers, Moore &
Major, 1981).
The normal surface germinal epithelium has also been proposed as a steroid hormone

responsive tissue, from histological and ultrastructural studies (Stein & Allen, 1942; Nelson
& Greene, 1958; Bjersing & Cajander, 1975; Gondos, 1975; Adams & Auersperg, 1981a).
As it is likely, therefore, that cells from some tumours have retained differentiated control
mechanisms characteristic of the normal surface germinal epithelium, the molecular features
of steroid hormone action in these latter cells assume major importance. Unfortunately, the
cellular complexity of the ovary and the limited amount of surface germinal epithelium
present on the normal organ have restricted its study to histological methods and hence its
functions are little known.

Recently, the surface germinal epithelium of the rat ovary has been selectively isolated
and grown in vitro (Hamilton, Henderson & Eaton, 1980; Adams & Auersperg, 19816).
Serial subculture of primary isolates has accumulated sufficient cell mass for the in-

* Present address: Medicine Branch, National Cancer Institute, 9000 Rockville Pike, Bethesda, Maryland
20205, U.S.A.
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vestigation of possible mechanisms for oestrogen action in the surface germinal epithelium
of the rat ovary in vitro.

MATERIALS AND METHODS

Chemicals and reagents

[2,4,6,7-3H]Oestradiol (31—4-1 TBq/mmol) was purchased from Amersham International
Ltd, Bucks. Non-radioactive 5a-dihydrotestosterone and diethylstilboestrol were
obtained from Sigma (London), Poole, Dorset. l-(4-P-Dimethylaminoethoxyphenyl)l,2-
diphenylbut-l-ene (tamoxifen) was given by ICI Ltd (Pharmaceuticals Division), Maccles¬
field, Cheshire. Protamine sulphate solution (lOmg/ml) was from Weddle Pharmaceuticals
Ltd, London.
The high-glucose version of Dulbecco's Modified Eagle's Medium (DME) was obtained

from Gibco-Europe Ltd, Paisley, Renfrewshire as a tenfold concentrated stock without
sodium pyruvate and at a glucose concentration of 4-5 g/1 after appropriate dilution. Stock
sodium bicarbonate solution (7-5%, w/v) and large (approx. 530 cm2) tissue-culture trays
were also from Gibco. Glutamine and fetal bovine serum (FBS) batches 2915011 and
29131104 were supplied by Flow Laboratories Ltd, Irvine, Ayrshire. Streptomycin and
penicillin were supplied by Glaxo Laboratories Ltd, Greenford, Middlesex. Fungizone
(amphotericin B) was from E. R. Squibb and Sons Inc., Princeton, New Jersey, U.S.A.
Phosphate-buffered saline (PBS, Dulbecco 'A') was purchased from Oxoid Ltd,
Basingstoke, Hampshire. Trypsin was from Millipore Corp., Freehold, New Jersey, U.S.A.
Bovine pancreatic insulin was obtained from Calbiochem-Behring Corp., La Jolla,
California, U.S.A. All other chemicals and reagents were of the highest purity commer¬
cially available.

Centrifuges and rotors
For all high-speed centrifugation procedures, the Beckman L5-65 ultracentrifuge was used
with one of the following swinging-bucket rotors: SW 50-1 (6 x 5 ml, rav 8-35 cm), SW 60 Ti
(6x4 ml, rav 9-17 cm) or SW 27 (6 x 38-5 ml, rav. 11-83 cm).

Buffers
Buffer A consisted of Tris-HCl buffer (10mmol/l), pH 7-4, containing EDTA (1 mmol/1),
dithiothreitol (1 mmol/1), phenylmethylsulphonylfluoride (1 mmol/1), potassium molybdate
(10 mmol/1) and glycerol (10%, v/v). Buffer B was the same as buffer A without potassium
molybdate and phenylmethylsulphonylfluoride. Buffer C was the same as buffer A without
glycerol. Buffer D was the same as buffer A without molybdate and glycerol but including
KC1 (0-6mol/l). Buffer E was the same as buffer D without EDTA and KC1 and including
MgCl2 (3 mmol/1).

Fetal bovine serum depleted of steroid hormones
Steroid hormones were removed from FBS by a method similar to that reported by Stanley,
Palmer & Sohn (1977). Briefly, the pH of the serum was adjusted to 4-2 by the careful
addition of HC1 (5mol/l) and the serum was stored for 30min at 4°C. Dextran-coated
charcoal (2g Norit A and 10 mg dextran T-70 in 18ml water) was added (5 ml/100 ml
serum) and the solution mixed by gentle stirring for 16-20h at 0-4 °C. Charcoal was
removed by centrifugation for 20 min at 13 000# and 4 °C. After the pH had been adjusted
to 7-2, the serum was sterilized by filtration and stored at —20 °C. This procedure removed
more than 97% of the endogenous oestradiol, as judged by the removal of a tracer amount
of [3H]oestradiol added at the rate of 500pmol/l before charcoal treatment.
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Tissue-culture medium

Growth medium was prepared volumetrically to contain DME at unit concentration,
sodium bicarbonate (45mmol/l), glutamine (4mmol/l), insulin (lOpg/ml), penicillin
(lOOi.u./ml), streptomycin (lOOpg/ml), fungizone (2-5pg/ml) and FBS (4%, v/v) from
selected batches (see Hamilton et al. 1980). When growth or maintenance of cells in the
absence of steroid hormones was required, FBS treated with charcoal (see above) was
substituted for untreated serum. The pH of these media formulations was 7-2 when
equilibrated in a humidified atmosphere of 5% (v/v) carbon dioxide in air at 37 °C.

Isolation and growth of cells
Ovaries were removed from mature, multiparous female rats, 6-12 months of age, and
ovarian surface germinal epithelium was isolated by the method of Hamilton et al. (1980).
Briefly, rat ovaries (stripped of adherent tissue) were placed in PBS containing trypsin
(0-05%, w/v) and EDTA (0-02%, w/v) at 37 °C. Vials were intermittently shaken gently by
hand and after 10-20min the solution, containing detached cells, was decanted. The cell
suspension was diluted with growth medium and centrifuged at 300g for 7min at 4 °C. The
cell pellet was suspended in growth medium and plated in tissue-culture T-flasks (cells from
approx. ten ovaries into one 25 cm2 flask). Cultures were washed with PBS 24 h after
initiation and thereafter medium was changed at intervals of 2-4 days. The brief exposure
to enzyme was shown to yield cells from the ovarian surface while leaving the cortex intact;
the cultured cells were polygonal in appearance with well-defined margins and displayed
the whorled-mosaic or cobblestone-like growth pattern characteristic of epithelium in vitro
(see Hamilton et al. 1980). Subculture was accomplished with trypsin/EDTA (as above) at
split ratios (i.e. the number of separate subcultures derived from each primary culture) of 2
or approx. 6 for first subculture or subsequent subculture respectively.

Chemical analyses
Cytosol protein content was estimated by a modification (Hartree, 1972) of the method of
Lowry, Rosebrough, Farr & Randall (1951) using crystalline bovine serum albumin as
standard. The DNA content of cells and nuclear pellets was measured by the procedure of
Burton (1956) as modified by Giles & Myers (1965) using calf-thymus DNA as standard.

Preparation of subcellular fractions
All subsequent procedures for the preparation of subcellular components and assessment
of oestrogen receptor-like binding were performed at 0-4 °C unless otherwise stated.
Attached cells in tissue-culture trays were prepared for harvest by removal of growth

medium and a sequence of one wash with PBS and one wash with buffer A or C (cytosol
destined for saturation or gradient analysis respectively). Subsequently, cells were scraped
from dishes and homogenized in appropriate buffer using a glass-Teflon motor-driven
Potter-Elvehjem homogenizer (20-30 strokes with 30 s cooling interval after each five
strokes). Centrifugation of the homogenate at 105 000g for lh provided a soluble
supernatant fraction, the cytosol (Davies & Griffiths, 1973). The pellet was washed once
with 10% (w/v) trichloroacetic acid and a DNA estimation performed on the fraction of the
pellet which was soluble in perchloric acid (10%, v/v).
Nuclei were prepared from cells scraped from trays in the presence of PBS. The pellet of

cells obtained by centrifugation at 400# was suspended in sucrose (0-25mol/l in buffer E)
containing Triton X-100 (0 05%, v/v). The suspension was homogenized (as above) and a
crude nuclear preparation obtained by centrifugation at 800# for 10 min. The nuclei were
washed once in sucrose containing Triton and once in Triton-free sucrose. The 800# pellet
obtained after the second sucrose wash was suspended in sucrose (0-88mol/l in buffer E)
and purified nuclei obtained by centrifugation at 1200# for 10 min.
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Assessment of cytoplasmic oestrogen-binding sites
Oestrogen-binding sites in cytosol from rat ovarian surface germinal epithelium grown in
vitro were measured by a method similar to that of Davies, Thomas & Griffiths (1977) and
Horwitz & McGuire (1978). Cytosol (200 pi, 1-4mg protein/ml) in buffer A was combined
with protamine sulphate (200 pi of 1 mg/ml solution in buffer B), mixed and centrifuged at
800# for 10min. The supernatant fraction was discarded and the precipitate washed once
with 2 ml buffer A. The washed precipitates were incubated at 0-4 °C with [3H]oestradiol
(0-5 ml in buffer A at a range of concentrations between 01 and 5 nmol/1) alone and in the
presence of a 100-fold molar excess of non-radioactive diethylstilboestrol. After incubation
(16-20h) tubes were centrifuged (as above), the supernatant fraction discarded and the
precipitate washed four times with 2ml buffer A. The final wash was followed by extraction
of the precipitates twice with 1 ml ethanol. The combined extracts were evaporated in
scintillation vials.

Analysis of nuclear retention of ['HJoestradiol
Cells were grown for 9 days in medium containing charcoal-treated FBS and then
incubated with [3H]oestradiol (4 nmol/1) for 45min at 37 °C in FBS-free medium. Cells were
harvested and nuclei prepared as described above. The total amount of [3H]oestradiol in
nuclei was determined by extraction of samples of nuclei twice with ethanol, followed by
treatment as for ethanolic extracts of protamine sulphate precipitates described in the
preceding section. Salt-extractable [3H]oestradiol was assessed by suspension of purified
nuclei in buffer D. After remaining at 4°C for 30min with frequent gentle stirring, the
suspension was centrifuged at 105 000# for 1 h. Samples of the supernatant fraction were
taken for immediate estimation of radioactivity or for sedimentation analysis (see below).

Sedimentation analysis
Cytosol was incubated for 4-6 h with [3H]oestradiol (4 nmol/1), with or without potential
competitors. Free steroid was then removed by adsorption for 10min to a pellet derived
from an equivalent volume of charcoal suspension (0-5% (w/v) Norit A, 0 05% (w/v)
dextran T-70 and 01% (w/v) gelatin in buffer C). After removal of charcoal (800# for
10min) cytosol (500 pi) was layered on to 5 ml linear (5-20%, w/v) gradients of sucrose
(Davies & Griffiths, 1973) in an uniform concentration of buffer C and centrifuged at
150000# for 16h at 4 °C. Nuclear extracts were analysed on similar gradients containing a
uniform concentration of buffer D. After centrifugation gradients were fractionated (three-
drop fractions, approx. 200 pi) into scintillation vials by upward displacement with 50%
(w/v) sucrose.

Measurement of radioactivity
Throughout this study, samples containing tritium were mixed with 5ml scintillation fluid
(5g 2,5-diphenyloxazole, 500ml Triton X-100, 1 litre toluene) and counted at an efficiency
of 24-33%.

RESULTS

Rat ovarian surface germinal epithelium cells grown until confluence in untreated FBS and
then exposed to charcoal-treated FBS for 6 days yielded cytosols which, on incubation with
increasing concentrations of [3H]oestradiol, showed evidence for the presence of a
saturable oestrogen-binding component (Fig. 1). Scatchard (1949) analysis implied a single
class of binding sites with a dissociation constant (/fd) of 400pmol/l and an intracellular
concentration of oestrogen-binding sites of 27 fmol/mg cytosol protein, 210 fmol/mg DNA
or 2700 cytoplasmic sites per cell, assuming equivalent binding in all cells. Cells grown
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exclusively in charcoal-treated FBS contained fewer cytoplasmic oestrogen-binding sites
(approx. 900 sites/cell, Kd 870pmol/l, data not shown). Cells grown exclusively in untreated
FBS contained no detectable sites.

Fig. 1. Saturation analysis of binding in vitro of [3H]oestradiol to cytosol components of rat ovarian
surface germinal epithelium. Cytosol (3-75 mg protein/ml) was prepared from confluent cultures
(passage 6) which had been maintained for 6 days in medium prepared with fetal bovine serum depleted
of steroid hormones. Values for saturable oestrogen binding (•) were obtained by subtraction of binding
observed in the presence of a 100-fold excess of unlabelled diethylstilboestrol (O) from that in its absence
(■) (inset) and analysed according to Scatchard (1949) (main figure).

Sedimentation analysis detected the cytosol [3H]oestradiol-binding component as a
single peak of radioactivity (Fig. 2) with a sedimentation coefficient (7-5-8-5S) comparable
to that of the cytoplasmic oestrogen receptor of rat uterus (Jensen & DeSombre, 1973).
Competition experiments showed that diethylstilboestrol, when added to incubations
before sedimentation, abolished the peak of radioactivity, whereas 5oc-dihydrotestosterone
did not (Fig. 2). Separate experiments, not shown here, indicated that the antioestrogen,
tamoxifen, at a 500-fold molar excess, was an efficient competitor for cytoplasmic
oestrogen-binding sites.
Nuclei prepared from cells exposed to [3H]oestradiol (see Materials and Methods)

contained substantial amounts of radioactivity of which only 30% could be extracted with
salt (0-6mol/l). The sedimentation profile of such a nuclear extract displayed a single
oestrogen-binding component of sedimentation coefficient 4-5-5-0S, as shown in Fig. 3.

0

6

25 50 75 100 125

Bound [3H]oestradiol (pmol/1)
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Fraction no.

Fig. 2. Cytosol (4-75 mg protein/ml) prepared from confluent cultures (rat ovarian surface germinal
epithelium, passage 5) which had been maintained for 9 days in medium prepared with fetal bovine
serum depleted of steroid hormones was incubated (5 h, 4 °C) with 4 nM-[3H]oestradiol (•) alone or in the
presence of unlabelled diethylstilboestrol (O) or 5a-dihydrotestosterone (■), both at 400nmol/l, and
analysed by sedimentation through gradients (5-20%, w/v) of sucrose (see Materials and Methods).
After centrifugation, gradients were fractionated top to bottom (shown left to right). Indicators of
comparative sedimentation coefficients are bovine serum albumin (solid arrow, S2o,w 4-6S) and the
higher molecular weight [3H]oestradiol-binding component from rat uterine cytosol (broken arrow).

DISCUSSION

The presence of cytoplasmic and nuclear oestrogen receptor-like macromolecules in human
ovarian cancer specimens has been attributed to the retention of a control mechanism
present in the normal counterpart (Holt et al. 1981). The availability of a culture system for
rat ovarian surface germinal epithelium (Hamilton et al. 1980) may allow examination of
the merit of such an explanation, as general patterns of tissue responsiveness to given
classes of hormones are reasonably consistent among species.
Use of well-defined conditions in vitro resulted in detection in rat ovarian surface

germinal epithelium of an oestrogen-binding species with a Kd similar to that reported for
oestrogen receptors in human ovarian tumours (see e.g. Holt et al. 1979; Hamilton et al.
1981). This value was somewhat higher than that reported for the oestrogen receptor in the
MCF-7 human mammary carcinoma cell line (Horwitz, Costlow & McGuire, 1975), but
fell within the range recorded for classical oestrogen receptors such as that of the rat uterus
(see e.g. Clark & Peck, 1979). The sedimentation profile under low-salt conditions



Oestrogen receptors in surface epithelium 383

Fig. 3. After maintenance for 9 days in medium prepared with fetal bovine serum (FBS) depleted of
steroid hormones, confluent cultures (rat ovarian surface germinal epithelium, passage 4) were exposed
(45 min at 37 °C in a tissue-culture incubator) to Dulbecco's Modified Eagle's Medium without FBS but
containing [3H]oestradiol (4nmol/l). Nuclei prepared from harvested cells (see Materials and Methods)
were extracted with buffer D and the extract analysed by sedimentation through gradients (5-20%, w/v)
of sucrose containing a uniform concentration of buffer D (see Materials and Methods). Fractionation
was as in Fig. 2. The indicator of comparative sedimentation coefficient was bovine serum albumin
(arrow, S20,w 4-6S).

corresponded to that expected for a cytoplasmic oestrogen receptor (Jensen & D tSombre,
1973) and binding of oestrogenic and antioestrogenic compounds by this macromolecule
was also characteristic of an oestrogen receptor.
Treatment of cultured rat ovarian surface germinal epithelial cells with [3H]oestradiol

resulted in the accumulation of radioactivity within the nuclei. Extraction of purified nuclei
with KC1 (Fig. 3) indicated that a certain proportion of nuclear [3H]oestradiol was
associated with a soluble macromolecule. Studies currently in progress will possibly
establish whether the intranuclear localization of oestrogen-receptor proteins is followed by
significant effects upon macromolecular synthesis.
It is interesting to note that the larger portion of nuclear-bound [3H]oestradiol was not

extractable with salt. This phenomenon has been observed in tissues responsive to
oestrogens (Clark & Peck, 1976; Barrack, Hawkins, Allen, Hicks & Coffey, 1977; Ruh &
Baudendistel, 1977, 1978; Snow, Eriksson, Hardin, Chan, Jackson, Clark & Means, 1978;
Barrack & Coffey, 1980) and other steroid hormones (Nyberg & Wang, 1976; Davies et al.
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1977; Barrack & Coffey, 1980). In view of current theories on the diversity of nuclear
receptors (Clark & Peck, 1976; Markaverich, Williams, Upchurch & Clark, 1981),
particularly with reference to stimulation and antagonism of tissue growth (Markaverich &
Clark, 1979; Markaverich, Upchurch & Clark, 1981; Markaverich, Upchurch,
McCormack, Glasser & Clark, 1981), it would be worthwhile to pursue the characterization
of these dissimilar sites, especially in view of concepts relating to antihormone treatment of
ovarian malignancies.
Certain quantitative aspects of the data are also of interest. Oestrogen-receptor levels

were influenced by components in FBS which were labile to removal or inactivation by
treatment with charcoal. The nature of these components, steroidal or otherwise, is under
investigation. Priming of cells with an appropriate inducer may be obligatory for
demonstration in vitro of oestrogen-mediated effects.
This model system (Hamilton et al. 1980) has offered one of the first opportunties to

study the normal surface germinal epithelium of any species from anything more than a
histological level. Evidence has been presented for the existence of a cytoplasmic oestrogen
receptor in cultured rat ovarian surface germinal epithelium. The equivalent normal human
cell may also be an oestrogen target. The significance of this potential for oestrogen action
to the overall maintenance and function of the cell has yet to be established as does the
importance of peptide hormones, other steroid hormones and/or other physiologically or
pharmacologically relevant agents.

We are grateful to the Tenovus Organization for their generous financial support. One of
us (T.C.H.) was supported by an MRC Grant (No. G977/505) during a portion of the time
this work was in progress.
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Steroid-Hormone Receptor Status of the Normal and
Neoplastic Ovarian Surface Germinal Epithelium
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Cardiff CF4 4XX, Wales

Malignant common epithelial tumours of the human ovary are rare yet
rank high amongst causes of cancer related fatalities (14). Any insight
into the biology of this disease pointing toward new and successful ther¬
apeutic strategies would significantly affect cancer mortality figures.

These generally aggressive tumours and their benign counterparts
arise from the single layer of cells covering the ovarian surface, i.e.
surface germinal epithelium (13). This class of tumour occurs most fre¬
quently during the perimenopausal and early postmenopausal years and is
more common in the nulliparous segment of the population (1,8). These
epidemiological data (1,8) and much circumstantial evidence in regard to
the normal cells (reviewed by 4-7) have suggested possible underlying
hormonal relationships in ovarian surface germinal epithelial cell neo¬

plasia. To ascertain the validity of this concept, we (6) and others
(e.g. 9) have investigated common epithelial tumours of the human ovary
for steroid-hormone receptors; and as part of a broader study into the
biology of both the normal and neoplastic cells, we have developed iso¬
lation and culture procedures for the rat surface germinal epithelium
(5). This model system (5) has circumvented the problem of limited cell
availability from the normal organ and allowed studies in regard to
growth, maintenance and mode of action of various physiological and
pharmacological agents to be initiated in cultured cells (7).

In this paper, the steroid-hormone-receptor status of our ovarian
tumour series (6) is summarized and related to the emerging receptor
picture in cultured normal cells. Preliminary results on the effects
of antioestsrogens on cell growth in vitro will be presented, also. The
combined data are discussed in relation to the development of new

approaches for the treatment of ovarian cancer.

RESULTS

Ovarian tumours. A group of benign and malignant tumours of the human
ovary were evaluated for cytoplasmic androgen- and/or oestrogen-receptor

Ipresent address: Medicine Branch, The National Cancer Institute,
Bethesda, Maryland 20205.
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like binding with techniques which avoid sex-hormone-binding-globulin
(SHBG) interference (6; see Table 1). Most specimens examined were
classified as one of the subcategories of common epithelial ovarian
tumours, i.e. serous, mucinous or endometrioid. In some cases, sample
size restricted the assessment of binding to only one ligand, but bind¬
ing of both ligands was studied in 13 of the specimens. Of these, 38%
and 85% contained oestrogen- and/or androgen binding respectively.
Exclusion of two tumours (not surface germinal epithelium in derivation)
left 91% positive for androgen- and 45% positive for oestrogen-binding.
Oestrogen binding was not observed in the absence of androgen-binding,
but when present, oestrogen-binding sites were at higher concentrations
than androgen-binding sites (6).

TABLE 1. Receptor-like binding in human ovarian tumor cytosol

Steroid hormone investigated Oestrogen Androgen

Tumour classes ATCa CET^ ATC CET

No. assayed
Percentage positive

Concentration (fmol/mg protein)
Kd range

19
32

16
31

16
88

14
93

15-136 4-88
10-400 (pmol/1) 0.5-5.9 (nmol/1)

aAll tumour classes.
^Common epithelial tumours.
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ratFIG. 1. Cytosol (a) 3.4 and (b) 4.5 mg protein/ml from cultured
surface germinal epithelium was incubated (a) with |%|oestradiol
(4 nmol/1) alone (•) or together with tamoxifen (2jumol/l; o) and (b)
with | 3h | triamcinolone acetonide (4 nmol/1) alone ( ■ ) or together with
with dexamethasone (2 ^imol/l;D), and analysed on linear 5-20% (w/v) suc¬
rose gradients. Sedimentation marker (arrow) was bovine serum albumin
(S20,w 4.6S) .
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Steroid-hormone receptor in cultured surface germinal epithelium.
Preliminary characterization of the oestrogen-receptor system in cultured
rat ovarian surface germinal epithelium has been reported (7). The
therapeutically important antioestrogen, tamoxifen (ICI 46474), also
binds the cytoplasmic oestrogen receptor of such cells (Fig, la).

The synergistic action of Cortisol with epidermal growth factor (EGF)
to promote surface germinal epithelial cell growth in vitro (4) when
assessed under clonal growth conditions (11) prompted us to examine cells
for cytoplasmic glucocorticoid receptor-like binding. Cytosol, prepared
from cells maintained for six days in the absence of steroid-hormone (7),
contained a macromolecular species, of sedimentation coefficient 7.5-
8.5S and with specificity for the synthetic glucocorticoids triamcinolone
acetonide and dexamethasone, when studied by sedimentation through
gradients of sucrose (Fig. lb).

Effects of antioestrogens on surface germinal epithelial cell growth
in vitro. Antioestrogens inhibit cell growth in vitro (Fig. 2). These
limited data (Fig. 2) indicate the effect is dose-dependent as would be
expected of a steroid-hormone receptor mediated event. In preliminary
experiments (data not shown), it, however, has not been possible to show
oestrogen reversal of tamoxifen induced inhibition of growth. This may
be related to inappropriate experimental conditions or possibly anti-
oestrogen effects are mediated via pathways other than or in addition to
the oestrogen-receptor-system.

100

80

£ 60
c
o
o

40

20

n
n

FIG. 2. After 1 day in standard medium (7) in 9.6 cm Petri dishes, rat
surface germinal epithelium (passage 6) were exposed to medium contain¬
ing 2% FBS, plus 0.025% ethanol (control) or oestradiol (E2) or various
anti-oestrogens (added in ethanol). Medium was changed after 2 days, and
after a total of 5 days treatment, cells were harvested with trypsin
(4,5) and counted using an electronic cell counter. Data are the mean
of triplicate determinations (control mean cells per dish 92627).

DISCUSSION

The probable existence of glucocorticoid receptors in cultured rat
surface germinal epithelium (this publication) infers the presence of
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such receptors in some common epithelial tumours of the human ovary.
Thus as with breast tumours (10), ovarian tumours could contain any one,
or combination, of androgen, oestrogen, progesterone and/or gluco¬
corticoid receptors (6,9).
That the presence of any single or combination of steroid receptors

increases the likelihood of a response to endocrine therapy in breast
cancer is well established (2). The obvious parallels between receptor-
profiles in breast and ovarian cancer indicates the need to consider
addition of endocrine therapy to the therapeutic strategies applicable
to ovarian cancer. The recently reported success of antioestrogen
therapy in ovarian cancer refractory to other chemotherapeutic agents
(12) supports this view as do our results with regard to suppression
of normal surface germinal epithelial cell growth in vitro by anti-
oestrogens.

Differences in embryonic origin between breast epithelium and the
ovarian mesothelium call attention to the possibility that strict
patterns of response to endocrine therapy (especially antioestrogen
therapy) may, however, not be identical for both tumour types. Histo¬
logical studies attach importance to androgens in human surface germinal
epithelial cell growth (3) and the receptor pattern in our tumour
series, also, indicates the need to thoroughly investigate the role of
androgens in ovarian cancer aetiology and treatment.
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INTRODUCTION
There has been a great deal of interest over
the past decade in the fact that the incidence
of pleural and peritoneal mesotheliomas in¬
creases when there is an exposure to crocidolite
asbestos. The relationship between this exposure
and tumour incidence in South Africa was

described by Wagner and his colleagues [1]
and for the English population by Elwood and
Cochrane [2]. It was also shown by Elwood
and his colleagues that as well as an increased
tumour incidence in workers concerned with
asbestos in industry, there was a corresponding
higher incidence in the local non-industrial
population.
A number of other reports have been con¬

cerned with the relationship between asbestos
and carcinogenesis [3-5] but it has always been
difficult to obtain an accurate identification of
the type of asbestos particle considered res¬
ponsible for the tumour development. Histo¬
logical studies are difficult, since fine particles
embedded in the tumour tissue are often

beyond the resolution limits of the optical
microscope. Incineration of tumour tissue with
subsequent examination in the electron micro¬
scope of the isolated mineral particles can
produce misleading information due to chemical
changes induced by the ashing procedure.
Furthermore, the 'thin-sectioning' technique
used for the investigation of biological tissues

Submitted for publication 29 July 1969.
Accepted 6 August 1969.

by electron microscopy, is of little value in
studying the localisation of suah particles
in situ, in relation to the surrounding tumour
tissue, since the sections tend to disintegrate as
hard particles embedded in the tissue are
caught on the ultramicrotome knife. Also the
possible deposition of the particles in a false
position or the disintegration of the finer
crystals resulting in larger surface areas being
in contact with the tissue, also make the
sectioning technique unreliable.
The present report describes the application

of a simple replication procedure to the
identification of asbestos particles in tissue from
various mesotheliomas, and illustrates the use
of the technique for studying the location of the
particle in relation to surrounding tissue.

MATERIAL AND METHODS
Tissues
The tissue studied was obtained from three

patients with mesotheliomas. It was prepared
as a paraffin section for normal routine histo¬
logical examination, but was unstained.

Case histories
The first patient, aged 40, presented with

productive cough and chest pain. X-ray studies
showed a right pleural effusion and a biopsy
was taken since tuberculosis was suspected.
A typical mesothelioma, confirmed histo¬
logically, was found and the patient died one
month later. The biopsy samples were used for
the electron microscopy studies. Exposure to as-
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bestos had been for the eighteen years prior to
the patient's death, being concerned with the
handling of asbestos brake drum linings.
The second patient died at 65 yr of age,

one year after presenting with severe chest pain,
dysphagia and cough. Pleural and oesophago-
scopic biopsy revealed no malignancy. The
patient had been employed for 50 years of his
life in the chemical industry, insulating pipes
with asbestos. At necropsy a pleural mass was
found, which after histology and extensive
consideration was identified as a mesothelioma.
The third patient had been employed as a

boiler maker for a number of years and had
been concerned with asbestos lagging. He
presented at 60 years of age with cachexia and
a persistent dry cough. There was a right
pleural effusion and enlarged hilar glands. At
necropsy, a mesothelioma was found.

Replication Technique
The procedure used was that described by

Henderson [6]. Paraffin was removed from the
sections by immersion in xylene, and the tissue
dehydrated in ethanol. The dehydrated tissue
was embedded by impressing the section onto
the surface of a sheet of acetone softened cellu¬
lose acetate (0-5 mm thick 25 X 25 mm sq.
mounted on a glass slide for ease of handling)
(Fig. la) which was then left to harden
(Fig. lb). The slide was removed, leaving be¬
hind most of the tissue embedded in the
cellulose acetate. The tissue was then outlined
with strips of Scotch tape (Fig. lc) to form a

shallow well, and a 10% (v/v) solution of
polyvinyl alcohol (PVA) was applied to the
tissue (Fig. Id). Once the PVA hardened, it
was stripped from the section, providing a
replica of the tissue surface (Fig. le). At the
same time, embedded particles are often re¬
moved with the PVA during this stripping
process.
This procedure allows successive strippings

to be taken and a complete sequential examin¬
ation through the embedded tissue. Surface
replicas were preshadowed with platinum,
a carbon film deposited for strength, and the
PVA removed by floating the replica in a hot
water bath. The replicas were then mounted
on electron microscope grids for examination
using the AEI-6B microscope.

RESULTS

Figure 2 illustrates a number of asbestos
fibres extracted from the mesothelioma from
case one, by the replication technique. The
irregular broken-end fracture of the fibres is
characteristic of the crocidolite particle, and is
distinct from the amosite fibre which fractures
with a clean regular 90°G break, perpendicular
to the axis of the fibre. A replica of a crocidolite
particle in association with collagen fibres is
shown in Fig. 3. Other mineral particles were
sometimes observed in these tumour tissues and

Fig. 4 shows a particle of a kaolin-type mineral,
with its typical 120°C fracture angle, in associa¬
tion with collagen. The kaolin-particle was
seen in studies with tissue from case one.

Ca/iuleasa Ac<zJ-aia.. Misio/asgrica/ Thin Sachion an S/ida-

Fig. 1. Stages of the replication technique.



Fig. 2. Illustrates a number of asbestos fibres extracted from the mesothelioma. X 10,000
)

Fig. 3. Replica of a fibre in relation to collagen tissue. X 20,000.

(to face p. 622)



Fig. 4. Particles of Kaolin type crystals in association with collagen observed in the mesothelioma.
X 40,000:

'■ ^ . gffffyip

Fig. 5. Typical crocidolite fibre showing the irregular end fracture of this type of asbestos. X 40,000.



Fig. 7. Group of crocidolite particles extracted from the tissue: present is a typical amosile fibre (marked
by arrow). X 10,000.



Fig. 8. Crocidolite particle. X 40,000.

Fig. 10. Characteristic ferritin bodies on asbestos fibres from ashed lung material. X 4500.
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Similar fibres with irregular end fractures, and
typical of crocidolite, were observed in tissue
from the mesothelioma of case two (Figs. 5 and
6). An unknown mineral particle is also seen
associated with the crocidolite in Fig. 6.
Figures 7, 8 and 9 provide further examples of
the use of the technique in identifying crocido¬
lite particles in the tissue from the mesothelioma
of case three. In the centre of the group of
fibres in Fig. 7 can be seen one which is
characteristic of amosite. It is rectangular and
exhibits the typical 90°C angle of fracture across
the plane of the fibre.

DISCUSSION
The potential hazards associated with ex¬

posure to asbestos are now well accepted, and
there is little doubt that such exposure is
related to neoplasia, particularly to the develop¬
ment of pleural and peritoneal mesotheliomas
[?].
It has been considered nearly impossible to

show the presence of asbestos fibres in these
mesotheliomas. The size of the particle is
beyond the resolution limits of the optical
microscope, although a birefringent crystal
such as asbestos appears brightly illuminated
in polarized light. Thin-sectioning techniques
are of little value in the localization of such

particles, and ashing studies could provide mis¬
leading information. Normal histological studies
on the identification of asbestos fibres in tissues
is based on the presence of characteristic
ferritin bodies on some of the fibres (Fig. 10).
The bodies are usually the principal means of

identification of asbestos by optical microscopy,
but are extremely difficult to differentiate from
similar bodies observed around elastin fibres [8],
The technique used in these studies, described
first by Henderson [4] and used for the identi¬
fication of mineral particles in pneumoconiotic
lungs [9] provides a simple replication-extrac¬
tion procedure for the study of asbestos in
tissue from mesotheliomas. The studies des¬
cribed in this communication indicate that
crocidolite would appear to be the principal
asbestos-type associated with the mesothelio¬
mas reported herein. As well as the identifica¬
tion of the particle, the replication technique
also shows in some instances, the relationship of
the particle to the surrounding tissue (Fig. 2),
and can provide valuable information in
investigations of patients who have been
exposed to asbestos, or the particular mineral
which might have produced the disorder.
Since asbestos is a substance of the modern
western civilization, used in many aspects of
life [10], the problem of its uptake by tissues
may become more serious. The application of
procedures such as the replication technique to
these tissues, possibly relating it to laser
diffractometry, may well be of great value.
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RESUME
Une technique d'extraction et de replication a ete utilisee pour I'etude, au microscope
electronique, du tissu de trois mesotheliomes. La technique ojfre le moyen d'etudier la surface
des tissus repliquts, et les particules etrangeres presentes sont soit repliquees, soit extraites
du tissu, et peuvent Stre identifiees.
La presence defibres d'asbeste, ayant des particularity caracteristiques de crocidolithe,

a ete etablie dans le tissu tumoral etudie.

SUMMARY
An extraction replication technique has been used for the study, by electron microscopy,
of tissue from three mesotheliomas. The technique provides a means of studying the surface
area of replicated tissues, and foreign particles present are either replicated or extracted
from the tissue, and can be identified.

The presence of asbestosfibres with features characteristic of crocidolite was established
in the tumour tissue studied.

ZUSAMMENFASSUNG
Das Gewebe von drei Mesotheliomas wurde mit Hilfe einer Extraktions- und Repli-
kationstechnik elektronenoptisch untersucht. Die Replikationstechnik erlaubt ein genaues
Studium der Gewebeoberflache und vorhandene fremde Partikel bleiben entweder im PVA
haften oder sie werden aus dem Gewebe extrahiert und konnen so identifiziert werden.
Das Vorhandensein von Asbestfasern mit den charakteristischen Merkmaleh von Croci-
dolit wurde in den untersuchten Tumoren nachgewiesen.
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Summary
An extraction-replication technique was used to examine tissue from patients
with ovarian and cervical tumours. In both conditions talc particles were found
deeply embedded within the tumour tissue. The close association of talc to the
asbestos group of minerals is of interest.

The development in this laboratory of an
extraction-replication technique (Henderson,
1969) for the study of foreign particles within
tissues has allowed the in situ identification of
crocidolite asbestos within the tissue of various
mesotheliomas (Henderson et ah, 1969) removed
from patients who had been concerned with the
manipulation of asbestos in industry. This
technique has now been applied to the study of
tissue from ovarian and cervical carcinoma.

Materials and Methods
Tissue

The tissue studied was obtained from patients
with cancer of either the ovary or the cervix, and
was first prepared as paraffin sections for normal
routine histological examination but was un¬
stained. Sections were then stained for histologi¬
cal assessment in the usual manner, and adjacent
unstained tissue prepared for electron micro¬
scopy.

Replication Technique
The extraction-replication procedure has been

described (Henderson, 1969). Sections of tissue
were immersed in xylene and in ethanol, and
the dehydrated tissue was then embedded by

impressing the section on to the surface of a thin
sheet of acetone-softened cellulose acetate,
mounted on a glass slide, and left to harden. On
removing the slide, the embedded tissue was left
in the cellulose acetate. The tissue was then
outlined with thin strips of Scotch tape to form a
shallow well, and a 10 per cent (v/v) polyvinyl
alcohol (PVA) solution applied. When the PVA
had hardened it was stripped from the section
providing a replica of the tissue surface. Foreign
particles associated with the tissue are often
removed with the PVA during this stripping
process.
A complete sequential examination through

the embedded tissue is possible by taking
successive strippings. These surface replicas were
then preshadowed with platinum, a carbon film
deposited for strength, and the PVA removed by
floating the replica in a hot water .bath. Replicas
were mounted on electron microscope grids for
examination, using the AEI-6B microscope.

Results

No asbestos particles were found in any of the
tissue studied. Particles of talc were identified in

approximately 75 per cent (10 of 13) of the
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Fig. 1

Typical decoration pat¬
tern on a particle of
natural talc. Numerous

crystal lattice planes are
shown (a). ( x 30 000.)
Scale refers to 1 -0 \l.

Fig. 2

Commercial talc preparations
illustrating the decoration

pattern. (x40 000.)
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Fig. 3

Micrograph of tissue from a serous papillary cystadeno-carci-
noma of the ovary removed from a 27-year-old female. No
previous abdominal operations had been carried out. The
decoration pattern and lattice planes are shown, (x 30 000.)

ovarian tumours. Using the replication technique
identification of talc is possible because of the
characteristic "decoration pattern" induced by
the evaporation of platinum in vacuo on the
crystal surface. Figure 1 shows this pattern on a
particle of natural talc and the distinctive lattice
planes of the crystals. Anthophyllite asbestos,
which is known to be converted naturally to
talc, is the only crystalline material which is at
present indistinguishable from talc by using the
replication technique. The decoration pattern on
material from a commercial talc preparation is
also demonstrated in Figure 2.
Material found within the ovarian tumours

and identified as talc is illustrated in Figure 3.
The talc particles were found deep within the
tumour tissue. Some were as small as 1000A in
size but they were generally within a range from
1000A to 2 /tx.
Talc particles were also found embedded

within tumours of the cervix. Figure 4 shows one
such particle embedded in a capillary wall
within the tumour, and Figure 5 illustrates the
decoration pattern of the particle at a higher
magnification. Crystals as large as 5 /x. were
found in tissue from the cervical tumours and
were generally larger than those seen in the
ovarian tumours. Talc crystals were found in
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Fig. 4

Micrograph of tissue from
a squamous-cell carcinoma
of the cervix from a 62-
year-old female. C—capil¬
lary, R—red cell. The
particle of talc can be seen
in the wall of the capillary.

(X3500.)

Fig. 5

A higher magnification of
the talc particles outlined in
Fig. 4. The typical decoration
pattern is shown. (x40 000.)



Fig. 6

Talc particles found in
tissue from a pnoumo
coniotic lung, (x 30 000.)

Fig. 7

Micrograph from the deepest part of an extensive papillary adenocarcinoma entirely replacing
the endometrium in a 58-vear-old woman, 8 years postmenopausal. Both ovaries were
enlarged by hilar metastases, showing histological features similar to the primary endometrial
lesion. Numerous talc particles were found in the primary endometrial carcinoma, but none

in the metastatic ovarian tumours. ( x26 000.)
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approximately 50 per cent of the cervical
tumours examined (12 of 21) but it must be
realized that these particles are extremely
minute, often with the dimensions of viruses, and
only small regions of the tumour tissue could be
studied. Approximately ten replication "strip-
pings" for electron-microscope examination are
usually taken from each thin section of the tissue.
Figure 6 illustrates the use of the technique in
the examination of pneumoconiotic lung tissue
from a patient whose industrial history indicated
long exposure to Norwegian talc.
Many particles of talc were found concentrated

in the deeper layers of a primary carcinoma of
the endometrium (Fig. 7) whereas extensive
studies of a secondary tumour in the ovary in the
same patient did not show the presence of talc.
Application of the technique to "normal"
ovarian tissue removed from patients with
breast cancer has also shown talc particles in 5
of 12 such tissues studied. Extensive study at
high magnification with the electron microscope
is, however, required for evaluation of a replica
and particles could easily be missed.
The application of electron-microscope micro¬

analysis (EMMA-AEI, Flarlow, England) to the
particles extracted by the replication technique
has provided preliminary evidence that the
crystals contain magnesium and silicon, talc
being a magnesium silicate.

Discussion

The possibility that the increasing incidence
of carcinoma in western society may be related
to a corresponding increase in the use of asbestos
(Graham and Graham, 1967) is of interest,
especially with regard to pleural and peritoneal
mesotheliomas in workers exposed to crocidolite
asbestos in industry (Wagner et ah, 1960;
Elwood and Cochrane, 1964). There have been
a number of reports about the relationship
between asbestos and carcinogenesis (Smith
et ah, 1965; Jacob and Anspach, 1965). How¬
ever, the identification of asbestos fibres within
tissue is extremely difficult. Fine particles
embedded within tumour tissue are usually
beyond the limits of resolution of the optical
microscope, and tissue incineration, followed by
electron microscopy of the isolated particles,
may be unreliable if chemical changes are

induced by the procedure. Using normal light
microscopy, identification of asbestos particles
is based on the presence of characteristic
ferritin bodies on some of the fibres, although
these cannot easily be distinguished from similar
bodies around elastin fibres (Henderson et al.,
1970). This procedure may not, however, be as
unreliable as the use of polarized light for the
demonstration of brightly illuminated "bire-
fringent crystals of asbestos".
The replication technique (Henderson, 1969)

failed to show asbestos fibres in the ovarian
neoplasms studied. On the other hand, there was
good evidence for the presence of talc, often
indistinguishable from anthophyllite asbestos,
within the ovarian tissue. (Anthophyllite is
converted naturally to talc.) The talc particles
were found localized deep within tumour
tissues, and not universally dispersed throughout
the tumour. The talc particles in the ovary were
generally much smaller than those found in the
tissue from the tumours of the cervix.
The relationship between asbestos and meso¬

theliomas appears well established, and the
replication technique has provided unequivocal
evidence for the presence of fibres within such
tumours. This technique has also produced
evidence for the presence of talc in tissue from
pneumoconiotic lungs of a patient with an
industrial history of exposure to Norwegian talc
(Henderson et al., 1970). The presence of mica,
kaolin and asbestos fibres were also identified
in tissue from these pneumoconiotic lung tissue.
Although it is impossible to incriminate talc

as a primary cause of carcinomatous changes
within either the cervix or the ovary on the
preliminary observations described here, the
possibility that talc may be related to other
predisposing factors should not be disregarded
and further investigations are obviously re¬
quired.
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It is proving difficult to establish the relationship between certain types of cancer and the
various mineral particles which may be introduced into the body as an occupational hazard.
One reason has been the problems involved in examining minute particles within tissue.
The resolution of the scanning electron microscope is not high enough for this work, and v
replication techniques, whereby a cast of the specimen is prepared, have previously been
unsuited to studies of soft tissue. The authors have developed an extraction-replication

* technique whereby foreign particles may be extracted from tissue on a plastic film for _

" examination or analysis, and replicas of the particles in situ within tissue can be made for ,

examination under the conventional electron microscope. The technique is being used to
study the causative mechanisms of cancer in the ovary, cervix and lung.

Extraction-Replication
Techniques for
Electron Microscope Studies of
Biological Tissues

'f
W. J. HENDERSON, FRMS, and K. GRIFFITHS, BSc, PhD,
Tenovus Institute for Cancer Research, Heath, Cardiff CF4 4XX, UK.

Surface replication and shadow cast-
^ ing were two of the earliest techniques
to be applied to the study of specimens
in the electron microscope.
The replication technique was de¬

veloped in order to study electron-opaque
materials such as metals or glass fibres,
which are unsuitable for direct evalua-

. tion by electron microscopy. It provides
a procedure for obtaining a thin film of
an electron-transparent material, corre¬
sponding to the surface topography of
the specimen under investigation. The
replica of the surface structure can
therefore be examined in the electron
microscope to produce information un¬
attainable by the normal procedures.
The shadow casting technique is now

an integral part of the replication pro¬
cedure, simply being the oblique deposi¬
tion of an electron-dense material on to"
the replica to both improve the contrast
of the electron microscope image and also
to provide some means of studying the
three-dimensional nature of the speci¬
men, a feature of value for the inter¬
pretation of its surface characteristics.

Because of the extensive use of the
conventional ultra-thin section procedure
for the study of tissues, there has been

little interest in the replication technique
in the biological sciences. Recently, how¬
ever, there has been a developing interest
in the surface structure of tissues, and
the scanning electron microscope has
been used in such investigations. How¬
ever, the resolution of the scanning
electron microscope is limited, not yet
approaching that of the usual trans¬
mission microscope, and in the study of
biological specimens the use of an
extraction-replication technique such as
that described in this paper can offer
particular advantages over the scanning
electron microscope.
The extraction-replication technique is

described, together with relatively de¬
tailed comment on certain practical
aspects of shadow-casting and specimen
replication. Some examples are given of
the application of the technique, which
is being used in particular in our labora¬
tories to study the relationship between
various mineral foreign bodies and cer¬
tain types of cancer.

Shadowing techniques
Shadowing involves the oblique deposi¬

tion in vacuo of a thin film of electron-
dense material on to the surface of

specimens which are being studied, at the
same time leaving on the support mem¬
brane a shadow area free of electron-
dense material (Figure 1). The shadow
of the particle being studied will corre¬
spond as an electron image to the size
and shape of the specimen. Micrographs
of shadowed specimens printed as posi¬
tive provide a white shadow, whereas
the shadow appears dark if printed as a
negative.
Gold, chromium, platinum or gold/

palladium alloys, all high-density metals,
are shadowing materials which produce
good contrast with a very thin coating.
The highest resolution is provided by
using metals with high melting points.
Metals with low melting points, although
more easily evaporated, tend to form
aggregates of micro-crystals under the
electron beam of the microscope, and are
therefore less useful.
The final degree of resolution observed

in the electron microscope is dependent
upon the type of metal selected by the
investigator and on the thickness of the
coating. Although there are a number of
procedures for the evaporation of metals
on to the specimen, that most often used
involves the attachment of a small loop

, 351



of a metal with a relatively low melting
point to a tungsten filament connected to
the high current terminals of the vacuum
coating unit. The efficiency of this tech¬
nique and the ultimate resolution attained
must also depend, however, on the
degree of. vacuum which can be main¬
tained during the evaporation procedure.
In these laboratories, the positioning of a
liquid nitrogen cooling system between
the vacuum chamber and the diffusion
pump has been found of particular value
in maintaining high vacuum conditions.
The higher the vacuum, the finer is the
metal deposition on the surface of the
specimen.
At the same time, to produce efficient

shadow-casting and to avoid heat radia¬
tion damage the specimen must be
mounted at a reasonable distance from
the evaporation source. A distance of
12 cm is generally considered adequate.
The angle of shadowing (Figure 1)

must also depend upon the specimen
being studied: the larger the specimen,
the larger the angle.

Fig. 1. The technique of shadow-casting,

recrystallisation within the film may
result.
A variety of other high melting point

metals such as tungsten and tantalum
have been used in the shadow casting
technique, but the difficulties in applying
sufficient voltage to evaporate these
metals from a filament have largely pre¬
vented their practical application. How¬
ever, these high melting point metals do
produce the finest background structure
within the cast, and techniques for their
application, using an electron beam
source, have been developed by Bach-
mann2, using the kinetic energy of
electrons to produce the necessary heat
for the evaporation of the carbon or
metal.

Replication techniques
The first replication studies, making

use of a plastic termed collodion, were
directed towards investigations of steel
surfaces. Polyvinyl formaldehyde, an¬
other plastic referred to as "Formvar",
was subsequently employed.
Although these replication procedures

have been widely used to investigate
metallic structures, up to now their appli¬
cation to biological tissue has been of
little value. This has been due to the

practical difficulties involved in produc¬
ing a replica of a specimen of soft
consistency. Formvar is difficult to re¬
move from the surface of a tissue speci¬
men, and in those biological studies
which have used replication techniques
usually Bedacryl, another plastic, has
been layered over the Formvar and al¬
lowed to solidify. Scotch (adhesive) tape
has then been applied, the plastic layers
removed, and the Formvar and Scotch
tape separated by dissolving the Bedacryl
in acetone. The Formvar replica has then
been studied in the electron microscope.

As mentioned earlier, the shadowing pro¬
cedure is now recognised as an integral
part of the replication technique, and to
improve contrast the replica has been
shadowed to produce a reasonable image.
One disadvantage of this method has

been that these thin plastic films tend to
become charged under the electron beam.
This charge, together with the dissipation
of the heat normally produced by the
beam, causes instability, with the image
drifting during microscope evaluation.
These difficulties were overcome by the
deposition of a carbon layer applied per¬
pendicular to the surface of the replica.
The resultant second impression, made
of carbon, may then be mounted on a

grid after dissolution of the Formvar,
and obliquely shadowed with a metal to
produce a reasonable degree of contrast.
The use of carbon as a material for

replication was introduced in 1951, and
essentially involved the deposition of a
thin film of carbon on to the specimen
by the ionic decomposition of toluene
vapour. The procedure was really of
little value, and it was superseded by the
technique of carbon evaporation in
vacuo3, which allowed the production of
a replica, not only accurate in surface
detail, but also stable under electron
bombardment.

Fig. 3. Chrysotile asbestos fibre replicated by
the extraction-replication method. The fibre
shows the characteristic 250a banding of the
surface structure (x 45000).

This development of carbon evapora¬
tion in vacuo has provided one of the
most significant advances in replication
studies, allowing even "single-stage"
carbon replica procedures to be applied
to specimens which are easily dissolved.
However, because the carbon film

easily fractures on dissolution of the
specimen, only .specimens with fine sur-
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One method, the platinum/carbon
shadowing technique1, has been of parti¬
cular value in the development of high
resolution studies. The procedure in¬
volves simultaneous evaporation of plati¬
num and carbon to form an extremely
fine non-granular film which does not
produce micro-crystals under the electron
beam. Although commercial rods or
pellets are available having standard pro¬
portions of carbon and platinum, a
simple method involves placing a small
loop of platinum wire over the points
of - those carbon rods which are exten¬

sively used for routine preparations of
support membranes in conventional elec¬
tron,microscopic investigations. Applica¬
tion of a current "to the carbon rods
results in The evaporation of platinum
and carbon. The amount of platinum
evaporated is less easily controlled with
this simpler procedure and. if there is too
high a ratio of platinum to carbon, then
under- electron bombardment, platinum
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, t'ion techniques. Furthermore, for the
study of biological tissues, the chemical
reagents necessary to dissolve the organic
material often tend to fracture 'the replica,
damaging the surface structure. There¬
fore, although of considerable value in
the study of a variety of surface struc¬
tures, this procedure, too, had not been
extensively applied to an investigation in

■ the biological field until the recent work
undertaken in our laboratories.

Fig. 4. Replica of tissue from a mesothelioma,
asbestos fibre adhering to the replica (x 25000).

Extraction-Replication
The technique which forms the basis

of that used in our laboratory combines
the techniques of plastic film replication
and carbon deposition in vacuo. It con¬
sists essentially of producing a first
impression of the specimen in a plastic
material and then, since the plastic film
is not suitable for direct study in the
electron microscope, depositing carbon on
to this impression. This has been referred
to as the double-stage procedure. The
plastic is dissolved and the carbon replica
examined in the electron microscope.
For such studies the use of a water-

soluble plastic, polyvinyl alcohol (PVA)
described first by Powell et at1 and then
by Pooley & Henderson,5 has been found
to be invaluable for the replication of
various tissues and has formed the basis
of all the replication work on biological
tissue undertaken by these laboratories.
Being water-soluble, PVA is not only

easily handled as a solution, but also
solidifies very slowly, in contrast to the
rapid evaporation of such solvents as
chloroform. This permits a considerable
degree of accuracy in the reproduction
of the replicated surface structure. The
water base for the PVA causes less

damage to the tissue surfaces and can
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damage to the replica. Moreover, the
.thickness of the PVA film can be varied,
depending on the roughness of the surface
under study. ' •
This simple procedure allows a number

of preliminary shippings to be taken in
order to remove loose material, thereby
providing a clean tissue surface before
the production of the final replica for
microscope evaluation.
Small pieces of tissue and any em-

an extracted

bedded foreign particles may also be
extracted by the PVA film during the
stripping procedure. The method is there¬
fore called extraction-replication. The
structure of such extracted particles,
together with their composition, can be
further -investigated using either electron
diffraction or micro-analytical procedures.
The location of particles in situ can also
be studied, especially if adjacent thin
tissue sections, stained for normal routine
histology, are also being evaluated at the
same time by optical microscopy.

Extraction-Replication:
Practical details
Tissue for examination is embedded in

acetone-softened sheets of cellulose
acetate (0'5 mm thick -and of surface area
25 x 25 mm) mounted on glass micro¬
scope slides0 (Figure 2). Although fresh
unfixed tissue can be directly embedded
into the cellulose acetate, softer tissue is
generally dehydrated in vacuo to ensure
sufficient rigidity.
Paraffin wax in routinely fixed histo¬

logical specimens can be removed by
immersing the preparation in xylene be¬
fore ethanolic dehydration and final
embedding in the cellulose acetate.
The cellulose acetate is allowed to

better surface tor replication. The tissue
is outlined with strips of Scotch tape to
form a shallow well, a 10% (volume/
volume) solution of PVA applied to cover
the tissue, and the preparation allowed
to solidify overnight.
On hardening, the PVA film replica

of the tissue surface is stripped off and
platinum and carbon are deposited on
to the replica. The PVA is then dissolved
in a hot water bath at approximately

■OO KV ADP Crystal IOO KV

J

97°C for 15 minutes, the carbon/platinum
cast mounted on the grid of the electron
microscope.

Successive shippings can be taken
through the embedded tissue to provide
a step-wise investigation of the specimen.
A thin film of PVA backing the

platinum/carbon cast has been found to
be useful in preventing fragmentation of
the replica of any tissue with a rough
surface.
An example of the use of the procedure

is shown in Figure 3, which illustrates
the application of the technique to the
study of a chrysotile asbestos fibre (such
as might be found in the lung of a person
exposed to asbestos dust). The character¬
istic 250A "banding" of the fine surface
structure is evident.

Applications
The extraction-replication technique

lends itself to the study of foreign
particles in tissues from subjects whose
occupation is linked with a known
carcinogenic hazard.
Reports from our laboratory on the

application of the technique have been
concerned with the identification of
foreign particles in pneumoconiotic lung
tissue7 (lung tissue which has become

K
Spattrum of Iron. !'•) SpoOrum of Jlliton. 1^1

Fig. 5. Micro-analysis spectrum of an asbestos fibre removed from a
mesothelioma by the extraction technique. The analysis reveals high
silicon and iron content, distinguishing the fibre as being of the crocido-
lite type. (Analysed by EMMA 4 micro-analyser).
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Fig. 6. Asbestos body removed from lung tissue by the thin film
extraction technique (x 6500). The characteristic ferritin nodules are
seen along the length of the asbestos fibre.

Fig. 7 (right). Pneumoconiotic lung. A composite micrograph showing
mica particles embedded in the tissue, as revealed by the extraction
replication technique followed by shadow casting (x 4000).

chronically affected by the inhalation of
dust), in tissue from pleural tumours or
mesotheliomas8 (malignant types of lung
tumour) and in neoplasias (growths) of
the ovary and cervix.0
Various types of asbestos fibre exist,

including crocidolite, amosite and chryso-
lile, and the very fine crystalline fibres
of asbestos are known to be associated
with tumour development. For instance,
there has been considerable interest over
the past decade in the relationship be¬
tween crocidolite asbestos and the
incidence of pleural and peritoneal
mesotheliomas.
The relationship between exposure to

crocidolite and tumour incidence in South
Africa was initially described by Wagner
and his colleagues10 and was later de¬
veloped further for the English population
by Elwood and Cochrane11.
It has always been difficult to identify

accurately the type of asbestos particle
considered responsible for the tumour
development. Histological studies are
difficult, since fine particles embedded in
the tumour tissue are usually beyond
the resolution limits of the optical micro¬
scope. Tumour tissue incineration, with
subsequent examination of the isolated
mineral particles in the electron micro¬
scope, can produce misleading informa¬
tion due to chemical changes induced by
ashing. Furthermore, the "thin-sectioning"
technique used for the conventional
investigation of biological tissues by
electron microscopy is difficult to apply
to studies concerned with the localisation
of such particles in situ, especially in
relation to the surrounding tumour tissue,
since the sections disintegrate as hard
particles embedded in the tissue are
caught on the ultramicrOtome knife. The

deposition of the particles in some other
position, or even the disintegration of the
finer crystals resulting in larger surface
areas appearing to be in contact with the
tissue, also make the sectioning technique
unreliable.
The extraction-replication technique

has enabled us to study particles in tissue
in situ. One investigation of interest was
that of tissue from mesotheliomas8 in
which crocidolite asbestos was identified
as the principal fibre present (Figure 4),
together with some other fibres with the
typical appearance of amosite. No chryso-
tile was found, which is surprising since
one of the subjects had been involved
for a number of years in the handling of
car brake-drum lining material, which is
principally composed of chrysotile.

Fig. 8. Silicotic lung of a man who had worked
in the china clay' nduslry for 30 years. Kaolin-
type crystals displaying their 120° fracture
angle, extracted from the tissue on a plastic
film. The histology showed a classical picture
of kaoliniosis (x 20 000).

Tt should be emphasised that these
replication studies have the additional
advantage of extracting the particles in
the natural state. They are therefore
suitable for compositional analyisis by the
use of new sophisticated techniques in¬
volving, for example, the electron micro¬
scope micro-analyser (AEI*, EMMA 4).
This apparatus has been used in our
studies to analyse many of the particles
extracted from tissues.
The composition of the crooidojite

found in a mesothelioma is shown in
Figure 5. The analysis indicated high
silicon and iron content, but undetectable
magnesium, thus distinguishing the
material from amosite and chrysbtile
with their higher magnesium content.
Also of interest in this case was the

marked lack of formation of asbestos
bodies (ferritin bodies around the asbes¬
tos fibres) in the tumour tissue. This
contrasts with the ferritin-covered fibres
which are present in pneumoconiotic
lung conditions (Figure 6). Normal his¬
tological studies on the identification of
asbestos fibres in tissue are based on the

presence of these characteristic ferritin
bodies, seen by optical microscopy. They
are, however, difficult to differentiate
from similar bodies which have been
observed around elastin fibres.12
A number of other types of orystalline

material have been detected in tissue by
the use of this extraction-replication tech¬
nique. Mica in tissue from the lungs of
a patient who died of pneumoconiosis is
illustrated in Figure 7, and kaolin (Figure
8), identified by its 120° fracture angle,
was found deposited in the lungs of a

"Associated Eleotrical Industries Ltd., 33
Grosvenor Place, London, S.W.I.
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which these particles originally were de¬
posited. In this laboratory, material from
patients with osteoarthritlc conditions
was embedded directly into the cellulose
aceltate. Crystalline deposits were ex¬
tracted with the initial PVA cast (Figure
11) and, at the same time, subsequent
strippings also provided replicas of the
deposited crystals in situ (Figure 12).1B
Substantial crystalline deposits occur in

the osteoarthritic knee and our investiga¬
tions have also shown aggregations of
individual particles, many microns in
length, both in the synovial fluid (the
fluid within the joint cavity) and also
attached to the synovial membrane (which
covers the articular surfaces of the joint).
Similar crystalline material, with crys¬

tals of much smaller dimensions (200 to
2000A in length), are deposited in the
supraspinatus tendon and at surgery this
material can be extruded like tooth-paste.
Studies, using ultra-thin sectioning and
replication, indicated that a proportion of
this material is membrane-bound, provid
ing some evidence in support of the sug¬
gestion of Schumacher14 that there is
intra-cellular precipitation of crystalline
material. These crystals lose their crystal¬
line form under the electron beam, as do
those from the osteoarthritic joints, and
studies with EMMA on their calcium:
phosphorus composition tend to confirm
the suggestion that they are calcium
pyrophosphate crystals.

Discussion
I't is evident that the extraction-replica¬

tion technique is of value in the identifi¬
cation of crystalline material in biological
tissues. The replication technique itself
can also provide some extremely interest¬
ing and sometimes unusual studies of
tissue surfaces. Figure 13 illustrates a
replica of coagulated fibrin (a blood clot)
in saline. The fibres are interspersed
amongst the cubic sodium chloride crys-
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11. Osteoarthritis; crystalline particles
ring to a plastic film replica of synovial
•brane (x 6000).

Fig. 12. Osteoarthritis; replica of the crystals
in situ showing their lattice planes. From
patella tissue embedded directly without
fixation (x 10 000).

in who had worked in the china olay
lustry for 30 years.7
Talc was identified (Figure 9) in the
tg tissue from a man with an industrial
tory of exposure to talc for the last
years of his industrial life. The typical
scora'tion pattern" can be seen when
n slivers of the crystal are extracted
.h the replica and the platinum evapo- \
ed in vacuo on to the crystal surface,
lecent Studies with tumour tissue from
ovary and cervix have also provided

dence for the presence of talc in this
ue." This may be relevant to the sug-
tion of Graham and Graham13 that

increasing incidence of carcinoma of
ovary in western society may be re-

sd to a corresponding increase in some
'ironmental factor. These authors sug-
ted that asbestos may be involved, but
ilication of the extraction-replication
hnique in our laboratories has pro¬

vided no evidence for 'the presence of
asbestos fibres. On the other hand, there
has been good evidence for the presence
of talc (Figure 10), and Studies with
EMMA further confirm the presence in
the crystal of silicon and magnesium. It
is interesting that although artthophylli'te
asbestos would be indistinguishable from
talc using the extraction-replication tech¬
nique, anthophyllite is naturally converted
to talc.
The extraction-replication technique

has also been applied to the study of
osteoarthritic conditions and to tissue
from the supraspinatus tendon. Schu¬
macher investigated synovial membranes
(which line the tendon shea'th) front
patients with pseudogout14 using a thin-
seCtioning technique, and showed the
presence not only of crystalline particles
but also of spaces within the section
which he considered had been sites at

!g. 9 (right). Talc particle
rtracted from lung tissue
' a man who had been
'.posed to talc for 20
•ars, displaying the
lecoration pattern"
30 000).

g. 10 (far right). Ovarian
mour; particle of talc
traded from the tissue,
he "decoration pattern"
ts evident, but has been
st in reproduction)
20 000).
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f/'g. 15. Rabbit spermatozoon. The axial filament complex and acro¬
somal head are demonstrated by the replica, which was made from a
vagina! smear (x 6500).
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Fig. 17. Fossilised human bone (dated 1650) from a skeleton excavated
near London Bridge, (x 16 000). The characteristic 640a periodicity
of the extracted mineralised collagen is displayed. (This periodicity
was also successfully shown in fossilised reindeer bone about a million
years old.)
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Fig. 18. Fossilised bacteria (dated 1650). The particles were extracted
on a plastic film from the same material as Fig. 17. The fossilised
bacteria correspond in size to Pasteurella pestis (x 9000).
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tals. Figure 14 illustrates a replicated ,

preparation of nuclei from adrenal
tissue.
Replicated rabbit sperm is seen in

Figure 15. The replica of smooth muscle
of prostate tissue (Figure 16) can be
compared to similar micrographs pro¬
duced with the optical microscope.
Material which would be very difficult

to evaluate using normal electron micro¬
scope techniques can be assessed with the
extraction-replication procedure. Fossil¬
ised human bone (upper end of left tibia)
from a skeleton excavated near London
Bridge and dated about 1650 is demon¬
strated in Figure' 17. The micrograph
displays the characteristic 640A banding
of the mineralised collagen (a protein
constituent of fibrous tissue). Also ex¬
tracted from this material (Figure 18)
are fossilised baoteria corresponding in
size to pasleurella peslis.
The technique was applied to even

older fossilised material; fossilised bone
from a reindeer classified by the National
Museum of Wales as being approximately
one million years old still accurately
displayed the 640A periodicity of the
mineralised collagen of the connective
tissue, as seen in Figure 17.
The extraction-replication studies offer,

then, a new and exciting approach to
electron microscopic investigation of bio¬
logical tissues and it will be fascinating
to watch the developments in this field as
the use of new instrumentation in the
form, for example, of EMMA, is applied
to these studies.

Acknowledgments

The authors gratefully acknowledge the

generous financial support of the Tenovus
Organisation. They are also grateful to
their colleagues in the Welsh National
School of Medicine, Cardiff for their ready
co-operation in supplying biological tissues:
Professor A. C. Turnbull, Department of
Obstetrics and Gynaecology, and Dr. C. A.F.
Joslin, Velindre Memorial Centre for
Cancer Research, for tissue from the ovary
and cervix; and Mr. H. Richards, University
Hospital of Wales, for the samples of
material from arthritic patients. They are
also grateful to Mr. D. E. Evans, Depart¬
ment of Geology, National Museum of
Wales, for the natural minerals which were

required for reference purposes,
Finally they are indebted to Mrs. M.

Lewis for her care in typing and checking
the manuscript.

References

1. Bradley, D. E. (1959). High resolution
shadow-casting techniques for the elec¬
tron microscope using the simultane¬
ous evaporation of platinum and
carbon. British Journal of Applied
Physics, 10, 198-203.

2. Bachmann, L. (1962). Shadow-casting
using very high melting metals. Proc.
5th Int. Conf. on Electron Microscopy,
Philadelphia, Vol. 1, paper FF-3.

3. Bradley, D. E. (1954). Evaporated
. carbon films for use in electron micro¬

scopy. British Journal of A pplied
Physics, 5, 65-66.

4. Powell, A. S., Lebras, L. R., Babaleck,
E. G., Fisher, W. (1954). An improved
replica technique for electron micro¬
scopy of paint films. Journal of
Applied Physics, 25, 757-760,

5. Pooley, F. D., Henderson, W. J. (1966).
PVA as a replication medium for elec¬
tron microscopy. Research Techniques
and Instrumentation, IS, 6.

6. Henderson, W. J. (1969). A simple
replication technique for the study of
biological tissues by electron micro¬
scopy. Journal of Microscopy, 89,
369-372.

7. Henderson, W. J., Gough, J. and
Harse, J. (1970). Identification of
mineral particles in pneumoconiotic
lungs. Journal of Clinical Pathology
23, 104-109.

8. Henderson, W. J., Harse, J. and Grif¬
fiths, K. (1969), A replication technique
for the identification of asbestos fibres
in mesothelioma. European Journal of
Cancer, 5, 621-624.

9. Henderson, W. J., Joslin, C. A. F.,
Turnbull, A. C. and Griffiths, K.
(1971). Talc and carcinoma of the
ovary and cervix. Journal of Obstet¬
rics & Gynaecology of the British
Commonwealth, 78, No. 3, 266-272.

10. Wagner, J. S., Sleggs, C. A., Marchand,
P. (1960). Diffuse pleural mesothelioma
and asbestos exposure in the North
Western Cape Province. British Jour¬
nal of Industrial Medicine, 12, 260.

11. Elwood, P. C., Cochrane, A. L, (1964).
A follow-up study of workers from an
asbestos factory. British Journal of
Industrial Medicine, 21, 304.

12. Gough, J. (1965). Differential diagnosis
in the pathology of asbestos. Annals •

of the New York Academy of Sciences,
132, 368.

13. Graham, J. and Graham, R. (1967).
Ovarian cancer and asbestos. Environ¬
mental Research, 1, 115.

14. Schumacher, H. R. (1968). The syno¬
vitis of pseudogout. Electron micro¬
scopic observations. Arthritis and
Rheumatism, June, 426-435.

15. Henderson, W. J. (1971). Some applica¬
tions of an extraction replication tech¬
nique for the study of biological t
materials. Micron, 2, 250-266.

example given of a system based upon
a pulse width ratio modulation of a
carrier on a. cassette recorder illustrates
the point. We have designed and used
several modified recorders of this type
in Sheffield and are convinced that there
is a real need for portable low-cost
recorders. Improvements could cer¬
tainly be made, firstly by increasing the
number of recorded channels and

secondly by using a somewhat larger
machine, so freeing the electronic design
from the restrictions of physical size
However, there is certainly the require¬
ment for the recording of slow signals
and 1 consider that a system based upon
a cassette recorder and some noise can¬

cellation technique, such as pulse width
ratio modulation, is a more economic
approach to the problem than the
present commercially available machines.
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Magnetic Tape Recorders for Low Frequency
Biological Signals : A Discussion

by B. H. Brown
(Continued from page 350)
choice of recorders, as this depends too
much on the particular requirements of
the user. If the best s/n ratio is re¬

quired then one of the recorders which
uses channel subtraction would be the
best instrument, but often factors such
as cost or portability dictate the choice.
There are some features which are

common to most instrumentation re¬

corders. One important point which is
often omitted in the user information is
the importance of cleanliness. On a
jomestic recorder, dirt on the tape re¬
corder heads will only result in a
reduction in the quality of the recording;
n an FM recorder the same dirt can

esult in the loss of bits of information

("drop-outs") or total loss of carrier
frequency. Another point which is often
unstated is that many instrumentation
recorders have no erase facility incorpor¬
ated; an additional bulk eraser is
required.
It seems strange that many of the

advances in the field of telecommunica¬
tions, using methods of modulating such
as delta modulation and various pulse
code modulations, have not been utilised
in the design of instrumentation record¬
ers. The user who is prepared to make
his own instrument can outperform all
but the more expensive commercial
instruments by designing to the particu¬
lar requirements of his task. The
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INTRODUCTION

I he techniques of surface replication and shadow casting were two of
the earliest procedures used for the examination of specimens by electron
microscopy. The replication technique provides a means of obtaining a
thin film of electron-transparent material in such a manner that it
corresponds to the surface structure of the specimen under investigation.
The surface topography of an electron-opaque specimen can therefore be
studied by examination of its replica in the electron microscope. Shadow
casting has now become a recognized integral part of the replication
technique essentially being the oblique deposition of an electron-dense
material onto the replica in order to improve contrast and to permit
assessment of the three-dimensional nature of the specimen. The contrast
of the poorly visible fine structure can therefore be increased. The tech¬
nique of shadow casting has also been used as a procedure for the
estimation of the size of various particles, including tissue organelles
and viruses.

Until recently, the replication procedure has found few applications
in the field of the biological sciences since the conventional ultrathin
sections of biological specimens have generally been adequate for most
investigations of intracellular structures. Currently however, there is
increasing interest in the nature of cell and tissue surfaces and the scan¬
ning electron microscope is now being widely used for such studies,
although the resolution of this instrument does not yet approach that of
the modern transmission microscope. The application of the replication
technique to the study of biological materials is thus of considerable
value.

SHADOW CASTING

The shadow casting technique was originally developed by Williams and
Wyckolf (1946) to increase the contrast of the electron microscope
image. Subsequent application of the procedure indicated that shadowing
provided a relatively accurate assessment of the size of the various par¬
ticles under investigation. Furthermore, the three-dimensional image
obtained was found to be of considerable value in the interpretation of
the surface characteristics of such particles.

The technique basically involves the oblique deposition in vacuo of a
thin film of electron-dense material onto the surface of the specimens
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CWym

Fig. 4.2 A sodium chloride crystal shadow cast to display the surface step
(arrow) approximately 600 A in depth. X115,000.
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under investigation (Fig. 4.1). This angled deposition leaves an area on
the support membrane free of electron-dense material and, as an electron
image, will resemble a shadow of the particle being studied. When micro¬
graphs of shadowed specimens are printed as positive, the shadow will
appear to be white. Figure 4.2 illustrates this, and shows, using a crystal of
sodium chloride, the accuracy with which surface characteristics can be
evaluated. Similarly, micrographs can also be printed as negatives, the
shadow appearing dark and the specimen apparently illuminated with
white light. An example of this is shown in Fig. 4.3, which demonstrates
the shadowing of a polyvinyl chloride paste polymer with a gold/palla¬
dium alloy. Certain high density metals, such as gold, chromium, gold/
palladium alloys or platinum, were found to be suitable shadowing
materials producing good contrast with a very thin coating, yet display¬
ing little of their own structure. The degree of resolution obtained with

Fig. 4.3 Polyvinyl chloride particle. The build-up of the shadowing material
(45°) on the particles is shown. Negative print. X15,000.
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the electron microscope must, of course, depend upon the thickness of
this coating and upon the metal used. Metals with the highest melting
points, which require high voltages for evaporation, provide the best
resolution. Under the electron beam of the microscope, metals with low
melting points, although more easily evaporated, tend to form aggregates
of crystallites within the structure of the film and are consequently un¬
suitable.

A number of procedures have been devised by which metals can be
evaporated onto the specimen. A small loop of a metal with a low melt-
ing point can be attached to a coiled tungsten filament (0.5 mm diam¬
eter) connected to the high current terminals of the vacuum coating
unit. Alternatively, a 1.0 mm diameter, straight tungsten wire can be
used for the evaporation of the materials with higher melting points. A
"boat" prepared from thin molybdenum foil and laid across the terminals
of the unit, and upon which the metal is placed, also offers a useful
means by which the material can be evaporated onto the specimen.
Higher resolution has been recently obtained from the use of an electron
beam source for the evaporation of high melting point metals. A wider
range of materials can be evaporated using such a source, and this pro¬
cedure will be described later in more detail.

A variety of metals may therefore be effectively used with the shadow
casting technique. The efficiency of this technique and the ultimate reso¬
lution attained must also depend, however, on the degree of vacuum
which can be maintained during the evaporation procedure (Holland,
1956). A number of different commercial units, which are available in
various regions of the world, can attain the high vacuum required for
the procedure. A liquid nitrogen cooling system established between the
vacuum chamber and the diffusion pump can be of particular assistance
in maintaining these high vacuum conditions, although such conditions
can only really be achieved with an efficient rotary pump. The higher the
vacuum, the finer is the metal deposit on the surface of the specimen. A
considerable loss of vacuum can be caused by the degassing of the
tungsten filament when heated, although such an effect can be almost
eliminated by pre-heating to a temperature at which the metal is seen
to melt and flow along the filament. The filament is then cooled and
high vacuum re-established before a final re-heating for the evaporation
of the metal onto the specimen.

Effective shadow casting requires the specimen to be mounted at a
reasonable distance from the evaporation source in order to avoid heat
radiation damage. A distance of 12 cm is generally considered adequate,
but this varies according to the specimen under examination. The angle
of shadowing (Fig. 4.1) also depends upon the nature of the particle
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Fig. 4.4 Atmospheric pollution particles shadowed at a low angle of 23° to
demonstrate the size of the finer particles present. X16.000.

being studied; the larger the specimen, the larger will be the angle (Hall,
1956). Reduction of the shadowing angles down to approximately 14°
is necessary for shallow structures, since the smaller the object, the lower
must he the angle of deposition in order to form a recognizable shadow.
Fig. 4.4 shows the shadowing of atmospheric pollution particles where
the angle of deposition was extremely narrow (23°), and this has pro¬
vided another example of a positive print with a white shadow. Some
authors offer equations relating the mass of metal evaporated to both the
thickness of the resultant film and the shadowing angles (Bradley, 1967),
although it must remain doubtful whether they possess any actual prac¬
tical value. Magnesium oxide crystals, shadowed at an angle of 45°, are
shown in Fig. 4.5. The dark arrows indicate the direction of deposition,
and the figure illustrates one of the difficulties associated with the inter¬
pretation of these micrographs. Reflected material, rebounded from the
jig holding the specimen (dotted arrow) can be seen to have produced a
shadow on the side of the crystal on which the material has been de¬
posited.
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Fig. 4.5 Magnesium oxide crystals. The shadowing (45°) direction is indicated
by the arrow ( »); the display of the secondary shadow ( >) is due
to the specimen being too close to the support holders; and the shadowing
material has been reflected from this support to form another shadow in a direc¬
tion opposite to the initial cast. X14.000.

A relatively simple method can be employed to estimate the thickness
of the metal or carbon film which has been deposited. A small piece of
white glazed porcelain, approximately 2.5 cm X 2.5 cm, is placed in the
vacuum unit with a smear of vacuum oil covering one quarter of the
surface area. The surface of the porcelain is placed at the same level as
the specimen and facing the evaporation point. The metal or carbon
deposited is controlled by the applied voltage, and the thickness may be
estimated by the color of the deposition on- the area of the porcelain not
covered with vacuum oil. The area smeared with the vacuum oil will re-
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main white. The thicker the deposit the browner it will appear in rela¬
tion to the oil-smeared white porcelain. The initial point of difference
between the clear and oil-smeared area will indicate a carbon thickness
of approximately 50 A. The recently introduced quartz crystal thickness
monitor can, however, provide an extremely accurate measurement of
film thickness and will doubtless be preferred in future. Ilayat (1970)
has described the methods for the deposition of various types of films.

The amount of material to be evaporated must depend upon the
required resolution and the type of specimen which is to be examined. A
list of materials with their various filament requirements is shown in
Table 4.1. For the evaporation of gold/palladium alloy (60:40%) a coiled
tungsten filament (0.5 mm diameter) is used together with a loop of the
material 3-4 mm in length and 0.3 mm in diameter. Gold/palladium
tends to give a coarse granular deposit of the type seen in the back¬
ground of Fig. 4.6, which illustrates the shadowing of a spirochaete.
Deposition of this gold/palladium alloy has now been superceded by the
use of platinum which gives a much finer film. Platinum, which requires
a higher current, for evaporation, is used with a 1.0 mm diameter straight
tungsten filament. Chromium, zirconium and silicon monoxide, although
used extensively in the early days of shadow casting, have been found
of little value in modern procedure.

Depending on the problem under investigation, many valuable varia¬
tions of the shadow casting technique can be applied. In one, the portrait
technique, the coated specimen is turned through 180° and a further
film, approximately 20% of the original deposit, is applied (Fig. 4.7).
This technique allows the surface topography of what was the initially
shaded aspect of the specimen to be examined for special characteristics.

Conical shadowing, another variation of the technique, has been
used in the biological field for the study of fibrous specimens and, in
particular, nucleic acid molecules (Klcinsclimidt and Lang, 1962;
Kleinschmidt et ah, 1962). The procedure essentially involves the oblique
deposition of the coating while the specimen is being rotated (Ileinmets,
1949). Whereas contrast is obtained in the usual procedure from the
difference between coated and uncoatcd areas, in the conical shadowing
technique the contrast depends upon the thickness distribution of the
evaporated film.

High resolution studies have been aided by the development of the
platinum/carbon shadowing technique of Bradley (1959). The platinum
and carbon are evaporated simultaneously to form an extremely fine non¬
granular film which does not produce aggregates of crystallites under the
electron beam. Commercial rods or pellets are available with standard
proportion of carbon and platinum, although a simple method involves
placing a small loop of platinum wire (0.3 mm diameter, 4.0 mm length)
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Fig. 4.6 Spirochaete bacteria shadowed with gold/palladium 60/40. The coarse
granular grain is displayed. X24,000.

over the points.of the carbon rods which are extensively used for routine
preparation of support membranes for electron microscopy. Application
of a current to the carbon rods, with the development of the necessary
temperature, results in the simultaneous evaporation of platinum and
carbon. One disadvantage of this simple method, as opposed to the
use of the commercial platinum/carbon rods, is that the amount of
platinum evaporated is less easily controlled, and too high a platinum/
carbon ratio can lead to recrystallization of platinum within the film
under heavy electron bombardment. However, since the beam intensities
of electron microscopes differ widely, the capacity to determine the com¬
position of the platinum/carbon deposit, and to vary it depending on
the available electron microscope, is of considerable value.

Further improvement in resolution is also possible by introducing
an aperture cut in a large screen placed between the carbon/platinum

Fig. 4.7 The portrait technique. After the initial deposition of the shadowing
material, the specimen is turned through 180° and a further deposit made of the
shadowing material, approximately 20% in thickness of the initial material.
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PT/C Source

Shield Direction of
shadow

2 mm. aperture

Specimen X/
/

Support
membrane

Fig. 4.8 The platinum/carbon technique. Platinum and carbon are evaporated
simultaneously. An aperture introduced between the source and the specimen
increases the degree of resolution.

source and the specimen (Fig. 4.8) (Bradley, 1959). A collimator used
for a similar purpose has been described by Ilibi (1952). The aperture
or the collimator improves the background and provides sharper defini¬
tion of the shadow. Furthermore, the evaporation source can be closer
to the specimen if an aperture is used, since the screen tends to protect
the specimen from the radiated heat. A distance of not less than 4.0 cm
is, however, recommended.

The use of carbon alone for shadowing has been disappointing, since
the thickness of the carbon film required to achieve sufficient contrast
lowers the resolution. A variety of other high melting point metals have
been used in the shadow casting technique, but the difficulties in apply¬
ing sufficient voltage to evaporate these metals from a filament have
prevented any real practical application.

Tungsten produces a very fine background structure, but the long
period for which the specimen must be exposed in order to deposit suffi¬
cient material for reasonable contrast is often damaging to the specimen.
Tungsten oxide offers high resolution but the results are not consistent.
Uranium wire can be satisfactorily evaporated if initially immersed in
nitric acid. There are a few applications of these procedures to the study
of biological materials, and Bradley (1967) has described in detail those
that have been of value. However, these types of metals with high melt¬
ing points do produce the finest background structure within the cast,
and techniques for their application using an electron beam source have
been developed by Bachmann (1962). Iridium, tantalum, uranium and
tungsten have been successfully evaporated by this procedure (Fig. 4.9).

Fig. 4.9 Electron beam, source evaporation. A: The surface of a lysolecithin
crystal shadowed with tungsten/tantalum by electron beam bombardment. x370,000.
B: Platinum/carbon shadowing on the lysolecithin crystal surface. The granular
deposition contrasts with the finer structure of A. (Courtesy of Balzer High Vacuum
Co., Ltd.) X370.000.
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The production of a fine metal deposit by the use of an electron beam
source is also aided by the fact that there is no decrease in vacuum
during the evaporation procedure, a characteristic of the normal filaments
when heated.

ELECTRON BEAM EVAPORATION

The technique of electron beam evaporation uses the kinetic energy of
the electrons to produce the heat necessary to evaporate the metal or
carbon. The material to be evaporated, which acts as the anode, is
placed in a crucible and the electron beam focused on it. Electrostatic
or magnetic fields can be used to focus the electron beam, but the elec-

Fig. 4.10 Balzers vacuum coating unit, a small compact instrument which em¬
ploys both conventional and electron beam source evaporation facilities.
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trostatic field has the advantage of requiring a simple power supply, and
the space necessary for the equipment is similar to that required for
ordinary filament evaporation. For carbon evaporation, the carbon rod
itself can be used without a crucible, although the rod can also act as
a crucible for evaporation of metals if a slight depression is made in the
end surface of the rod. The metal is then placed in the depression. Most
modern electron beam units (Fig. 4.10) employ two crucibles, one for
carbon deposition and the other for the shadowing metal. The crucibles
can be controlled from outside the work chamber, so that the vacuum
does not have to be broken to switch from one crucible to the other, and
after carbon evaporation the crucible containing the metal is moved
under the electron beam source, or vice versa. The target must be brought
close to the emitter source for maximum efficiency. The electron beam
evaporation equipment of the Balzer High Vacuum Co., for example,
incorporates a magnetic baffle to minimize damage to the surface of the
specimen being studied by stray electrons. Furthermore, replacement of
the diffusion pumps by turbo-molecular pumps guarantees a completely
oil-free vacuum.

SOME APPLICATIONS OF THE SHADOW CASTING TECHNIQUE

Except for its. use in the sizing of bacteria and viral particles, there have
been few applications of the shadow casting technique to the study of
biological materials. Small particles can be difficult to identify on the
screen of the electron microscope, and prior to the development of the
negative staining technique, shadow casting provided one of the few
means of locating them. Figure 4.11, for example, shows a micrograph of
lambda bacteriophage shadowed with platinum. The shape of bacteria
and viruses can also be investigated, and Fig. 4.12 shows a high mag¬
nification micrograph of lambda bacteriophage clearly illustrating the
characteristic hexagonal head. The length of the tail can also be accu¬
rately assessed.

When sizing particles which have been coated by the shadow casting
technique, a measurement across the particle at right angles to the
shadow direction should be made, since the particle dimensions can be
considerably increased with the deposition of the material on the side
directly facing the source. Again, before the use of thin-section staining
procedures, the shadow casting technique was of some value in assessing
the relationship of a high magnification study of a particular area of a
thin section of tissue to a low power study of the specimen. Shadow cast¬
ing of the thin section can yield an electron micrograph with contrast
sufficient to display the cellular organelles (Fig. 4.13).
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Fig. 4.11 Lambda phage. Small particles with little electron dense contrast can
be detected using the shadow casting technique. The lambda phage particles are
highlighted against the background substrate. x60,000.

REPLICATION TECHNIQUE

The replication technique was developed for the study of electron
opaque materials, such as metals or glass fibers, which are unsuitable for
direct or thin-section evaluation with the electron microscope. The rep¬
lica, consisting of a thin film of an electron-transparent material corres¬
ponding to the surface structure of the specimen under investigation, can
be studied in the microscope to produce information otherwise unattain¬
able.

The surface topography of steel was investigated by Mahl (1940) in
the first replication studies which made use of collodion. Polyvinyl
formaldehyde, a plastic referred to as Formvar, was later employed by
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Fig. 4.12 Lambda phage. The shadow casting technique allows the distinct
hexagonal head to be displayed in the image; the size of the phage head and
length of tail can also be accurately assessed. X180.000.

SchaefFer and Harker (1942) for replication, and has been considered for
a number of years to be the most reliable and consistent medium which
could be used. Formvar can be dissolved in chloroform or ethylene
dichloride, which when spread over the surface of the material to be
replicated evaporates leaving a thin film of the plastic over the specimen.
The rougher the nature of the specimen surface, the higher is the con¬
centration of the Formvar solution which must be applied, and a useful
range is from 0.2 to 5.0% (vv/v). Although this procedure has been
widely used for the study of many metallic structures, its application to
biological tissue has proved of little value, most probably due to the
softer nature of such material.

Although the use of carbon as a material for replication was intro¬
duced by Konig and Ilelwig in 1951, a thin film of carbon being deposited
on the specimen by ionic decomposition of toluene vapor, the technique
was never found to be satisfactory. However, a major development was
the technique of carbon evaporation in vacuo by Bradley (1954), which
allowed the production of a replica, not only accurate in surface detail,
but also stable under normal electron bombardment conditions. This

procedure has proved to be of considerable value for the study of a
variety of surface structures, but has not been extensively applied to the
investigation oi biological materials until the recent work undertaken in
our laboratories and described later in some detail.
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Fig. 4.13 Liver section (methacrylate embedding). Unstained section for high
magnification study which was shadow cast after evaluation to show the relation¬
ship between the high and low magnification of the organelles. x8,000.

A number of different surface structures have been studied by the
replication technique and the procedures employed in an attempt to pro¬
duce an accurate replica have varied depending on the nature of the
material. A single stage replica (Fig. 4.14) is produced by the deposition
of the replicating material directly onto the specimen, and the replica is
examined in the electron microscope after stripping from the specimen.
Moreover, as described earlier, the contrast of the replica can be in¬
creased by shadow casting.

The plastic Formvar, deposited onto tissue surfaces, is difficult to
remove. Generally, another plastic, Bedacryl, is deposited on the top of
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wm. W//////M Replication material

Specimen
b

V/m/m Replica
c

Fig. 4.14 Single stage replica technique.

the Formvar and Scotch tape applied to the solidified Bedacryl. The
plastic layers can then be removed and the Scotch tape and Formvar
separated by dissolution of the Bedacryl in acetone. The Formvar replica
may be studied directly in the electron microscope but, because of the
limited contrast available, it is invariably shadowed in order to produce
a reasonable image. However, thin plastic films tend to become charged
under normal electron bombardment. This, together with the heat dis¬
sipated from the electron beam, causes instability and drifting of the
image during evaluation. A procedure developed to overcome this is to
deposit a carbon layer perpendicular to the plane of the plastic on the
surface of the replica. The Formvar may then be dissolved and the
second carbon impression mounted 011 a grid and obliquely shadowed
with a metal to achieve reasonable contrast.

Alternatively, the initial Formvar replica is shadowed and a carhon
layer deposited before separation of the Bedacryl and Scotch tape. The
Formvar may then be dissolved in chloroform or ethylene dichloride,
depending on the original solution and the replica mounted on the grid.
Although this technique has been invaluable in the study of metallic or
similar surfaces, results 011 biological samples have been unsatisfactory.
The rapid evaporation of the solvent and the resultant deposition of the
plastic Formvar film, when applied to soft pliable biological tissues,
results in distortion with the consequent formation of artifacts. Some
degree of dehydration of certain solt tissues, either in alcohol or in vacuo,
often provides a more rigid surface. This technique, however, described
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originally by Wolf (1948) for the replication of endothelial tissue, has
not been found to yield consistently useful results by others in this field.
Another technique for the replication of tissues such as muscles and liga¬
ments using collodion (Reed, 1960) has been described in full by
Bradley (1967), but would appear to be a complicated and tedious pro¬
cedure for routine application.

The development of carbon evaporation in vacuo by Bradley (1954)
provided a significant step forward in replication studies. A sing]e-stage
carbon replica procedure can be applied to easily dissolved specimens,
and Fig. 4.15 shows the evaporation of carbon onto a sucrose crystal,

is

Fig. 4.15 Sucrose crystal. Direct carbon replica. x3,000.
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which was then dissolved in water and the replica floated onto the grid.
Only specimens with fine surface structures are suitable for study by this
direct replication technique since the carbon film is easily fractured
when the specimen is dissolved. Furthermore, if biological tissues are
being studied, the chemical reagents necessary to dissolve the organic
material can cause fracture of the replica and severe damage to the
surface structure.

The technique which has been found of most value consists essen¬
tially of obtaining first an impression of the specimen in a plastic material
(the doul)le stage procedure, Fig. 4.16) and then of carbon deposited
onto this impression. Dissolution of the plastic and examination of the
carbon replica has produced excellent results, and Bradley (1956, 1957)
has published some extremely good photomicrographs of replicas of bac¬
terial specimens, pollen grains, viruses and various lower forms of plant
life. A number of multi-stage techniques have been developed and used,
one, for example, by Haanstra (1954), but the more stages involved, the
greater arc the chances of producing changes in the surface topography
with resultant artifact formation. Some of these have been described in
detail by Bradley (1967) for application to metallic surfaces but, again,
little has been undertaken in the biological field. A number of replication

A A
5 .U Specimen

Plastic

Plastic
cast

Evaporated
material

Plastic cast

Final
replica

Fig. 4.16 Double stage replica technique.
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TABLE 4.2 BIOLOGICAL REPLICATION

Reference Specimen Material

Barnes, R. B., Burton, C. J. and Biological tissue Silver/silica
Scott, R. G. (1945) and pulp fiber

Dinichert, P. and Kellenberger, E. Biological Celluloid/silica
(1948)

Konig, H. and Helwig, G. (1951) Biological Carbon

(decomposition
of toluene)

Haefer, R. (1954) Biological tissue Carbon

(decomposition
of toluene

Haanstra, H. B. (1954) Biological fibers Methyl methracry-
late (polymerized
in situ) evapor¬
ated metals

Hibi, T. and Yada, K. (1954) Biological fibers Methyl methracry-
late (Polymerized
in situ) evapor¬
ated metals

Bradley, D. E. (1955) Biological Evaporated carbon
Schreil, W. and Schleich, F. (1955) Biological Silicon monoxide

Bradley, D. E. (1956) Biological virus Carbon replicas
Bradley, D. E. (1958) Protein crystals Platinum/carbon

techniques which have been applied to biological tissues are listed in
Table 4.2.

The use of a water soluble plastic, polyvinyl alcohol (PVA), by
Powell et ah, (1954) and Pooley and Henderson (1966) has been found
to be invaluable for the replication of tissue, and has formed the basis
of all the replication work on biological tissue from this laboratory. Since
PVA is water soluble, it is conveniently handled as a solution. The slow
solidification of the solution in contrast to the evaporation of the
chlorinated hydrocarbons permits a higher degree of accuracy of the
replicated surface structure. The water base for the PVA causes less
damage to the tissue surfaces and can be easily removed from the tissue
without causing disintegration of the specimen or damage to the replica.
Moreover, the thickness of the PVA film can be varied to suit the rough¬
ness of the surface under study.

The ease of handling PVA and the simple stripping procedure makes
it possible to produce a number of preliminary shippings to remove
loose material, thereby ensuring a clean tissue surface before taking the
final replica for evaluation. Polyvinyl alcohol films are not suitable for
direct study in the electron microscope by themselves. However, evapo-
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ration of platinum and carbon onto replicas, with the subsequent dissolu¬
tion of the PVA and mounting of the carbon/platinum cast on the grid,
has been found very satisfactory. The PVA can be removed by floating
the replica in a hot water bath at approximately 97°C for 15 min. The
replica is then mounted on the electron microscope grids and is ready
for microscopic investigation.

The tissue to be examined by this procedure is embedded in acetone-
softened sheets of cellulose acetate (0.5 mm thick, 25 X 25 mm'-) mounted
on glass microscope slides for ease of handling (Fig. 4.17) (Henderson,
1969). Fresh unfixed tissue can be embedded directly, whereas tissue
which is softer and moist can be dehydrated in vacuo to ensure sufficient
rigidity. Paraffin in routinely fixed histological specimens is removed by
immersion in xylene before ethanolic dehydration and embedding in the
cellulose acetate. Care is necessary to prevent the tissue from being com¬
pletely immersed in the cellulose acetate. This is then allowed to harden,
and scalpel trimming of the tissue may then be required to provide a
better surface for replication. The tissue is outlined with strips of Scotch

C<z//uJ&s<2 Ac<z/-a/-a.. — £sniyzdd<zd Tissue..

c

a. b.

H/'sToTag/ca/ TTj/n SacT/or? un S//d<z. ^ ^—Scotch 7&p<i.

&VA.-

<2.

— Scoheh Ta/oa. -
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Fig. 4.17 Acetate/PVA replication technique. (Courtesy of Royal Microscopical
Society.)
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Fig. 4.18 Galena ore replica. A thin film of PVA is retained on the carbon/
platinum cast to provide additional support. X15.000.

tape in order to form a shallow well and to aid removal of the replica. A
10% (v/v) solution of PVA is applied to cover the tissue. A 5% solution
can be applied to smoother surfaces. Slow solidification is allowed to
take place overnight, but if a faster result is required, the slide may be
placed on a hot plate. Artifacts, however, can be produced by the warm¬
ing procedure, through degassing of the tissue with the consequent pro¬
duction of bubbles in the replica. On hardening, the PVA film replica of
the tissue surface is stripped off and successive strippings through the
embedded tissue can be taken to allow a stepwise study of the specimen.
For the study of very rough surfaces it can be advantageous, when dis¬
solving the PVA, to leave a very thin film backing the platinum/carbon
cast. This will support the replica and prevent its fragmentation, without
loss of definition of the electron microscope image. Figure 4.IS shows an
example of this procedure applied to a surface of Galena ore, the depth
of the surface structures and sharp features being evident. It is important
to realize that small pieces of tissue and any embedded foreign particles
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may also be extracted by the PVA film during the stripping procedure.
As will be described later, the structure of such particles and their com¬
position can be further investigated using electron diffraction or micro¬
analysis. The location of particles in situ can also be assessed, especially
if adjacent thin tissue sections, stained for normal routine histology, arc
also being evaluated at the same time by optical microscopy.

A number of reports on the application of this extraction-replication
technique have described the surface structure of tissues and the identi¬
fication of particles extracted from a variety of tissues (Henderson, 1969;
Henderson ct«/., 1969; Henderson et al., 1970; Henderson ct ah, 1971).

Figure 4.19 shows an example ol the degree of resolution obtainable
by this replication technique. The surface replication of collagen fibers
in tissue from a tumor of the cervix is shown, clearly illustrating the
characteristic periodicity of the 640 A banding of the fibers. The replica¬
tion pattern of striated muscle, with its typical band-like structure, is
seen in Fig. 4.20. Roth specimens were taken from paraffin-embedded
histological sections. Figure 4.21 shows replicated smooth muscle tissue

Fig. 4.19 Collagen fibers. The replica displays the 640 A banding of the fibers
(from a tumor of the cervix). X20.000.
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Fig. 4.20 Striated muscle. The H and A bands are displayed by the replication
technique. X8.000.

from human hypertrophic prostrate embedded directly into cellulose
acetate without fixation. Accurate reproduction of the muscle blocks can
be seen, especially when related to Fig. 4.22, which shows a normal elec¬
tron microscope thin section of the tissue. A higher magnification of this
smooth muscle replica (Fig. 4.23) shows the individual fibers of the
muscle band.

A number of studies have been concerned with surface characteristics
of normal human erythrocytes and with those from patients with various
blood disorders. Most have made use of either interference or scanning
electron microscopy and the reports would suggest that great care is
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Fig. 4.21 Hypertrophic prostatic tissue. The tissue was embedded directly into
the acetate block without fixation, before the application of PVA. The muscle
blocks and their fine fibers can be compared with the micrograph illustrated in
Fig. 4.22. X5.000.

necessary to prevent the formation of artifacts during the preparation
of the cells. Kaydcn and Bessis (1970) described the crenated appear¬
ance of red blood cells by interference microscopy after washing in
normal saline. This effect could be eliminated if the cells were resus-

pended in indigenous plasma. They suggest that the normal routine
blood smear on a slide, which has been dried, fixed and stained, shows
the most artifacts. Scanning electron microscopy studies (Clarke and
Salsbury, 1967) showed that red blood cells have an extremely pro¬
nounced central depression producing the characteristic "doughnut-like"
appearance on the scanning micrographs, although the extent of the
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Fig. 4.22 Hypertrophic prostatic tissue. The thin section micrograph shows the
muscle blocks, which can be compared with the same tissue replicated in Fig.
4.21. X4.000.

central depression is not nearly so pronounced on interference micros¬
copy.

In this laboratory, the replication technique has been applied to the
study of blood cells in various states of preparation (Henderson, 1971).
Figure 4.24 shows replicated cells from a blood specimen of a premature
infant of 30 weeks gestation. The specimen was smeared onto a slide
and allowed to dry naturally before the slide was applied to the cellulose
acetate sheet in the usual way. The smooth outer membrane is evident,
but also clearly seen is the crenated cell surface which appears to be
more prevalent in infant blood than in an adult specimen examined by
this procedure. These microprojections have previously been described
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Fig. 4.23 Hypertrophic prostatic tissue. Higher magnification of the replicated
muscle blocks to show their individual fibers. X12,000.

in relation to various blood disorders by a number of research groups
(Oski et al., 1964; Smith et al., 1964; Grahn et al., 1968; Kayden and
Bessis, 1970). The doughnut-like appearance is not evident, although a
slight concave depression can be observed in some cells. A replication of
blood cells from a histological thin section, studied after removal of the
paraffin-wax, is shown in Fig. 4.25. The smooth outer membrane is pre¬
served, but cell distortion can be seen, the angular contours presenting
an appearance characteristic of normal electron microscopy ultrathin
section preparations in which erythrocytes are present. This may be due
to the fixation procedures used.

It is interesting that with replication studies of erythrocytes, a num¬
ber of PVA strippings may be required to remove material loosely at¬
tached to the cell surface before the smooth surface membrane is rep¬
licated. Continuous stripping removes the outer membrane to show the
internal coarse granular structure (Fig. 4.26). This granular appearance
has also been described by other groups (Lewis ct al., 196S; Stuart et al.,
1969) using ion-etching techniques with the scanning electron micro¬
scope. A similar granular appearance is obtained when red cell ghosts,
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Fig. 4.24 Premature human blood cells. The replica was obtained from a slide
on which the blood smear had been allowed to dry naturally, without any fixation
procedures. The smooth outer membrane is evident; also a number of crenated
cells are shown. x3,000.

isolated by homogenation and fractionation of red cells, are collected andJ O

replicated (Fig. 4.27). The rough structure, quite different from the
outer membrane surface (Fig. 4.24), may well represent the inner mem¬
brane surface.

Two further applications of the replication technique to biological
specimens are seen in Figs. 4.28 and 4.29, showing, respectively, a rep¬
licated rabbit sperm and the typically granulated phagocyte with its
characteristic pseudopodia.
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Fig. 4.25 Histological preparation of blood cells. The paraffin was removed
before application of the replication technique. The smooth outer membrane re¬
mains, but some distortion of the cells is evident. This is similar to the angular
appearance displayed in normal thin section micrographs of blood cells, but differs
from that seen with the replication procedure shown in Fig. 4.24. X3,000.

The technique of ultrathin sectioning of biological tissue for electron
microscopic evaluation has never been successful when applied to bio¬
logical tissue in which hard particles or crystalline deposits are known to
be found. The hard particles tend to adhere to the ultramicrotome knife
edge, tearing the section and causing it to disintegrate during the sec¬
tioning process. Furthermore, crystalline deposits often break up and
are then deposited in positions other than those in which they were
originally located. The replication technique has been found to be ex-
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Fig. 4.26 Human blood cell. The replica was obtained from a slide on which the
blood smear had been allowed to dry naturally. After embedding in acetate, re¬
peated strippings of the PVA casts removed the outer membrane to display the
granular structure of the interior. X10.000.

tremely valuable, not only in studying the presence and localization of
various crystalline deposits, but also in their identification. The technique
has been applied to a study of osteoarthritic joints and also to tissue from
the supraspinatus tendon. Schumacher (1968) has investigated synovial
membrane from patients with what is referred to as pseudogout by thin-
sectioning technique. lie reported the presence of crystalline particles
in the tissue and also the appearance of spaces within the section which
he considered had been sites of crystal particles. In this laboratory,
material from patients with osteoarthritic conditions was obtained direct
from the operating theater and embedded directly into the cellulose
acetate without any fixation procedures. Crystalline deposits were ex¬
tracted with the initial PVA cast and, at the same time, subsequent strip¬
pings also provided replicas of the deposited crystals in situ. Figure 4.30
illustrates a replica and extracted crystalline particles from the cartilage
of an osteoarthritic knee. The extraction of the crystalline particle in a
natural state without any fixation procedures renders it suitable for
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Fig. 4.27 Replica of red cell ghosts showing the rough structure which is in
contrast to the fine surface displayed on the outer surface. Possibly represents
the inner membrane surface. x16,600.

analysis by the electron microscope microanalyses (AEI EMMA-4) in
order to determine its composition. Such analyses have been undertaken
to ascertain the calcium:phosphorus composition of the crystalline mate¬
rial. Crystalline deposits in the osteoarthritic knee can be substantial and
our studies show aggregations of individual particles, many microns in
length, both in the synovial fluid and attached to the synovial membrane
(Fig. 4.31).

The supraspinatus tendon is a common site for deposition of a chalk¬
like material which, at surgery, is extruded like toothpaste. The material
comprises an aggregation of very fine crystals (2()0-2000 A in length)
which loses its crystalline form under the electron beam in the same
manner as the larger crystals (up to 6/x) from osteoarthritic joints.
Ultrathin section studies showed that in this material from the tendon



182 SHADOW CASTING AND REPLICATION

Fig. 4.28 Rabbit spermatozoon, replicated from a vaginal smear. The acrosomal
cap and the axial filament complex are shown; the background granulation is
caused by the seminal plasma. X5.000.

some of the very fine crystals appeared to be membrane bound (Fig.
4.32). Application of the extraction-replication procedure to this material
produced a micrograph (Fig. 4.33) complementary to the pattern ob¬
served in the thin-section micrograph (Fig. 4.32). High magnification
studies showed the crystals in the thin section and the replica to corre¬
spond in size and shape, both displaying the same instability under the
electron beam. Schumacher (1968) suggested that primary intracellular
precipitation of crystalline material can take place with these clinical
conditions and the studies briefly described above, using the ultrathin
sectioning and extraction-replication techniques, would tend to support
this hypothesis. It also demonstrates the usefulness of the replication
technique as a complement to the normal ultrathin section studies of
biological tissues.

The replication technique has been extensively applied to other
studies of foreign particles within biological tissues. Figure 4.34 shows
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Fig. 4.29 Phagocyte. The replica was made from a culture; the granular interior
and pseudopodia are evident. x4,000.

a replica of an asbestos fiber located in lung tissue from a patient with
pneumoconiosis. After a number of shippings, the ferritin body seen
surrounding the asbestos is partly removed to display the surface char¬
acteristics of the fiber. Thus the procedure may be applied to the study
of tissue from subjects with occupations in which there are accepted
carcinogenic hazards to the staff. Figure 4.35 shows the surface char¬
acteristics of a crystalline material found in a specimen of lung from
a man involved in the manufacture of abrasive materials. The surface
structure of the particle can be compared with replicated standard refer¬
ence materials involved with the industry with a view to establishing its
origin. The fact that much of the crystalline material is also extracted
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Fig. 4.30 Osteoarthritis. Cartilage was removed from an osteoarthritis knee and
replicated without fixation procedures. The crystal deposition is shown and ex¬
tracted crystalline particles are adhering to the cast. X10,000.

with the replica allows the application of further analytical procedures.
For example, certain crystalline material will produce a characteristic
diffraction pattern, seen in Fig. 4.36A, which was obtained from a talc
particle embedded in the capillary wall of tissue from a squamous cell
carcinoma of the cervix. The replica showing the extracted particle is
seen in Fig. 4.36B; the characteristic decorative effect produced on the
talc particle during the procedure is of interest. This is caused by aggre¬
gation of the platinum atoms as they impinge on the crystal surface, seen
more clearly in the higher magnification of the crystal (Fig. 4.36C). The
decoration effect is described in detail in another chapter in this book.

Anthophyllite, of the asbestos group of materials, is the only other
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Fig. 4.31 Crystals attached to the synovial membrane. X10.000.

crystalline material known to display this decorative pattern, and it may
be significant that anthopyllite is converted to talc by natural geological
metamorphic processes. Use of the EMMA-4 for the analysis of these
crystals has confirmed that the silicon/magnesium composition of the
material is similar to that of talc standards and emphasizes the potential
value of the extraction-replication technique in association with electron
microscope micro-analysis. If it is considered that the composition of the
shadowing metal may interfere, the deposition of carbon alone will allow
the micro-analysis procedure to be carried out in the extracted particles.
Similar analyses (Fig. 4.37) have been performed on asbestos fibers



Fig. 4.32 Supraspinatus tendon. Ultrathin section micrograph of chalk-like ma¬
terial, removed at surgery, displaying very fine crystal deposits, some membrane
bound, (see Fig. 4.33). X8,000.

Fig. 4.33 Supraspinatus tendon. Application of the replica technique to the
chalk-like deposits demonstrated in Fig. 4.32. The fine crystals appear to be
membrane bound. X8.000.
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Fig. 4.34 Pneumoconiosis. A replica of an
asbestos body located within a section of
lung tissue. Repeated strippings of the
PVA cast has removed the ferritin coating
to display the surface of the asbestos fiber.
X8.000. (Courtesy of the Royal Microscopi¬
cal Society.)

Fig. 4.35 (below) Pneumoconiosis. Histo¬
logical section of lung replicated to dis¬
play a foreign particle with a distinct sur¬
face structure, which could be related to
the industrial material to which the subject
was exposed. X8,000.
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(A) Diffraction pattern from a talc particle.

(B) The replica showing extracted particles embedded in the wall of a capillary.
X6.000.
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(C) The characteristic decoration pattern is displayed on the talc crystals, when
platinum is deposited onto the crystal surface in vacuo. A number of lattice planes
are also evident. X32.000.

Fig. 4.36 Squamous cell carcinoma of the cervix. The replica was cast from
the histological slide of the tumor tissue. Talc particles are shown embedded in
the tissue. A number of procedures could be employed to provide evidence that
the particles were talc.

extracted from mesothelioma tissue (Fig. 4.38) and identified by their
shape as croeidolitc or amositc (Henderson et al., 1970). An adequate
knowledge of the appearance of standard reference materials is, of
course, essential in order to attempt to identify crystalline material by
surface or structural characteristics. Thus the extraction-replication tech¬
niques can be successfully used for the study of foreign particles such as
kaolin, mica, coal, forge dusts and the various types of asbestos localized
in lung tissues. Skin, bone and dental structures have also been found to
be particularly susceptible to investigation by this method.

It would now seem that after a period ol relative inaclivitv the field
ol replication studies is rapidly developing with the advent of new in¬
strumentation and the application of the technique to the study of



190 SHADOW CASTING AND REPLICATION

Li F Crystal

X Ray 300-
Coont

Per. Se<
2<X>

\ <ho i-Ao ' r'Ao '

ADR Crystal

X Ray 300
Count
Re ^Sec

200

Probe curren

IO "8A
Probe dia

0-2 pm

7-OtO 7<5sO* 7<$90' 71^0 ' TlFo ' IO 7 ^50

Wavelength A

Spectrum of Iron. ( F# )
Wavelength —^ A

Spectrum of Silicon. (Si)

Fig. 4.37 X-ray spectra of iron and silicon in an asbestos fiber extracted from a
mesothelioma and studied with EMMA-4. LiF: lithium fluoride crystal; ADP: am¬
monium dihydrogen phosphate.

biological materials. The use of procedures providing much higher resolu¬
tion can he further evaluated using the technique of specimen tilting in
the electron microscope. Tilt angles of up to 120° can he achieved and
the procedure should allow the investigator a new parameter for the
interpretation of surface structure. Application of laser optical diffrac-
tromctry to the recorded image will also offer a new exciting approach
which could he invaluable in the future development of these studies.
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The ingestion of talc particles was demonstrated by lung fibroblasts in monolayer culture.
Particles of talc up to 10 were observed within the cytoplasm of the fibroblasts. It was
also noted that though the particles readily penetrated the cell membrane, none penetrated
the nuclear membrane.

The report of Wagner and his colleagues (1960) on the relationship between
the pleural mesothelioma and asbestos dust stimulated considerable interest in
the biological effects of asbestos. However, although it would now seem well ac¬
cepted that there is an association between the induction of certain respiratory
tumors and exposure to asbestos dust (Selikoff et al., 1968), the mechanism by
which asbestos might promote this effect is still unknown. Investigations con¬
tinue on such problems as the relative biological effects of crocidolite and
chrysotile fibre size (Davis, 1965; Holt et al., 1965) and also on the exposure
period (Wagner, 1968). Recent studies (Richards et al., 1974) were concerned
with the ultrastructural changes observed when lung fibroblasts were exposed to
chrysotile asbestos in monolayer cell culture. The results were related to earlier
biochemical and morphological investigations into the effect of chrysotile in vitro
on collagen synthesis by such fibroblasts (Richards et al., 1971; Richards and
Morris, 1973).
As part of this series of investigations on the biological effects of these various

foreign materials, the uptake of talc particles by lung fibroblasts in culture was
also studied. A recent report (Henderson et al., 1971) described the presence of
talc particles in human ovarian tissue. Although there was no attempt to incrimi¬
nate talc as the cause of the carcinomatous changes in this tissue, it was obvious
that the presence of talc could be related to other predisposing factors and that
further investigations were necessary. An electron microscopy investigation into
the size of talc particles taken into the lung fibroblasts in culture is now re¬

ported.

CELL CULTURES

Rabbit lung fibroblasts were cultured as previously described (Richards et al.,
1971). Subcultures were established by seeding approximately 12 x 105 cells on
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to glass coverslips (35 x 10 mm) in Leighton tubes. Twice weekly, the culture
medium 1 ml of 20% foetal bovine serum in Waymouths' medium containing 50
yu,g/ml ascorbic acid was changed. Twenty-four hours after subculturing, a dose
of talc (Italian 00000) was added in 100 fx\ of Medium 199. At various times, cul¬
tures were removed and processed for electron microscopy.

ELECTRON MICROSCOPY

After removal of the culture medium, the monolayers on the glass coverslips
were washed for 10 minutes in freshly prepared sodium cacodylate/sucrose
buffer medium, pH 7.2 and then prefixed at 4°C in 1% glutaraldehyde in sodium
cacodylate/sucrose buffer, pH 7.2 for 60 minutes. Coverslips were retained in
the buffer wash at 4°C for 16-20 hours before postfixation for 60 minutes in 1%
osmium tetroxide in cacodylate/sucrose buffer medium at 4°C. After buffer wash
the tissues were dehydrated in a series of graded alcohols and propylene oxide
and araldite then added. To facilitate encapsulation the araldite plus tridimethy-
laminomethyl phenol (DMP 30) was partially precured at 60°C to obtain a more
viscous consistency and a thin layer poured over the monolayer culture on the
coverslip. The remainder was used to fill the capsules. The viscous nature of the
araldite allowed the capsules to be inverted on to the surface of the coated
monolayer culture and they were then cured at 60°C for 24 hours. The capsules
were then separated, mounted in the microtome chuck and the glass removed
with a scalpel blade to expose the embedded monolayer. Sections were cut with
a diamond knife and stained with uranyl acetate and lead citrate. Particles within
the tissue were analysed using EMMA-4 (AEI, Manchester).

Fig. 1. Fibroblast with ingested 10 /xrn talc particle. Numerous lipid droplets are present at ex¬
treme ends of the cell. The small electron-dense bodies within the cytoplasm was shown to contain
the normal fixation or staining products when analysed by electron microscopical microanalytical
techniques. The nucleus has been sectioned at its extreme edge therefore displaying only chromatin
(eight days ingestion X3000). N—nucleus; L—lipid droplets, D—dense bodies; T—talc.
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Fig. 2. A talc particle within the cytoplasm of the fibroblast at higher magnification. The typical
appearance of lipid droplets after fixation procedures are shown in close proximity to the talc par¬
ticle, also an abundance of free ribosomes is evident in the cytoplasm. Microfilaments (arrowed) run¬
ning in parallel lines, were also observed in the fibroblasts (4Vi hours ingestion x 16,000). T—talc;
L—lipid droplets; R—ribosomes.

RESULTS

This ultrastructural study has clearly indicated that talc particles up to 10 p,m
in size, are taken up by the fibroblast cells (Fig. 1). The talc particles were gen¬
erally ingested in the horizontal plane and were therefore presented in such a
way that the knife could section along the natural cleavage plane of the crystal.
Cultures, fixed after 4-5 hours, were found to contain particles of talc varying in
size from 0.3 p,m to approximately 10 p.m (Fig. 2). A similar range in particle size
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Fig. 3. The X-ray spectrum obtained from an ingested talc particle, besides the approximate 3: 1
ratio of silicon magnesium from the particle, a low count of sulphur from the araldite embedding
material, and uranium from the uranyl acetate stain is also present.
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Fig. 4. A particle of talc in contact with the cell surface. The fuzzy coat (arrowed) observed on
some cell surfaces appears to be forming around the end of the particle. Microfilaments can also be
seen running parallel to the cell surface, x 15,000.

was found within the cells at periods of incubation of 26 hours and eight days.
Confirmation that the talc particles were within the plane of the section was ob¬
tained by shadowing some of the sections with carbon at a shadowing angle of
14° (Henderson and Griffiths, 1972). Serial sections also provided evidence that
the talc particles were intracellular.
Figure 3 shows the typical X-ray spectrum of a talc particle taken up by the

fibroblast cell. These spectra, obtained from the solid state energy dispersive de¬
tector of EMMA-4, were routinely assessed in all fibroblasts studied in the
experiments.
There were few particles in direct contact with the cell at the periods of time

studied to provide information with regard to the transfer of the particle through
the membrane. Figure 4 shows the contact made by the cellular material with the
talc particle. It is interesting that cultures containing chrysotile under similar
conditions as those now described (Richards et al., 1974) provided evidence that
the fibres readily penetrated the cell membrane but not the nuclear membrane
(Fig. 5). Whether the fuzzy appearance of the arrowed surface of a culture
fibroblast has any relationship to the means of particle ingestion will require fur¬
ther study but this appearance is also apparent in cells undergoing pinocytosis.
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Fig. 5. Fibroblast with ingested chrysotile fibres. Though the fibres have penetrated the cell
membrane, the nuclear membrane is still intact despite the obvious pressure from the chrysotile
fibres (one day ingestion x 10,000). N—nucleus; C—chrysotile.

DISCUSSION

Recent studies from this Institute (Henderson et al., 1970; 1971) clearly in¬
dicated the presence of talc particles in both normal and neoplastic human
tissue. The suggestion that fibres, but not the plate-like talc particle, would read¬
ily penetrate the membrane of cells provided the stimulus to this preliminary
study now reported. It has been shown that chrysotile fibres can be taken up by
fibroblasts cultured in vitro (Richards et al., 1974) and Fig. 5 adequately demon¬
strates this phenomenon.
The results of this study also show that talc particles can also penetrate the

membrane of the fibroblast cell. The investigation confirmed, using X-ray mi¬
croanalysis, that the ingested particles were talc, and also that the crystals were
in fact intracellular. Studies on the intracellular effects of talc ingestion by the
fibroblast, in particular, its influence on collagen synthesis are in progress. It is
hoped these and similar studies on the uptake of talc by cultured human ovarian
and cervical cells will provide some assessment of the possible change in the
morphology of the tissue surrounding the foreign inclusion.
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The particulate material present in stomach tumours removed from Japanese males has
been investigated. An extraction-replication technique used in association with electron
microscope-microanalysis provided evidence for the presence in the tumour tissue of kaolin,
talc, aluminium and calcium silicates and some types of asbestos fibres.

INTRODUCTION

Although there has been a gradual decline in the standardized stomach cancer
death rate (1) in most countries of the world, the records clearly indicate that the
mortality rate from this disease remains highest in the Japanese male. Similarly
in Hawaii, the mortality rates are highest among Japanese, lower among Cauca¬
sians and lowest in the Chinese community (2). The fact that the incidence of
stomach cancer is inversely related to socioeconomic status has directed atten¬
tion to the diet as a possible factor that may be concerned with the aetiology of
the disease. Hirayama for example (1, 3) directed attention to studies which in¬
dicated that patients with stomach cancer drank only small quantities of milk,
whereas Haenszel and his colleagues (4) found an association between stomach
cancer and the consumption of certain foodstuffs, in particular pickled vegeta¬
bles and dried salted fish.
In relation to these observations suggesting possible nutritional causative

factors, the report (5) that dietary rice might be concerned with the aetiology of
stomach cancer has promoted some interest. Merliss (5) stated that rice for the
Japanese consumer is prepared differently from that used by the Americans, in
that after milling, talc is added to improve the keeping quality and its whiteness.
It was suggested that talc could be contaminated with asbestos, and the report
that workmen exposed to asbestos showed a marked increase in gastrointestinal
cancer (6) was therefore considered relevant. However, studies in these labora¬
tories (7) using the electron microscope microanalyser (EMMA-4, AEI, Britain)
have provided no evidence that the various natural talc preparations available
for investigation and used commercially in the cosmetic and food industry, con¬
tained asbestos particles. It is of course accepted that certain talcs have asbestos
contamination, but this is by no means a universal finding with all talc prepara¬
tions. Furthermore the photomicrograph of ashed rice specimens shown by
Merliss (5) does not provide convincing evidence of asbestos contamination.
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However, an earlier investigation (8) produced evidence that particles of talc it¬
self, which is a magnesium silicate similar to certain forms of asbestos, were as¬
sociated with tissue removed from human ovarian and cervical tumours. The

possibility that talc particles rather than asbestos fibres might be found in the
stomach tumour tissue was therefore considered worth investigation.
This paper now describes some detailed investigations, using the electron

microscope microanalyser (AEI, EMMA-4), on the particulate material present
in a series of stomach tumours removed from Japanese males.

MATERIALS AND METHODS

Tissue. Tumour tissue in the form of standard paraffin embedded blocks and
small samples in 10% formalin were kindly made available by Professor K. Seta,
Assistant Professor T. Kawamura and Dr. N. Endo, of the Department of
Surgery at Iwate Medical University, Moriska, Japan. The paraffin embedded
blocks were processed in our laboratories for the analytical investigations. The
tissue represented samples of stomach tumours removed from Japanese males
aged between 47 and 69 years.
Methodology. Tissues were investigated by the following procedures:
(a) Sections (10 fim thick) were cut from the paraffin embedded blocks and

mounted on microscope slides. Paraffin wax was removed by immersion in
xylene and the section dehydrated in alcohol. The dehydrated tissue was then
placed in a photographic enlarger and projected at 7 x magnification onto photo-
grahic paper which was then processed (Fig. 1). The photograph of the section
was then used to plot the various regions of the tissue which were to be examined
for their particulate content and these could then be related to adjacent sections
stained by normal histological procedures.
The dehydrated sections were then embedded in cellulose acetate and the ex¬

traction-replication technique (9) employed as previously described. Areas of the

Fig. 1. Histological slide after removal of paraffin and re-dehydration projected onto photographic
paper, which can be used for location studies.
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replica which were selected by a study of both the photographic plate and also
the adjacent histological section were mounted on numbered grids for examina¬
tion in the conventional transmission electron microscope (AEI-EM6B). The
location of the particulate matter was plotted on a reference sheet relating to the
numbered grid. The grids were then removed from the electron microscope and
transferred to the electron microscope microanalyser (EMMA-4). The reference
sheet was then utilized to quickly locate the particles for analysis. The EMMA-4
installed in this Institute has twin crystal spectrometers and a Si(Li) energy dis¬
persive detector linked to a 1000 channel analyser. These two detector systems
can be routinely used in parallel, the latter providing a rapid qualitative and
semiquantitative analysis of the specimen and the former, a more sensitive and
accurate quantitative method. Although platinum is normally deposited on the
replica for EM-study (9) for those taken for the final analysis in EMMA, carbon
rather than platinum was used to remove background platinum counts from the
semiqualitative study of the particulate material investigated using the energy
dispersive detector.

(b) Tissue sections (10 /jlm thick) were processed as described above to
remove paraffin wax and then dehydrated. The slides were then placed in an
oven at 500°C. After incineration and cooling, a film of polyvinyl alcohol (PVA)
was applied over the area of incinerated material. Once hardened, the film was
removed and a carbon film applied. PVA was removed in a 97°C water bath and
the carbon membrane with particles attached examined in EMMA-4.

RESULTS

Detailed investigation by the various procedures described clearly indicated
the presence of a variety of particulate material in the series of Japanese stom¬
ach tumours studied. In most cases the preliminary survey of the grid indicated
the presence of a large number of particles of varying types. Figure 2 illustrates
the electron micrographs of extracted particles from the tissue, showing a char¬
acteristic structure by which some degree of recognition was made possible. For
example Fig. 2(a) shows a kaolin particle with a typical 120° angle of fracture. A
talc crystal, with characteristic decorative pattern (8) is shown in Fig. 2(b).
Asbestos fibres, both amphibole and chrysotile were found in certain of the

tumours. In Fig. 2(c) can be seen an extracted fibre of chrysotile. Numerous dia-
tomaceous remains were frequently extracted and provided the characteristic
skeletal-type structure in the electron microscope (Fig. 2(d)). Figures 2(e) and 2(f)
illustrate examples of the type of particles which eventually, after analysis, were
classified as "aluminum silicates" and "calcium silicates."
In Fig. 3 is shown an electron micrograph of a replica prepared by procedure

(a) in which four extracted particles can be readily distinguished and are marked.
The analysis of these particles is given in Chart 1, determined using the energy
dispersive detector, and showing a characteristic spectrum for talc (particles 1
and 3) and kaolin (particles 2 and 4). Similarly, typical spectra of an amphibole
type asbestos particle (Fig. 4, particle 2) and chrysotile (Fig. 4, particle 1) are
shown in Chart 2. Of interest, were the analyses of different regions of a single
fibre, referred to as analyses 5 and 7 (Chart 2). It can be seen that different
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Fig. 2. Extracted particles from the tissue, (a) Kaolin showing 120° fracture angles x 24,000, (b)
Talc with the characteristic decorative effect x 42,400, (c) Chrysotile fibres x 4,800, (d) Dia-
tomaceous material x6,000, (e) Aluminum silicates x 16,000. (f) Calcium silicates x8,000.

amounts of iron were found in the two areas which were studied. The higher iron
concentration might be due to iron from biological sources becoming bound to
these fibres which do not show the typical chrysotile spectrum seen in analysis
1, Chart 2.
In Chart 2, are also shown some analyses ofmaterial marked on Fig. 4 indicat¬

ing quite clearly the variety of particulate material found in these tissues.
Figure 5 illustrates the manner in which extracted particles, kaolin in this ex¬

ample, can be shown in relation to the connective tissue (collagen) in which they
had become embedded. Figure 6 demonstrates the very small particles which
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Fig. 4. Extracted particles and fibres adhering to the replica, their individual elemental analysis
is shown in Chart 2. x 10,125.
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Chart 1. Energy dispersive spectrum of particles displayed in Fig. 3.

can be observed and analysed by the technique and which are obviously far
below the limits of resolution of the optical microscope, as well as being
extremely difficult to locate using a conventional scanning electron microscope.
The figures in Table 1 represent typical analyses of the various types of par¬

ticles extracted from the tumour tissue. Figures are actual uncorrected X-ray
counts measured by the energy dispersive detectors (10). Talc particles are char¬
acterised by the 3:1 silicon: magnesium ratio, previously reported from this labo¬
ratory (10). Although slight variation occurs, the elemental composition of kaolin
particles normally shows a silicon: aluminium ratio of approximately 1:1. The
"aluminium silicates" represent those particles containing predominantly alu¬
minium and silicon, but not with a 1:1 ratio. Traces of other elements were oc¬

casionally found in these particles "aluminate silicate(a)" for example, which
contained titanium and sulphur. Furthermore particles containing predominantly
calcium and silicon were classified generally as calcium silicates. Typical analy¬
ses for amphibole type asbestos and chrysotile asbestos are also given in Table
1. (Asbestos(c) and (d), and (a) (b), respectively.) Any particle containing sub¬
stantial amounts of silicon and also a large proportion of elements other than cal¬
cium or aluminium were referred to as "other silicates." Diatomaceous material
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Chart 2. Elemental composition of particles and fibres shown in Fig. 4.
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Fig. 6. This micrograph demonstrates the very fine particles which can be recovered for analysis,
some I,200-350A in dimension x45,000.
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TABLE 1

Analysis of Representative Particles Isolated from the Stomach Tumour Tissue.
The Figures Show Actual X-ray Counts Measured on the

Energy Dispersive Detector

Si Mg Si/Mg A1 Si/AI Ca Fe K P S

Talc (a) 903 290 3.11

(b) 1113 381 2.92

(c) 689 215 3.20 22

(d) 158 51 3.09 —

Kaolin (a) 142 106 1.33 — —

(b) 295 218 1.35 — —

(c) 1548 1137 1.36 — —

(d) 681 568 1.19 11 32
Aluminium (a) 290 69 — 28 — 76
silicate (b) 594 127 26 23 — —

(c) 93 55 — — 27 —

(d) 282 65 — 10 34 —

Calcium (a) 754 — 117
silicate (b) 1579 — 238

(c) 518 — 1125

(d) 6438 149 910
Asbestos (a) 138 63 12

(b) 2785 1007 154 148

(c) 392 49 394
(d) 162 27 81 —

Other (a) 2801 — — — —

silicates (b) 140 —
— 128 —

(0 414 —
— 93 108

(d) 1931 108 294 59
Other (a) — 1368 — — — 347

particles (b) — 48 — 25 — 84

(c) 1526 5571 295 — — —

(d) — 258 901 — 471 —

being composed principally of silicon were also included in this group. Materials
with some other type of elemental composition were referred to as "other
particles."
Table 2 shows the separation into the various groups of the particles studied.

Depending on the number of particles isolated, the crystalline material made
available for analysis by procedures (a) and (b) was randomly analysed in the
electron microscope microanalyser and separated into the groups as illustrated
(Table 2).

DISCUSSION

In this preliminary study no information was available on the occupational his¬
tory of the patients. However, the results of this investigation indicate that as¬
bestos fibres both of the amphibole type and chrysotile, can be found associated
with stomach tumours removed from Japanese males. It was not possible to con¬
firm completely the identification of crocidolite as distinct from amosite, since
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TABLE 2

Aluminium Calcium Asbestos Other Other

Stomach tumours Talc Kaolin silicate silicate particles silicates particles

Case 1. Colloid (mucoid)
Carcinoma

Age 65 8 12 6 4 0 3 4

Case 2. Diffuse

infiltrating
Adenocarcinoma 11 2 0 8 8 7 6

Age 55
'

Case 3. Diffuse

infiltrating
Adenocarcinoma 18 13 25 12 4 15 0

Age 69
Case 4. Diffuse

infiltrating
(Microtubular)
Adenocarcinoma 8 15 23 6 0 9 4

Age 47
Case 5. Colloid (Mucoid)

Carcinoma 5 5 0 14 1 9 5

Age 61
Case 6. Poorly

differentiated
adenocarcinoma 9 2 4 10 0 7 9

Age 62
Case 7. Moderately

undifferentiated
adenocarcinoma 3 2 7 110 9 10

Age 56

the sodium normally present in small amounts in natural crocidolite was not de-
tected in these studies. Exposure to crocidolite has been implicated in the ae¬

tiology of pleural and peritoneal mesotheliomas (11). It was suggested (5) that
contamination of talc by asbestos fibres might be concerned in the aetiology of
stomach tumours in Japan, although as previously stated, none of the natural
talc preparations studied by this laboratory contained asbestos fibres. Further¬
more, not all the tumour tissue studied in this investigation and by these tech¬
niques contained asbestos fibres. In relation to the observation of Merliss (5), it
was interesting that talc crystals were identified in all seven samples of tumour
tissues. It was also interesting that apart from the calcium and aluminium sili¬
cates, which were isolated from the tissue, other silicates, some of which could
have originated from diatomaceous material, were consistently found to be
present. Possibly such diatomaceous material could be introduced into the
alimentary canal from the fish in the diet of the Japanese people, and although it
may not be relevant, it is interesting that the incidence of stomach tumours is
highest in Iceland, Finland and Chile, countries in which the population com-
sumes relatively high quantities of fish. On the other hand however such mate¬
rial could quite possibly be introduced into the stomach in various pharmaceu-
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tical mixtures which may well be taken by patients suffering with stomach
disorders. This also may account for the large number of kaolin particles which
were observed.
The investigation clearly indicates the vast potential of the analytical electron

microscope (EMMA) in identifying the fine environmental particles which can
become embedded in the various tissues of the body and which, under particular
circumstances, may even play some role in the carcinogenic processes.
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Identification of Particles in

Ovarian Tissue

W. ]. Henderson and K. Griffiths

Ovarian carcinoma is a disease which claims a relatively large
number of lives each year. In England and W ales, cancer of the
ovary is probably the most common form of gynaecological
neoplasm, resulting in an annual mortality rate of approximately
3000. However, although with various other forms of cancer
sufficient studies have now been completed to provide the means
by which the disease can often be recognized in its early stages,
this is not the case with ovarian carcinoma, and little progress has
been made with regard to early diagnosis. There are few good
epidemiological investigations of ovarian cancer, and little infor¬
mation exists on factors which may relate to the aetiology of the
disease. Tumour classification on a reasonable histogenetic basis
has always proved difficult because of the diversity of cell types
often found in these tissues and, as a consequence, a confusing
nomenclature has developed with little consistency between
pathologists. As a result, attention has not therefore been directed
to the possible aetiological factors which would merit further
detailed investigation. The report of Clemmeson (1964), showed
that ovarian cancer rarely occurs in the earlier years of life, but the
highest incidence rate was in the postmenopausal period, with a
maximum between the ages of 5 5 and 80 years. There are, how¬
ever, no data to suggest that gonadotrophins are concerned with
ovarian cancer. Women usually present with the'disease in its
advanced stages when the prognosis is then poor, but there is as
yet no evidence to suggest that there is a prolonged latent period
in the natural history of the condition, with some environmental
factor having a role in its early stages. ,

Obviously, early recognition and immediate therapy would
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seem the essential means by which mortality might be effectively
reduced. Research into the aetiology of the condition must be
promoted, however, wherever possible.
It was of interest, therefore, that Graham and Graham (1967)

suggested that the increasing incidence of ovarian carcinoma in a
modern society might well be related to the presence of some
'factor of civilisation' which is lacking in underdeveloped
countries but has an increasing influence in the Western world.
Campbell has now reported in this volume (p. in) that with
ovarian cancer in England and Wales, the mortality rate is increas¬
ing steadily each year at a rate of 15 per cent each decade. Graham
and Graham (1967) directed attention to an earlier study (Keal,
i960) in which certain postmortem data were reviewed and it was
suggested that there may be an association between asbestosis and
ovarian cancer. They commented on the close similarity between
the histology of mesotheliomas and certain ovarian tumours,
and suggested that further investigations should be directed
to the relationship between the ubiquitous asbestos and ovarian
cancer.

This new concept was of particular interest to the electron
microscopv group in our Institute, which was directing a great
deal of time to the development of techniques for the localization
and identification of foreign particles in biological tissues (Hender¬
son & Griffiths, 1972).
Ultrathin sectioning techniques are of little value for the study

of particle localization within tissues. Tissues disintegrate and
tear when hard particles are caught on the cutting knife. Even
diamond knives will tend to cause the disintegration of fine
crystalline material embedded in the tissue. However, the
development in these laboratories of an extraction-replication
technique (Henderson, 1969) allowed the in Situ identification of
foreign particles within tissues. Simply, the procedure involves
mounting sheets of cellulose acetate (25 X 25 X 0-5 mm) on to
microscope slides, softening the material with acetone and em¬
bedding the tissue (or a histological section mounted on a slide)
on to the softened surface. Once the cellulose acetate hardened,
the tissue was then outlined with strips of Scotch tape to form a
shallow 'well' and a io per cent (v/v) polyvinyl alcohol (PVA)
solution applied to cover the tissue. The PYA film slowlv hard-
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ened and was stripped from the section, ,thereby providing a
replica of the tissue surface. These surface replicas were then
preshadowed with a suitable heavy metal such as platinum, and a
carbon film deposited for strength. The PVA was then removed
by floating the replica in a hot water bath at 97°C for 15 min. and
the replicas mounted on numbered reference e-m grids for
examination using the AEI-6B electron microscope. With
mounted histological specimens, adjacent sections, stained in the
usual manner, can be used to identify the area of the tissue con¬
taining foreign particulate material.
Fig. 14.1 shows a typical pattern of replicated collagen tissue.

Often, however, foreign particles associated with the tissue are
removed with the PYA during the stripping process and appear
as a dark shadow against the replicated tissue in which it was
embedded. Fig. 14.2 for example illustrates a particle of kaolin,
with a typical 120° angle of fracture, in relation to the connective
tissue in which it had become embedded.
This technique was therefore applied to a series of ovarian

tumours, and also to normal ovarian tissue. It was clearly shown
that there were no asbestos particles present in the ovarian tissue
investigated in this particular study. Crocidolite, an amphibole
type of asbestos, and implicated in the aetiology of certain
mesotheliomas (Wagner, Sleggs & Marchand, i960) and also
chrysotile, the type of asbestos involved with many of the
appliances of our society, such as lagging or car brakes can readily
be distinguished by this technique (Fig. 14.3).
Noteworthy, however, was the identification of particles of talc

within a proportion of the ovarian tissue samples, both normal
and neoplastic, which were studied. Talc, a magnesium silicate
similar to asbestos in elemental composition, was distinguished
by the characteristic 'decoration pattern' induced by the evapora¬
tion of platinum in vacuo on the crystal surface (Fig. 14.4). The
talc particles were found deep within the ovarian tissue, and were
often removed after a number of PVA extractions had been per¬
formed. Usually ten replication 'strappings' were taken for electron
microscopic examination from each thin section of ovarian tissue.
Some of the particles were as small as 100 nm in size and were
generally within the range 10 nm to 2 71m (Fig.,14.5).
Although the replication technique failed to show the presence
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Fig. 14.i. Replica obtained from a de-paraffinizcd pathological section of cervical
tumour. The 640m pattern of collagen is evident. (Magnification X 14 000.)

Fig. 14.2. Kaolin crystals extracted on the replica showing their association with
collagen fibres. (Magnification X 14 000.)
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Fig. 14.4. The decoration effect produced by evaporation of platinum in vacuo on to
talc particle surfaces, (A) is a natural talc crystal, (B) is a cosmetic preparation of talc.
(Magnification ofA x 24 500; of B x 21 ooo*.)

Fig. 14.5. Extracted talc particles from a human ovary displaying the decoration
effect. (Magnification X 35 000.)
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of asbestos fibres in the ovarian tissue, the identification of crystals
of talc was a most interesting and unexpected observation.
Attention has been drawn to the associaton between pleural and
peritoneal mesotheliomas in workers exposed to crocidolite
asbestos in industry, by Wagner, Sleggs and Marchand (i960) and
Elwood and Cochrane (1964). Recent reports by Selikoff,
Hammond and Churg (1968) have also directed attention to the
potential danger of asbestos. The presence of crystalline talc in
ovarian tissue in no way incriminates the material as a primary
cause of cancer within the tissue. However, in the absence of other
hypotheses concerned with the aetiology of ovarian carcinoma,
the possibility that crystalline talc embedded within the ovary
mav be responsible for the early carcinomatous changes is worthy
of further study. Any such primary effects may well be influenced
by the high gonadotrophin stimulation of the postmenopausal
period.
Although the extraction-replication procedure was of value in

providing the means of identifying crystals of talc in ovarian
tissue (Henderson et ah, 1971), it is obvious that more sophisti¬
cated analytical techniques were necessary for further study. Such
investigations are being carried out in our laboratories by the use
of analytical electron microscopy (Fig. 14.6). The electron
microscope-microanalyser (EMMA-4) (Chandler, 1971) can be
used to analyse individual crystals extracted from biological
tissues by the PYA-extraction procedure. The analytical tech¬
nique makes use of the fact that electrons passing through the
specimen on the grid to form an electron image, also generate—
from the irradiated specimen area—X-rays with energies charac¬
teristic of the elements ofwhich the specimen is composed. Use of
a 'mini lens' allows the illuminating electron beam to be focused
on to a foreign crystalline particle which is visible on the trans¬
mission image". The particle therefore becomes the only part of the
specimen emitting X-rays. Atoms of silicon hi a particle of
magnesium silicate or talc, when struck "by the incident electron
beam emit X-ray photons with a well defined energy different
from those of magnesium. These X-rays can be collected with
both a solid state Si (Li) energy dispersive'detector linked to a
1000 channel analyser and, simultaneously, with twin crystal
spectrometers. Used in parallel, the energy dispersive detector
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Fig. 14.6. The electron microscope microanalyser installed at the Tenovus Institute,
Cardiff. The instrument has twin crystal spectrometers and an energy dispersive
analyser for elemental analysis.
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Fig. 14.7. The characteristic spectrum obtained from a talc particle showing the 3
silicon to magnesium ratio.
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thereby provides a rapid qualitative and semi-quantitative analysis
of the specimen, and the spectrometers, an accurate quantitative
method. Analytical studies of the particles isolated from ovarian
tissue confirmed that they were indistinguishable from natural
crystalline talc with the silicon: magnesium ratio of 3:1; and an
example of a resultant spectrum is shown in Fig. 14.7. The whole
X-ray energy spectrum from all elements present in the particle is
collected at the solid state detector and is displayed on the multi¬
channel analyser as shown in Fig. 14.7. Such a technique provides
unequivocal evidence that talc is present in ovarian tissue.

- Studies such as these, and the reports of an association between
certain respiratory tumours and asbestos (Wagner, Sleggs &
Marchand, i960; Selikoff, Hammond & Churg, 1968) stimulated
interest in the biological effects within the cell of foreign particles
such as magnesium silicates. There have been investigations on
problems such as the relative biological effects of the fibre size of
crocidolite and chrysotile (Davis, 1965; Holt, Mills & Young,
1965) and studies on the effects of exposure period (Wagner,
1968). Recent investigations with which our laboratories were
associated (Richards et ah, 1974) were concerned with the ultra-
structural changes observed when lung fibroblasts were exposed
to chrysotile asbestos in monolayer cell cultures, and these were
related to earlier biochemical and morphological studies into the
effect of chrysotile in vitro on collagen synthesis by similar
cultured fibroblasts (Richards, Wusteman & Dodgson, 1971;
Richards & Morris, 1973). It has been suggested that the asbestos
fibre but not the plate-like talc particle could be expected readily to
penetrate the cell membrane. Fig. 14.8 shows that fibres of
chrysotile readily penetrate the cell membrane of cultured lung
fibroblasts although it would seem that they do not have the same
facility for entering the nucleus. When similar fibroblasts were cul¬
tured in the presence of talc particles (Italian 00000) and the cells
fixed and sectioned using a diamond knife (Henderson et ah,
1975) talc particles (0-3-10 /im in size) were found within tbevcell
after 4-5 hours of incubation. A similar period of time was re¬
quired for the penetration of 'chrysotile fibres.
An ultrathin section of a cell where the intracellular talc was

sectioned along the natural cleavage plane of the crystal is shown
in Fig. 14.9. However with this technique, the crystalline material
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Fig. 14.8. Ultrathin section of a fibroblast cell grown in monolayer culture. Chryso-
tile which had been added to the medium has been ingested into the cell, but has not
penetrated the nucleus. (Magnification X 7500.)

/*■

Fig. 14.9. Fibroblast cell grown in monlayer cultfire and ultrathin sectioned to
demonstrate ingestion of a 10/xm talc particle. (Magnification X 2400.)
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Fig. 14.10. An ultrathin section of ovarian tissue previously prepared for histolo¬
gical examination showing the voids created by the pressure of talc particles within
the tissue. (Magnification X 6500.)

is often lost after cutting (Fig. J4.10). Serial sectioning and low
angle shadow coating (Henderson & Griffiths, 1972) provided
evidence that the talc particles were intracellular, and EMMA-4
confirmed the identity. Fig. 14.11 shows the contact made by the
cellular material with the talc particle. It is of interest that this
'fuzzy coat' usually appears during the normal process of pino-
cytosis.
Studies of this nature on cultured human ovarian cells are cur¬

rently under way to investigate the effect of talc ingestion on cell
morphology arid biochemistry. It would be ofparticular interest if
inclusion of foreign particulate material in any of* the various cell
types of the ovary induced or modified the characteristic steroid
hormone synthesis and secretion (Griffiths etah, 1971). It has been
suggested that endocrine disturbances, sometiiries - manifest in
patients with secondary ovarian tumours, may be due to a
localized stromal reaction to the presence of metastatic tissue.
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This would result in the formation of theca-iutein ceils which have
been considered responsible for oestrogen secretion. The possi¬
bility of a similar tissue reaction to the presence of particulate
materia] is worth considering.

Fig. 14.ii. Contact made between a talc particle which had been added to the
medium and the surface of a monolayer grown fibroblast. Note the 'fuzzy coat'
around the end of the talc particle in contact with the cell membrane. (Magnification.
X 1125.)

Furthermore, following along the lines of the research groups
concerned with the relationship between particles and lung
disease, it is obviously necessary to provide some means by which
the number, or amount, of talc particles present in the ovarian
tissue can be measured. Current techniques for ashing tissue for
bulk analysis of the particulate content were not found to be
satisfactory, however, when more sophisticated electron micro¬
scope microanalytical procedures were used (Henderson, Melville-
Jones & Griffiths, 1975)-
The established techniques simply involved the ashing, at

approximately 4oo-6oo€C, of either dry or wet tissue samples until
the preparation appeared white. The residue was then weighed
and accepted as the mineral content. A certain amount of success
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has been achieved using these procedures for the examination of
lung tissue (King, Maguire & Nagelschmidt, 1956). However, the
use of the procedure for ovarian tissue followed by microanalysis
with EMM A-4 clearly indicated extensive contamination of the
preparation by organic material. Visualization of the particulate
material was therefore made difficult. Even with subsequent acid
digestion of the ashed residue, the final preparation was not satis¬
factory for fine particle analysis (Fig. 14.12). We have now shown

Fig. 14.12. Ovarian tissue residue after ashing and acid treatment. The identification
of particulate material is difficult. Analysis of the residue showed it to be composed
mostly of organic elements'. (Magnification X 7000.)

j

j

(Henderson, Melville-J ones & Griffiths, 1975*) that incineration of
wet tissue at 5oo°C in 02 provides a most effective means of
producing a sample of particulate material for analysis of indi¬
vidual crystals (Fig. 14.13). Transfer in water of the ashed
preparation from a known weight of ovarian tissue to numbered
reference grids and subsequent drying in air, provided a means of
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Element Particle

1 2

Mg 116

Al 561

Si 336 376

Fe -

Si/Mg 2 897 ' -
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Fig. 14.13. Particle recovery from wet tissue ashed at 500"C in 02. The particles are
presented without contamination for elemental analysis. The identity of particles 1
and 2 are confirmed by their respective elemental composition. Particle 2 also dis¬
plays the characteristic 120'" angle of fracture typical of kaolin (Magnification >
7200.)

Fig. 14.14. Diatom from ashed ovarian tissue. (Magnification x 6300.)
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quantitation. This procedure indicated that there were anything
from 2-5 X io5 to 4 x 1 o(l particles of talc per gram of wet weight
ovarian tissue. Studies such as these, on the analysis of the
particulate matter, clearly indicate that there are materials other
than talc also present in certain of these ovarian tissue samples.
Diatomaceous material (Fig. 14.14) has been seen in some of the
tissues and kaolin particles are also quite common. It may well be
that all tissues of the body are heavily contaminated with foreign
particulate material, and further analysis is necessary to determine
.whether talc localization is confined to the organs of the female
reproductive tract. Contamination of this area of the body might
be expected from the various contraceptive procedures. These
studies open up a new line of investigation and attention must be
directed to the biochemical effect of talc ingestion within the
cells of the reproductive tissues.
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Letters to the Editor

SHORT-COURSE CHEMOTHERAPY IN-
TUBERCULOSIS

Sir,—Tie successful preliminary results of the national
trial organised by the British Thoracic and Tuberculosis
Association 1 are welcomed by all who have to treat this
disease. Longer follow-up of these patients may well
establish that it is possible to treat tuberculosis successfully
by using rifampicin and isoniazid in combination for 9 or
12 months, with a third drug for only the first 2 months of
the course. With the authority of the B.T.T.A. behind
this cooperative research, the medical profession may gain
the impression that this is the best way to treat tuberculosis,
or even that it is the officially correct way to treat it.
Shortening the course of chemotherapy was a very

desirable objective when p.a.s. was one of the three first-line
drugs, bur its place has been taken by ethambutol, a drug
which carries no unpleasant side-effects and virtually no
toxuc effects in the standard dose of 15 mg. per kg. per day.
This drug is entirely acceptable to all patients when
combined with isoniazid in one tablet and taken as a single
dose of three cablets after breakfast.
The principles on which the modern treatment of

tuberculosis are based have evolved during the 20-year
era when the three first-line drugs were streptomycin,
iscztiazid, and p-s-s. Then, as now, all three drugs were
used for the first 2 months of treatment, and the most
toxic of the three was stopped once it was established that
no resistant organisms were involved. Thereafter the
course of 13 months to-2 years was completed with the
less powerful combination of p.a.s. and isoniazid, which
was nevertheless 1C0% effective in patients able to tolerate
the unpleasant side-effects of p.a.s.
These principles still hold good with the new trio,

of which rifampicin is, at the same time, the most potent
and the most toxic. The fact that it is also the most

expensive makes a shorter course mandatory if it is to be
used throughout. I submit, Sir, that patients who take
three innocuous tablets each day after breakfast are quite
unconcerned about an extra 3 or even 6 months of such
hardship, provided they can be sure that their treatment is
both safe and effective.

lOrpmretT.r of Medicine,
pirabococgh Hospital,

Orpinjftoo, Kent BR6 8ND. W. STREET.

TALC CONTAMINATION OF SURGICAL
GLOVES

Sir,—It has long been recognised that talc used as a
surgical-glove powder has caused some cases of post¬
operative peritoneal adhesions as well as granulomata at
the site of operation. For the past two decades, therefore,
starch powder has been used in place of talc, but numerous
reports suggest that.this material can also produce a similar
granulomatous reaction. We have now shown, however,
that sampies of surgeons' gloves manufactured during the
past two years have been contaminated with nlc,
Using an extraction-replication technique followed by electron-

microscope microanalysis using an EMMA-4 (AEI, U.K.),
particulate material on samples of surgeons' gloves manufactured
in the United Kingdom, Austria, and the U.S.A. has been
analysed. Furthermore, particulate material in histological
sccricns of tissue classified as " starch " or " foreign body "
granulomata has also been analysed by the same technique,
which allows identification of individual panicles down to a size
of 2C0A in diameter.

I. British Thoracic and Tuberculosis Association, Lejiwr, 1975, i, 119.

20 pairs of supposedly talc-free gloves from British
manufacturers were found to be contaminated with this
material (see figure). Analysis of these particles showed
the typical 3/1 silicon/magnesium ratio of talc. In the
area of the glove surface analysed there were approximately
10,000 particles per sq. mm., although values did vary
from sample to sample. For instance, four pairs of gloves
manufactured in America were heavily contaminated with
talc, whereas none could be found on the Austrian gloves.
Although light microscopy of tissue classified as starch

granulomata showed the classical rounded starch particles

Particles recovered from the surface of a surgeon's glove by the
extraction-replication technique. (Reduced by a third from
X 7500.)

X-ray counts per 20 seconds from the four particles numbered
show the typical 3/1 Si/Mg ratio of talc: .

Particle no. Mg > SUM?
1 1319 5508 3-028
2 1383 4245 3069
3 7C6 2013 2-85
4 717 2233 3-114

with Maltese-cross birefringence, ultramicroanalysis in¬
dicated that many of the tissues contained talc, some with
up to 29,800 particles per sq. mm.

■ Five tissue sections identified after microscopical
examination as " foreign body " granulomata, not specifically
implicating starch or any other particle, weTe all found to
contain talc.

It oeems, therefore, that the manufacturing processes
concerned with the production of surgeons' gloves were
unable to prevent the access of these extremely small
particles. Normal procedures for checking contamination
may not have the resolution or analytical capacity of
EfviMA-4. However, after being advised of these findings,
the principal British manufacturer has located and
eliminated the source of contamination.

Talc cannot be definitely incriminated as the cause of
these granulomatous lesions, since there is good clinical
and laboratory evidence that adhesions within the peritoneal
cavity as well as granulomata can result as a reaction to
starch powder. But it seems that talc, as a contaminant
of surgeons' gloves, must still be considered in relation to
the tetiology of postoperative granulomata.

Tcnovus Institute for Cancer
Research,

Welsh National School of
Medicine,

Heath, Cardiff.

Department of Pathology,
University Hospital of Wales,

Heath, Cardiif.

W. J. Henderson
C. Melville-Jones
K. Griffiths.

W. T. Barr.
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Identification of talc on surgeons' gloves and in
tissue from starch granulomas
W. J. HENDERSON, C. MELVILLE-JONES, W. T. BARR AND
K. GRIFFITHS*

summary

Particles of talc have been identified on the route
surface of surgeons'' rubber gloves and in sections of
tissue classified as 'starch' or foreign body' granulomas.
This analytical study indicates that under certain
circumstances these granulomas could have been
caused by talc contamination.

The recognition that the use of talc as a surgical glove
powder was responsible for the postoperative develop¬
ment of peritoneal adhesions and tissue granulomas at
the site of operation (Lichtman et al., 1946; Eismann
et al., 1947) stimulated the search for an inert absorb¬
able substitute, and resulted in its eventual replace¬
ment by a starch powder (Lee and Lehman, 1947;
Postlethwaite et al., 1949) which initially appeared to
produce no ill-effects within the peritoneal cavity.
There have, however, been numerous reports over the
past two decades suggesting that the use of starch
powder could also result in a granulomatous reaction
similar to that produced by talc (Snierson and Woo,
1955; McAdams, 1956; Nash, 1971; Neely and Davies,
1971; Cohen and Safaie-Shirazi, 1973). Starch
granuloma peritonitis secondary to the glove powder
reaction has now become recognized as a clinical
entity (Sobel et al., 1971), and Taft et al. (1970)
suggested that the severity of the condition may be
related to the type of starch used. The starch powder
has also been shown to produce granulomas and
adhesions in experimental animals (Lee et al., 1952;
Perper et al., 1971; Ignatius and Hartmann, 1972).
However, the results reported here indicate that

starch particles may not always be responsible for the
development of the granuloma peritonitis and that
contaminants of the dusting powder used on the
surgeons' gloves must be taken into consideration.

Materials and methods
A modified extraction replication technique (Hen¬
derson, 1969; Henderson and Griffiths, 1972) was
used to prepare a particulate preparation from histo¬
logical sections of tissue reported to be 'starch',
'foreign body' or 'suspected talc' granulomas. After
removal of the wax with xylene and dehydration with
alcohol, the tissue section was ashed on a microscope
slide in an oven by slowly increasing the temperature
to 500 °C and allowing oxygen to flow over the
section. After incineration, the particles were removed
using a film of 7 per cent polyvinyl alcohol (PVA). A
carbon film was deposited on to the PVA film in
vacuo. The PVA was then dissolved in a hot water-
bath, leaving the particulate material trapped in the

carbon film. Areas of interest were then localized on

reference electron microscope grids and a second
carbon coat deposited to stabilize the particles under
the condensed electron beam required for micro¬
analysis. Particles were analysed in the electron
microscope micro-analyser (EMMA-4; AEI) as
previously described (Henderson et al., 1975).
A similar extraction technique was used to obtain a

particulate preparation from the surface of a series of
surgeons' gloves manufactured by different companies.
PVA was allowed to flow over specific areas of the
gloves and then allowed to harden. The resulting film
containing the particulate matter was removed and
examined as described above.

Table I: PARTICLE RECOVERY FROM STARCH
GRANULOMAS

Stomach E-3 V-6 U-6 U-4 1-6
26 4 5 2 3

Gallbladder M-l J-2 B-4 U-6 K-l
18 4 0 1 0

Omentum L-3 1-1 X-5 2-5 X-l
24 12 0 0 1

Appendix P-l 1-1 U-l U-6 T-6
3 4 8 3 0

Peritoneal tissue Q-2 Q-4 8-5 6-2 Y-2
3 16 56 18 7

Peritoneum nodules V-4 0-4 3-6 9-1 1-6
6 1 3 1 0

The upper figure denotes the individual reference grid
square examined, and the lower figure the number of talc
particles/grid square.

Results

Light microscopy of sections from 6 starch granulomas
studied showed the classic rounded particles with
Maltese cross birefringence. The sections were also
shown to contain significant quantities of talc particles.
Talc, a magnesium silicate, was identified in the
electron microscope micro-analyser by the character¬
istic Si : Mg ratio of approximately 3 : 1 (Henderson
et al., 1973). Table / shows the quantitative amount of
talc particles located on numbered reference electron
microscope grid squares in the series of sections
studied. Localization of high concentrations in a
particular area of a grid could often be related to the
presence of giant cells recognized by routine optical
microscopy of adjacent histological sections. A typical
area of particles within a grid square is shown in
* W. J. Henderson, C. Melville-Jones and K. Griffiths:
Tenovus Institute for Cancer Research, Welsh National School
of Medicine, Cardiff.
W. T. Barr: Department of Pathology, University Hospital of
Wales, Cardiff.
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Surgeons' gloves (20 pairs) from companies in the
United Kingdom were studied using the techniques
described. These gloves were manufactured between
1971 and late 1974 At the same time 4 sample pairs of
gloves from a company in Austria and another in the
United States were obtained for simple comparative
studies. Fig. 2 shows a typical group of particles
extracted from the surface of a glove from a British
manufacturer. The analysis of these particles is given
in Table V This was a typical result showing con¬
tamination of 8000 talc particles/mm2 of glove
Table II: ELEMENTAL COMPOSITION OF THE
PARTICLES SHOWN IN FIG. 1

Particle (X-ray counts/100 sec)
Particle Mg Si Al S Ca Fe Si/Mg

1 404 1369 34 16 64 3-388
2 42 93 30 27 10
3 205 682 29 3-327
4 87 311 15 3-575
5 93 295 97 24 39
6 151 493 14 16 3-265
7 1090 4049 52 3-715
8 849 2863 42 3-372
9 1117 3703 42 3-315
10 1855 6232 143 3-3595
11 213 748 72 53 3-5117
12 300 862 22 14 29 2-873
13 356 1226 26 41 52 3-444
14 1175 636 152 100
15 703 2310 <11 3-286

Table III: PARTICLE RECOVERY FROM FOREIGN
BODY GRANULOMAS

Sebaceous cyst 2-6 0-3 V-5 G-5 G-l
1 1 2 5 8

Lymph node Q-6 0-5 k-5 R-l 0-2
2 1 4 0 0

Ovary X-5 X-6 4-1 8-2 Y-3
7 1 73 20 18

Thigh (cyst) R-l M-6 V-3 D-4 K-3
2 2 0 0 1

Ovary W-5 X-6 V 6 J 3 2-6
1 3 2 0 0

The upper figure denotes the individual reference grid square
examined , and the lnwer figure the number of talc particles/
grid square.

Table IV: PARTICLE RECOVERY FROM SUSPECTED
TALC GRANULOMAS

Cervix 7-2 P-4 V-5 J-5 T-4
-10 121 90 110 3

Small intestine R-5 R-3 0-2 H-2 P-2
108 20 52 16 2

Stomach 3-5 3-6 9-6 5-2 4-3
7 4 5 4 1

Table V: ELEMENTAL COMPOSITION OF
PARTICLES SHOWN IN FIG. 2

p ... Particle (X-ray counts/100 sec)
no. Mg Si Si/Mg
1 128 399 3-117
2 452 1414 3-127
3 1690 4980 2-947
4 809 2475 3-059
5 856 2629 3-039
6 1868 5413 2-889
7 2182 6676 3-060

Fig. 1. Particles recovered from peritoneal tissue of a case of
starch granuloma. The analytical composition of the
particles is shown in Table II.

Fig. 2. Particulate material extracted from the external
surface of a surgeon's glove. The individual analysis of the
particles is shown in Table V.

Fig. 1. Analytical data for this series of particles are
given in Table II. Tissue sections classified after
histological examination as 'foreign body' granulomas
rather than specifically implicating talc or starch were
also studied. The number of particles of talc identified
in these sections are shown in Table III. An average of
two particles/grid square gives approximately 1600
particles/mm2 tissue section. Three tissue sections
classified as suspected talc granulomas (Table IV)
were shown to contain large numbers of talc particles/
grid square.
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surface. However, results varied with different
batches of gloves. It was interesting that in the
samples of gloves manufactured in other countries, no
contamination was found on the Austrian gloves,
whereas the samples from the American manufacturer
were found to be heavily contaminated and a second
PVA extraction was often necessary to allow single-
particle analysis. It must be remembered that only a
very limited number of gloves have been studied.
Other elements detected in large amounts on the

glove surface were zinc and sulphur. Whole fossilized
coccoliths were often observed on the surface, and
would appear to be responsible for the calcium-
containing granules that were generally detected on
British gloves.

Discussion
These results clearly indicate that the surgeons' gloves
studied, manufactured in Britain and the United
States, were contaminated by particles of talc. These
particles present on the outer surface of the gloves
were extremely small, some 20 nm in diameter, and it
would seem that in the manufacturing process the
filter systems used were inadequate to prevent access
of these fine talc crystals. The normal procedures used
for checking such contamination may again be
inadequate to identify these particles and obviously
do not possess the resolving or analytical capacity of
the electron microscope micro-analyser. The gloves
manufactured in the United States had even more talc

particles per unit surface area, whereas the Austrian
gloves studied appeared to be uncontaminated. The
extent of such contamination cannot really be
assessed from a preliminary study of this nature, but
the results of these investigations do suggest that it
should not be assumed that foreign body granulomas
in which starch can be identified are necessarily due to
starch. Submicroscopic particles of talc which have
been identified may also be concerned.
Furthermore, analysis of the particulate content of a

series of histological sections of tissue classified as
starch or foreign body granulomas also showed that
these tissues contained talc particles. This extraction
technique has been used for the study of asbestos fibres
in mesotheliomas (Henderson et al., 1969), talc in
ovarian tissue (Henderson et al., 1971; Griffiths et al.,
1973) and the particulate matter in tissue from
stomach tumours removed from Japanese men

(Henderson et al., 1975). The use of EMMA-4
provides the sophisticated analytical technique by
which individual particles can be identified. Whether
the granulomatous lesions, the cause of which has
been attributed to the presence of starch, resulted
instead from the presence of contaminating talc on the
surgeons' gloves cannot at present be decided. There
are several laboratory and clinical studies which
indicate that starch particles per se can produce
granulomas and adhesions within the peritoneal
cavity. The findings reported here merely draw
attention to the fact that talc contamination of the
gloves must be seriously considered in relation to this
syndrome.

It is interesting that earlier studies (Henderson et al.,
1971; Griffiths et al., 1973) revealed the presence of
talc particles deeply embedded in tissues of the female
genital tract, and in particular in the ovary and in
ovarian tumours. Although contamination of the
surgeons' gloves initially made this work suspect,
further recent analyses undertaken with even greater
thoroughness and care confirmed the presence of talc
particles embedded deep within ovarian tissue. It has
been suggested that the source of this talc could well
be various types of contraceptives and that the route
of entry is the fallopian tube. In relation to this, a case
has been reported of a young woman with acute
peritonitis whose peritoneum was covered in granu¬
lomatous lesions which were found to contain corn

starch (Saxen et al., 1963). The source of the starch was
found to be the lubricant of her husband's contra¬

ceptives.
It is important to know that the principal British

producer of surgeons' gloves, on being advised of
these findings, located the source of the talc con¬
tamination. It was in a process unrelated to and
physically separated from the process for the manu¬
facture of the gloves. The use of talc has now been
eliminated, but the company hopes to introduce a

system whereby possible glove contamination can be
routinely monitored.
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OXYGEN INCINERATION AND ELECTRON MICROSCOPE X-RAY MICRO¬
ANALYSIS OF MINERAL PARTICLES IN BIOLOGICAL TISSUES
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Techniques employed for the recovery from biological tissues of noncombustible fine
particles such as asbestos, talc, kaolin and diatomaceous material were assessed by
electron microscope x-ray microanalysis. Recovery procedures which have been proven
successful for lung tissue were found to be impracticable for more solid types of tissues.
Digestion techniques employing acids, alkalis or enzymes and standard incineration

procedures were found to be unsatisfactory for human adrenal, cervix, liver and ovarian
tissues when the resultant residues were examined by electron microscope microanal¬
ysis. The recovered particles were often completely masked with residues which were
shown to be composed of organic elements.
The use of oxygen during the incineration process completely removed this contami¬

nating material in nearly all cases studied. When such procedures were used, clearly
defined particles were recovered from the tissue, thereby permitting x-ray analysis. A
quantitative analysis could then be made to estimate the particle content in a variety of
tissues.

There is a considerable amount of information
in the literature concerning the recovery of min¬
eral particles from human tissues, particularly
lung tissues. These techniques fall into two
broad categories; digestion techniques using
acids, alkalis and enzymes and procedures in¬
volving ashing, some ofwhich are combined with
acid digestion of the resultant ash. There are a
number of practical difficulties associated with
most of the reported techniques and Pooley et
al. (1) have reviewed many of these procedures.
Furthermore, the technique of low temperature
excited-oxygen incineration has also been found
impractical for amounts of tissue greater than
100 mg wet weight (2). Essentially, the difficul¬
ties have concerned incomplete removal of the
organic material from the sample and the tech¬
nical limitations in the assessment of the final

product. A characteristic shape of a particle,
distinguished by electron microscopy, has been
of some value in identifying certain material.
Electron diffraction has also been possible for
the identification of certain crystalline particles.
However, the electron microscope microana-

lyzer now provides a more sophisticated means
of investigating and identifying extracted partic¬
ulate materials. This report describes the use of
this form of microanalysis to assess the effec¬
tiveness of various procedures established to
recover mineral particles from biological tissues,

and an ashing procedure, using a stream of ox¬
ygen which yields a relatively clean particulate
preparation suitable for microanalysis study.

MATERIALS AND METHODS

Studies on established ashing procedures: A
series of experiments was undertaken to assess partic¬
ulate preparations from various reported procedures
for recovering foreign material from biological tissues.
These preparations were assessed by electron micro¬
scopic microanalysis.
In initial studies, tissues were lyophilized and ashed

at 550°C for 7 hr in a muffle furnace to remove the

organic matter. Tissues were weighed wet, dry and
after ashing. The "degree of whiteness" of the ashed
preparation was used as the typical means of assessing
the efficiency of the procedure. Acid-soluble material
was then extracted with 2N HC1 and the acid was

removed by washing with water. After the water wash,
the particle preparation was suspended in a small
volume of water, ultrasonicated in a water bath (50
kc/s for 30 sec Kerry's (Ultrasonics) Ltd. Hirchen,
United Kingdom), centrifuged and the sediment sus¬
pended in 100 fil water. By using an accurately cali¬
brated constriction pipette (Pedersen, Copenhagen,
Denmark) samples (10 /d) were pipetted onto pre-
weighed, carbon-coated, electron microscope grids.
These preparations were then dried, reweighed, car¬
bon coated to stabilize the particles during electron
irradiation and finally examined in the electron micro¬
scope microanalyser (EMMA-4; Associated Electrical
Industries, United Kingdom).
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This instrument has twin crystal spectrometers, a
Si-Li energy dispersive detector (SSD) linked to a
Tracor 880 analyser and a PDP 11-05 computer. It has
a minimum beam probe size for analysis of 0.12 [im.
The SSD instrumentation was used for most of the

analytical work in this study, the crystal spectrometer
only being employed to resolve overlapping elemental
peaks. For assessing areas of less than 100 nm, the
Cora instrument (Kratos, United Kingdom Ltd.), with
the facility of a minimum beam probe size of 250 A,
was used.
The ineffectiveness of this tissue preparation pro¬

cedure is illustrated in Figure 1. This shows a micro¬
graph of a typical preparation of ovarian residue where
selected areas for analysis are marked. Although cer¬
tain particles could be distinguished and identified,
most were covered and hidden by what now appears
to be carbonaceous material, clearly illustrating the
practical disadvantages of this technique. Figure 1
indicates that the x-ray microanalysis of this prepa¬

ration revealed the presence of Na, Mg, Si, P, CI, K,
Fe and Zn.
Standard samples of talc, crocidolite, chrysotile and

amosite (UICC reference materials) were subjected to
this same procedure to assess their effect on the com¬

position and size of the particles. In particular, the
effect of ultrasonication on particle size was considered
important. There was no apparent effect of ultrasoni¬
cation and furthermore, washing in 2N HC1 affected
only chrysotile asbestos, which lost Mg and Fe, the
degree being dependent on the duration of the acid
wash (Fig. 2) and the size of the individual chrysotile
fibers. For this study over 2600 individual particles of
various sizes were assessed.

Use of concentrated HNO3 instead of 2N HC1 also
failed to remove the carbonaceous material from the

particulate preparations. Standard particle samples
were also taken through this procedure which involved
a HN03 wash and although talc and crocidolite were
unaffected by this procedure, the elemental composi-

Area Elements

Analyzed Na Mg Si P CI K Ca Fe Zn

1 165 924 1186 1375 352
2 73 94 1715 181 624 1035
3 230 686 98 52 112 34 73
4 1129 248 924 168 657 120

X-ray Ka counts for 10 EV. 100 sec count KV.80, beam current 0.01 /iA, beam diameter
0.2 (im.

Fig. 1. The micrograph shows that though some particles are visible, others could be hidden in the ovarian
carbonaceous material and therefore clearly demonstrates the ineffectiveness of the technique. The elemental
analysis from the areas outlined are also displayed with Area 3 having the typical Mg/Si/Fe ratios for a talc
particle. X 10,000.
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Elements

analyzed 2 N HC1 <2 *>
Mg Si Fe Si/Mg Mg Si

1 1512 2411 106 1.59 471 1284
2 1262 1898 89 1.50 924 1901
3 283 409 23 1.44 — 1789
4 1482 2348 105 1.58 — 464

Fe Si/Mg

46 2.72
80, 2.05

X-ray Ka counts for 10 EV; 100 sec count; KV. 80, beam current 0.03 juA, beam diameter
minimum 0.12 jam

Fig. 2. Comparison of x-ray counts from chrysotile fibers before and after treatment (550°C 2N HC1). The
loss ofMg and Fe in fibers 3 and 4 of the treated fibers is shown; the degree of loss is dependent on fiber size and
length of acid procedure. The loss of some elemental composition could give misleading data for assessing the
identity of the particle.

tion of both amosite and chrysotile was altered de¬
pending on the time of exposure to HNO3. Chrysotile
was the most severely affected, but after prolonged
exposure, the structure of both was completely de¬
stroyed yielding an amorphous mass. Extraction of
lipid material with petroleum ether (b.p. 40-60°C) and
dichloroethane before taking the tissues through the
procedure as well as a 2N HC1 wash, produced an even
worse final preparation.
The technique of Gold (3) using N KOH to digest

tissue was ineffective for ovarian tissue. Although this
procedure may be of value for lung tissue, ovarian
tissue was not digested even after 7 days at room
temperature.
Increasing both the temperature (500°-1000°C) and

time (7-14 hr) of ashing also failed to produce a clean
preparation. Despite the fact that some larger particles
were freed from masking carbonaceous material, nev¬
ertheless, an overall quantitative assessment of parti¬
cle analysis was either extremely difficult or impossible
to obtain since a large proportion of the smaller par¬
ticles still remained covered by the organic residue. A
total of 90 human ovaries were assessed during these
experiments.
Use of oxygen during incineration; It was ob¬

vious that alternative procedures were necessary to
provide the means by which solid tissue could be ashed
in order to allow a quantitative assessment of the
particle content. A flow of oxygen was directed
through the incineration chamber during the heat-
ashing of the tissue samples. The apparatus consisted
of a horizontal tubular muffle furnace (Wild Barfield
Ltd., United Kingdom, model M1.93, maximum tem¬
perature 1050°C, Fig. 3). To reduce possible contami¬
nation from the refractory tube, an inner tube of
translucent vitreosil, pure highly glazed vitreous silica,
was inserted through the muffle furnace. This pro¬
jected 3 in from both ends of the furnace. The oxygen
flow rate into the furnace was controlled with a flow
meter. Platinum boats with open ended covers of the
same material were used to hold the tissue samples.
To facilitate rapid incineration, the tissues were

frozen-impacted (Thermovac Industries Corp., New
York, N. Y.) and the finely-ground tissue was spread

1
02

Fig. 3. Schematic representation of the oxygen in¬
cineration technique.

over the bottom of the platinum boat thereby provid¬
ing a larger surface area exposed to the stream of
oxygen.
The ashing conditions were varied depending on

the type of tissue. Lung tissue was ashed at a lower
temperature (400°C) and with a smaller rate of oxygen
flow (150 ml/min) than was used for the more solid
tissues such as ovary or adrenal, which required a

temperature of 550°C and an oxygen flow rate of 250
ml/min for 5 hr for tissue samples of approximately
500 mg wet weight. Figure 4 shows the final prepara¬
tion produced from ovarian tissue. In the evaluation
of the 02 ashing experiment, 26 ovaries were studied.
The detailed procedure is outlined in Figure 5. The

tissue was weighed wet, incinerated in a stream of
oxygen for 5 hr at a temperature of 550°C and re-

weighed after ashing. The ash was suspended in double
distilled water, centrifuged and the supernatant was
discarded. The residue was resuspended in a total
volume (Vt) of distilled water (100 ju.1) and 10 jul
aliquots of the suspension were pipetted onto carbon
coated electron microscope grids with a Pedersen pi¬
pette.
After evaporation of the water, the particles were

firmly deposited on the grid. A carbon coat was applied
in vacuo to stabilize the particles in the electron beam
and to dissipate heat and electrostatic charge (Fig. 6).
For each grid (i = 1, 2, • • •, n) of area G„ the number

of particles P,y on each of m squares (j — 1,2, • • ■, m)
with an area Su was determined by electron micro-

OVEN FAN



1090 HENDERSON ET AL.

Fig. 4. Particles recovered from the oxygen-incineration of ovarian tissue shown to be free of carbonaceous
material. x4500.

|tissue|
incinerate in

02 at 550° c for
shrs.

|dry + c-coatH
e.m.
emma

Np = (Vr/w) £ G, I Pv / S Sv 2 V.

Data obtained from an ashed human cystic ovary

(w = 0.696 g) was calculated as follows:

Np = (100./0.696)
7.069

(20
10 X 0.0148;

+ 9+11 + 12 + 9) 50

Fig. 5. The oxygen-incineration procedure for re¬
covery of noncombustible particles from biological
tissues with subsequent analyses and quantitation.

analysis. Values for the wet weight of the original
tissue (w), the volume of fluid containing all the par¬
ticles in the sample which survived ashing ( Vt) and
the volume of sample deposited on each grid (V,),
enabled the number of particle/g of tissue (Ay to be
calculated from the expression:

In these experiments values of n, m, G„ Sy, VT and
Vi were 5, 10, 7.069 mm2, 0.0148 mm2, 100 /il and 10
pi, respectively. It is noteworthy to mention that the
choice ofm depends on the density distribution of the
particles on each grid and optimal statistical design is
still under investigation.

Np = (143.7 x 47.764 x 61)/50 — 8374 particle/g tissue
where, as mentioned above, G„ Sv, m and V, are
constant.

On certain grids, a localization of a number of par¬
ticles was observed in contrast to the random distri¬
bution expected. This localization can be due to elec¬
trostatic attraction causing particles to adhere to one
another, or conversely particle disintergration due to
electrostatic forces when particles make contact with
the support film on the electron microscope grid. With
the latter effect, the degree of particle disintegration
can be assessed since fragments indicate whether or
not they are from the same source. In the overall
assessment of the number of particles/grid, these lo¬
calization effects must be taken into consideration
when quantifying.
The value of the technique for the recovery of very

fine particles is illustrated in Figure 7 which shows
ashed liver tissue from an aborted fetus, whose mother
had received high levels of sodium thiomalate for the
treatment of rheumatoid arthritis. The micrograph of
the precipitate shows a gold particle (arrow) located
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Elements

Mg Si Fe Si/Mg
1 1275 3636 120 2.85
2 2036 6526 196 3.20

X-ray Ka counts for 10 EV; 20 sec. count;
KV.80, beam current 0.03 jiA.

Fig. 6. Micrograph of particles recovered from ovarian tissue after oa ashing and quantitation procedure
contained in text. The particles free of carbonaceous material are available for microanalysis and their respective
elemental composition is displayed, showing they are typical of talc particles. X7500.

between two iron particles. Examination of this spec¬
imen, using the Kratos Cora, analytical instrument,
produced the data from the analysis of the gold and
iron particles displayed in Figure 8. These data clearly
demonstrate both the high resolution of this analytical
instrument, since no secondary emission from the ad¬
jacent particles were present in the respective spectra,
and also the effectiveness of the ashing procedure.

discussion

Procedures for the recovery of mineral parti¬
cles from human tissues, particularly lung, have
been widely reported and their value discussed
by Pooley et al. (1). Digestion techniques em¬
ploying sulphuric, hydrochloric, nitric and acetic
acids, sodium hydroxide, hydrogen peroxide,
trypsin and many other reagents have been de¬
scribed but all appear deficient to some degree.
Inorganic acids are considered too strong for use
with silicates and carbonates, acid soluble ma¬

terial is attacked by the strong sulphuric acid
used in the trypsinization procedure and potas¬
sium hydroxide produces incomplete digestion
of lung tissue. For the release of particulate
material from lung tissue, Pooley et al. (1) con¬
sidered only two methods to be effective, one of
which was the alkaline digestion technique of
Gold (3). The results contained in this report
have shown that this technique is only of limited
value for the study of ovarian tissue. The other
procedure considered effective was the microin¬
cineration of thin sections (5p) on glass micro¬
scope slides. Although the ashed product retains
the original outline of the section thereby allow¬
ing some degree of localization of the fibers in
relation to histology, shrinkage of either the
fiber or the particle relative to tissue structure
demands caution in the final interpretation. The
excited oxygen (low temperature) incineration



Fig. 7. Fine particles free of carbonaceous material recovered from fetal liver using the oxygen technique. A
gold particle (arrow) is seen between two particles of iron: their analyses are shown in Figure 8. X 140,000.

Fig. 8. The analyses of particles shown in Figure 7. The spectrum of iron is displayed together with the
"stored spectrum" of gold, demonstrating the high analytical resolution obtained with the Kratos Cora
instrument. Only the copper peak overlaps and this peak originates from the EM grid.
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technique was successful with very low weights
of tissue of the order of 10 —>100 pg (2).
The availability of electron microscope micro¬

analysis provides a much improved technique
for the analysis of the various preparations ob¬
tained from these ashing procedures.
The sensitivity of this analytical technique

demands however, a particle preparation uncon-
taminated with organic debris. Although an ex¬

traction-replication technique developed in
these laboratories (4) allows the analysis of par¬
ticles extracted from tissue in an uncontami-
nated original state, this technique is time-con¬
suming and it is difficult to provide even a se¬
miquantitative assessment of particle content.
This report now shows that the incineration of
tissue in oxygen at a temperature of 550°C,
obviates the necessity for acid treatment and
provides a more efficient mineral extraction
technique. The preparation is ideal for electron
microscope microanalysis and offers a means for
semiquantitative assessment of the particle con¬
tent of biological tissues. This is very important
in the field of cancer where it is necessary to

analyze foreign materials of environmental ori¬
gin in tumor tissue.

ACKNOWLEDGMENTS

The authors are grateful to the Tenovus Or¬
ganization for generous financial support and to
Dr. G. Melville-Jones, Dept. of Pathology,
Welsh National School of Medicine, for kindly
providing some of the tissue.

LITERATURE CITED
1. Pooley FD, Oldham PD, Chang-Hyum, Wagner

JC: The detection of asbestos in tissues. Edited by
HA Shapiro. Proc. International Pneumoconiosis
Conference, Johannesburg, 1969. Oxford Univer¬
sity Press, London. 1970, p 108-116

2. Davies TW, Morgan AJ: The application of x-ray
analysis of the transmission electron analytical
microscope (T.E.A.M.) to the quantitative bulk
analysis of biological microsamples. J Microsc 107:
47, 1976

3. Gold C: A simple method for detecting asbestos in
tissue. J Clin Pathol 20:675, 1967

4. Henderson WJ, Griffiths K: Shadow casting and
replication, Principles and Techniques of Electron
Microscopy—Biological Applications. Edited by
MA Hayat Vol. 2. Van Nostrand-Reinhold, New
York, 1972, p 151-193



BRITISH MEDICAL JOURNAL ! 1 FEBRUARY !97K 363

Dr Spencer. They are centred in organisations
whose intentions are good but whose efforts
diminish the moraleyof those who work m
mental handicap hospitals. Clinicians in
general medicine and surgery do not have
their efforts criticised by lay organisations
to the extent that psychiatrists do. In the held
of mental handicap hospitals ilie Department
of Health and Social Seeurtiv reiterates thai

public spending cuts will no! apply lit spile
of this, lay organisations, often critical of tin
work ol psychiatrists and nurse:,, foiceasi the
transfer ol the care ol mentally handicapped
patients to psychologists and social workers
working in centres in the community. Nothing
ts done by the DHSS to counter such criiisisui
and its consequent dcpiessing elleci on those
doctors and nurses who spend their lives
looking after severely handicapped patients
uid who know that many of their charges
.ould never survive outside hospital.
Mental handicap is one of the grey areas

>f medicine and workers in its hospitals need
jnqualihed support. In the past this was
irovided by loyal management committees
tnd regional hospital boards. Since reorganisa-
ion single mental handicap hospitals I tnd
hemselves isolated in the management sphere
y area health authorities which are not always
Sympathetic and which have to be reminded
requently o! the exemption from spending
tits. Perhaps the DHSS could think more
lositivcly of its responsibility for the mental
landicup hospitals and provide tiiem with the
eaderslup they need.

Joilfs 1 I lliTtatlNSCIN
< 'haii man.

Menu I Health t iroup < omnniKw HWA
i v files'y \ lospitul.
.Diiv.itin SV-!5

=iclj> for parents after stillbirth

tk,— 1'urthcr suggestions are requested by
'roicssoi R W Heard and It is colleagues (21
unitary, p 172). It has been my experience thai
tftrcnt* blame not only themselves but, more
e^trucitvcly, each other. This should be made
lore expin it. Ojteu this anger piesenrs in loss
f libido in either partner, a svmpioni also of
>ss ol >exual self-esteem. Souk mention of
lis could prevent secondary misinterpretation
y the partners. A more definite warning that a
<~>.hei pregnancy should not he seen as a

Accment baby (often an ill- advised sugges-
on b\ doctors or friends; should be given

rioriiy in counselling.
As a corollary to the increasing awareness
the psychological disturbance related to

iJlb/rth could some thought also be given to
»e similar problems often experienced with a
te miscarriage? These women are even less
keiy to receiv e professional help, as they are
rely followed up by gynaecologists and do
ji quahU lor statutory visit:, from nudwives,
hile society views the event as of minor
guifh aiK\ .

Dokotid Hi AC.K
lliu-l vli V I >V.)MIU(10IH • it I ' . c It).iI I . .

1111«.* 1 v \ VXv.uj Oiuir, Slu ill, a

K,— 1 read with interest the letter 1'iom
"ofessor R W Beard and his colleagues 21
nuury, p 172) and their proposals to distri-
ite a leaflet to parents who have experienced
e hirrh of a stillborn child.
The comprehensive nature of this leaflet
very impressive. My only reservation about
concerns the time at which it is to be given
patents. Since it suggests that the parents

see and hold their baby it would appear that
the catlet is to be c.; xn to parents as soon as
the baby is born. I feel that in the period
uiunediateh lollowmg the birch the parents
are hound to feel shocked and certainly unable
to lake in mic'i a mass ol literature. Surely the
suggestion thai the baby be held by thent
would be better put gently to them by tin
uu-Tv.tl or nursing slat* present.
buhscqueiuK discussion about stillbirth

vould be encouraged at a personal level be-
iween ihe ward stall and patents before the
moihei is discharged I'rom hospital, li would
seem nnpvM tani that all these parents should be
\ isiteJ bv the health visitor at a point when the
midwife has finished visiting; so often this is
the 'line when then grief is most acute I
Migg« m that this leatlet should be given to
the parents by the health visitor when she
feels it to be appropriate and when the parents
know that she will be visiting again, should
they wish to discuss any matters arising trom
its contents.

As a health visitor working in a department
of medical genetics I frequently have contact
with parents who have had one or more still¬
born babies. Many of them express feelings
of isolation and an inability to discuss their
situation with relatives and friends. 1 am

therefore pleased that chose concerned pro¬

fessionally with these patients are becoming
more involved with this aspect ol' patient care.
I am Mire that the proposed leaflet would be
very helpful to doctors, nurses, health visitors,
social workers, and clergymen and would help
to mciease their insight into the many con¬
flicting feelings that parents experience at this
point of crisis in their lives.

Mary Wkftman
l idsi.'isii\ Department ol*Mistical (ieiictics,
Si M.hv -.Hospital, Manchester

Contamination of surgical gloves

Sit', - I> has tong bpen accepted that the use
ol talc as a surgical-glove powder can result
in postoperative peritoneal adhesions as well
as gtmiulomata^at the site of operation.
Consequently stivhth powder has been used
lor [he past 20 years in place of talc, although
concern has been expressed in the medical
literalure that a similar granulomatous reaction
is produced by this material. We have shown
recently, however,1 - that samples of surgeon's
gloves manufactured during the 1972-? period
have been contaminated with talc, M'urther-
mote, tissue histologically elassiited as statch
granulomata and showing the classical rounded
starch particles with Maltese-cross birefring¬
ence was shown to contain talc. The analvses
were undertaken using the highly sophisticated
electron microscope micro-analyser (EMMA-I,
AMD and it was obvious that only such pro¬
cedures would localise and identify these
extremely small particles which contaminated
tin gloves. At that time glove-manufacturing
processes were probably inelVective in pic-
venimg access of talc, but continued quality
control by these laboratories of subsequent
batches of gloves has indicated that the ma)or
Hi ins! 1 matiufact urer has been able to eliminate
ihe problem and such gloves produced in the
UK arc uncont.annulled.
It was stated then' that certain samples of

American-prodneed gloves which were investi¬
gated were heavily contaminated with talc,
More extensive investigations have confirmed
these e-otiei' observations, clearly indicating
thai laic contamination of the Amencan

elov cs is a common occurrence,with sometimes
as much as o 10 partictescm1 surface area.
Mui thermore. sonic samples were heavily
contaminated won a diatoniaceous materia!.
shown in tin k.ompanying figure together
wiih the typical .pectral analysis indicating
rhe siliceous nature of the powder.

\ l vi'ic.U Jidloiiutvcus particles recovered from (tie
.urui.s .urss.: el. v.- \S7S0 !b spectral analysis
in.n: li.W.MA 1 >ti,.vwna tin: htjth silicon content of t!us
particle,. file ...ppcr ,-,ak, .Ns and K£s) relate tu the
cm grid.

It is obvious thai more careful control i»

necessary of the available procedures for the
quality control of the materials used in the
manufacturing processes concerned in surgical
glove product ion. Since some of these Ameri¬
can gloves are now available on the British
market, care should be taken by the medical
profession in their particular choice.

VI' J Henderson
A V Maskkll
K Griffiths

Ten.tvus Inautaic f..i t jn.cr Research,
Viclsh Nutietut s, h.'i.i -I Medicine

W T Bark

Department vi Maih,it,.gv
University 1 iospiui .-1 Wales, CardilT

1 HcnderM.it, vc j, tjarf, 1*175, i, 1419.
1 tcnders.'n, \v j. ., ...' Itrmsh toumul 6J Surgtry,

'•I75, 62, 941.

Doxorubicin carduiioxscity: role of
digoxin in prevention

Sir. We would tike to reply to the various
critic sine made bv Dr C J Williams (21
Jamie v, p t in-, in relation to our recent
article * December, p 14471.

In his letter Dr Williams states that "evi¬
dence on the piote. tive effects of digoxin
given before doxorubicin in animal models is
conflicting It ;s unfortunate that none
ol : -, three references cited makes any mention
01 the use o! digoxin given before doxorubicin
in ordcj to pi event cardiomyopathy in animals.
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a multidisciplinarv team approach will, as a matter of course,
consider how a patient is going to manage at home.
The situation is not all gloomy. The Continuing Care Pro¬

ject is currently recording and sharing examples ofwhat it sees
as "good practices" which should help discharge run smoothly,
and this report will be available shortly. Going Home?, an
analysis of why aftercare arrangements broke down in two
Liverpool hospitals is available, price £\, from 20 Westfield
Road. Birmingham 15.
Continuing Care Project,
Department ofGeriatric Medicine,
Queen Elizabeth Hospital,
Birmingham B15 2TH JANE GlBBINS

TALC IN NORMAL AND MALIGNANT OVARIAN
TISSUE

Sir,—A recent publication from the U.S. Department of
Commerce/National Bureau of Standards (N.B.S. special pub¬
lication 506) includes a photocopy of a 1977 Lancet editorial1
with its message that our 1971 report of talc in human ovarian
cancer tissue had not been confirmed. This is not so. Your edi¬
torial1 was concerned with the cancer hazard of cosmetic talc.
It recognised the fact that talc causes granulomas when intro¬
duced into tissues or body cavities3 but emphasised that expo¬
sure to cosmetic talc did not appear to predispose to pulmonary
fibrosis. After discussing the incidence of cancer in talc miners
and millers and the lack of evidence that inhalation of talc
caused mesotheliomas in laboratory animals, you concluded
that normal exposure to cosmetic talc did not lead to cancer
or to loss of lung function, and that exposure did not present
a health hazard. In this editorial you cited the 1971 paper
from these laboratories3 which stated that certain tumours of
the ovary and uterine cervix, as well as some normal ovarian
tissue, contained particles of talc. You suggested that the Car¬
diff report had been "greeted with scepticism because the par¬
ticles were not positively identified as talc, because their pre¬
sence did not prove causation, and because they might have
found their way on to the sections as a result of contamination
of tissues after removal from the body". You then cited a
review4 by Dr G. Y. Hildick Smith, professor of paediatrics,
Rutgers Medical School, New Jersey and also medical director
of Johnson & Johnson, in which he stated that subsequent
mineral analysis failed to confirm that the particles were talc,
and you concluded that the passage of six years without publi¬
cation of confirmatory evidence indicated that the early scepti¬
cism was well founded.
The evidence that the contaminating material was talc was

very strong. It was based on an extraction-replication tech¬
nique established to investigate this very type of tissue con¬
tamination. The Tenovus Institute has an electronmicroscope
microanalvser ('EMMA-4' A.E.I. Ltd., Manchester), with
combined solid-state energy dispersive detector and crystal
spectrometers, an ideal tool for analysing such particles. Sub¬
sequent reports by our group confirmed that the material in
the human ovaries and uterine tissue was talc.5"8 Talc was also
identified in Japanese stomach tumours.'

We merely drew attention to the presence of talc in the tis-

1. Lancet. 1977, i, 1348.
2. Bluemei. G., Piza, F., Zischka-Kanorsa, W. IJPien. klin. VTschr. 1962, 74, 12.
3. Henderson, \\". J.. Joslin, C. A. F., Turnbull, A. C., Griffiths, K. J. Obsiet.

Gyncec. Br. Commomv. 1971, 78,266.
4. Hildick-Smith, G. V. Br. J. Med. 1976.33, 217.
5. Griffiths. K.. Henderson. W. J.. Chandler, J. A.. Joslin, C. A. F. Postgrad.

wedJ. 1973,49, 69.
6. Henderson. W. J. Micron. 1972, 3, 131.
7. Henderson. W. J., Chandler. J. A., Blundell. G., Griffiths. C., Davies, J. D.

J. Microscopy, i973. 99, 183.
8 Henderson, V. J., Griffiths. K. it: Gynaecological Malignancy: Clinical and

experimental studies edited by M. G. Brush and R. \\". Tavlorj; p. 225.
London, 1975.

9. Henderson. W. J., Evans, D. M. D.. Davies, J. D., Griffiths, K. Envir. Res.
1975.9,240.

sue and did not suggest that it was the cause of malignancy.
Moreover, since the necessary precautions had been taken, we
were confident that talc had not contaminated the tissue dur¬
ing processing. There was, however, concern that the sur¬
geon's gloves could have been contaminated with talc. Most
samples for analysis were carefully taken from regions deep
within the tissue. However, we did find that certain types of
surgeons' gloves were indeed contaminated with talc1"'" dur¬
ing the period of investigation. The principal British manufac¬
turer has now eliminated this contamination, but the finding
necessitated reassessment of the talc content of ovarian tissue
removed by surgeons wearing non-contaminated gloves. Fur¬
thermore, tissue was handled by fine forceps only and was ana¬
lysed by an oxvgen-incineration procedure, which allows better
quantitation of the foreign particles.13 Again, however, only
tissue samples from deeper regions within the ovary were ana¬
lysed.
Talc was found in all samples—-three normal ovaries, three

cystic ovaries, and three adenocarcinomas. The amounts
ranged from 6900 to 55 100 particles/g wet weight tissue for
normal tissue, from 17 400 to 24 300 for the cystic ovaries,
and from 6400 to 24 500 in the tumours.
Talc therefore is present in some human ovaries. Your edi¬

torial,1 referring to the meeting of so-called independent scien¬
tists with the Johnson & Johnson group in the M.R.C.
Pneumoconiosis Unit in Cardiff, is probably correct in stating
"there is no reason to believe that normal consumer exposure
to cosmetic talc has in the past led to cancer" when related to
lung or peritoneum. However, the potentially harmful effects
of talc on a highly differentiated tissue such as the ovary, with
its inter-related cell types and cyclical changes of secretory
activity, should not be ignored." Despite considerable interest
in ovarian carcinoma little is known about its aetiology.

T , r r- „ u J' HendersonIenovus lnstituie for Cancer Research, _ _ u
Welsh National School ofMedicine, * * HAMILTON
Cardiff CF4 4XX K.griffiths

PREVENTABLE RUBELLA DAMAGE

Sir,—It is well for Dr Peckham and her colleagues (Feb. 3,
p. 25S) to emphasise that congenital rubella is now preventable
by measures which are recommended and available but not yet
adequately used. In this laboratory we continue to be amazed
by evidence of medical ignorance in the form of requests for
help by doctors whose wives, daughters, and other close rela¬
tives find themselves pregnant and in contact with suspected
rubella yet ignorant of their immune status. How can we
expect better of the general population than from our own pro¬
fession? Do all employers of women exposed to increased risk
of rubella (most nurses, doctors, teachers, and other staff in
psdiatric, maternity, play-group, and similar organisations)
ensure that their immune status is determined and that correc¬
tive immunisation is encouraged for those found susceptible?
Are all women found susceptible at antenatal examination
offered vaccine post partum? Deafness and other forms of con¬
genital rubella damage should surely now be prevented bv the
means which are to hand.

Regional Virus Laboratory,
Ruchill Hospital,
Glasgow G20 9NB N. R. Grist

10. Henderson, W. J., Melvilie-Jones, C., Griffiths, K., Barr, W. T. Lancet.
1975,i, 1419.

11. Henderson. W. J., Melvilie-Jones, C., Barr, W. T., Griffiths, K. Br. J. Surg.
1975,62,941.

12. Henderson, W. J., Melville-Jones. C., Wilson, D. W., Griffiths, K.J. Histo-
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Metabolism of CI9-Steroids by Foetal Cotyledons from the Bovine
Placenta at Term

C. G. Pierrepoint, A. B. M. Anderson, K. Griffiths and A. C. Turnbull

Tenovus Institute for Cancer Research and Department ofObstetrics and Gynaecology,
The Welsh National School ofMedicine, Cardiff

SUMMARY. Bovine foetal placental tissue has been
incubated in vitro with [4-14C] androstenedione and
[1,2-3H] testosterone. Oestrone and oestradiol-iyfi have
been isolated bearing both labels in low yield. The tissue
showed a very high metabolising ability with regard to
androstenedione (96%) and testosterone (75%), the main
product appearing to be 17a-hydroxyandrost-^-en-T,-one
(iepi-testosterone). Tentative evidence is provided for the
formation ofthe 3 $-sulphoxy derivative ofandrost-^.-ene-
3(3,17M»/.

MATERIALS AND METHODS
cotyledons were removed from the foetal mem¬
branes of a calf immediately after its expulsion from
the vagina. The placental tissue was scraped away
from its fibrous connections and 3 g. chopped tissue
incubated in 24 ml. Krebs-Ringer bicarbonate
glucose solution (pH 7-4) containing 0-05 M nicotina¬
mide, for 2-25 hr. at a temperature of 38-6° in an
atmosphere of 02:C02 (95% : 5%)- The reaction
medium contained the following substrates and co-
factors; 2 pCi [4-14C] androstenedione (56-5 nCi/
pmole, 20 pCi [i,2-3H] testosterone (41-7 pCi/
jrmole, 6 (rmoles NAD, 6 pmoles NADP, 7-9
pmoles ATP, 120 (rmoles di-sodium salt of glucose-
6-phosphate and 6K units glucose-6-phosphate
dehydrogenase.
The radioactive steroids (The Radiochemical

Centre, Amersham) were checked for purity before
use by chromatographing in at least two solvent
systems and scanning radiochromatographically.
The following non-radioactive carrier steroids,

300 pg. of each, were added at the end of the incuba¬
tion period and prior to any extraction procedures;
androstenedione, testosterone, testosterone sulphate,
oestrone, oestradiol-173, oestradiol-i7a and oestriol.
Extraction, fractionation and proof of radio¬

chemical purity of the isolated carrier steroids was
achieved, in general, as described previously (Pierre-
point et ah, 1967) except that the oestrogens were
quantitated by gas liquid chromatography.

The solvent systems employed in the chromato¬
graphic separation of the steroids investigated were
as follows, by volume: I CHCl3: acetone (185 : 15),
II Benzene: chloroform (1 : 1), III Chloroform:
ethanol (190 : 10), IV 4M urea in 3N NH4OH, V
Cyclohexane: ethyl acetate (1 : 1), VI Tertiary
butanol: ethyl acetate: 5N NH4OH (41 : 50 : 20),
VII Cyclohexane: ethyl acetate (150 : 50), VIII
Cyclohexane: ethyl acetate: ethanol (45 : 45 : 10),
IX Benzene: ethyl acetate (180 : 20), X Benzene:
methanol (10 : 1).

RESULTS
Evidence for identification of steroids isolated,

with percentage conversions and substrate transfor¬
mations are shown in the Table.
When purifying testosterone, a marked decrease

in radioactivity occurred after hydrolysis of testo¬
sterone acetate using 2% aq. K2C03. Subsequent
thin-layer chromatography of the hydrolysate and
radiochromatogram scanning (Packard model 7200)
showed the radioactivity in the region of the acetate.
Following more vigorous hydrolysis (dissolving in
o-2 ml. methanol and standing overnight at 370,
with 0-4 ml. o-i N KOH in 70% methanol and
chromatographing on Woelm neutral grade alu¬
mina, the radioactivity was found to correspond with
epi-testosterone. The addition of 100 pg. of this
compound, acetylation, hydrolysis and chromato¬
graphic purification in several solvent systems
followed by specific activity determination provided
good evidence for the formation of this compound
(Table).
The aqueous residue was examined as described

by Pierrepoint (1967). After separation of steroid
sulphates from free steroids on thin-layers of silica
gel in system VI, these conjugates were rechromato-
graphed on Ecteola-coated plates in system IV and
radiochromatographically scanned. A small peak
corresponded to testosterone sulphate whereas a
much larger area of radioactivity nearer the origin
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TABLE

Evidence for the Identification of the Steroids Isolated. Transformation of Substrates and

Formation of Metabolites are given as Percentages of Initial Radioactivity

% formation of metabolites
Steroid investigated Solvent Specific activities and transformaton of
and derivatives system disintegrations/min/n mole substrates

nc 3H 14C 3H

Testosterone I & V 20-44 9,170-0 I
Testosterone acetate VII 19-37 8,863-3 ! 0-43 75'4
Androstenedione I 19-25 8,260-0 JI
Androstenedione I 177-4 93°-l )|
Testosterone I & V I78-3 935-9 96-1 2-55
Testosterone acetate VII 163-9 845-0 J1

Oestrone V 30-63 89-27 )
Oestrone-3-methyl ether VII 28-09 86-97 0-69 o-54

Oestradiol-3-methy] ether IX 29-54 89-82 )I

Oestradiol-17^ V — - 1I

Oestradiol-i7 |3-diacetate II 3-71 20-03 'i
Oestradiol-i7P-3-methyl ether IX 219 20-41 j 0-07 0-12

Oestrone-3-methyl ether VII 2-69 22-18 >

Oestradiol-1701 V — — —

Oestradiol-i7a-3-methyl ether IX 31-00 43-10

Oestriol VIII — 0 0

Oestriol-3-methyl ether VIII 0 0

Epi-testosterone I & V 762-2 800-2 1
Epi-testosterone acetate VII 722-5 721-5 ,

~6o ~8

Epi-testosterone I & V 75°-3 733-7 >

Testosterone sulphate VI & IV — - }Testosterone 1 0 4-59 , 0 0*01

Testosterone acetate VII 0 4-99 J
Epi-testosterone sulphate VI & IV — — 0 0

Epi-testosterone I 0 0

3f$-sulphoxy-androst-4-en-i7f}-ol VI & IV _

1

Androst-4-ene-3P, i7P-diol III — -

Androst-4-ene-3P,i7P-diol diacetate X — 0 ~0*I2

Androstenedione I — —

Testosterone I —
I

had anRf similar to that of 3 P-sulphoxyandrost-5-en-
17P-0I. The material from this latter region was
eluted and subjected to the solvolysis procedure of
Burstefh & Lieberman (1958). Rechromatography
of the solvolysed material on silica gel showed the
radioactivity to runwith A6- and A4- androstenediols.
Carrier material was added and following acetylation,
oxidation and reduction the radio-activity remained,
after chromatography, with A5-and A4-androstene-
diol diacetates, androstenedione and testosterone,

respectively. The formation of androstenedione
rather than 6-oxo-androstenedione after the oxida¬
tion reaction indicates that the androstenediol had, in
fact, a A4 rather than a A5 configuration. Both with
this compound and with epitestosterone, an exact
evaluation of the degree of formation could not
be achieved due to the late addition of the carrier
material. However, with due consideration to the

average losses known to occur at the various stages
of the procedures, an approximate minimal value
can be assessed (Table).
The oestradiol-i7<x was lost during purification

and information on only one derivative is available.

DISCUSSION
The steroid metabolising ability of the placenta is

of interest with regard to the control of uterine
function during pregnancy. The ruminant has in the
past been considered unusual in that aromatization
of androgens was not demonstrable by in vitro
preparations of this organ and, in fact, provided a
hypothesis for the occurrence of the freemartin
syndrome that is peculiar to this group of animals.
(Ryan et al, 1961).
The work reported here indicates that aromatiza¬

tion does in fact occur, although of a low order, by

»
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the conversion of both testosterone and andro-
stenedione to oestrone and oestradiol-170. Oestrio)
was not formed in the incubation.
Perhaps more importantly was the extent to which

androstenedione (96%) and testosterone (75%) were
metabolised and the formation of epi-testosterone in
considerable yield from each of these substrates

60% and 8% respectively). Lindner (1961) has
previously reported the conversion of androstene¬
dione to this compound by ruminant blood, and,
although no special precautions were taken to wash
residual blood from the cotyledons before incubat¬
ing, it seems unlikely that such a high degree of
metabolism could be accounted for by its presence.
The androgenic activity of epi-testosterone

appears to be almost negligible (Suchowski, i960,
reported by Lindner, 1961; Dorfman & Shipley,
1956) and its formation is possibly concerned with
the protection the placenta affords the mother by
converting potent to less potent androgens in a
situation where the activity of aromatizing enzymes
is low.
Certainly the cow does not allow the unimpeded

passage of androstenedione and testosterone across
its placenta.
The tentative evidence provided for the presence

of sulphating enzymes in the bovine placenta is
interesting with regard to species differences and
particularly when compared with the situation in
man where such an enzyme system appears to be
absent. (Diczfalusy et al. 1965.)
Ainsworth & Ryan (1966), in reporting the

aromatization of androstenedione by the micro¬

somes of the bovine placenta, discussed the proba¬
bility of the presence of an inhibiting factor in the
supernatant fraction. If such a factor were present its
effect was incomplete in the present studies.
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Summary. The metabolism, in vitro, of isotopically-labelled preg¬
nenolone and progesterone by foetal and adult sheep adrenals has been
investigated. Both substrates were almost completely metabolized by
the adult tissue, whereas, in the case of the foetus, only pregnenolone
showed extensive metabolism. The adult adrenal converted pregneno¬
lone mainly to Cortisol, corticosterone and 11-deoxycortisol, whereas
corticosterone was the major product from progesterone. The foetal
adrenal, on the other hand, yielded mainly progesterone from preg¬
nenolone with only a small conversion to the corticosteroids. The
substrate, progesterone, was transformed, in the main, to 11-deoxy¬
corticosterone. No 3/?-hydroxysteroid sulphokinase-transferase activity
was demonstrated in either tissue. The importance of these findings and
the probable pathways involved in the formation of the biosynthetic
products are discussed.

INTRODUCTION

Information on the secretion of Cortisol and corticosterone by the adrenal
cortex of the foetal and adult sheep has appeared frequently in the literature
(Blair-West, Coghlan, Denton, Goding, Wintour & Wright, 1963; Chester
Jones, Jarrett, Vinson & Potter, 1964; Alexander, Britton, James, Nixon,
Parker, Wintour & Wright, 1968), but little attempt has been made to study
the principal pathways for their biosynthesis in this species. Vinson (1967) and
Vinson & Whitehouse (1967) have assessed the role of21-hydroxypregnenolone
in the synthesis of corticosterone from pregnenolone.
Moreover, interest in corticosteroid production by the ovine foetal adrenal

gland has been aroused by the work of Liggins (1968), who showed that
parturition could be induced prematurely in the sheep by the continuous
infusion over several days of Cortisol or synthetic corticotrophin into the lamb
in utero. A recent paper by Bassett & Thorburn (1969) also implicated foetal
adrenal corticosteroid secretion in the initiation of parturition in the sheep.
As part of a programme of investigation on the metabolism of steroids by

99
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the pregnant sheep, its foetus and placenta, this initial study is concerned with
the biosynthesis of various steroids, particularly corticosteroids, from preg¬
nenolone and progesterone by both foetal and adult sheep adrenal tissue
incubated in vitro. The findings will form a basis for future work on the meta¬
bolism of steroids in these tissues at different stages of gestation and under the
influence of various stimuli.

MATERIALS AND METHODS

Adrenal tissue
The adrenal glands of combined weight, 224 mg, were taken from a female

sheep foetus at 122 days' gestation immediately following its removal from the
uterus.

Adult sheep adrenal tissue was obtained at laparotomy under general
anaesthesia (pentobarbitone sodium followed by halothane and oxygen) from
two ewes, one non-pregnant, the other 104-days pregnant.

Preparation of tissues and conditions of incubation
The adrenal glands were placed in polythene bags and transported to the

laboratory on crushed ice. Experimental work on the tissues was begun within
1 hr of their removal from the animals. The cortical tissue was separated from
its capsule and the medulla, and finely chopped using a safety razor blade.

(a) Foetal adrenal tissue. The total amount of foetal cortical tissue (128 mg)
was incubated in T4 ml Krebs-Ringer bicarbonate-glucose medium for 2 hr
at 37° C and shaken in an atmosphere of 95% 02:5% C02. The incubation vessel
contained 55-4 m-yumoles each of [4-14C]progesterone (36-1 /m/^mole) and
[7a-3H]pregnenolone (450 ^c//rmole).
(b) Adult adrenal tissue from a non-pregnant ewe. The total mass of chopped

cortical tissue (2-1 g) was incubated in 25 ml Krebs-Ringer bicarbonate-
glucose medium with 83-3 m-pmoles [4-14C]pregnenolone (24-0 ^c//imole),
4-4 m-/mioles [7a-3H]progesterone (2-26 mc//(mole) and 4-4 m-^moles un-
labelled 17a-hydroxypregnenolone. The incubation conditions were identical
to those for the foetal adrenal tissue. The unlabelled 17a-hydroxypregnenolone,
which was equimolar to the [7a-3H]progesterone, was added to the incubation
to avoid creating an early imbalance in the two major pathways to Cortisol
from pregnenolone.

(c) Adult adrenal tissue from a pregnant ewe. Cortical tissue (1 g) was finely
chopped and then homogenized in 4-0 ml 0-25 m-sucrose containing nicotina¬
mide (0-12 m) in a Philpot & Stanier (1956) homogenizer. Three 1-ml portions
of homogenate were incubated with (i) 10 m-/mioles [7a-3H]pregnenolone, (ii)
0-25 m-/miole [7a-3H] 17a-hydroxypregnenolone and (iii) 10 m-yumoles [7a-3H]-
dehydroepiandrosterone for 1 hr at 39° C, in 3 ml incubation medium. This
medium consisted of a phosphate buffer, pH 7-0, containing 0-025 m-mag-
nesium sulphate, 0-02 m-potassium sulphate and 0-01 m-ATP (Pulkkinen,
1966).
The purity of radio-active steroids used as substrates in the incubations was

checked by diluting samples with carrier material and chromatographing on
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thin layers and on paper in a number of solvent systems. The specific activities
of the free steroid and of two derivatives formed from it, showed the material
to be not less than 99% pure. Radio-active material on chromatograms was
detected using a Packard Model 7201 radiochromatogram scanner.

Extraction andfractionation of steroids
Following the addition of acetone to the incubation, various non-radio¬

active carrier steroids were added to the mixtures:
Incubation (a). The following carrier steroids (500 fig of each) were added

to the incubation: pregnenolone, 17a-hydroxypregnenolone, progesterone,
17a-hydroxyprogesterone, 20a-hydroxy-pregn-4-en-3-one, (20a-dihydroproges-
terone), 20/?-hydroxypregn-4-en-3-one (20/J-dihydroprogesterone), 11-deoxy-
corticosterone (DOC), corticosterone, 11-deoxycortisol, Cortisol, cortisone,
dehydroepiandrosterone (DHA), androstenedione, and the sulphates of preg¬
nenolone, 17a-hydroxypregnenolone and DHA. After homogenization in a
Silverson mixer, the mixtures were filtered, washed three times with acetone,
and the extracts and the washings dried under reduced pressure. Steroids were
then extracted and fractionated as previously described (Cameron & Griffiths,
1968; Griffiths, Cunningham & Cameron, 1968).
Incubation (b). Carrier steroids, 30 fig of each, were added as follows: preg¬

nenolone, 17a-hydroxypregnenolone, 21-hydroxypregnenolone, progesterone,
17a-hydroxyprogesterone, DOC, corticosterone, 11-deoxycortisol, Cortisol,
cortisone and the sulphates ofpregnenolone, 17a-hydroxypregnenolone and DHA.
The mixture was homogenized, filtered and washed with acetone and the
extract and pooled washings were dried. The extract was then divided into two
equal portions. A further 300 fig of each of the carrier steroids detailed above
were added to one half of the extract, and 600 fig of each to the other half.
The carriers were then isolated as for incubation (a).
Incubation (c). To each of the three incubations, 500 fig of the following carrier

steroids were added: (i) the sulphates of pregnenolone, 17a-hydroxypregneno-
lone and DHA; (ii) 17a-hydroxypregnenolone sulphate and DHA sulphate;
(iii) DHA sulphate.
A conjugated steroid fraction was isolated from each incubation and sub¬

jected to chromatography in the solvent system of Pierrepoint (1967). The
steroid sulphates were eluted, solvolysed (Burstein & Lieberman, 1958), and
300 fig of carrier androst-5-ene-3/?,17/?-diol (androstenediol) added to each of
the solvolysis extracts. In each incubation, the specific activities of the free
steroid and its acetate were measured.

Chromatography, isolation and measurement of steroids
Thin layer chromatography on Merck silica gel HF254/366 was used to

isolate the majority of the steroids in the various fractions. Steroids and their
derivatives were detected and extracted from silica gel by procedures previously
described (Fahmy, Griffiths, Turnbull & Symington, 1968).
The separation of 20a- and 20/i-dihydroprogesterone was achieved by paper

chromatography on Whatman No. 1 paper in the solvent system light petrol¬
eum (b.p. 80 to 100°C): methanol: water (10:9:1). All other steroids separated
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on thin layers. Steroids were measured after elution and derivatives prepared
by procedures already established (Griffiths, Grant & Whyte, 1963; Griffiths,
Grant, Browning, Cunningham & Barr, 1966). Radio-activity was measured
by a Nuclear Chicago liquid scintillation spectrometer (Model 6860). The
observations that the specific activities of a steroid and two of its derivatives
differed by not more than 10% was taken as satisfactory evidence for radio¬
chemical purity. The mean of the specific activities was used to calculate the
percentage conversion from the original steroid incubated.

Assessment of relative magnitude of alternative metabolic pathways
A mathematical formula was derived by Cameron, Beynon & Griffiths

(1968) for a semi-quantitative assessment of alternative metabolic pathways
from pregnenolone to Cortisol in human adrenal tissue incubated in vitro,
derived from that described by Kopin (1963). It was shown that if the sum of
the percentage conversions to 17a-hydroxyprogesterone+11-deoxyCortisol+
Cortisol+ cortisone is C2 + EC2 (Text-fig. 1) and that to DOC+ corticosterone
is C3 + SC3 then

_ JC3 + XC3I L JC2 + ZC2

where fs2(c2+xc2) is the fraction of C2 and compounds formed from it through
the intermediate B2, i.e. progesterone, and 14C/3H ratios are based on the total
radio-activity isolated in the compounds referred to as C2 + SC2 and C3 + IC3
(Text-fig. 1).
This formula was applied to the results obtained in Incubation (b) with adult

sheep adrenal tissue.

RESULTS

The studies on the adult sheep adrenal (Incubation (b)) show that the sub¬
strates [4-14C]pregnenolone and [7a-3H]progesterone were almost completely
metabolized, only 1 -3% and 4-6%, respectively, remaining at the end of the
incubation period (Table 1). Approximately 15% of the incubated pregneno¬
lone was converted to corticosterone, and 12% and 21% to 11-deoxyCortisol
and Cortisol, respectively. These were the major products. In contrast to this,
however, only small yields of the 17-hydroxylated compounds were obtained
from progesterone, namely 0-04% 17a-hydroxyprogesterone, 0-19% 11-
deoxycortisol, 0-64% Cortisol and 0-16% cortisone, whereas 32-3% of the pro¬
gesterone was converted to corticosterone. Substitution of the percentage
conversion figures of [4-14C]pregnenolone and [7a-3H]progesterone to
C2 + SC2 and C3 + IC3 and hence the derivation of the value of fB2(c2+xc2) in"
dicate that approximately only 1-5% of the 17-hydroxylated metabolites was
formed from pregnenolone by way of progesterone (Text-fig. 1).
During the incubation of human adrenal tissue in vitro, steroids are secreted

into the medium. These are derived from endogenous precursors, notably
cholesterol, regardless of the exogenous radio-active precursors added. This
contribution by the tissue to the total mass of steroid isolated must either be
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negligible, or measured, if reverse isotope dilution analysis is to be accurate.
The endogenous steroid output was determined using principles described for
the human adrenal cortex by Cameron & Griffiths (1968) from the results of
Incubation (b) (Adult adrenal, Table 1). There was no evidence for significant
endogenous steroid synthesis over the 2-hr incubation period.
The experiment with the foetal sheep adrenal tissue showed that the [7a-3H]-

Table 1

percentage radio-activity found in isolated steroids after simultaneous

INCUBATION of 55'4 m-/IMOLES EACH of [4-14c]PROGESTERONE (36*1 jUC//IMOLe) AND
[7a-3h]pregnenolone (450 juc/jimole) with foetal sheep adrenal tissue, and
of 83-3 m-/imoles [4-14c]pregnenolone (24'0 /zc//zmole) and 4'4 m-jumoles each of
[7cc-3h]progesterone (2-26mc//imole) and unlabelled 17oc-hydroyxpregnenolone

with adult sheep adrenal tissue

Steroid isolated

% Radio-activity found in isolated steroids

Foetal adrenal Adult adrenal

From From From pregnenolone From progesterone
pregnenolone progesterone (•) (t) (•) (t)

Pregnenolone 3-0 0 1-3 1-3 0 0
17a-Hydroxypregnenolone 0-06 0 3-7 3-6 0 0
21 -Hydroxypregnenolone — — 0 0 0 0
Progesterone 41-6 66-6 0-24 0-26 4-6 4-5

17a-Hydroxyprogesterone 3-4 1-7 0-78 0-65 0-04 0-04

20a-Dihydroprogesterone 0-74 1-1 — — — —

20/?-Dihydroprogesterone 0 0 — — — —

DOC 1-82 12-4 4-6 4-0 4-6 4-2
Corticosterone 0-32 1-9 14-7 15-2 32-3 33-9
11-Deoxycortisol 1-9 2-4 12-7 11-9 0-19 0-15
Cortisol 0-27 0-20 21-5 21-5 0-64 0-73
Cortisone 0 0 0-58 0-45 0-16 0-17
DHA 0-02 0 — — — —

Androstenedione 0-17 0 — — — —

Pregnenolone sulphate 0 0 0 0 0 0
17a-Hydroxypregnenolone
sulphate 0 0 0 0 0 0

DHA sulphate 0 0 0 0 0 0

* Half of extract to which 300 fig of carrier steroids were added,
t Half of extract to which 600 fig of carrier steroids were added.
— Not investigated.

pregnenolone was extensively metabolized (~ 97%) and evidence was ob¬
tained for the formation of the following free steroids: 17a-hydroxypregneno-
lone, 17a-hydroxyprogesterone, 20a-dihydroxyprogesterone, DOC, corticos-
terone, 11 -deoxycortisol, Cortisol, DHA and androstenedione. The yields of
Cortisol and corticosterone from pregnenolone were small, 0-27 and 0-32%
respectively. Only 34% of the progesterone was metabolized, and comparison
of the conversions of pregnenolone and progesterone to the 17-hydroxylated
steroids investigated suggests that, in contrast to the adult, 11-deoxycortisol
and Cortisol in foetal tissue may be formed from pregnenolone by way of
progesterone and 17a-hydroxyprogesterone.
An interesting finding from these incubations in both adult and foetal sheep

adrenals was their apparent inability to form the sulphates of pregnenolone,
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17a-hydroxypregnenolone and DHA, even when optimal conditions for such
enzyme systems were provided. Although pregnenolone sulphate from Incu¬
bation (c) (i) was lost at the solvolysis stage, there was no evidence for its
formation from Incubations (a) and (b).
Table 1 shows that although, in the foetal adrenal, most of the radio-activity

from the substrate progesterone was accounted for in the steroids isolated
(86%), this was not the case for the adult adrenal (42%). With regard to the

Cholesterol

[l4c] Pregnenolone

I7a-0H Pregnenolone [3h] Progesterone {Bz)

DHA

Androstenedione

17a-OH progesterone (C2)

I I - Deoxycortisol

Cortisol

Cortisone

DOC (C,)

Corticosterone |IC3I

da

Text-fig. 1. Pathways of corticosteroid biosynthesis showing relationship of the steroids
to the components of the formula (see text) derived from that of Kopin (1963).

substrate pregnenolone, only 53% and 60% of the radio-activity was recovered
in the steroids isolated from the foetal and adult glands, respectively. An attempt
was made in the foetal adrenal incubation to identify the unknown metabolites
of pregnenolone using radiochromatographic scanning following chromato¬
graphy on thin layers of silica gel and on paper. One large radio-active peak
of greater polarity than any of the steroids investigated eventually resolved into
a series of smaller peaks when re-chromatographed in a more polar solvent
system.

DISCUSSION

The present investigations show extensive metabolism of [4-14C]pregnenolone
and [7a-3H]progesterone by adult sheep adrenal tissue in vitro. Furthermore, it
was shown that 54% and 38%, respectively, of these substrates were converted
to corticosteroids, but of apparently greater importance was the demonstration
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that Cortisol (21%) was the major metabolite formed from pregnenolone,
whereas progesterone was transformed mainly to corticosterone (32%). Since
corticosterone was formed from both precursors in relatively high yield, in
contrast to Cortisol which was produced in any quantity only from pregneno¬
lone, our in vitro findings are at variance with in vivo studies which have shown
that Cortisol is secreted in very much greater amounts than corticosterone by
the adult sheep adrenal (Blair-West et al., 1963; Chester Jones et al., 1964;
Alexander et al., 1968; Bassett & Hinks, 1969). These findings suggest that, in
vivo, the sheep adrenal gland may use pregnenolone in preference to progester¬
one for the synthesis of these corticosteroids. In the adult adrenal incubation,
the prime interest was to assess the formation of corticosteroids and little attempt
was made to identify other metabolites. Identification of these unknown
metabolites of pregnenolone is a subject of our continuing investigations.
Text-figure 1 indicates the two principal pathways which have been deter¬

mined for the biosynthesis ofCortisol in the human adrenal cortex, one involving
17-hydroxylation of pregnenolone followed by 3/?-hydroxysteroid dehydro-
genation and A5-A4 isomerism to 17a-hydroxyprogesterone, the second re¬
quiring the conversion of pregnenolone to progesterone with subsequent
17a-hydroxylation to give 17a-hydroxyprogesterone. The results in the adult
sheep adrenal show that most of the incubated progesterone was converted to
DOC and corticosterone (36-9%), whereas only 1-03% was transformed to
17a-hydroxyprogesterone, 11-deoxycortisol, Cortisol and cortisone. This sug¬
gests that Cortisol is formed by way of 17a-hydroxypregnenolone and substi¬
tution of the conversion figures into the equation described earlier indicates
that only a small amount of the Cortisol is formed from pregnenolone by way
of progesterone. Criteria for the validity of the formula are not strictly met in
an in vitro system, but nevertheless, even with allowance for reasonable errors,
derived figures suggest that the biosynthetic pathway for 17-hydroxysteroid
formation from progesterone is not active. Any progesterone formed in the tissue
is rapidly converted to the 17-deoxycorticosteroids. These results are very similar
to those determined for human adrenal tissue (Cameron & Griffiths, 1968).
Although Vinson (1967) showed that the pathway pregnenolone ►

21-hydroxypregnenolone ——> DOC was concerned in the synthesis of corti¬
costerone, there was no radio-activity isolated in 21-hydroxypregnenolone in
the adult sheep incubation studies reported here. However, the disparity
between the 3H:14C ratios of progesterone and the metabolites DOC and
corticosterone, would support the concept of a pathway from pregnenolone
to corticosterone which does not involve progesterone. Since no radio-activity
accumulated in the biosynthetic intermediate, 21-hydroxypregnenolone, the
error in the mathematical assessment of the activity of the metabolic pathways
will be relatively small.
In the adult sheep adrenal incubation in which the steroid extract was

halved and different amounts of carrier steroids added, the results indicated
that there had been no significant endogenous formation of steroids during the
time of incubation. This may not be surprising since the sheep has a cholesterol-
poor adrenal cortex (Symington, 1960; Griffiths, 1960; Lloyd, cited by Gans
& Shaefer, 1968).
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These experiments have also demonstrated the ability of the foetal sheep
adrenal, at 122 days' gestation, to metabolize pregnenolone and progesterone
in vitro to a variety of steroids. The large conversion of [7a-3H]pregnenolone to
progesterone (Table 1) confirms the findings of Vinson (1967) that this
A5-3/?-hydroxysteroid dehydrogenase-isomerase is present in the adrenal of the
sheep foetus.
The results obtained with the foetal adrenal suggest that, not only was the

progesterone transformed as efficiently to the 17a-hydroxycorticosteroids as
was pregnenolone, but that it was itself formed in good yield from this A5
substrate. The pathway pregnenolone > 17oe-hydroxypregnenolone *
17a-hydroxyprogesterone ► 11-deoxycortisol ► Cortisol cannot then be
considered the favoured route for Cortisol synthesis from pregnenolone in the
sheep foetal adrenal at this stage of pregnancy. Of further interest was the
observation that 0-17% of the pregnenolone was converted to androstenedione
compared with 0-27% to Cortisol, whereas no androstenedione was formed
from progesterone, suggesting that DHA and not 17a-hydroxyprogesterone
may be the immediate precursor of androstenedione. The yields ofprogesterone
from pregnenolone and of 11-deoxycortisol and DOC from both pregnenolone
and progesterone suggest that the 17a-hydroxylating and 11 /J-hydroxylating
enzyme systems are relatively inactive at this stage of gestation. The findings in
the adult sheep adrenal, on the other hand, suggest a deficiency of only a
progesterone 17a-hydroxylase. This interpretation is in contrast to that of
Vinson & Whitehouse (1967), who found little difference in the steroid bio-
synthetic pathways of foetal and adult sheep adrenals.
The studies with minced foetal and adult sheep adrenal tissue failed to

demonstrate steroid sulphokinase activity. It appears, therefore, that the sheep
adrenal, in marked contrast to the human adrenal, does not synthesize DHA
sulphate which is so closely involved in oestrogen synthesis in the human
foeto-placental unit (Bolte, Mancuso, Eriksson, Wiqvist & Diczfalusy, 1964).
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Combined foetal and maternal placental tissues
were removed from the uteri of two sheep after
hysterectomy on days 122 and 130 of gestation
respectively.
The tissues were finely chopped and 4g of each

was incubated in 24ml ofKrebs-Ringer bicarbonate-
buffered glucose solution (Cohen, 1957) at 39.5°C
for 2h with equimolar amounts of the following
isotopically labelled substrates: (a) 122-day tissues,
2/rCi of [4-14C]testosterone (29.2mCi/mmol) and
20p.Ci of [7a-3H]androstenedione (2.92mCi/mmol);
(6) 130-day tissue, 20/xCi of 17a-hydroxy[l,2-3H]-
androst-4-en-3-one (epitestosterone) (2.92mCi/
mmol) and 14.0 /xg of non-radioactive androstene-
dione. Incubations were stopped by the addition
of 60ml of acetone and refrigerated at —15°C.
Non-radioactive carrier steroids, listed in Table 1,
were added before homogenization and extraction
by the method described by Pierrepoint, Galley,
Griffiths & Grant (1967). Fractionation, isolation
and proof of radiochemical purity of the carrier
steroids was achieved as described previously
(Pierrepoint et al. 1967; Pierrepoint, Anderson,
Griffiths & Turnbull, 1969).
Steroids were chromatographed on thin layers of

Merck silica gel HF253/366J unless otherwise stated,
with the following solvent systems: I, chloroform-
acetone (37:3, v/v); II, cyclohexane-ethyl acetate
(1:1, v/v) ; III, cyclohexane-ethyl acetate (3:1,
v/v); IV, benzene-chloroform (1:1, v/v); V, cyclo¬
hexane-ethyl acetate-ethanol (9:9:2, by vol.);
VI, benzene-ethyl acetate (9:1, v/v). Table 1
provides evidence of the radiochemical purity of the
steroids isolated and the particular solvent systems
employed in their separation: percentages of initial
radioactivity associated with the steroids investi¬
gated are in parentheses.
This study of steroid metabolism by the sheep

placenta provides information on both oestrogen
formation and the interconversion of the CI9
steroid substrates incubated.
The isolation of radioactive epitestosterone is, in

particular, noteworthy. The only previous report
of its synthesis by placental tissue followed an
investigation of steroid metabolism by bovine

foetal cotyledons at term (Pierrepoint et al. 1969),
although, with regard to the species, sheep whole
blood has shown the ability to form this steroid
from androstenedione (Lindner, 1961, 1965). Its
presence as a metabolite from incubation studies of
tissues from other animals has also been reported
(see Blaquier, Dorfman & Forchielli, 1967). These
authors indicated that, from their own work,
testosterone was the favoured substrate for the
formation of epitestosterone. This is in contradis¬
tinction to the results reported here, where only a
3.86% formation from testosterone was achieved
as compared with 16.5% from androstenedione.
The equilibrium of the reactions testosterone ^
androstenedione ^ epitestosterone obviously fav¬
ours the latter in the sheep placenta. Dorfman &
Shipley (1956) reported that epitestosterone was
practically devoid of androgenic activity and
consequently no biological importance has been
assigned to it. It is particularly pertinent therefore
to report that the premature expulsion of the sheep
foetus has been induced by the infusion of epi¬
testosterone at the rate of 1mg/day for 6 days into
the intact lamb in utero. Further to this, doubly
labelled epitestosterone has been isolated from the
myometrium of the pregnant sheep after the short-
term perfusion of the placenta in situ with [4-14C]-
androstenedione and dehydro[7a-3H]epiandro-
sterone (G. Rossier, C. G. Pierrepoint, A. B. M.
Anderson, K. Griffiths &A. C. Turnbull, unpublished
work).

Oestrogens were formed from each of the radio¬
active precursors, with oestrone predominating.
Oestriol from either incubation was found not to
be radioactive. Incubations of androstenedione
with sheep placental preparations have previously
been reported with a similar formation of oestrogens
(Ainsworth & Ryan, 1966), although these authors
were not able to conclude whether neutral or phen¬
olic 17a-hydroxy steroid dehydrogenase enzymes
had been active. They did not look for epitesto¬
sterone. The present information suggests direct
aromatization of the three substrates to the corre¬

sponding oestrogens, with the consequent greater
formation of oestradiol-17a from epitestosterone.
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Table 1. Details of the steroids investigated, the derivatives formed and the solvent systems employed in their
purification

Specific radioactivities are given as d.p.m./nmol and the percentages of the initial radioactivity associated
with the isolated steroids are given in parentheses.

Incubation (a)

Compound isolated and Solvent
derivative formed systems

Testosterone I and II*
Androstenedione II
Testosterone acetate III*

Androstenedione I and II
Testosterone II
Testosterone acetate II

Epitestosterone I and II*
Androstenedione II

Epitestosterone acetate III*
Oestrone I and II
Oestrone acetate III
Oestrone 3-methyl ether III

Oestradiol-17/3 I and II
Oestradiol-17/3 diacetate IV
Oestradiol-17/3 3-methyl VI
ether

Oestradiol-17a I and II
Oestradiol-17a diacetate IV
Oestradiol-17a 3-methyl VI
ether

Oestriol V

From [4-14C]-
testosterone

1981.2
1816.2 (52.7)
1996.4

158.2
161.6 (4.33)
152.7

142.5
137.2
144.2

158.1
149.2
153.4

18.29
18.05 (0.53)
18.02

(3.86)

(4.47)

5.56
4.87
4.58

(0.14)

(0)

From [7a-3H]-
androstenedione

127.8
127.9
126.2

2420.5
2438.8
2343.0

3282.5
3106.5
3253.4

1464.5
1323.8
1401.3

33.59
33.47
34.02

(0.65)

(12.4)

(16.5)

(7.65)

(0.18)

54.12
57.59 (0.30)
56.10

0 (0)

97.3
100.9
99.2

Incubation (b)

From [1,2-3H]-
epitestosterone

3.82
3.88 (0.02)
4.14

359.7
354.3 (1.54)
348.0

6548.0
6604.0 (27.9)
6197.6

776.7
844.6
813.9

41.84
41.30 (0.38)
40.62

(7.48)

(0.90)

(0)
* Run on Merck alumina HF,

This sequence of biosynthetic events, the formation
of epitestosterone and its further transformation
into oestradiol-17a, may have great significance
in the control ofmyometrial function in the sheep.
Certainly oestradiol-17a is quantitatively the most
important oestrogen in pregnant-sheep urine
(Fevrc & Rombaut, 1966), it reaching a maximum
excretion value at term.
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Some aspects of steroid metabolism in the sheep placenta. By C. G.
Pierrepoint, A. B. M. Anderson, K. Griffiths and A. C. Turnbull. The
Tenovus Institute for Cancer Research and the Department of Obstetrics and
Gynaecology, Maternity Hospital, Cardiff

Concurrent investigations have been commenced using in-vivo and in-vitro tech¬
niques to investigate steroid synthesis and metabolism in the sheep placenta, the
isolated maintained foetus and individual foetal organs during the last fifth of
gestation with regard, in particular, to changes commensurate with maturity.
Placentomes containing both foetal and maternal tissues have been incubated with

isotopically labelled pregnenolone and progesterone. A comparison of metabolism has
been achieved by taking tissues at 120 days and 140 days of gestation.
The degree of transformation of pregnenolone by each tissue was comparable

(65-2 and 60-1 % respectively) although the formation of progesterone at 140 days
(9-6%) was considerably less than that at 120 days (23-1 %). Progesterone, on the
other hand, was more extensively transformed by tissue in the later stages, 80-6% as
compared with 64-4%, with a concomitant increase in the formation of 20a-
dihydroprogesterone (42-2 % as compared with 38-4%).
Other steroid-metabolizing enzymes demonstrated were 17a-hydroxylase and

17,20-lyase with regard to both pregnenolone and progesterone. Ring A reduction
by both 5a- and 5/?-reductases was evident as was 3a- and 3/?-hydroxysteroid de-
hydrogenation.
Further placental tissue in the last fifth of pregnancy was incubated with equi-

molar amounts of radioactive androstenedione and testosterone. Each substrate was

well metabolized with the formation of epitestosterone from each substrate (16-5 and
3-8% respectively) complying with the previously reported conversion in the term
bovine placenta (Pierrepoint, Anderson, Griffiths & Turnbull, 1969). Oestrone was the
major oestrogen formed with lesser amounts of oestradiol-17a and oestradiol-17/?.
Oestriol was not formed.
It was further shown that isotopically labelled epitestosterone was converted by

ovine placental tissue to the three oestrogens previously formed, with oestrone again
predominating but with a larger conversion to oestradiol-17a indicating perhaps a
direct aromatization of the substrate.
It has been shown in this laboratory that androstenedione is formed by the main¬

tained isolated sheep foetus (Pierrepoint et al. 1970) from infused pregnenolone and
progesterone and that the foetal adrenals are the likely site for its formation (Ander¬
son, Pierrepoint, Griffiths & Turnbull, 1970). The presence of this steroid in foetal
blood has been demonstrated using electron-capture detection (unpublished data).
These results were discussed with regard to age-changes and steroid levels in blood

and urine of the ewe and in foetal plasma.
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This paper reports the metabolism of labelled androstenedione and pregnenolone
by the liver of foetal sheep. Isolation of reduction products was a major feature of
this study.
The livers were removed from sheep foetuses at (a) 129 days', and (b) 143 days'

gestation immediately after Caesarean section under spinal analgesia. The tissue was
maintained at 0 °C until incubated 1 h later. Chopped tissue (2 g) was incubated in
24 ml Krebs-Ringer bicarbonate glucose solution at 39-5 °C in 95% 02:5% C02
with the following: incubation (a), 57-4 nmol each of [4-14C]androstenedione (34-8
mCi/mmol) and [7a-3H]pregnenolone (14-7 Ci/mmol); incubation (b), 57-4 nmol of
[4-14C]androstenedione (34-8 mCi/mmol). Reactions were stopped after 2 h with
acetone containing 500 fig each of the listed carrier steroids (Table 1). The following
were unobtainable as sulphates and were added as free steroids to the conjugate
fraction before solvolysis: 20a-dihydropregnenolone, 5/?-androstane-3/?,17a-diol and
3/?-hydroxy-5/?-androstan-17-one. Steroids were extracted and analysed as described
by Anderson, Pierrepoint, Jones, Griffiths & Turnbull (1970).
Table 1 shows the distribution of radioactivity among the metabolites. There was

extensive metabolism of androstenedione. With liver obtained at 129 days' gestation
the major products were 5/?-isomers: 3a-hydroxy-5/?-androstan-17-one (aetio-
cholanolone) (11-6%), 3/?-hydroxy-5/?-androstan-17-one (36-9%) and its sulphate
(24-7 %). No radioactivity was associated with androsterone or its 3/?-epimer, indi¬
cating that 5/?-reductase activity predominated in the foetal sheep liver. In human
foetal liver, reduction of C19-steroids was similarly observed to be mainly to 5/3-
isomers (Benagiano, Mancuso,Mancuso, Wiqvist & Diczfalusy, 1968). At term in foetal
sheep liver, conversion of androstenedione to aetiocholanolone and its 3/?-epimer was
again extensive (24-1% and 33-7% respectively), and here 5/?-androstane-3/?,17a-diol
was identified (15-2%). Although the androstanediols were not fully investigated, only
5/?-androstane-3/?,17a-diol and 5/?-androstane-3a,17/?-diol were associated with radio¬
activity on radiochromatographic scanning. Identification of this 17a-metabolite of
androstenedione in the foetal sheep liver is of interest in relation to results published
from this laboratory on the metabolism of androstenedione by the ovine placenta,
where the formation of 17a-epimers of testosterone and oestradiol was reported
(Pierrepoint, Anderson, Griffiths & Turnbull, 1970).
The liver possessed active sulphating enzymes, particularly at 129 days' gestation,
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when androstenedione was transformed to 3/?-sulphoxy-5/?-androstan-17-one (24-7%),
although at 143 days' gestation only 2-9% of the radioactivity from androstenedione
was isolated in this compound. Noteworthy was the lack of formation of aetio-
cholanolone sulphate in contrast to the active sulphation of its 3/?-epimer. No
glucosiduronates were formed.

Table 1. Metabolites formed during the incubation of foetal sheep liver with
\A-uG]androstenedione and [7a-3iL]pregnenolone

Percentages of the total radioactivity
incubated in the metabolites from

Androstenedione Pregnenolone

129 days' 143 days' 129 days'
Steroid isolated gestation gestation gestation

Androstenedione 0-9 0-4 003

Pregnenolone 0 — 46-3

17a-Hydroxypregnenolone 0 —- 0-8

Dehydroepiandrosterone 0 — 0-4

3/?-Hydroxy-5/?-pregnan-20-one 0 — 0-3

3/?-Hydroxy-5a-pregnan-20-one 0 — 0-8

50-Androstane- 3/?, 17a-diol — 15-2 —

5/?-Androstane-3a,17/?-diol — 0-9 —

3a-Hydroxy-5/?-androstan-17-one 11-6 24-1 0

3/?-Hydroxy-5/?-androstan- 17-one 36-9 33-7 0-18

3a-Hydroxy-5a-androstan-17-one 0 0-04 0

3/?-Hydroxy-5a-androstan- 17-one 0 0-07 0

Pregnenolone sulphate 0 — 13-6

17a-Hydroxypregnenolone sulphate 0 — 012

Dehydroepiandrosterone sulphate 0 — 0-23

20a-Dihydropregnenolone sulphate 0 — 9-6

50-Androstane-30,17a-diol sulphate — 1-7 —

3/?-Hydroxy-5/?-androstan-17-one sulphate 24-7 2-9 0

— = Steroid not investigated.

Metabolism of pregnenolone at 129 days was not so extensive as androstenedione,
53-7 % remaining unmetabolized. Reduction and conjugation again featured, the
principal metabolites being the sulphates of pregnenolone (13-6%) and 20a-dihydro-
preguenolone (9 - 6%).
There was no evidence that the foetal sheep liver has a paraendocrine function.

No radioactivity from androstenedione was isolated in testosterone and epitestos-
terone, and progesterone was not a metabolite of pregnenolone. Aromatization of
androstenedione was not demonstrated, which contrasts with the results obtained
in human foetal liver (Slaunwhite, Karsay, Hollmer, Sandberg & Niswander, 1965).
The authors acknowledge the generous support of the Wellcome Trust and

facilities provided by the Tenovus organization and Sully Hospital, Glamorgan.
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There is increasing evidence that the factors controlling the onset of parturition are
operative from within the uterus and that the foetal pituitary-adrenal axis is intimately
involved in this control mechanism.

In human pregnancy, the length of gestation is related to the level of uterine con¬
tractility present for many weeks beforehand, and this, in turn, can be related to the size
of the foetal adrenal in the second half of pregnancy. Thus, unexplained premature
labour may be associated with foetal adrenal hyperplasia (Turnbull and Anderson, 1969),
while in contrast, extreme prolongation of pregnancy may be related to foetal adrenal
hypoplasia, whether or not the foetus is anencephalic (Anderson et al., 1969; Roberts and
Cawdery, 1970). There is little information however, on the mechanism by which de¬
veloping foetal pituitary-adrenal activity may regulate the onset of labour or if its effect
is mediated through other foetal organs, through the placenta or by a direct effect on
myometrium.
The extreme difficulty of devising ethical means of investigating these mechanisms in

the second half of human pregnancy has diverted our attention to the sheep, a species in
which there is evidence that the foetus makes a vital contribution to timing its own birth.
In this species, for example, it has been demonstrated that intrauterine foetal hypophys-
ectomy indefinitely prolongs gestation (Liggins et al., 1967) while premature parturition
can be induced by the infusion of synthetic corticotrophin or Cortisol into the lamb in
utero (Liggins, 1968, 1969). The mode of action in delaying or advancing parturition
is unexplained.
As part of a programme of investigation on the factors controlling parturition in the

sheep, our initial results are concerned with the biosynthesis of steroids by the foetus
and placenta of that species in late gestation. A variety of techniques are employed, ex-
perimencs being carried out both in vitro and in vivo.

EXPERIMENTAL APPROACH

In vivo. The general approach involves the administration of isotopically-labelled ste¬
roids either into the foetal lamb maintained physiologically in an extrauterine environ¬
ment or into the placenta perfused in situ following removal of the foetus.
The main aims of maintenance of the isolated sheep foetus are an adequate rate of

blood flow (100-200 ml/minute/kg); a constant blood volume; normal blood gases and
acid-base balance; and normal body temperature (39.5°C). The use of an extracorporeal
blood supply should be avoided since donor blood, usually adult, brings problems of
incompatibility, electrolyte imbalance and abnormal coagulation. Furthermore, steroid-
metabolizing enzymes in ovine red cells differ in the foetus from the adult (Lindner,
1961, 1965; Nancarrow and Seamark, 1968; Findlay and Seamark, 1969) and may be
affected by anticoagulants such as heparin (Troop et al., 1966; Carter et ah, 1968).

The technique developed in Cardiff appears to meet all the ideals postulated and
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dispenses with the need for both an extracorporeal blood supply and any complicated
circuitry. The procedure has been fully described elsewhere (Pierrepoint et al., 1971)
but essentially involves maintaining the isolated lamb foetus by pulmonary ventilation,
the lungs being inflated through a small ventral tracheotomy by means of a ventilator.
The foetus is placed in a bath containing 0.95% saline, thermostatically controlled at
39.5°C, and catheters are inserted into the jugular vein and umbilical artery. The acid-
base balance of the animals, their internal body temperature and heart rate are monitored
continuously. The youngest animal maintained had a gestational age of 119 days and
this foetus remained in good condition during the experimental period of almost 90 min¬
utes, at which time its pH was 7.45, pCOa 44 mm Hg, base excess +3.5 mEq/1, and
pCE 31 mm Hg. Other blood constituents measured—haemoglobin, electrolytes, glucose,
and urea—were also within normal limits. This method of maintenance of the isolated
foetus is thus consistent with that of a physiological preparation.
In vitro. The development and control of steroid-metabolizing enzyme systems in the
maturing sheep foetus and placenta are being investigated by studying the transformation
of various radioactive substrates incubated with minced tissue at several gestational ages.
The incubation technique, and the procedure employed in the extraction, purification and
quantitation of the steroids investigated, have been reported previously (Anderson et al,
1970c). The tissues studied were placentomes containing both foetal and maternal pla¬
cental tissue, foetal liver, and whole adrenal glands removed from foetuses in the normal
course of gestation, and also from lambs in whom premature parturition had been in¬
duced by the intraperitoneal infusion of synthetic corticotrophin (Synacthen) in utero.

RESULTS AND DISCUSSION

Many of our studies so far have involved the substrates pregnenolone and progesterone
since these are known to be present in the umbilical circulation of the foetal sheep (Ryan
and Ainsworth, 1967; Linzell and Heap, 1968) and so would be available both to the
foetus and to the placenta for the biosynthesis of steroids.
A comparison is made in Table I of the metabolism in vitro of isotopically-labelled

pregnenolone by placenta, foetal adrenals, and foetal liver at comparable gestational ages.
The greatest degreee of transformation of pregnenolone was by the adrenal gland and in
this tissue, as in the placenta, progesterone was the main metabolite isolated, demon¬
strating active A5-3|3-hydroxysteroid dehydrogenase-isomerase activity in these organs.

Table I. Metabolites formed during the incubation of sheep placenta, and the adrenals and
liver of foetal sheep, with [7a-3H]pregnenolone*

Placenta
120 days

Adrenals
122 days

Liver
129 days

Pregnenolone (recovered)
17a-Hydroxypregnenolone
Dehydroepiandrosterone
Androstenedione
Progesterone
17a-Hydroxyprogesterone
20a-Dihydroprogesterone
20|3-Dihydroprogesterone
Testosterone
Epitestosterone
Pregnenolone sulphate
17a-Hydroxypregnenolone sulphate
Dehydroepiandrosterone sulphate
20a-Dihydropregnenolone sulphate

0.04
20.40

0.04
0.11
0

23.10

34.80

0.13
0
0

97.00
0.06
0.02
0.17
41.60
3.40
0.74
0

0
0
0

46.30
0.80
0.40

13.60
0.12
0.23
9.60

0
0
0
0
0
0
0

* Figures are percentages of the total radioactivity incubated.
— = not investigated.
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This is in contrast to the foetal liver, where progesterone was not a metabolite of pregn¬
enolone. Reduction was a marked feature of placental tissue, 20% of the radio¬
activity from pregnenolone being isolated in the compound 20u-dihydroprogesterone,
although only 0.13% was present in its 20P-isomer. The adrenal showed little reductase
activity but in foetal liver, reduction and also conjugation were evident, the principal
metabolites being the sulphates of pregnenolone (13.6%) and 20a-dihydropregnenolone
(9.6%). Conjugation was again a major feature of the circulating metabolites formed
when tritiated pregnenolone was infused into the isolated lamb foetus at 130 days' gesta¬
tion, using the physiological preparation described earlier (Pierrepoint et al., 1971). The
main metabolite isolated from the blood was pregnenolone sulphate (~ 50% of the
conjugate fraction) the liver being the likely site of its formation in view of the in vitro
results (Table I) (Anderson et al., 19706). Although the foetal liver was shown to pos¬
sess active sulphating enzymes, no 3|3-hydroxysteroid sulphokinase activity was demon¬
strated in the adrenal glands of foetal sheep (Anderson et al., 1970c). Side-chain cleavage
of pregnenolone occurred in vitro to a limited extent in all tissue studied (Table I) com¬
plying with the finding in vivo that both dehydroepiandrosterone and androstenedione
were circulating metabolites of pregnenolone in the foetal infusion study.
The metabolism in vitro of progesterone by placenta and foetal adrenals showed many

of the same features as that of pregnenolone. In the placenta, progesterone was reduced
to 20u-dihydroprogesterone (38.4%) with some evidence of side-chain splitting, an¬
drostenedione and testosterone being formed in small amounts. There was little reduction
of progesterone in foetal adrenal tissue at 122 days, the substrate being poorly meta¬
bolized and conjugation was not a feature. Following the infusion of [4-14C]progesterone
into the isolated lamb foetus at 130 days, the free steroid fraction isolated from the blood
was found to contain 20a-dihydroprogesterone (16.2%) which may, in part, have been
formed by the foetal adrenals, although the liver is likely to be a major contributor. No
results are yet available on the metabolism in vitro of progesterone by foetal sheep liver.
It is of interest that no oestrogens were isolated from pregnenolone or progesterone in

the incubation studies with foetal liver and adrenals. Nor were they isolated as circulating
metabolites of these substrates in vivo in the foetal lamb infusion study. Furthermore,
aromatization of androstenedione by the liver of foetal sheep could not be demonstrated
(Anderson et al.. 19706) so that a source of foetal oestrogens remains unknown.
Oestrogen formation by the placenta however, was shown to occur in vitro from the
C-l 9-steroids androstenedione, testosterone and epitestosterone (Pierrepoint et al.,
1970a). Oestrone was the major oestrogen formed, with lesser amounts of 17a-
oestradiol and 17fS-oestradiol. Oestriol was not formed. The isolation of radioactive
epitestosterone from the substrates androstenedione and testosterone (16.5% and
3.8%, respectively) was particularly noteworthy, although no biological importance has
been assigned previously to this compound. It is therefore pertinent to report that the
premature expulsion of the sheep foetus has been induced by the infusion of epitesto¬
sterone at the rate of 1 mg/day for six days into the intact lamb in utero. Further studies
are in progress to elucidate the physiological significance of this finding.

Studies on the development of steroid-metabolizing enzymes in the sheep foetus and
placenta have not previously been reported. Our initial investigations have involved
mainly a comparison of the metabolism of pregnenolone and progesterone by the pla¬
centa (Pierrepoint et al., 19706) and by foetal adrenal glands (Anderson et al., 1970a).
In the placenta, tissues at 120 and 140 days of gestation have been compared. The

degree of transformation of pregnenolone by each tissue was similar (65.2 and 60.1%,
respectively) although the formation of progesterone at 140 days (9.6%) was considerably
less than at 120 days (23.1%). Progesterone, on the other hand, was more extensively
transformed by tissue near term, 80.6% compared to 64.4%, with a concomitant in¬
crease in the formation of 20a-dihydroprogesterone (42.2% as compared with 38.4%).
These findings may have important implications with regard to the influence of proges¬
terone on the contractility of the myometrium in pregnancy.

The effect of gestational age on the metabolism of pregnenolone and progesterone in
the adrenals of foetal sheep shows several interesting features (Table II). The most
striking finding in this study was the relative inactivity of the 1 lfi-hydroxylating enzyme
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Table II. The metabolism of [7u.-3H]pregnenolone and [4-uCJprogesterone by adrenal tissite
from foetal sheep*

From pregnenolone From progesterone
Steroid isolated

122 days 116 days
after

Synacthen

143 days 122 days 116 days
after

Synacthen

143 days

Pregnenolone 3.00 10.00 2.00 0 0 0

17«-Hydroxypregnenolone 0.10 5.00 1.60 0 0 0
Progesterone 41.60 28.80 10.00 66.60 34.00 7.40

17u-Hydroxyprogesterone 3.40 9.20 2.10 1.70 4.40 0

11-Deoxycorticosterone 1.80 3.10 35.80 12.40 6.70 60.50
Corticosterone 0.30 4.70 1.50 1.90 13.30 4.10

11-Deoxycortisol 1.90 9.40 41.00 2.40 4.70 4.40
Cortisol 0.30 10.60 1.30 0.20 6.70 0.20
Cortisone 0 0.10 0.10 0 0 0

Dehydroepiandrosterone 0.02 0.02 0.12 0 0 0
Androstenedione 0.20 0.20 3.00 0 0 0.30
1 l|l-Hydroxyandrostenedione — 0.20 0.10 — 0 0
Testosterone — 0 0 — 0 0

Epitestosterone — 0.01 0.05 — 0 0
Oestrone — 0 0 — 0 0
Oestradiol-17a — 0 0 — 0 0

* Figures are percentages of the initial radioactivity incubated.
— = not investigated.

system for C-21-steroids. At 143 days gestation. 36% of the incubated pregnenolone had
been converted to 11-deoxycorticosterone (DOC) and 41% to 11-deoxycortisol. whereas
only 1.5% and 1.3% of the radioactivity was isolated in corticostcrone and Cortisol
respectively. A similar degree of inactivity of the 1 lp-hydroxylase enzyme was shown in
the metabolism of progesterone. These preliminary results therefore suggest that in the
natural course of events C-21-steroid 1 l|l-hydroxylation is not particularly active in the
foetal sheep adrenal. This is in contradistinction to C-19-steroid 1 lfl-hydroxylase which
has been shown to be very active in this tissue (unpublished data). Our in vitro results
therefore suggest that, close to natural parturition. 11-deoxycortisol may he the major
17-hydroxylated corticosteroid produced in the foetal sheep. However, we have recently
found that 11-deoxycortisol infused into the lamb in utero at a rate of 50-100 nig/day
for 7-8 days does not induce premature parturition, in contrast to the effectiveness of
Cortisol in this respect (Liggins, 1969).
When premature parturition was induced at 116 days by the infusion into the

lamb in utero of synthetic corticotrophin (Synacthen), Cortisol and corticosterone
were the chief corticosteroids formed following the incubation in vitro of the foetal
adrenal glands with pregnenolone and progesterone (Table II). Thus. Synacthen. by
stimulating 11 fl-hydroxylase activity, may be inducing parturition in the sheep by a me¬
chanism which differs from that occurring naturally at term. Alternatively, the 111>-
hydroxylase enzyme activity in the foetal sheep adrenal may increase very rapidly in
the final few days of gestation, in keeping with the results of Comline et al. (1970) which
suggest an approximately 8-fold increase in Cortisol turnover rate in the foetal lamb
during the 50 hours preceding normal vaginal delivery. Studies continue in our laboratory
to further elucidate the mechanism of parturition in the ovine species.
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ABSTRACT

A method is described for the maintenance of the isolated sheep foetus
in the last fifth of gestation. The advantages of this particular technique
are described in comparison with others previously reported. The simpli¬
city of the technique without the need for exogenous blood or anti¬
coagulants and the well-maintained physiological condition of the foetus
throughout are the essential benefits of the method. The preparation has
been used in the study of the metabolism of tritiated pregnenolone and
carbon-labelled progesterone.
Preliminary results on the isolation of circulating metabolites are de¬
scribed.

The necessity to isolate the foetus from the placenta and its mother in order
to investigate its requirements with regard to nutrients and gases as well as
to evaluate its own specific hormone metabolism and secretion in the living
state is not new. That the preparation used should be as physiological as

possible is, however, a requirement not always happily achieved.

Maternity Hospital, Cardiff, Wales.
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Earlier workers in the field have endeavoured, not unreasonably, to replace
the placenta by an oxygenator and an extra-corporeal blood supply. The
various techniques that have consequently arisen for maintaining the isolated
foetus on this regime have been reviewed by Alexander et al. (1966) and seem
to have culminated in the elegant yet complicated circuit of the reviewers
(.Alexander et al. 1968).
The most widely used preparation, however, is that initially described by

Enhorning & Westin (1954) and Westin et al. (1958) and subsequently brought
into prominence for the study of steroid metabolism by the Karolinska group

(Diczfalusy et al. 1961). This technique isolates the foetus in a bath of saline
and introduces oxygenated, heparinised group 'O' Rh-negative adult human
blood diluted with 15 °/o (v/v) saline containing the various labelled steroids,
via an Archimedean screw, into the umbilical vein. No re-circulation technique
is employed and the foetus is maintained at 20°C.
The duration of their perfusion studies is 90-150 minutes, with a flow-rate

of 3.5-4.0 ml/min (Solomon et al. 1967).
Alexander et al. (1966) concluded that the primary aims of foetal main¬

tenance were an adequate rate of blood flow and a constant foetal blood
volume. The flow rate in the umbilical vessels of the foetal lamb according to
Cooper et al. (1949) and Dawes 8c Mott (1964) is 100-200 ml/min/kg which,
using the Karolinska method, would involve a volume of blood of the order of
20 litres for a 2 kg foetus during a maintenance period of 1 h.
The technique described below meets the requirements of Alexander el al.

(1966) and needs no complicated circuit nor large volumes of blood. Pre¬
liminary results on the metabolism of radioactive steroid substrates by the
maintained isolated sheep foetus in the last fifth of pregnancy are reported.

MATERIALS AND METHODS

Pregnant Kerry Hill ewes of known conception dates were subjected to spinal analge¬
sia by the subdural injection of 10 ml 2 %> Xylocaine (Astra Chemicals). The ventral
abdominal surface was prepared and the foetal head and neck exposed via a mid-line
incision and hysterotomy under aseptic conditions. A further small volume of Xylo¬
caine was injected subcutaneously into the neck of the lamb over the trachea and
right jugular vein and each structure exposed by careful dissection. A Portex Venous
Infusion Catheter (Portex Ltd. Kent: IS SWG outside diam.) was passed down the
jugular vein until the tip lay just within the right atrium, whilst the trachea was
cannulated with a No. 14 Warne's Neonatal tube via a small ventral tracheotomy.
Tracheal fluid was removed by suction and the lungs inflated either by a paediatric
re-breathing bag or by direct attachment to a Palmer Ventilator (C. F. Palmer Ltd.,
London).
The umbilical cord was clamped and severed and the foetus placed in a bath

(Grant Instruments, Cambridge) containing 0.95% saline thermostatically controlled
at 39.5°C, being the average intra-uterine temperature recorded for these sheep. The
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limbs of the lamb were carefully tethered as its movements tend to be very vigorous
during the whole experimental period and dislodgement of the various catheters could
otherwise occur. The internal temperature was recorded by a thermocouple passed
per os to the region of the first or second stomach. An umbilical artery was then dis¬
sected clear and cannulated, again with a Portex Venous Infusion Catheter (18 SWG).
All catheters were filled, prior to use, with physiological saline and connected to a

three-way disposable stopcock (No. K75, Pharmaseal Ltd., Glendale, California).
The time interval from the spinal injection of the mother to the fully prepared

foetus secured in its bath is about 1 h.
The Palmer ventilator was set to deliver an adequate volume of air at a rate of

28 strokes/min. The oxygen rate of flow was between 0-4 litres/min; in some cases
air only was necessary to maintain the foetus in a physiological state with regard to
its blood gases and acid-base balance. The heart-rates of the animals, their internal
body-temperature and their general apparent well-being, apart from the biochemical
assays on the blood, were monitored continuously.

Application of the preparation to in vivo studies of steroid-metabolism
A solution containing 200 mumole each of [7ct-3H] pregnenolone (500 uCi/Mmole)

and [4-14C] progesterone (50 ^<Ci//<mole) was prepared by dissolving the substrates
(Radiochemical Centre, Amersham) in 1.0 ml 20% ethanol, in propylene glycol further
diluted with 4 ml 6 °/o dextran in dextrose (Dextraven®, Benger Labs., Leicestershire).
Injections of this solution were made into a foetus (F. I. 2.) via the jugular vein

catheter at the rate of approximately 1 ml every 10 minutes. Samples of blood (1-2 ml)
were withdrawn periodically from the umbilical artery for assessment of foetal well-
being by the measurement of pH, pOg, pCOg, SaO?, and base-deficit, whilst a further
sample was laid aside to be pooled at the end of the experiment for radioactive
metabolite evaluation. Input and output of fluids were balanced to maintain constancy
of the foetal blood volume.
The experiments were terminated generally after 1-2 h by the ex-sanguination of

the foetus after heparinisation followed by 2 ml nembutal (Abbott Labs.). The liver
and adrenals were removed after death and examined, as was the blood, for their
radioactive content.

Investigation of the distribution of the radioactivity in the liver,
adrenals arul blood

Plasma from the heparinised blood was separated and mixed with twice the volume
of acetone whilst the liver and adrenals were finely chopped before placing in ade¬
quate acetone and refrigerating at -15°C. Table 8 lists the non-radioactive »carrier«
steroids, 500 fig in each case, added to the plasma-acetone mixture before submitting
to the extraction procedure described earlier (Pierrepoint et at. 1967) or to the steroid
sulphate fraction after separation of free steroids. The liver and adrenals were treated
in similar manner although final evaluation of their content of radioactive metabolites
will be reported separately.
Steroids were separated on thin-layers of either silica gel or Merck

alumina HF 254/300 using the solvent systems described in Table 1.
Isolated compounds were considered pure when specific activities for the compound

and two of its derivatives varied by less than 10%. Radioactivity was determined
with a Nuclear Chicago Liquid Scintillation spectrometer (Model 6860) and steroids
measured cither by gas-liquid chromatography (Pye 104) using S. E. 30 column (1 %
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Table 1.

Solvent systems employed in the separation of the steroids investigated and the
derivatives formed.

I Chloroform: acetone (185:15)
II Cyclohexane: ethyl acetate (1:1)
III Benzene: ethyl acetate (180:20)
IV t-butanol: ethyl acetate: 5n NH^OH (41:50:20)
V n-butyl acetate
VI Cyclohexane: ethyl acetate (150:50)
VII Cyclohexane: ethyl acetate (90:110)
VIII Benzene: ethyl ether (1:1)
IX Methylene chloride: ethanol (19:1)

or 2 % on British Drug Houses (BDH) Supasorb) or by their selective absorption of
light at 240 nm.

RESULTS

The weights, gestational ages and sexes of the foetuses used in this in¬
vestigation are provided in Table 2. The youngest animal maintained had a

gestational age of 119 days which is near the crucial period at which the lungs
develop surfactant (Dawes 1968) and even this foetus remained in perfectly
good condition during the experimental period.
Table 3 shows the values obtained during the maintenance periods for

blood pH, gases and base-deficit.
The values obtained for blood constituents at the termination of the ex¬

periments are given in Table 4. The electrolytes are well within the limits
of normality although some haemodilution was evident, doubtless due to the
too frequent sampling of blood to assess foetal homeostasis with the conse-

Table 2.

Basic data on foetuses.

Weight (kg) Gestation age (days) Sex

F. I. 2 _ 130 Female
F.I. 4 2.0 122 Male
F.I. 5 2.1 140 Male (twin)
F. I. 7 1.85 119 Male
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Table 3.

Values recorded during the maintenance period of foetal blood pH, gases
and base-deficit.

Foetal
No.

Time

(min) PH
PC02
(mmHg)

BD/BEt

(mEq./l)
SaOo

(%> Sat.)
pO-2

(mmHg)

0 7.24 59 —2.0 62 33

30 7.14 90 —2.0 91 55

45 7.35 48 0 88 46

F. I. 2. 70 7.44 36 0 — —

85 7.51 33 + 3.0 — —

100 7.40 32 —4.5 94 78

115 7.33 38 —5.0 88 —

130 7.39 32 —5.0 95 72

0 7.39 32 —4.5 310
15 7.61 18 — 1.5 — 68

F. I. 4. 30 7.48 25 —4.0 — 46

55 7.31 36 —7.5 — 95

79* 7.35 45 — 1.0 — 78

125 7.34 50 + 1.0 94 70

0 7.37 42 — 1.0 98

F. 1.5. 31 7.65 20 + 2.0 98 —

60 7.63 18 + 1.5 98 —

90 7.32 45 —3.0 65 —

0 7.26 41 —8.5 — 107

15 7.34 36 —5.5 — 38

F. I. 7. 22** — — — — —

38 7.43 34 — 1.0 — 46

70 7.46 38 + 2.5 — 37

88 7.45 40 +3.5 — 31

t BD/BE is base-deficit or base-excess.
* 5 mEq. NaHCOg administered.
** 3 mEq. NaHCOg administered.

quent replacement of fluid by saline or dextran in dextrose solution. More
experience and confidence would reduce this factor to negligible proportions.
The foetus, F. I. 2 was infused with equimolar amounts of [7ar-3H] pregn¬

enolone and [4-14C] progesterone as described in the section of materials and
methods. The distribution of radioactivity in the three organ-systems, liver,
blood and adrenals in the various fractions obtained after partitioning the
steroid extracts from these tissues is shown in Tables 5 and 6.

Table 7 provides the specific activities (DPM/m/nnole) of the radioactive
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Table 4.

Values of blood constituents at the end of the maintenance period.

F.I. 4. F. 1.2. F. I. 7.

Haemoglobin (g/100 ml) 11.3 6.9 9.0

Chloride (mEq./l) - - 95

Sodium (mEq./l) 141 145 135

Potassium (mEq./l) 4.2 4.0 4.3

Urea (mg/100 ml) 41 - 57

Glucose (mg/100 ml) - - 46

Packed-cell volume (%) 34 21 23

steroids isolated, the derivatives formed and the solvent systems employed in
their purification.
The steroids and steroid conjugates investigated, as possible circulating

radioactive metabolites of the injected substrates, are shown in Table 8. The
amount of radioactivity isolated with each and their percentage contribution
to the radioactivity in the fraction from which they were isolated are provided.

DISCUSSION

It is often necessary for the reproductive - physiologist to separate the foetus
from the placenta in order to study its particularly specific physiology and bio¬
chemistry. Not only is it essential to maintain life in this foetus, isolated from
its mother before self-maintenance is possible, but the preservation of the pre¬

maturely born animal in a good physiological condition is also of the utmost
importance. In fact, such is the synergism of the foetus and its placenta, espe¬

cially with regard to steroid metabolism at mid-pregnancy in the woman, that
Diczfalttsy (1962) has coined the term »foeto-placental unit« to indicate the
necessity for possessing both parts of the »unit« in order to complete the various
steroid transformations which have been shown to occur at this particular stage
of human pregnancy. The maintenance of a reasonable physiological status of
the animal does not of course require the exact situation, especially in relation
to the anatomy, which exists in ntero.
In this respect, the method of foetal maintenance described in this com¬

munication differs in certain important aspects from those reported previously.
The use of an extra-corporeal blood supply, usually taken from the mother or
a »universal« human blood donor, has been an essential feature of earlier
reports (Callaghan et al. 1963; Enhorning 8c Westin 1954; Westin et al. 1958;
Alexander et al. 1966, 1968). An oxygenator is incorporated in the circuit
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Table5.

Distributionofradioactivityinthevarioussteroidfractionsderivedfromtheblood,liverandadrenalsofafoetusafterinfusionof [4-14C]progesteroneinvivo.
Blood

Liver

Adrenals

Steroid fraction

Radio¬ activity (dpm)

%>ofthe radio¬ activity extracted from
theblood

°/oofthe total radio¬ activity recovered

Radio¬ activity (dpm)

°/oofthe radio¬ activity isolated from
theliver

°/oofthe total radio¬ activity recovered

Radio¬ activity (dpm)

%ofthe radio¬ activity extracted from

theadrenals
°/oofthe total radio¬ activity recovered

Totalradio¬

686610

100

43.9

869970

100

55.6

8800

100

0.6

activity recovered Light

520

0.08

_

11190

1.29

_

0

0

_

petroleum Non-

110680

16.1

7.07

98810

11.4

6.31

6770

76.9

0.43

conjugated (»free« steroids) Conjugated

524810

76.4

33.5

699070

80.4

44.7

0

0

0



Table6.

Distributionofradioactivityinthevarioussteroidfractionsderivedfromtheblood,liverandadrenalsofafoetusafterinfusionof [7a-3H]pregnenoloneinvivo.
Blood

Liver

Adrenals

Steroid fraction

Radio¬ activity (dpm)

°/oofthe radio¬ activity isolated from
theblood

°/oofthe total radio¬ activity recovered

Radio¬ activity (dpm)

°/oofthe radio¬ activity isolated from
theliver

°/oofthe total radio¬ activity recovered

Radio¬ activity (dpm)

°/oofthe radio¬ activity isolated from
theadrenals

°/oofthe total radio¬ activity recovered

Totalradio¬
2621460

100

23.7

8382920

100

75.8

56120

100

0.51

activity recovered Light

21180

0.8

_

108320

1.29

_

2550

4.54

petroleum Non-

718180

27.4

6.49

535970

6.39

4.85

47570

84.8

0.43

conjugated (»free« steroids) Conjugated

1796460

68.5

16.2

7151830

85.3

64.7

11710

20.9

0.11



Table 7.

The specific activities (DPM/m^mole) and solvent systems employed in the separation
of the radioactive steroids isolated and their derivatives.

Steroid investigated and
derivative formed

Solvent

system
3H 14C

Pregnenolone vt 4.69 0

Pregnenolone acetate III 3.80 0

Pregn-5-ene-3/?,20/?-diol II 4.43 0

Progesterone VIII 0 1.02

20/?-hydroxy-pregn-4-en-3-one VIII 0 1.80

20/?-acetoxy-pregn-4-en-3-one VIII 0 0.34

20a-hydroxy-pregn-4-en-3-one II* 0 13.02

Progesterone VIII 0 10.77

20a-acetoxy-pregn-4-en-3-one VIII 0 11.19

DHA IXt 32.65 0

DHA acetate III 33.30 0

Androst-5-ene-3/?,17/?-diol II 30.69 0

Androstenedione 1 8.58 0.14

Testosterone I 8.15 0.13

Testosterone acetate 1 8.24 0.12

Pregnenolone sulphate IV - -

Pregnenolone vt 722.0 0

Pregnenolone acetate III 794.0 0

Pregn-5-ene-3/?,20/?-diol II 751.0 0

3/?-sulphoxy-5a-pregnan-20-one IV - -

3/?-hydroxy-5a-pregnan-20-one vt 10.63 3.22

3/?-acetoxy-5a-pregnan-20-one III 11.09 2.60

5a-pregnan-3/J,20/?-diol I 11.87 -

DHA sulphate IV - -

DHA IXt 261.0 0

DHA acetate III 241.0 0

Androst-5-ene-3/?,17/?-diol II 239.0 0

Epitestosterone sulphate IV - -

£/utestosterone II* 1.74 0.05

Androstenedione I 1.81 0.08

jEpitestosterone acetate VI* 1.81 0.05

* Chromatographed on alumina.
t Chromatographed on 40 X 20 cm plates of silica gel.
- Not measured.

(Harried, et al. 1957) and either gravity or a pump, feeds the blood into the
foetal vessels. The problem of maintaining a constant foetal blood volume
was dealt with manometrically by Westin et al. (1958) and by the use of flow
meters by Alexander et al. (1966). However, the flow rates are often reduced
well below that considered physiological in these systems. Furthermore, since
blood must be taken from a post-natal, generally adult donor, such difficulties
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Table S.

The steroids investigated from the blood of foetus infused with [7a-:!H] pregnenolone
and [4-14C] progesterone: relative formations are represented as percentages of the

total radioactivity in the fraction from which they were isolated.

From [7a-3H] pregnenolone From [4-14C] progesterone

Steroid Radio¬ %> of the Radio¬ % of the

activity free steroid activity free steroid

(dpm) fraction (dpm) fraction

Pregnenolone 6820 0.95 0 0

3/?-hydroxy-5a-
pregnan-20-one 0 0 0 0

Progesterone 0 0 Trace Negligible
20ct-dihydroprogesterone 0 0 17 960 16.2

20/?-dihydroprogesterone 0 0 0 0

Cortisol 0 0 0 0

Corticosterone 0 0 0 0

Androstenedione 14 550 2.03 227.0 0.21
Testosterone 0 0 0 0

£/htestosterone 0 0 0 0

DHA 55 750 7.76 0 0

Androsterone 0 0 0 0

Oestrone 0 0 0 0

17/?-oestradiol 0 0 0 0

17a-oestradiol 0 0 0 0

°/o of the °/o of the

Steroid
Radio¬

conjugated
Radio¬

conjugated
activity steroid activity steroid
(dpm) fraction (dpm) fraction

Pregnenolone sulphate 904 040 50.3 0 0

DHA sulphate 316 280 17.6 0 0

3/?-suIphoxy-5a-
pregnan-20-one 4593 0.26 17 612 3.16

£/utestosterone sulphate 2290 0.13 76.9 0.01

Testosterone sulphate 0 0 0 0

as incompatibility, osmolarity, electrolyte imbalance, clotting and differences
in haemoglobin binding affinities must be considered. Although Ringer-saline
solution has been used (Marrable 1963) in an attempt to overcome such dif¬
ficulties, oedema resulted in 15-20 min.
The presence of steroid-metabolizing enzymes located in ovine red cells

could alter the natural endocrine milieu of the foetus when exogenous adult is
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used in perfusion studies. The capacity of foetal red cells to convert oestrone
of 17/J-oestradiol but not to the 17<*-epimer has been shown to be much greater
than that of the adult cells (Findlay & Seamark 1969). An active 17<r-hydroxy-
steroid dehydrogenase with respect to oestrone (Portius 8c Repke 1960) and
androstenedione (Lindner 1961, 1965) has, however, been shown to be present
in adult blood. Furthermore, progesterone-20a-hydroxysteroid dehydrogenase
present in foetal red cells, rapidly disappears in post-natal life (Nancarrow 8c
Seamark 1968).
In addition, the use of exogenous blood requires the inclusion of an anti¬

coagulant, the invariable choice of which has been heparin which, due to its
effect on steroid metabolising enzymes (Troop et al. 1966; Krzanowski 8c
Troop 1968; Carter et al. 1968), is contraindicated.
The procedure adopted by this laboratory dispenses with the requirements

for both an extra-corporeal blood supply and the complicated circuity of
Alexander and her colleagues (Alexander et al. 1966). Although the system
supplies oxygen to the foetus via its own air-way, thus limiting itself, at least
in the sheep, to the last fifth of gestation, this is the period of pregnancy
to be investigated in these studies. The condition of the youngest animal used
(F. L 7, 119 days gestational age) was excellent throughout the period of
the experiment. The high oxygen level of the administered gas probably aided
the reduction in vascular resistance of the pulmonary vessels thereby allowing
lung expansion as suggested by Dawes et al. (1953) and even though this may
have been incomplete in this animal, the blood flow would be distributed to
those alveoli achieving the greatest dilation (Enhorning 1969).
Results on such parameters as foetal blood pH, pCO?, pCb and base-deficit

indicate the well-being of the four animals investigated, and are certainly
comparable with those reported by workers, using the perfusion method
(.Alexander et al. 1964; Callaglian et al. 1963). Although foetal haemoglobin
concentration tended to be low at the completion of the experiment, this could
easily be prevented by less frequent blood withdrawal with greater dependence
placed on micro-capillary blood sampling for pH evaluation in order to assess
foetal well-being.
The heart rates of the foetuses were maintained at normal levels of between

150-200 beats/min and the internal body temperature merely varied between
39°C and 40.5°C.

Since Westin et al. (1958) achieved longer survival of human foetuses at
20°C, this low temperature was employed in the maintenance of such foetuses
for the study of steroid metabolism by a number of other workers (Diczfalusy
1969; Solomon et al. 1967; Coutts 8c Macnaughton 1969) which has resulted in
certain negative observations as corrected recently by Telegdy et al. (1970).
Diczfalusy (personal communication), having now modified his technique

to one using the more physiologically normal temperature of 35°C - 36°C
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(Telegdy et al. 1970), is also evaluating the foetal well-being by blood sampling
somewhat as described in this communication.

Great interest must now be directed towards the additional information to

be derived from the use of this healthier preparation with regard to the great
understanding, already acquired by the Karolinska group, of the human foetus
at midpregnancy.
The results achieved from our own preparation on the metabolism of the

radioactive precursors aie interesting (Tables 5 and 6). Of the recovered 3H-
label from the pregnenolone, 75.8% was in the liver, with less than one-third
as much circulating in the blood. A negligible amount (0.5%) was found in
the adrenals. The liver extract accounted for 41.2% of the total recovered
tritiated free steroids but also for 80% of the total water-soluble material
with this label indicating a high capacity of this organ to form steroid con¬

jugates, a finding that has been confirmed by studies in vitro (Anderson et al.,
in press). On the other hand, the adrenals contained a greater proportion of
free steroid (84.8% of the recovered tritium from these glands - Table 6).
Conjugated steroids present were probably derived from extra-adrenal sources,
since foetal sheep adrenals, unlike those of the human species, have been shown
to possess a limited capacity to form steroid sulphates (Anderson et al. 1970).
The blood and liver showed very similar pictures with regard to their

relative content of lipid and water soluble steroids and indicate that pro¬

gesterone is quickly transformed by the liver and the resulting metabolites
released into the blood mainly in a conjugated form (76.4 % of the radio¬
activity in the blood, Table 5). Pregnenolone metabolites, on the other hand,
are retained by the liver for a much longer time possibly to be excreted via
the gall-bladder into the gut.
These results are in contrast to those of Bird et al. (1966) who found that

90 % of the metabolites, formed from progesterone, circulating in the blood
of human foetuses were in the free form and only 12% were recoverable
from the liver. The adrenals from their invesigations contained a similar
proportion of the radioactivity (0.7%) as did those from this study (0.6%)
(Table 5). Maeyama et al. (1969), again working with the human foetus,
found more of the metabolites from progesterone to be in the free form
(73.1 %) after an 18 min perfusion time.
In the present study no conjugates derived from progesterone were isolated

from the adrenals.

The radioactivity present in the blood was examined further in an attempt
to identify the individual metabolites formed from pregnenolone and pro¬

gesterone by the sheep foetus at 130 days gestational age.
The main metabolite isolated was pregnenolone sulphate (~ 50 % of the

conjugate fraction) complying with the unpublished in vitro results of Ander-
son et al., in press). It was obvious too that side-chain splitting had occurred
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with the formation of DHA sulphate. No evidence exists, however, as to
whether the cleavage of pregnenolone had occurred before or after conjugation.
It is of interest that 3/?-sulphoxy-5a-pregnan-20-one should be formed,

mainly from progesterone (3.36 °/o) with a small amount contributed by preg¬
nenolone (0.26 ®/o). This finding may illustrate the necessity to convert
pregnenolone to progesterone prior to ring A reduction although no tritiated
progesterone was found.
Testosterone sulphate was isolated without radioactivity although its 17a-

epimer was radioactive. The formation of this latter compound from both
pregnenolone and progesterone with regard to the prominence the free form
of this steroid appears to have in oestrogen formation by the sheep placenta
{Pierrepoint et al. 1970) provides interesting possibilities as to its function in
the sheep foetus in late gestation.
The free steroid fraction isolated from the blood was found to contain 20a-

dihydroprogesterone (16.2'"/o) formed from progesterone. It is interesting to
speculate that this steroid was formed at least in part by the foetal blood
cells (Nancarrow & Seamark 1968) although the liver is probably a major
contributor if the studies in the human species are at all comparable {Bird
et al. 1966).
In contradistinction to studies in vivo with the human foetus (Bird et al.

1966; Solomon et al. 1967) androstenedione was isolated with both labels of
radioactivity indicating the presence of 17,20-steroid lyase for progesterone
as well as pregnenolone and also a 3/5-hydroxysteroid dehydrogenase. As the
progesterone was isolated without the tritium label it is most likely that side-
chain splitting of pregnenolone and/or its sulphate occurred to form DHA
and/or its conjugate followed respectively by their conversion to the 3-oxo-zl4-
steroid.

None of the oestrogens nor corticosteroids investigated were found to be
radioactive.

The results described above indicate numerous steroid-enzymes present in
the sheep foetus at 130 days gestation and that the method of maintenance
of the foetus described is consistent with that of a physiological preparation.
Isotopically-labelled pregnenolone and progesterone were virtually completely
transformed to a number of hydroxylated, reduced and conjugated products.
Water-soluble products predominated.
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Placental tissue was removed from a ewe at 127 days' gestation and, without sepa¬
rating foetal from maternal contributions, incubated as a mince (4 g) with equimolar
amounts of [4-14C]androstenedione (2 yCi, 56 mCi/mmol) and [l,2-3H]epitestosterone
(15 /tCi, 420 mCi/mmol) at 39-5 °C. The reactions were stopped after 2 h by adding
acetone and freezing. The non-radioactive carrier steroids, androstenedione, testos¬
terone, epitestosterone, oestrone, oestradiol-17/?, oestradiol-17a, testosterone sulphate
and epitestosterone sulphate were added in 500 fig amounts.
After mixing, steroids and their conjugates were extracted from the incubation

medium with 2 x 100ml acetone followed by 2 x 100 ml ether: ethanol (3:1, v/v). Non-
polar lipid material was removed by partitioning the pooled, dried extract between
70% (v/v) aqueous methanol and light petroleum (b.p. 40-60 °C). The methanol was
evaporated and unconjugated steroids extracted from the aqueous residue with
3 x 30 ml ether before saturating with ammonium sulphate and extracting the resi¬
dual conjugated material with ether: ethanol (3:1) (Edwards, Kellie & Wade, 1953).
The relatively high retention of the tritium (35-9%) and 14C (11-3 %) labels in the

conjugate fraction prompted further investigation. A sample was chromatographed
on a silica gel-coated plate in tertiary butanol: ethyl acetate: 5 m-NH4OH (41:50:20,
by vol.) (system A) and the plate scanned using a Berthold Aerograph Model 6000
Scanner. A major peak of radioactivity (Rp 0-79) was shown to be running slightly
ahead of the band of neutral steroid sulphates (RF 0-64). Any residual-free steroids
travel with the solvent front in this system (Pierrepoint, 1967a). This radioactive area
was eluted and re-run on Ecteola (Machery, Nagel & Co.) in 4 m-urea in 3 m-NH4OH
(system B). A radioactivity scan again showed one major peak {RF 0-49 compared
with reference compound dehydroepiandrosterone sulphate RF 0-75). Since the only
compound known to us to behave chromatographically in this manner was oestrone
sulphate (Pierrepoint, 19676), the eluted material was hydrolysed and diluted with
500 fig carrier oestrone. The specific activity of the re-isolated oestrone and its
derivatives remained constant after extensive chromatography, indicating that
radioactive oestrone had been released from the eluted material by the hydrolysis
procedure.
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The remainder of the conjugate fraction was more thoroughly investigated by the
addition of 500 fig oestra-l,3,5(10)-trien-17-one-3-yl-sulphate (oestrone sulphate),
17/?-hydroxyoestra-1,3,5 (10) -trien-3-yl-sulphate (oestradiol-17/?-3-sulphate) and
oestra-l,3,5(10)-trien-3,17/?-yl-disulphate (oestradiol-17/?-disulphate) (Leo Labs.,
Sweden). Chromatography in system A achieved a separation of oestrone sulphate
together with oestradiol-17/?-3-sulphate (RF 0-79) from neutral steroid sulphates
(RF 0-64) and oestradiol-17/J-disulphate (RF 0-32). The two bands of phenolic steroid
sulphates were further chromatographed on Ecteola in system B and the oestrone and
oestradiol monosulphates were isolated (RF 0-49 and 0-26 respectively). The disul-
phate was lost.
The two eluted conjugates were hydrolysed and 500 fig oestradiol-17a added to the

oestradiol-17/? fraction. Specific activities of these compounds were determined after
derivative formation and extensive chromatography (Pierrepoint, Anderson, Griffiths
& Turnbull, 1970).
The radioactivity present in the aqueous fraction was associated with oestrone

sulphate (27-2 % and 5-3 % of the incubated 14C and 3H respectively) together with
approximately equal amounts of oestradiol-17/? (1*7 % and 0-2 %) and oestradiol-17a
(2-1 % and 0-3%) monosulphates.
Phenolic steroids undergo sulphation in the placenta of the cow (Holcenberg &

Rosen, 1965) and of the guinea-pig (Levitz, Condon, Money & Dancis, 1960) but this
appears to be the first demonstration of oestrogen sulphate formation by the sheep
placenta. This tissue must now be considered a possible alternative to the foetal
sheep liver as a source of these conjugates which occur in increasing amounts in foetal
blood as gestation proceeds to term (Pindlay & Cox, 1970).
A report on the formation of unconjugated oestrogens and the interconversion of

androgens in this incubation study is being prepared.
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The factors which regulate the development of myometrial contractility in
pregnancy are vital for the survival of each species since they have to ensure the
birth of the fetus at the optimum stage of maturity for extra-uterine existence.
Despite the fact that parturition is a frequent and recurrent phenomenon and
that a vast amount of published work on the subject has accrued over the past
few decades, it is only within recent years that interest in this field has been
rekindled. The studies of Holm (1966), Liggins, Kennedy & Holm (1967) and
Drost & Holm (1968), in particular, have indicated the importance of a func¬
tional fetal pituitary-adrenal axis for the occurrence of natural parturition
since fetal adenohypophysial aplasia or intra-uterine fetal hypophysectomy or
adrenalectomy indefinitely prolongs gestation. Furthermore, Liggins (1968,
1969) demonstrated that, in the sheep, premature parturition can be induced
by the infusion of synthetic corticotrophin or the glucocorticoid Cortisol into the
lamb in utero. Its mode of action in delaying or advancing parturition is un¬
explained.
As part of a programme of investigation of the metabolism of steroids by the

pregnant sheep, its fetus and placenta, the study reported here is mainly con¬
cerned with the biosynthesis of various steroids, particularly corticosteroids,
from pregnenolone and progesterone by both fetal and adult sheep adrenal
tissue incubated in vitro. In the fetus, the metabolism ofsteroids in adrenal glands
removed at different stages of gestation, including labour, has been compared
with metabolism in adrenal tissue removed following the induction ofpremature
parturition by synthetic corticotrophin (Synacthen) infused into the lamb
in utero. In addition, in-vivo experiments are reported on the formation of cor¬
ticosteroids by isotopically labelled pregnenolone injected into the intact fetus
and placenta of the sheep. The effects of various corticosteroids infused into the
premature sheep fetus in utero will be discussed in relation to the induction of
parturition and to the biosynthesis of corticosteroids by the fetal sheep adrenal
gland.

PATHWAYS OF ADRENAL CORTICOSTEROID BIOSYNTHESIS IN ADULT AND FETAL SHEEP

Cortisol is quantitatively the principal glucocorticoid secreted by the adrenal
glands of adult and fetal sheep (Bush & Ferguson, 1953; Lindner, 1959;

25
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Blair-West, Coghlan, Denton, Goding, Wintour & Wright, 1963; Lindner,
1964; Chester Jones, Jarrett, Vinson & Potter, 1964; Paterson & Harrison,
1967; Alexander, Britton, James, Nixon, Parker, Wintour & Wright, 1968;
Bassett & Hinks, 1969). In view of the apparent involvement of Cortisol in the
initiation ofparturition in the sheep it seemed pertinent to consider the principal
pathways for its biosynthesis in the ovine adrenal gland (Anderson, Pierrepoint,
Jones, Griffiths & Turnbull, 1970b).

Text-figure 1 indicates the two principal pathways which have been deter¬
mined for the biosynthesis of Cortisol in the human adrenal cortex: the first

Cholesterol

Y

Pregnenolone

!7aOH-Pregnenolone Progesterone

DHA !7aOH-Progesterone

Androstenedione I l-Deoxycortisol DOC

I IjSOH-Androstenedione Cortisol Corticosterone

Cortisone

Text-fig. 1. Pathways for adrenal steroid biosynthesis showing alternative routes for
Cortisol synthesis from pregnenolone.

involves 17-hydroxylation of pregnenolone followed by 3/3-hydroxysteroid
dehydrogenation and A5-A4 isomerism to 17a-hydroxyprogesterone; the second
requires the initial conversion of pregnenolone to progesterone with subsequent
17 a-hydroxylation, again to give 17a-hydroxyprogesterone. This key compound
can then be hydroxylated in a well established series of reactions, first 21-
hydroxylation to give 11-deoxycortisol, followed by 11 /3-hydroxylation to yield
Cortisol.
In the adult sheep adrenal we have assessed the relative activity of the alter¬

native routes for Cortisol synthesis from pregnenolone (Anderson et al., 1970b).
Our results suggest that the major pathway to Cortisol is by the route involving
17 a-hydroxypregnenolone, similar to the situation determined for adult human
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adrenal tissue (Cameron & Griffiths, 1968). The role of progesterone in Cortisol
synthesis in the adult sheep adrenal appears to be a minor one, any progesterone
formed in the tissue being rapidly converted to the 17-deoxycorticosteroids,
11-deoxycorticosterone (DOC) and corticosterone.
There may be a difference in the steroid biosynthetic pathways of fetal and

adult sheep adrenals. Our results with the fetal adrenal suggest that progesterone
was often transformed almost as efficiently to 11-deoxycortisol and Cortisol as
was pregnenolone. The pathway pregnenolone-> 17 a-hydroxypregnenolone
-> 17 a-hydroxyprogesterone -> 11-deoxycortisol -> Cortisol cannot be con¬
sidered to make such a major contribution to Cortisol synthesis in the adrenal of
the ovine fetus as in the adult. The metabolic route from pregnenolone to
Cortisol through progesterone may therefore be of greater importance in the
fetal than in the adult sheep adrenal gland. This interpretation is in contrast
to that of Vinson & Whitehouse (1967) who found little difference in the cortico¬
steroid biosynthetic pathways of fetal and adult sheep adrenals and particu¬
larly in the synthesis of corticosterone from pregnenolone (Vinson, 1967).
Yet another route to Cortisol from pregnenolone has been proposed in the

human adult and fetal adrenal cortex, where 17a,21-dihydroxypregnenolone
can serve as an intermediate between pregnenolone and 11-deoxycortisol
(Pasqualini, Lafoscade & Jayle, 1964; Whitehouse & Vinson, 1969). However,
in a series of time-based incubations of fetal sheep adrenal tissue with isotopically
labelled pregnenolone, and in the adult sheep adrenal, we failed to find labelled
17a,21-dihydroxypregnenolone at any time, although 11-deoxycortisol forma¬
tion was efficient (unpublished data).

METABOLISM OF PREGNENOLONE AND PROGESTERONE TO CORTICOSTEROIDS BY

FETAL SHEEP ADRENAL TISSUE in vitrO

Materials and methods

The adrenal glands were removed from sheep fetuses at the following times
during apparently normal pregnancies: (a) 122 days; (b) 140 days, not in
labour; (c) 143 days, not in labour; (d) 144 days, in labour; (e) newborn
lamb delivered following natural onset of labour and spontaneous vaginal
expulsion.
In the ewe (d) intra-amniotic pressure had been recorded continuously from

135 days, by means of an open-ended fluid-filled polyvinyl catheter inserted
into the amniotic sac and connected to a pressure transducer and recorder.
Four hours after the onset of uterine contractions, as evidenced by a regular
pattern ofintra-amniotic pressure waves, the ewe was considered to be in labour,
since Hindson & Turner (1969) have shown that the sheep uterus is quiescent
until about 12 hr before parturition.
In two other ewes, parturition was induced prematurely by the intra-fetal

infusion of synthetic corticotrophin (Synacthen, Ciba), the fetuses being
delivered at (f) 116 days and (g) 133 days. Synacthen was infused through
a self-retaining transparent vinyl catheter (T52 mm o.d., Portex Ltd, Hythe,
Kent) inserted into the fetal peritoneal cavity, as described by Liggins (1966).
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The catheter, brought out through the flank of the ewe, was connected to a
constant infusion pump (Palmer Ltd, London) and the Synacthen infused at a
rate of 250 /ag/24 hr for 76 hr in the case of (f) at 116 days, and for 73 hr in (g)
at 133 days. During this procedure, the ewe was kept in a metabolic cage with
free access to dried hay and water. After 76 and 73 hr, respectively, marked
mammary gland enlargement was noted, the cervix was soft and beginning to
dilate and the fetal head was well into the pelvis.
In each case, except that of the newborn lamb (e), which was delivered

vaginally, Caesarean section was performed under epidural analgesia and a live
fetus was delivered. The adrenals were removed immediately the lamb was
delivered and maintained at 0° C until prepared for incubation about 1 hr later.
The combined weight of the fetal adrenal glands was (a) 224 mg, (b) 490 mg,
(c) 390 mg, (d) 476 mg, (e) 425 mg, (f) 500 mg and (g) 740 mg. The tissue was
finely chopped, using a safety razor blade, and in each case the total mass of
adrenal tissue was incubated in Krebs-Ringer bicarbonate-glucose medium
(6 ml/500 mg tissue) with equimolar amounts of isotopically labelled preg¬
nenolone and progesterone. The amount ofsteroid added was such as tomaintain
a steroid: tissue ratio of 1:40,000 in each incubation.
To check the purity of radioactive steroids used as substrates in the incuba¬

tions, samples were diluted with carrier material and chromatographed on thin
layers of silica gel in a number of solvent systems. The specific activities of the
free steroid and of two derivatives formed from it showed the material to be not

less than 99% pure. Radioactive material on chromatograms was detected
using a Berthold Aerograph Model 6000 radiochromatogram scanner.
Incubations were performed at 39-5° C with shaking in an atmosphere of95%

oxygen: 5% carbon dioxide. The reactions were stopped after 2 hr by the addition
of acetone followed by 500 jag each of the non-radioactive carrier steroids listed
in Tables 1 and 2. Steroids were then extracted and isolated following extensive

Table 1

the metabolism in vitro of isotopically labelled pregnenolone by adrenal

tissue from fetal and newborn sheep

Steroid isolated

116 Days
{after

Synacthen) 122 Days

133 Days
{after

Synacthen) 140 Days 143 Days In labour Hewborn

Pregnenolone (unmetabolized) 10-0 3-0 0-2 11 2-0 1-2 0-3
17a-Hydroxypregnenolone 5-0 0-1 0-3 0-1 1-6 N.I. 0-4

Progesterone 28-8 41-6 0-6 21-0 10-0 7-6 0-8
17a-Hydroxyprogesterone 9-2 3-4 0-9 5-1 2-1 N.I. 0-5
11-Deoxycorticosterone 3-1 1-8 1-9 13-8 35-8 8-5 4-0
Corticosterone 4-7 0-3 1-8 6-6 1-5 17-3 3-9
11-Deoxycortisol 9-4 1-9 37-3 32-9 41-0 14-6 42-4
Cortisol 10-6 0-3 40-3 9-4 1-3 28-3 40-4
Cortisone 0-1 0-0 1-5 0-6 0-1 N.I. 1-9

Figures are percentages of the initial radioactivity incubated.
N.I.=Not investigated.
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thin-layer chromatography (Merck silica gel HF254/366) and derivative forma¬
tion by established procedures (Anderson et al., 1970b). The mass of the Zl4-3-
oxosteroids was measured by their selective absorption of light at 240 nm,
whereas other steroids were quantitated by gas-liquid chromatography (Pye
104) using S.E. 30 column (1 or 2%) on British Drug Houses Supasorb. Radio¬
activity was determined using a Nuclear Chicago Liquid Scintillation spectro¬
meter (Model 6860). The observation that the specific activity of a steroid and

Table 2

the metabolism in vitro of isotopically labelled progesterone by adrenal tissue

from fetal and newborn sheep

Steroid isolated

116 Days
after

Synacthen 122 Days

133 Days
after

Synacthen 140 Days 143 Days In labour Newborn

Progesterone (unmetabolized) 34-0 66-6 2-3 28-7 7-4 10-2 1-5
17a-Hydroxyprogesterone 4-4 1-7 0-7 3-6 0-0 N.I. 0-4
11-Deoxycorticosterone 6-7 12-4 11-6 23-9 60-5 16-2 22-6
Corticosterone 13-3 1-9 10-8 11-3 4-1 31-6 25-2
11 -Deoxycortisol 4-7 2-4 33-1 15-3 4-4 9-3 19-5
Cortisol 6-7 0-2 35-3 5-9 0-2 19-1 19-1
Cortisone 0-0 0-0 3-4 0-4 0-0 N.I. 1-0

Figures are percentages of the initial radioactivity incubated.
N.I.=Not investigated.

two of its derivatives differed by not more than 10% was taken as evidence of
radiochemical purity. The mean of the specific activities was used to calculate
the percentage conversion from the original steroid incubated.

Results and discussion

Tables 1 and 2 show the distribution of radioactivity among the metabolites
formed after the simultaneous incubation of isotopically labelled pregnenolone
(Table 1) and progesterone (Table 2) with fetal and newborn sheep adrenal
tissue.
All fetal adrenal tissue studied extensively metabolized pregnenolone as shown

in Table 1, and there was a large conversion of this substrate to corticosteroids
in the adrenal glands incubated at 133 days or later in gestation. In contrast, at
116 days in the Synacthen-stimulated gland, and at 122 days, progesterone was
the main product formed from pregnenolone. However, it is evident from Table 1
that fetal infusion ofSynacthen at 116 days stimulated a greater transformation
of the substrate pregnenolone to corticosteroids compared with the normal
gland of similar gestational age (122 days), apparently by further conversion
of the progesterone formed. In the Synacthen-stimulated adrenal at 133 days,
77-6% of the pregnenolone was converted to the corticosteroids 11-deoxycortisol
and Cortisol, these two products being formed in equal amounts, in marked

3
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contrast to the small yields of the 17-deoxycorticoids, DOC (1-9%) and cor-
ticosterone (1-8%). The transformation of pregnenolone and the yield of the
individual corticosteroids by this Synacthen-stimulated fetal adrenal gland are
remarkably similar to those of the adrenal from the newborn lamb.
The most interesting feature of this study was the demonstration in the

'full-term' fetal adrenals (140 and 143 days) of a marked inactivity of the 11/3-
hydroxylating enzyme system. At 143 days, for example, 36% of the incubated
pregnenolone had been converted to DOC and 41% to 11-deoxycortisol,
whereas only 1-5 and 1-3% of the radioactivity was isolated in corticosterone
and Cortisol, respectively. An apparently similar degree of inactivity of the
11/3-hydroxylase enzyme system was observed at 140 days' and also at 122 days'
gestation.
In contrast, active 11/3-hydroxylase enzyme activity is apparent in the

Synacthen-stimulated adrenal glands, in the adrenals removed from the fetus
during the course of spontaneous labour, and in those from the immediate
newborn. In all these glands, the transformation of pregnenolone to corti¬
costerone and Cortisol was at least as great, ifnot greater than to their precursors
DOC and 11-deoxycortisol, respectively.
The metabolism of progesterone (Table 2) showed many features in common

with those reported above for the substrate pregnenolone, although a greater
amount ofprogesterone always remained unmetabolized at the end ofthe incuba¬
tion period compared to the extensive metabolism of pregnenolone. A relative
inactivity of the enzyme 11 /3-hydroxylase in the normal fetal sheep adrenal at
122, 140 and 143 days is again shown (Table 2) whereas intra-fetal Synacthen
had apparently stimulated this enzyme system, producing a similar picture to
that occurring in labour or in the newborn adrenal in terms of the relative
amounts of individual corticosteroids formed.
These results therefore suggest that during the course of normal pregnancy,

at least until the onset of parturition, C21-steroid 11 /8-hydroxylation is not
particularly active in the fetal sheep adrenal. In view of this finding, we sub¬
sequently investigated the relative activity of C19-steroid 11 /3-hydroxylase by
studying the metabolism of dehydroepiandrosterone to androstenedione and
11 /3-hydroxyandrostenedione at different stages of gestation.

METABOLISM OF DEHYDROEPIANDROSTERONE (DHA)
Materials and methods

[7a-3H]DHA was incubated for 2 hr at 39-5° C in Krebs-Ringer bicarbonate-
glucose medium with adrenal tissue removed from sheep fetuses at (a) 116 days
and (b) 143 days, not in labour. The steroid: tissue ratio was the same for both
(a) and (b) (1:40,000). Steroids were extracted, isolated after extensive
chromatography and derivative formation, and measured by procedures
previously described in this paper.

Results and discussion

Table 3 shows that the substrate DHA was completely metabolized at term,
with over 90% metabolism earlier in gestation. Although the transformation
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of DHA to androstenedione and 11 /3-hydroxyandrostenedione together, was
similar at both stages ofgestation (57-6% at 116 days; 55-6% at 143 days) there
was a marked increase in the 11 /J-hydroxylase enzyme activity at term.

Table 3

the metabolism in vitro of [7<x-3h]dehydroepiandrosterone
by adrenal tissue from fetal sheep

Steroid isolated 116 Days 143 Days

Dehydroepiandrosterone (unmetabolized) 10-8 0-1
Androstenedione 53-8 36-8
1 ljg-Hydroxyandrostenedione 3-8 18-8
Dehydroepiandrosterone sulphate 0-0 0-0

Figures are percentages of the initial radioactivity incubated.

Comparison of the data presented in Table 3 with those in Tables 1 and 2
for fetal adrenals of similar gestational age suggests that the 11 ^-hydroxylase
enzyme system may be more active at term for C,9- than for C2i-steroids.
However, a great deal more information is required to reach firm conclusions.

Steroid sulphokinase activity. An interesting finding from these incubations of
fetal sheep adrenals with the substrate DHA or with pregnenolone was their
apparent inability to form sulphates. In addition, we failed to demonstrate
steroid sulphokinase activity in adult sheep adrenal tissue, even when optimal
conditions for such enzyme systems were provided (Anderson et al., 1970b).
It appears, therefore, that the sheep adrenal, in marked contrast to the human
adrenal, does not synthesize DHA sulphate which is so closely involved in
oestrogen synthesis in the human feto-placental unit (Bolte, Mancuso, Eriksson,
Wiqvist & Diczfalusy, 1964).

metabolism of pregnenolone and progesterone to c j 9-steroids

In the experiments with fetal and newborn sheep adrenal tissue, described
above (pp. 27-30), the metabolism ofthe substrates pregnenolone and progester¬
one to several C ] 9-steroids, namely DHA, androstenedione, 11 /3-hydroxyandro¬
stenedione, testosterone and epitestosterone was investigated. The synthesis of
these C19-steroids from progesterone and of testosterone and its epimer from
pregnenolone was minimal in all adrenal tissue studied.
There was a tenfold increase in the percentage conversion of pregnenolone

to androstenedione at 143 days (3%) and in labour (2-8%) compared with 122
days' gestation (0-3%). These findings may help to explain the rapid increase in
maternal plasma oestrogens before parturition in the sheep (Challis, 1971)
assuming that fetal adrenal C19-steroids serve as precursors for placental
oestrogen synthesis (Ainsworth & Ryan, 1966; Davies, Ryan & Petro, 1970;
Pierrepoint, Anderson, Harvey, Turnbull & Griffiths, 1971b).
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Of further interest was the lack of effect of Synacthen at 116 days on the fetal
adrenal formation ofC, 9-steroids, in contradistinction to its marked stimulatory
effect on their synthesis at 133 days. These data lend support to the findings of
Liggins, Grieves, Kendall & Knox (1972) that intra-fetal infusion of Synacthen
can induce parturition in the absence ofany significant rise in maternal circulat¬
ing oestrogens. Furthermore, these authors showed that, in dexamethasone-
induced parturition, an increase in free oestradiol-17/3 in the maternal plasma
occurred only if the pregnancy was at 130 days or more; before this time,
oestradiol-17/3 was undetectable.

metabolism of [7 a-3h]pregnenolone injected into umbilical vein of the
fetal sheep at 140 days gestation

Materials and methods

With the ewe under epidural analgesia the abdomen was opened through a
midline incision and the pregnant horn exposed through the incision. An
umbilical vein was then catheterized using transparent vinyl tubing (Portex
Ltd, 1-5 mm o.d.) according to the technique of Meschia, Cotter, Breathnach
& Barron (1965), without allowing the escape of fetal fluids.
A solution containing 41-7 nmol of [7a-3H] pregnenolone (6 Ci/mmol),

dissolved in 5 ml 20% ethanol in normal saline was injected over 2 min into the
fetus by way of the umbilical vein catheter. Eight minutes later, the fetal sacs
were opened and 50 ml umbilical arterial blood withdrawn into a heparinized
container. The umbilical cord was clamped and severed, the fetus removed and
injected intravenously with 2 ml Nembutal. The adrenals, weighing 448 mg,
were removed from the fetus immediately after death and examined, along with
the umbilical arterial plasma, for their radioactive content.

Distribution of radioactivity in blood andfetal adrenals
Plasma from the heparinized blood was separated and mixed with twice its

volume of acetone; the adrenals were finely chopped and placed in acetone.
Table 5 lists the non-radioactive 'carrier' steroids, 500 fxg in each case, that
were added to the plasma-acetone or adrenal-acetone mixture before the
extraction procedure described elsewhere (Anderson et al., 1970b; Pierrepoint,
Anderson, Griffiths & Turnbull, 1971a). The corticosteroids listed were un¬
obtainable as sulphates and were added as free steroids to the conjugate fraction
before enzyme hydrolysis using Helicase (L'lndustrie Biol. France, S.A.,
Gennevilliers, France) and subsequent acid solvolysis (Burstein & Lieberman,
1958) of the aqueous residues. Steroids were extracted and isolated by extensive
thin-layer chromatography and quantitated as described earlier.
The distribution of radioactivity after partitioning the steroid extracts from

the umbilical arterial plasma and the fetal adrenal tissue into free and conju¬
gated fractions is shown in Table 4. In the umbilical arterial plasma the radio¬
activity was distributed equally between free and water-soluble steroids whereas
almost all the radioactivity recovered from the fetal adrenal glands was in the
free form.
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Table 4

distribution of radioactivity in the various steroid fractions derived from

the umbilical arterial plasma and the fetal adrenal glands after infusion of

[7<x-3h]pregnenolone into the intact sheep fetus in vivo

Steroidfraction

Umbilical arterial plasma Fetal adrenal glands

Radioactivity
(d\min)

As % of total
radioactivity
recovered

Radioactivity
(djmin)

As % of total
radioactivity
recovered

Total radioactivity recovered 8,125,265 100 92,484 100
Non-conjugated ('free' steroids) 3,861,718 47-5 89,347 96-6
Conjugated 3,784,286 46-6 1,003 1-1

Metabolites identified in blood andfetal adrenals
The free steroid fraction isolated from the umbilical arterial plasma (Table 5)

was found to contain radioactive pregnenolone (4-6%) indicating the incom¬
plete metabolism of the injected substrate. Isotopically labelled pregnenolone
was also identified in the fetal adrenal tissue, in which it accounted for
60-9% of the recovered radioactivity in the free steroid portion. Extensive
conjugation ofpregnenolone had obviously occurred, the pregnenolone sulphate
isolated accounting for almost all the radioactivity found in the steroid conjugates
circulating in the umbilical artery. The liver seems a likely site of the sulpha-
tion of pregnenolone since in vitro (Anderson, Pierrepoint, Griffiths & Turnbull,
1970a) and in vivo studies (Pierrepoint et al., 1971b) have indicated the high

Table 5

steroids investigated in the umbilical arterial

plasma and in the fetal adrenal glands after

infusion of [7a-3h]pregnenolone into intact sheep
fetus in vivo

Umbilical arterial Fetal adrenal
Steroid isolated plasma glands

(% offree (% offree
steroidfraction) steroidfraction)

Pregnenolone 4-60 60-9
Progesterone 0-41 4-6
11-Deoxycorticosterone 0-08 2-7
Corticosterone 008 5-5
11-DeoxyCortisol 0-31 4-2
Cortisol 0-41 8-6

(% of conjugated
steroidfraction)

Pregnenolone sulphate 96-4
11-Deoxycorticosterone sulphate 0
Corticosterone sulphate 0
11-Deoxycortisol sulphate 0
Cortisol sulphate 0

Figures are percentages of the total radioactivity in the fraction
from which they were isolated.
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capacity of this organ to form steroid sulphates from the substrate pregnenolone,
although ovine placental tissue has also been found to possess active sulphating
enzymes for CI8-steroids (Pierrepoint et al., 1971b).
Small amounts of the corticosteroids, DOC, corticosterone, 11-deoxycortisol

and Cortisol were isolated as circulating metabolites ofpregnenolone, indicating
their probable secretion by the fetal adrenal in which tissue they were also
identified (Table 5). It is interesting that the ratio between the 11 /S-hydroxylated
corticosteroids, Cortisol and corticosterone, and their 11-deoxy precursors
11-deoxycortisol and DOC, respectively, was higher in the adrenal tissue than in
the umbilical arterial plasma. This finding suggests either a differential secretion
of corticosteroids by the fetal adrenal or their differential metabolism in other
organs. No corticosteroid sulphates or glucuronides were identified in the plasma.
Discussion

These results of the in-vivo metabolism of [7a-3H]pregnenolone injected into
the umbilical vein of the fetal sheep confirm our in-vitro studies and suggest that
pregnenolone can act as a substrate for the synthesis of corticosteroids by the
fetal sheep adrenal. Moreover, the results suggest that the corticosteroids
investigated are secreted by the adrenal gland, having been identified as circulat¬
ing metabolites of pregnenolone. Our in-vitro results on the metabolism of
pregnenolone by fetal adrenal tissue indicated that 11-deoxycortisol may be the
major 17-hydroxylated corticosteroid synthesized by the fetal sheep at least
until near the time of parturition. These in-vitro findings are apparently not
confirmed in this in-vivo study at 140 days gestation where twice as much Cortisol
as 11-deoxycortisol was found in the fetal adrenal tissue, with equal amounts
of these two corticosteroids in the umbilical arterial circulation. However, if
the in-vivo experiment reported above were to be repeated very close to natural
parturition, it may be that the ratio between Cortisol and 11 -deoxycortisol in
both adrenal tissue and blood would be vastly increased, in keeping with our
in-vitro demonstration of a rapid activation of the 11 ^-hydroxylase enzyme
system at the end of pregnancy.
To our knowledge, the level of 11-deoxycortisol in fetal sheep plasma has

never been measured, nor has its physiological importance been assessed in
relation to the onset of parturition. Evidence has been presented that the
ability of corticosteroids to cause premature parturition when infused into
fetal lambs depends on glucocorticoid rather than mineralocorticoid activity,
since intra-fetal infusion ofCortisol will induce premature delivery while deoxy¬
corticosterone and corticosterone are ineffective (Liggins, 1969). It appeared
that the effectiveness of 11-deoxycortisol had never been examined.

Effects of intra-fetal infusion of 11 -deoxycortisol
The corticosteroid, dissolved in 20% ethanol in 0-9% NaCl solution, was

infused continuously into the lamb in utero either through a self-retaining
polyvinyl catheter inserted into the fetal peritoneal cavity according to the
method of Liggins (1968) or by means of a catheter placed in the umbilical vein
as described by Meschia et al. (1965). The ewes were housed in a metabolic
cage for the duration of the infusions.
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Table 6

effect of 11-deoxycortisol and cortisol infused into single fetal lambs in Utero

on the induction of premature parturition

Corticosteroid infused
Dose

(mg/24 hr)
Duration of

pregnancy {days)
Duration of
infusion Outcome

11-Deoxycortisol 25 123 7 days No effect
11-Deoxycortisol 50 117 7 days No effect
11-Deoxycortisol 50 115 8 days No effect
11 -Deoxycortisol 50 Unknown 6 days Delivery*
11-Deoxycortisol 100 125 7 days No effect
Cortisol 50 113 70 hr Delivery
Cortisol 50 116 73 hr Delivery
Control"! — 116 10 days No effect
Control >Vehicle only infused — 125 8 days No effect
ControlJ — 128 7 days No effect

* Lamb weighed 31 kg—possibly mature.

It was found (Table 6) that 11-deoxycortisol infused into single fetuses at
115 to 125 days' gestation in doses ranging from 25 to 100 mg/24 hr for 7 to 8
days was not followed by premature parturition, except in onewhere the duration
of pregnancy was in doubt and the lamb weighed 3-1 kg, possibly at term. By
contrast, Cortisol, 50 mg/24 hr, administered to two fetuses at 113 and 116
days' gestation, effectively induced delivery within 3 days. In three other lambs
where the vehicle only was infused (20% ethanol in 0-9% NaCl) parturition did
not occur within the week of infusion. The lambs infused with 11-deoxycortisol
and the 'control' lambs were subsequently delivered alive at term. Thus we have
no evidence for the physiological involvement of 11-deoxycortisol in the onset of
parturition in the sheep.

conclusions

Our results are in keeping with the hypothesis that the 11 /3-hydroxylase enzyme
activity in the fetal sheep adrenal may increase very rapidly in the final few days
ofgestation, thus increasing the synthesis ofCortisol which, in turn, may initiate
labour. That adrenocorticotrophin (acth) may be responsible for stimulating
the 11 /S-hydroxylation of 11-deoxycortisol to Cortisol is suggested by our findings
in the fetal adrenals where premature parturition had been induced at 116 and
133 days by the infusion of Synacthen into the fetus in utero. In the Synacthen-
stimulated glands the conversion of the substrates pregnenolone and progesterone
to Cortisol and corticosterone was as great as, ifnot greater than, their conversion
to 11-deoxycortisol and DOC, respectively, and the same was true of the adrenals
of the fetus delivered during labour and those of the newborn lamb, acth is
certainly present in the plasma of fetal sheep, particularly after 130 days'
gestation (Alexander, Britton, Forsling, Nixon & Ratcliffe, 1971), the lack of
correlation between fetal and maternal values, indicating that there is little or
no placental transfer of this hormone. However, there is no information in this
species about the levels of fetal acth beyond 143 days or at the onset oflabour.
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The suggestion that acth release from the fetal sheep pituitary in late preg¬
nancy is evoked by stress was put forward by Alexander et al. (1971). We cannot
exclude the possibility that the similarity between our results with the Synacthen-
stimulated fetal adrenals and those studied during labour or at birth is due to the
effect in the latter circumstances of fetal acth released in a stressful situation.
However, the idea that the 11 /S-hydroxylase enzyme in the fetal sheep adrenal
may be rapidly activated in late pregnancy is in keeping with the results of
Bassett & Thorburn (1969) and of Comline, Nathanielsz, Paisey & Silver
(1970) which suggest a pronounced increase in fetal plasma Cortisol and in
Cortisol turnover rate immediately before normal parturition in the sheep.
The ability ofacth to stimulate specifically 11 /S-hydroxylase activity has been

demonstrated previously in other species, for example adult rat adrenal tissue
(Griffiths & Glick, 1966; Kowal, 1969) although little is known of its effect on
fetal tissue. Another probable site of action of acth in the adrenal is at a point
in the steroid biosynthetic process between cholesterol and pregnenolone
(Stone & Hechter, 1954). In the sheep fetus, it may be that acth is acting at
this site in addition to its effect on 11 /S-hydroxylation, so that, in the fetal adrenal
near parturition, steroid biosynthesis in general would be stimulated by the
increased metabolism of cholesterol.
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Steroid hormone-binding in sheep pregnancymyometrium. G. Rossier,
C. G. Pierrepoint, D. G. Wilson and K. Griffiths, Tenovus Institute for
Cancer Research, The Heath, Cardiff.
It has been demonstrated that several C18-, C19- and C21-steroid metabolizing
enzymes are present in ovine pregnancy myometrium in the latter half of gesta¬
tion. This target organ could therefore play a role in determining the final
structure of steroid hormones at their sites of action and thus function in the

complex control of pregnancy and the onset of parturition.
It is now widely accepted that steroid hormones bind to specific receptor sites

in target organs before eliciting a physiological response. It seemed pertinent,
therefore, to assess the affinity of the myometrium for the various steroid hor¬
mones presented to it by the placenta as well as for the metabolites known to be
formed in the tissue itself.

Sheep uteri were obtained from the abattoir and the stage ofgestation assessed
from the fetal crown-rump length. All experiments were performed at 30°C on
the 105,000g supernatant or cytoplasmic fraction of themyometrium. Unbound
steroid was removed by adsorption to activated charcoal and the time-course of
binding of [2,4,6,7-3H]oestradiol-l 7ft investigated. The results showed maxi¬
mum binding at 30 min and this period of time was used for subsequent label¬
ling studies. Incubation experiments, using the 105,000 g supernatant of preg¬
nant sheep myometrium and succrose density gradient ultracentrifugation
analyses, have shown the presence ofoestradiol-17/J-binding components which
sediment at rates consistent with 8S and 4S proteins. Bovine serum albumin
(4-6S) was used as a marker. It remains to be determined whether the 4S
receptor, which was more easily demonstrated than the 8S, is, in fact, a sub-
unit of the latter. Concomitant incubation with unlabelled oestradiol-17)5
suppressed the binding of the tritiated hormone to the cytosol fraction. The
binding capacity for oestradiol-17)5 of the supernatant fraction taken from the
non-gravid horn was less than that from the gravid horn but the sedimentation
coefficients of the receptors (4S) were similar relative to bovine serum albumin.
The co-incubation of the 105,000 g supernatant of non-pregnant myo¬

metrium with labelled oestradiol-17)5, and oestradiol- 17a or oestrone, showed
that these latter two oestrogens were poor competitive antagonists of oestradiol-
17)5 binding.
The 105,000 g supernatant ofmyometrium (36 and 75 days of gestation) also

contains a binding component for progesterone; the complex sediments at
about the same rate as bovine serum albumin (4-6S). The kinetics of steroid-
receptor interaction in ovine myometrium at various stages of gestation are
under investigation. Furthermore, extraction and chromatographic techniques
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are being used to determine whether the ligands that bind are in the form of the
parent hormones or their metabolites.
The authors wish to thank the Wellcome Trust and the Tenovus organisation for their generous

financial support. We are grateful to the Meat Inspectors at the Cardiff abattoir for providing the
uteri used in these investigations.
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Ovine placental tissue has been incubated with [4-14C]androstenedione and [1,2-3H2J-
epitestosterone for 10, 30, 60, and 120 min. The subsequent radioactive content of the sub¬
strates and metabolites has been evaluated after each period of incubation and plotted
against time. The rate of interconversion for the two substrates was examined as well as
the formation of estrone, and the two epimers of estradiol. The incorporation of both
labels into water soluble material was noteworthy whilst the formation of estrone sul¬
fate from both substrates was considered of particular interest.

Estrogens are an indispensable group of
hormones to the pregnant animal. Uterine
growth and function in particular are de¬
pendent upon their ready availability. The
placenta, in the higher domestic animals,
assumes the role of estrogen production at
certain fairly well defined stages of pregnancy
that are species-specific (Amoroso, 1955;
Ryan, 1969). In the sheep, ovariectomy may
be performed, without interrupting preg¬

nancy, after the 50th day and estrogen
production remains adequate for the needs
of the growing uterus, conceptus and mother.
These estrogens are most likely derived
from the placental transformation of Ci9-
steroid substrates, the demonstration of
which has previously been reported (Ains-
worth and Ryan, 1966; Pierrepoint, Ander¬
son, Griffiths and Turnbull, 1970).
This paper now describes an investigation

into some of the time-sequences of Ci9-
steroid metabolism by ovine placental tissue
in vitro, and reports on the formation of
estrogen sulfates in high yields, a finding

1 Department of Obstetrics and Gynaecology,
Welsh National School of Medicine, The Maternity
Hospital, Glossop Terrace, Cardiff CF2 1DF, Wales.

which may be of relevance in relation to
the observation (Brooks, Leithauser, De
Loecher, and De Wever, 1969) that estrone
sulfate stimulates protein synthesis in
preparations of rat uterine tissue. A pre¬
liminary account of this work has already
been communicated (Pierrepoint, Anderson,
Harvey, Turnbull, and Griffiths, 1971).

MATERIALS AND METHODS

A Caesarean hysterectomy was performed under
spinal analgesia on a ewe at 127 days gestation. The
uterus and attached placenta were transferred on ice
to the laboratory where several placentomes, contain¬
ing both maternal and fetal cotyledons were removed
and chopped finely by hand.

Four samples of 4 g were each incubated with equi-
molar amounts of [4-14C]androstenedione (2 /uCi: 56
mCi/mmoles) and [1,2-3H2]epitestosterone (17a-
hydroxy-4-androsten-3-one) (15 /xCi, 420 mCi/
mmoles) in Krebs-Ringer bicarbonate glucose solu¬
tion at 39.5C for 10, 30, 60, and 120 min, respectively.
At the end of each incubation period, acetone was
added containing 500 jug each of the following non¬
radioactive carrier steroids, androstenedione, testos¬
terone, epitestosterone, estrone, estradiol-170, estra¬
diol-17a and the sulfates of testosterone and epi¬
testosterone.

Steroids and their conjugates were extracted after
thorough mixing as previously described (Pierrepoint
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et al., 1971). The free steroids were separated and de¬
termined by procedures described by Pierrepoint et
al., (1970).

The solvent systems employed in the separation of
the steroids investigated and their derivatives are as
follows: 1. Chloroform .'acetone (185:15 v/v); II.
Cyclohexane: ethyl acetate (100:100 v/v); III.
Cyclohexane:ethyl acetate (150:50 v/v); IV. Hexane:
ethyl acetate (120:80 v/v); V. Benzene:ethyl acetate
(180:20 v/v); VI. tert.Butanol:ethyl acetate: 5 n
ammonium hydroxide (82:100:40 v/v); VII. 4 m
Urea in 3 n ammonium hydroxide.
Certain problems present themselves when working

with 1,2-tritiated steroids. On placental aromatiza-
tion, approximately 69% of the labelling is removed
(Brodie, Raab, Possanza, Seto, and Gut, 1969), whilst
a 40% loss is encountered if the steroids are warmed
in an alkaline medium (Brodie and Warg, 1967 and
unpublished data). Final figures quoted in Table 2
have allowed for these losses although the percentage
conversion figures achieved from [1, 2-3H>]epitestos-
terone cannot under these circumstances be considered
absolute.

The relatively high proportion of incubated radio¬
activity retained by the aqueous residues (Fig. 1)
prompted a preliminary investigation on an aliquot
of this fraction from the 2-hr incubation study. It
was demonstrated that the water-soluble material was
in the form of estrogen sulfates (Pierrepoint et al.,
1971). Consequently 500 tig each of estrone sulfate,

estradiol-17/3-3-sulfate, estradiol-17/3-17-sulfate and
estradiol-17/3-disulfate were added to the aqueous
residues from each incubation.

Initial separation of phenolic and neutral steroid
sulfates from free steroids was achieved by chromato-
graphing the mixtures on silica gel in solvent system
VI. A radiochromatographic scan (Berthold Aero¬
graph Model 6000 Scanner) clearly showed in the case
of each incubation a major peak of radioactivity as¬
sociated with the estrogen sulfates (Rf 0.79) and less
polar than the neutral steroids sulfate band (Rf 0.64).
Estradiol disulfate was found to be much more polar
(Rj 0.32) in this solvent system. The phenolic steroid
sulfates were eluted and subjected to hydrolysis by
the addition of 1.5 mg Helicase (L'lndustrie Biol.
France. S.A., Gennevilliers, France) in 1.0 ml 0.1 m
acetate buffer/200 tig steroid sulfate and incubating at
37C for 18 hr. This enzyme hydrolyses steroid 3-sul-
fates but is without effect when the sulfate radical is
in the 17-position. The resultant free steroids were
then extracted with 2 X 5 ml ethyl acetate. The re¬

maining aqueous residues were subsequently acidified
to pH 1.0 with 4 n-HoSOj, saturated with NaCl, and
extracted with 2 X 10 ml ethyl acetate before incubat¬
ing at 50C for 4 hr. Burstein and Lieberman (1958)
thus hydrolyzing the remainder of the steroid sulfates.
The steroid fractions resulting from the hydrolysis
and solvolysis of the estradiol fractions were further
diluted with 500 tig estradiol-17a, a steroid not avail-

INCUBATION TIME (mini

Fig. 1. The accumulation with time of radioactivity in the aqueous fraction during the incubation of
|4-"C]androstenedione and 11,2-3H..,]epitestosterone with sheep placental tissue. "C counts A ; :,H
counts ★ .
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able as a sulfate, and then further studied as previously
described for the free steroid fractions.

RESULTS

Radioactivity isolated in the aqueous
fractions from each incubation is given in
Fig. 1 which shows an increasing content,
up to 1 hr, of both 14C and 3H labels, in
this fraction. It is obvious that [4-uC]-
androstenedione is converted more quickly
and in a greater amount to water soluble
substances than [1,2-3H2]epitestosterone.
The number of 14C counts in the aqueous
fraction plateaued at approximately 1 hr
(containing 25% of the original radio¬
activity) whereas the tritium reaches its
maximum in 30 min when 7 % of original
counts were present. In neither case does
the radioactivity decrease in this fraction
after reaching a maximum.

It may be seen (Fig. 2) that there was a

rapid initial metabolism of both andros-
tenedione and epitestosterone so that within
10 minutes approximately 40% of each
substrate has been transformed. This rate of
androstenedione metabolism continued until,
after 60 min, only 5% remained. On the
other hand, epitestosterone metabolism
progressed less rapidly with the result that
after 2 hr some 40% remained unchanged.
Tables 1 and 2 and Fig. 2 indicate that
estrone sulfate was the major metabolite of
both substrates, while the findings of some
earlier studies (Pierrepoint et a!., 1970)
were confirmed in that estrone was shown to
be quantitatively the most important un¬
conjugated estrogen formed from andros¬
tenedione and epitestosterone by the ovine
placenta.

INCUBATION TIME (min)
Fig. 2. The rate of metabolism of l4-lj|C]androstenedione and (1,2-3H2)epitestosterone and formation of

major metabolites as percentages of initial radioactivity. "C counts in androstenedione — ▲— ; HC countsin estrone ; 14C counts in epitestosterone ■ ; 14C counts in estrone sulfate % •. !Hcounts in epitestosterone ▲ ; 3H counts in estrone ★ ; :,H counts in androstenedione 1 ;3H counts in estrone sulfate %



TABLE1

EvidencefortheIdentificationoftheSteroidsIsolatedfromtheSheepPlacentaafterIncubationwith14-1jC)Androstenedione" Steroidsinvestigatedand

Incubationtime(min)

derivativesformed

10

30

60

120

Androstenedione

1,11,III

1362.2

608.4

97.1

14.9

Testosterone

I

1454.7

(57.1)

610.8(26.0)

102.3

(4.2)

14.8

(0.6)

Testosteroneacetate

III

1287.1

647.6

104.1

14.2

Testosterone

i,iv,iii-

13.8

46.5

18.0

5.47

Androstenedione

ii

13.6

(0.6)

44.9(1.9)

18.8

(0.8)

5.07

(0.2)

Testosteroneacetate

III6

13.4

46.4

18.4

5.42

Epitestosterone

I,IV,Hi¬

249.8

616.2

581.1

416.5

Androstenedione

ll

233.0

(10.1)

620.1(25.5)

527.5

(22.6)

399.3

(16.7)

Epitestosteroneacetate

IIP-

245.9

611.9

522.7

392.2

Estrone

I,II

104.8

201.7

434.0

443.0

Estroneacetate

III

103.2

(4.5)

207.2(8.9)

387.6

(18.0)

442.8

(19.8)

Estrone-3-methylether

V

99.5

119.4

399.5

460.3

Estradiol-!7a

I,IV,II

20.2

7.42

0.81

85.3

Estradiol-17«diacetate

III

21.2

(0.9)

6.83(0.3)

1.09

(0.05)

94.9

(3.9)

EstradioTI7a-3-methylether
V

20.55

7.50

1.25

—

Estrone-3-methylether

V

—

—

—

84.1

Estradiol-17f)

I,IV,11

25.2

11.9

3.34

52.5

Estradiol-17/jdiacetate

III

23.5

(1.1)

11.6(0.5)

3.47

(0.15)

54.8

(2.4)

Estradiol-17/3-3-methylether
V

26.6

12.5

3.27

56.6

Estronesulfate

VI

Estrone

11

182.1

267.6

308.7

457.2

Estroneacetate

III

185.5

(11.0)

255.6(15.8)

350.5

(21.1)

443.6

(27.2)

Estrone-3-methylether

V

—

—

—

420.0

Estradiol-17/3

II

169.2

247.3

368.8

447.5



Estradiol-17a-3-sulfate

VI

—

Estradiol-17a

II

4.59

(0.12)

1.44(0.09)

5.68

(0.38)

19.67(1.5)

minimum

Estradiol-17a-diacetate

III

5.02

1.44

6.72

25.5

Estradiol-17/3-3-sulfate

VI

—.

Estradiol-17/3

II

2.88

11.4

26.9

Estradiol-17/3-diacetate

III

2.35

(0.13)

—

11.5

(0.74)

25.2(1.6)

Estradiol-17/3-3-methylether
V

—

13.5

29.2

Estradiol-17ff-17-sulfate

VI

—

Estradiol-17o:

II

0

0

1.25

Estradiol-17a-diacetate

III

0

(0)

0(0)

—

1.17(0.07)

Estrone

II

—

—

1.32

Estradiol-17/3-17-sulfate

VI

—

—

Estradiol-17/3

II

0

(0)

—

—

0.34

Estradiol-17/3-diacetate

III

—

0(0)

0.38(0.02)

Estrone

II

—

—

0.35

Testosteronesulfate

VI,VII

.—.

Testosterone

II"

—

—

0.45

(0.03)

—

Testosteroneacetate

III6

0.41

Epitestosteronesulfate

VI,VII

—

—

0

(0)

0(0)

°Specificactivitiesaregivenasdpm/nmolesandthepercentagesoftheinitialradioactivityassociatedwiththeisolatedsteroidsaregivenin parentheses. bChromatographedonthin-layersofMerckaluminaPF254/366(TypeT).
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TABLE2

EvidencefortheIdentificationoftheSteroidsIsolatedfromtheSheepPlacentaafterIncubationwith[1,2-3H,]Epitestosterone° Steroidsinvestigatedandc,..Incubationtimes(min) derivativesformedSolve,ltsystem
103060120

AndrostenedioneI.II,III841.41707.8780.9196.5 Testosterone1860.8(7.0)1584.0(13.3)804.8(6.4)187.6(1.5)TestosteroneacetateIII924.41708.0804.0194.69 TestosteroneI,IV,IE025.833.3 AndrostenedioneII0(0)28.5(0.2)35.5(0.3) TestosteroneacetateIIP'027.032.2 EpitestosteroneI,IV,IP'8054.76869.85973.75034.7 AndrostenedioneII7378.4(59.0)7148.7(54.4)5614.3(46.2)4851.4(38.5) EpitestosteroneacetateIII66839.96542.25854.44652.6 EstroneI,II10.363.0242.5352.0 EstroneacetateIII11.4(0.2)66.8(1.3)225.6(4.5)359.7(7.0) Estrone-3-methyletherV9.763.5218.9365.8 Estradiol-17<*I,IV,II01.50054.8 Estradiol-17a-diacetateIII0(0)—0(0)59.9(1.1) Estradiol-17a-3-methyletherV01.68(0.03)0— Estrone-3-methyletherV—1.69—56.3 Estradiol-17/3I,IV,II10.13.62034.7 Estradiol-17/3-diacetateIII10.0(0.2)3.05(0.06)0(0)33.2(0.7) Estradiol-17/3-3-methyletherV11.63.12035.7 EstronesulfateVI——— EstroneII059.7136.8323.6 EstroneacetateIII0(0)54.2(1.5)153.5(4.1)314.5(8.5) Estrone-3-methyletherV——— Estradiol-17/8II049.7156.9299.4



Estradiol-17a-3-sulfate

VI

—

—

—

—

Estradiol-17«

II

-(0)

-(0)

1.12(0.03)

10.35

(0.29)

Estradiol-17<*-diacetate

III

0

0

1.59

13.0

Estradiol-17/3-3-suliate

VI

—.

—.

—

Estradiol-17/3
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For reasons not yet understood, the
estradiol disulfates were lost after the initial

chromatographic separation and further
work to study this conjugated steroid must
be developed.

DISCUSSION

The formation of estrogens is one of the
most important functions of the mammalian
placenta in the majority of the higher do¬
mestic animals (Ryan, 1969). Whether this
facility was originally developed to protect
themother from virilizing effects of androgens
secreted by the foetus or to supplement an

inadequate ovarian activity with regard to
the greater demands placed on the gesta¬
tional myometrium is a matter for specula¬
tion. Such is the estrogen production from
fetal precursors by this organ in women that
the high level of plasma and urinary estrogens
has become a valued parameter of fetal
"well-being."
The functions of estrogens in the pregnant

myometrium are manifold and not least of
which is their ability to reduce the threshold
of stimulation of the myometrial cell, a

possible prerequisite of parturition.
The interesting finding of both Challis

(1971) and Seamark (1971, personal com¬
munication) of an extremely rapid rise in
total plasma estrogens in the pregnant ewe
immediately prior to lambing provides
fuller support for their involvement in that
process.
The ability of the sheep placenta to

aromatize Ci9-steroids in vitro has been
shown by previous studies (Ainsworth and
Ryan, 1966; Pierrepoint et at., 1970). It was
hoped that the present study however,
would allow us to investigate further, some
aspects of the time-course of androgen
metabolism by this organ, especially in
relation to the role of epitestosterone. Fig¬
ure 2 shows that the kinetic pattern of
metabolism of androstenedione and epi¬
testosterone are obviously similar, and that
some degree of interconversion occurs. The

results tend to suggest that androstenedione
is fairly quickly metabolised to estrone which
is then sulfated. Estrone and estrone sulfate
formation from epitestosterone would ap¬

pear due to the latter's initial conversion to
androstenedione. There is however, a sub¬
stantial conversion of androstenedione to

epitestosterone and it is interesting that
there is then further metabolism to some

other products of quantitative significance
during the 120-min incubation period.
As previously reported by Pierrepoint et al

(1970) estrone was the major unconjugated
estrogen (20%) formed from androstene¬
dione during the incubation period, whereas
only 2-4% of estradiol-17a and estradiol-Mji
were synthesized. Moreover, even less
(~1.0%) of these estradiol epimers were
formed from epitestosterone. A feature of
this work however is the significant forma¬
tion of estrogen sulfates, particularly estrone
sulfate which was shown to be the principal
metabolite from both androstenedione and

epitestosterone during the incubation period.
This finding has been confirmed by Dr. R. F.
Seamark (personal communication). Per¬
haps the unexpected nature of these findings
was due to the volume of information re¬

ported on the human placenta which ap¬

pears to lack the capacity to sulfate steroids
(Diczfalusy, 1969). The direct sulfation of
phenolic steroids has however been demon¬
strated in homogenised preparations of cow
placenta (Holcenberg and Rosen, 1965)
and also in the guinea pig placenta (Levitz,
Condon, Money and Dancis, 1960).
Although Findlay and Cox (1970) have

described the presence of estrogen sulfates
in fetal sheep plasma, with the sulfated form
of estradiol-17a as the principal component,
the involvement of other fetal organs such
as the liver could explain the difference in
preponderance of these two conjugates in
placenta and fetal plasma. Despite the oc¬
casional criticism of results obtained in

vitro, unpublished data from this laboratory
using perfusion studies of the ovine placenta
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in situ, have confirmed the observations
presented in this communication and will be
published elsewhere.
The significance of estrone sulfate forma¬

tion is not apparent, yet it is noteworthy
that Brooks et cd., (1969) reported that this
conjugated steroid significantly stimulated
the incorporation of labeled glycine and
leucine into the protein fraction of a uterine
microsomal supernatant preparation. They
concluded that sulfation of the estrogen was
a prerequisite of the stimulatory effect of
the hormone and that the site of sulfation
on the estratriene nucleus was critical in

evoking a response in uterine muscle.
Furthermore, Pack and Brooks (1970) have
shown almost twice the uptake of 3-sulfated
estrogens by minces of mature uterine tissue
as compared with unconjugated estrogens.
The passage of estrogens and their con¬

jugates across the placenta and fetal mem¬
branes has been investigated by Katz,
Dancis, and Levitz (1965) who demon¬
strated the more rapid transfer of the free
form of estriol than of any of its conjugates.
This finding could be explained by the
necessity to hydrolyse the conjugate prior
to its passage; the amnion however has no
such ability for hydrolysis (in man) and yet
conjugates are transferred more quickly
across this membrane than across the chorion
in which hydrolysis is significant. The forma¬
tion of a conjugate such as estrone sulfate
may therefore be an aid to its transfer or it
may be the means of removing a prehor-
mone, estrone, which, by mere hydrogena-
tion, would be transformed into the very

potent estrogen estradiol-17/3.
Testosterone is made in very small

amounts and further metabolized which is
not unexpected due to the high androgenicity
of this compound. The sulfation of testos¬
terone and its 17a-epimer is obviously not a
feature of the sheep placenta and indicates
steroid specific sulfokinases.
The sulfation of steroids and hydrolysis of

steroid conjugates by the ovine placenta are

being further investigated and an assess¬
ment made of the action of the products
within the gravid uterus.
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The Radioimmunoassay of Ovine Prolactin during Pregnancy
DOUGLAS W. WILSON, COLIN G. PIERREPOINT
and KEITH GRIFFITHS

Tenovus Institute for Cancer Research, Heath, Cardiff CF4 4XX, U.K.

Prolactin concentrations were measured in maternal and foetal plasma and foetal fluids.
The blood was sampled via chronic indwelling catheters placed in the maternal jugular
and the foetal recurrent tarsal veins, and amniotic and allantoic fluids were sampled at
the time of hysterotomy.
Blood samples were centrifuged and plasma was stored at —20°C, alongwith the foetal

fluids, within 30min of collection.
A double-antibody radioimmunoassay technique was utilized to measure prolactin-

like activity in the samples. Numerical data from standard curves and samples was pro¬
cessed on a G.E. 265 computer and spurious sample data were rejected by a statistical
criterion.
To establish a suitable assay curve, particular attention was given to the following

assay conditions: the degree of prolactin labelling, the concentrations of labelled hor¬
mone and the first antibody, the recovery ofprolactin from plasma from hypophysectom-
ized sheep, the cross-reactivity of other pituitary hormones for the first antibody and
the errors in the response variable associated with the standard curve.
The method of analysis was essentially that of Boyns et al. (1972), the particular pre¬

cautions and features of which are as follows.
Excessive iodination of ovine prolactin (NIH-P-S8) with Na131I (specific radioactivity

29.5Ci of 131I/mg of I) was avoided. The efficiency of iodination was 40%, the specific
radioactivity of the labelled hormone used in the assay was approx. 15000d.p.m./ng
and the mass of labelled prolactin used in the assay was 6.3ng. The iodinating reactants
were separated with 50mM-phosphate buffer, pH7.5, on Bio-Gel P-60 contained in a
25cm Interlock sintered-glass column of internal diameter 1.35cm. Active adsorptive
sites were saturated with lOOmg of human serum albumin in 5ml of the phosphate buffer.
The column was then eluted in 1 ml fractions with the phosphate buffer, which separated
labelled hormone and remaining labelled iodide, and the specific radioactivity of the
labelled hormone in each fraction was assessed in conjunction with the trichloroacetic
acid protein-precipitation test.
Rabbit anti-(ovine prolactin) serum was diluted in the phosphate buffer containing
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8.75g of NaCI and 0.1 ml of sodium ethylmercurithiosalicylate/1; this medium also con¬
tained 50mM-EDTA. The medium was adjusted to pH 7.5 with NaOH, and finally 0.25%
normal rabbit serum was added.
A dilution of 1:8000 gave an observed fraction of label bound (Rb) = 0.46 in the

absence of unlabelled prolactin. The optimum time of incubation with the first anti¬
body was 3 days, and was 24 h for the donkey anti-(rabbit y-globulin) serum with the
manufacturers' (Wellcome Reagents Ltd.) suggested dilution of 1:32 in phosphate buffer.
The recovery of ovine prolactin added to plasma from hypophysectomized sheep was

approx. 90% in the range 0-6.25ng of ovine prolactin (NIH-P-S8)/assay tube.
The cross-reaction of rabbit anti-(ovine prolactin) serum for follicle-stimulating

hormone (N1H-FSH-S8), luteinizing hormone (NIEI-LH-S17) and growth hormone
(NIH-GH-S7) was investigated. Cross-reaction with this antiserum was negligible with
the exception of growth hormone, which exhibited approx. 1-2% cross-reaction within
the range of the standard curve.
The errors in the radioactivity measurements (c.p.m.) associated with Rb were deter¬

mined at various hormone concentrations (h) along the standard curve. Six replicates
were determined for // = 0, 3.0 and 12.0ng/assay tube and five replicates at
h = 0.75ng/assay tube. The calculated s.d. values at /; = 0, 0.75, 3.0 and 12.0 were
1103, 1108, 1080 and 1042c.p.m. respectively.
The estimated variance a = 1083 over the range investigated and is based on 19 degrees

of freedom. Assays were performed in triplicate and by the usual estimate of variance
cxE2 is given by:

based on two degrees of freedom and is distributed as }<j2X22- Triplicate assays were
rejected when aE2 exceeded a prescribed value of 8 = 5a2 = 5.87 x 106. The estimated
variance a2 is distributed as j\jo1x191 and the limits of 95 % confidence from y2 distribu¬
tion are:

8.91 < 19ct2/<j2 <32.85
and therefore:

0.469 <ct2/ct2< 1.73
8 was chosen to be =5§2, then with 95% confidence we have:

2.34 <S/ct2< 8.65
The overall probability of rejection of a triplet of values that have arisen correctly is given
by:

a = Pr[crE2 > S]
= Pr[F2:19 = crE2/a2>5]

Since the uncertainty in estimating a2 by a2 is not allowed for then with 95 % confidence:

Pr[iX22 > 8.65] < a <Pr[iy22 > 2.34]
Numerically the overall probability of triplet rejection is very approximately

0.1%<«<10%.
In the practical situation if <xE exceeds 2423c.p.m. then the triplicate will be rejected.
The standard curve was established for h = 0, 0.75, 1.5, 3.0, 6.0, 12.0, 25, 50 and

lOOng/assay tube. The assay sensitivity as defined by Kaiser & Specker (1956) was
0.075 ftg/100ml.
Investigation of the profile of the standard curve suggested, by the use of histogram

techniques (Wilson et ah, 1971), that there was a distribution of antibodies present in
rabbit anti-(ovine prolactin) serum. The curve could not be regressed satisfactorily by
using the Law of Mass Action (Meinert & McHugh, 1968) over the complete range of
the standard curve, making optimization of the standard curve in terms of sensitivity and
precision theoretically difficult. Instead a polynomial regression analysis was performed
on the data to the eighth degree and the nine coefficients were calculated by the method
of least squares.
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Gestational age (days)

Fig. 1. Variation ofprolactin concentrations in foetalplasma with respect to gestational age

1.5 r

The most significant finding was the increase in prolactin concentration in foetal
plasma, as shown in Fig. 1. Statistical analysis gave a correlation coefficient of0.69, and a
cursory examination of the data suggests that prolactin concentrations begin to rise
significantly from 1.5/xg/100ml at 130 days gestational age, reaching a maximum of
approx. 5/ng/100ml at term.
Similar trends were observed in amniotic fluid, as shown in Fig. 2, where the cor¬

relation coefficient is 0.39 and values ranged from -0.3 to 1.5/xg/100ml.
Allantoic fluid exhibited a similar trend, with a correlation coefficient of 0.22, and

values ranged from 0.25 to approx. 5/xg/100ml.
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Maternal plasma concentrations exhibited no significant change in basal values of
approx. 15/xg/100ml from 116 days gestation until 1-2 days pre-pcirtum.
At term the concentrations rose to at least five times the basal values, but accurate

computation was not possible as term values were beyond the range of the standard
curve employed in this study.
In summary, we have demonstrated the presence of prolactin in foetal and maternal

plasma in the last fifth of gestation, the concentrations showing a tendency to increase
towards term in the former. Prolactin, although in low amounts, was also measured in
foetal fluids, with the greater concentration occurring in the allantoic compartment.
Any definite interpretation of these results must await the acquisition ofmore results

and further investigation into the prolactin-like activity that has beenmeasured.
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The Effects of Certain Stilboestrol Analogues on Plasma Prolactin
and Testosterone Concentrations in the Rat

V. DANUTRA, M. E. HARPER, A. R. BOYNS, B. G. BROWNSEY
and K. GRIFFITHS

Tenovus Institute for Cancer Research, Welsh National School ofMedicine,
Heath, Cardiff CF4 4XX, U.K.

The androgen-dependent nature of human prostatic cancer was established by the
classical experiments of Huggins & Hodges (1941). The treatment of this disease by anti-
androgen therapy such as the administration of diethylstilboestrol followed from these
studies (Huggins et al., 1941). It is not completely understood, however, whether the
principal effect ofoestrogen treatment is on the pituitary, thereby decreasing the secretion
of interstitial-cell-stimulating hormone with a subsequent lowering of plasma testoster¬
one concentration, or by a more direct action on either the testis or prostate. Studies in
this laboratory (Harper et al., 1970) indicated that diethylstilboestrol and certain
stilboestrol analogues, in particular dibutyldihydrostilboestrol, inhibited in vitro DNA
polymerase (DNA nucleotidyltransferase, EC 2.7.7.7) isolated from human neoplastic
prostate tissue. Further, dibutyldihydrostilboestrol was shown to affect the formation
of 5a-di hydro testosterone (17/9-hydroxy-5r/.-androstan-3-onc) by explants of prostatic
tissue in culture (Groom et al., 1971). Since dibutyldihydrostilboestrol possesses 0.1 %
of the oestrogenic activity of diethylstilboestrol (Grundy, 1957), it was suggested that it
may well be of value in the treatment of prostatic tumours, and the present report
describes further investigations on the comparative biological effects in the rat of
oestradiol-17/3, diethylstilboestrol, (±)-dibutyldihydrostilboestrol and /we.w-dibutyl-
dihydrostilboestrol.
Male Sprague-Dawley rats (aged 11-13 weeks) were given a commercial rat diet and

tap water ad libitum. They were divided into five groups of six animals each and
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The effects of endogenous compounds on ovine myometrial con¬
tractility and adenyl cyclase system. Gadija Rossier, C. G. Pierrepoint
and K. Griffiths, Tenovus Institute for Cancer Research, The Welsh National School
of Medicine, Heath Park, CardiffCF\ 4XX.
The contractility of ovine myometrium in vitro at various stages of the oestrous
cycle and pregnancy has been investigated using isometric and isotonic record¬
ing techniques.
Prostaglandins PGF2i and PGE2 (0-6 pgjm\) were found to cause tetanic

contractions of the myometrium and, in the early pregnant myometrium in
particular, these effects were very similar to the response elicited by oxytocin
(570 /u.u./ml) and vasopressin (570 /ii.u./ml).
Adrenaline (0-6 pg/ml) greatly depressed myometrial contractility and,

furthermore, antagonized the actions of the prostaglandins. Following a specific
lag phase, a reversal of this inhibition was usually observed and strong con¬
tractions recommenced. This secondary activity could be abolished by the
addition of indomethacin (2 /ig/ml) to the bath medium. Indomethacin is a
specific inhibitor of prostaglandin synthesis and its effect on this reversal
phenomenon is in accord with the conclusions of Tothill, Rathbone & Willman
(1971), working with rat tissue, that adrenaline induces prostaglandin synthesis
in the myometrium.
Cyclic AMP (0-5 mm) increased myometrial contractility but to a much

lesser extent than did the prostaglandins or oxytocin. Furthermore, NaF
(10 mM) greatly enhanced myometrial tone.
The contractile activity and intrauterine pressure changes of the non-preg¬

nant sheep's uterus were measured in vivo by means of an open-ended intra¬
uterine catheter connected to an extrauterine radio-pill and radio-receiver
system. Infusion of PGE2 (50 or 100 pg) through a second intrauterne cannula
initially caused an increase in myometrial tone which was quickly followed by a
profound relaxation. These results were demonstrated in two ewes in which the
ovaries on the side of the experimental horn bore follicles whilst the contra¬
lateral ovaries carried corpora lutea.
This dual effect of PGE2 on the myometrium was not demonstrated in the

in-vitro experiments. Infusion ofPGF2i (40 pg) in a similar manner increased the
frequency ofmyometrial contractions but not the intrauterine pressure. Adrena¬
line caused an inhibition of uterine contractility but the adrenaline reversal
observed in vitro was not shown in vivo. Cyclic AMP (500 pg) increased the amp¬
litude of contractions in vivo.

Myometrial adenyl cyclase activity was investigated by measuring the
conversion of [8-14C]ATP to [8-14C]cyclic-AMP.
Our preliminary investigations indicate that PGE2 and PGF2ct (10~4 to
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10~6 m) stimulate the activity of this enzyme present both in early-pregnant and
in non-pregnant ovine myometrium.
Adrenaline (10~6 or 5x 10-7 mol), NaF (10 mm) and vasopressin (50 ju.u.)

significantly reduced adenyl cyclase activity whilst oxytocin (50 /zi.u.) had no
effect on this enzyme from early-pregnancy sheep myometrium.
Our investigations of myometrial activity have shown that cyclic AMP

(0-5 mM) stimulates tone and contractility. It does not seem, therefore, that there
is a correlation between the ability of all the above compounds investigated to
stimulate uterine tone and motility and their ability to raise or depress intra¬
cellular levels of cyclic AMP through the adenyl cyclase system present in this
target tissue.
It is possible that the prostaglandins, PGE2 and PGF2ct, and the catechola¬

mine, adrenaline, could influence the functional activity of ovine myometrium
through stimulating and inhibiting adenyl cyclase activity, respectively. The
results obtained for NaF, vasopressin and oxytocin suggest that these compounds
could produce their effects on the ovine myometrium through an alternative
mechanism(s).
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DEVELOPING SHEEP FOETUS

A.B.M. Anderson, C'.G. Pierrepoint, A.C. Turnbull and K. Griffiths

Little is known about the evolution or control of steroid metabolising enzyme sy stems in
the developing foetus of any species. With the recent surge of interest in the hormonal
factors involved in the maintenance and termination of gestation, studies on the role of
the foetus in this process have been intensified. The sheep has been the focus of a great deal
of study on the endocrine regulation of pregnancy and in this species vital involvement of
the foetus in the initiation of parturition has been suggested. The experimehtal work of
Liggins. Kennedy and Holm (1967) and of Drost and Holm (1968) demonstrated that
hypophvsectomy of the foetus, section of the foetal pituitary stalk, or bilateral foetal
adrenalectomy would prolong the length of gestation. Subsequently, the more specific
involvement of glucocorticoids secreted by the foetal adrenal was proposed by Liggins
(1968. 1969) and later supported by the results of Bassett and Thorburn (1969) and of
Comline, Nathanielsz. Paisey and Silver (1970) who showed a pronounced increase in
foetal plasma Cortisol and in Cortisol turnover rate immediately prior to normal
parturition in the sheep. There is little information on the mechanism by which developing
foetal pituitary-adrenal activity may regulate the onset of labour, although steroid
hormones appear to be essential. It therefore seemed pertinent to study, in the sheep foetus
in the later stages of pregnancy, pathways of adrenal steroid biosynthesis and the effect, if
any, corticotropin has on them. We have also investigated certain aspects of steroid
metabolism in the developing foetal liver of the sheep since this organ is know n to have an
endocrine function in other species, notably man (Mancuso, Dell'Acqua, Eriksson. Wiqvist
& Diczfalusy, 1965; Slaunvvhite, Karsay, Hoilmer, Sandberg & Niswander. 1965).
These studies on foetal adrenal and liver tissues employ ed in vitro incubation techniques. In
addition, an in vivo approach has been adopted to investigate the metabolism of steroids
by the foetal lamb either in utero or maintained physiologically in an extra-uterine
environment. The possibility of the transplacental passage of Cortisol from mother to
foetus has also been examined.

EXPERIMENTAL APPROACH
Studies in vitro. Tissues were removed from sheep foetuses of known gestational age

immediately after their delivery by Caesarean section under epidural spinal analgesia. The
foetal adrenals and liver were transferred on ice to the laboratory, weighed and finely
chopped using a safety razor blade. A known mass of tissue was then incubated in Krebs-
Ringer bicarbonate glucose medium (6 ml/500 mg tissue), without added cofactors. with
equimolar amounts of isotopicallv-labelled steroids. The amount of steroid added was
such as to maintain, in each incubation, a steroid: tissue ratio of 1; 14,000.
Incubations were performed at 39.5° with shaking in an atmosphere of 95% oxygen: 5%

carbon dioxide. The reactions were stopped by the addition of acetone followed by
refrigeration. Non-radioactive carrier steroids (5()0yugofeach) were added in ethanol prior
to any extraction procedures. Steroids were isolated and purified by extensive thin-layer
chromatography on either Merck silica gel HF254 or aluminium oxide PF254/.i6s
TypeT and derivatives prepared by established procedures (Anderson. Pierrepoint, Jones,
Griffiths & Turnbull, 1970c). The quantitation of the A J-3-oxosteroids was achieved by
their selective absorption of light at 240nm. whereas other steroids w:ere measured by gas-
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lii-juici chronmlographv (I've 104) using SI. 30 columns (1% or 2'i) 011 British Drug
Houses Supasorh. Radioactiv itv was determined using a Nuclear Chicago Liquid
Scintillation Spectrometer (Model 6860).
Studies in vivo
(\)\Viih the foetus in situ. Under epidural spinal analgesia the abdomen of the ewe was

opened by a midline incision and the pregnant horn exposed. An umbilical vein was then
catheterised using transparent vinyl tubing (Portex, I.td. 1.5 mm OD) according to the
technique of Meschia, Cotter, Breathnach and Barron (1965) without allowing the escape
of foetal fluids and a solution of isotopically-labelled steroid injected over a period of two
minutes. Light minutes later the foetal sacs were opened and umbilical arterial blood
withdrawn into a heparinised container. The umbilical cord was clamped and severed, the
foetus removed and injected intravenously with 2 ml nembutal. The adrenals were
removed from the foetus immediately after death and examined, along with the umbilical
arterial plasma, for their radioactive content.

(2) With the foetus isolated. The general approach involves the intravenous
administration of isotopically-labelled steroids into the foetal lamb maintained in an extra¬
uterine environment in as physiological a state as possible. The procedure followed in
Cardiff has been fulls described elsewhere (Pierrepoint. Anderson. Griffiths & Turnbull,
1971a).
The main aims of maintenance of the isolated sheep foetus are an adequate rate of blood

flow (100-200 ml/min kg), a constant blood volume, normal blood gases and acid-base
balance and normal body temperature (39.5-40°). The use of an extra-corporeal blood
supply should be avoided since donor blood, usually adult, brings problems of
incompatibility electrolyte imbalance and abnormal coagulation. Furthermore, steroid-
metabolising enzymes in ovine red cells differ in the foetus from the adult (Nancarrow &
Seamark, 1968; Findlay & Seamark, 1969) and may also be affected by anticoagulants
such as heparin (Troop. Krzanowski & Biggs, 1966; Carter, Hagen. Biggs & Troop.
1968) and by the concentration of bicarbonate ion. at least in an in virtu situation
(Seamark, Herriot & Nancarrow, 197]).
The technique developed in Cardiff appears to meet all the ideals postulated and

dispenses with the need for both an extra-corporeal blood supply and any complicated
circuitry. Essentially, it involves maintaining the isolated lamb foetus by pulmonary
ventilation, the lungs being inflated through a small ventral tracheotomy by means of a
ventilator. The foetus is placed in a bath containing 0.95% saline, thermostatically
controlled at'39.5°, and catheters are inserted into the jugular vein and umbilical artery.
The acid-base balance of the animals, their internal body temperature and heart rate are
monitored continuously. The youngest animal maintained had a gestational age of 119
days and this foetus remained in good condition during the experimental period of almost
90 minutes at which time its plasma pH was 7.45, pCCL 44 mm Hg, base excess +3.5
mEq 1 and pO; 31 mm Hg. Other con'stituents measured — haemoglobin, electrolytes,
glucose and urea — were also within normal limits. This method of maintenance of the
isolated foetus is thus consistent with that of a physiological preparation.
STEROID METABOLISM IN VITRO BY FOETAL SHEEP ADRENAL TISSUE
The major pathways known to be involved in adrenal corticosteroid biosynthesis in

man are shown by the solid lines in figure 1. It is evident that there are two main points of
divergence in the metabolism of pregnenolone and progesterone. Pregnenolone may be
metabolised either by 17a-hydroxylation to 17a -hydroxvpregnenolone or by 3/3-hydro-
xysteroid dehvdrogenation and a5- a "-isomerism to progesterone. Progesterone may
be metabolised by 21-hydroxylation to 11-deoxycorticosterone (DOC) or by 17a-
hydroxvlation to 1 7a-hydroxyprogesterone. The synthesis of Cortisol from pregnenolone
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Fig. I. Alternatec ioutos for corticosteroid biosynthesis from pregnenolone.

can thus take place either by a route involving progesterone or via I7a-
hydroxypregnenolone.
Other routes worthy of consideration from pregnenolone to the corticosteroids are

illustrated in figure I by the dotted lines. Here. 21-hydroxypregnenolone can serve as an
intermediate between pregnenolone and DOC. and 17a, 21-dihvdroxypregnenoIone
between 17a-hydroxypregnenolone and 11-deoxycortisol (Berliner, Gazes, Nabors &
Dougherty. 1962; Pasqualini, Lafoscade & Jayle, 1964). '
Although studies on the relative magnitude of these metabolic pathways are now well

documented for the human adrenal gland (see review by Griffiths & Cameron, 1970).
little attempt has been made to study the principal biosynthetic pathways in the adrenal of
the sheep. Vinson (1967) and Vinson and Whitehouse (1967) have assessed mainly the role
of 21-hydroxypregnenolone in the synthesis of corticosterone from pregnenolone.
We have therefore performed a series of time-based studies using chopped foetal sheep

adrenal tissue in order to observe the variation of conversion figures with time and to
attempt to assess the relative activity of the various pathways of corticosteroid
biosynthesis in that tissue.
A time-based study of the metabolism of pregnenolone and progesterone by foetal sheep
adrenals. Caesarean section was performed under epidural analgesia on two ewes at 140
days gestation, each ewe carrying twin lambs. The adrenals were removed from the
foetuses, the total weight of adrenal tissue being 1688 mg. Five samples of 250 mg were
each incubated as described previously with equimolar amounts (17.95n nrol) of [4-MC]
pregnenolone (55.7 mCi/mM) and [7a-,H] progesterone (8.5 Ci/mM) for 5.15.30.60 and
120 minutes respectively.

Figures 2 and 3 illustrate the conversions of [4-IJC] pregnenolone and [7«-3H]
progesterone to the steroids isolated as a function of time. It is shown. (Fig. 2) that there
was an immediate rapid metabolism of pregnenolone so that within 5 minutes
approximately 859r had been transformed and. after 30 minutes, its metabolism was
virtually complete. By contrast, progesterone was more slowly metabolised (Fig. 3), 3597
having been transformed in 5 minutes and 7097 in 30 minutes after which time no further
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Fig.2. Con\crsions of [4-l4C]prcL'nenolone (Preg.) in vitro by the foetal sheep adrenal gland at 140 days gestation
to 11-deoxycortisol (S). progesterone (Prog.) 11-deoxycorticosterone (DOC), Cortisol (F). corticosteroid (B).
I la -hydroxy"progesterone (17-Prog.) and I Ta-hydro\\ pregnenolone (17-Preg.) as functions of time.
metabolism took place. Active 3/B-hvdroxysteroid dehydrogenation and a5- a4 isomerism of
[4-|4C] pregnenolone is illustrated by figure 2 where it can be seen that 40% of the l4C-
label was found in progesterone after only 5 minutes of incubation, this being its peak
labelling time. Although a similar peak labelling time was observed for the transformation
of pregnenolone to 17cr-hydroxypregnenolone, the difference in magnitude of conversion
was considerable with approximately 7% of the substrate being metabolised to this
compound. These results suggest that in the foetal sheep adrenal, a much greater pro¬
portion of pregnenolone is metabolised by the 3/3-hydroxysteroid dehydrogenase a5-a 4
isomerase route than by the 17cr-hydroxvlase pathway. However, despite the marked
contrast in the isotopic content of progesterone and both 17a-hydroxypregnenolone and
17cr-hydroxyprogesterone from pregnenolone at 5 minutes, the '4C content of DOC and
II -deoxycortisol at this time was similar (approximately 5% in each case).
The curves for 11-deoxycortisol and DOC (Figs. 2 and 3) show that [4-l4C]

pregnenolone was transformed to 11-deoxycortisol at a much higher rate than to DOC
while the reverse was true for the transformation of [7o-,H] progesterone, DOC being its
major metabolite. It should also be noted that over the second hour of the incubation the
isotopic content of both 11-deoxycortisol and DOC fell, with the slow accumulation of
their metabolites, Cortisol and corticosterone respectively. The metabolism of both
pregnenolone and progesterone was greater at all times to the 11 -deoxycorticosteroids
than to their 1l-hydroxylated products. The formation of cortisone from both substrates
was low. being approximate!} one- fifteenth that for Cortisol.
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Fig. 3. C (inversions of [7a-'H]progesterone (Prog.) in vitro by the foetal sheep adrenal gland at 140 days
gestation to 11-deoxycorticosterone (DOC). 11-deoxycortisol (S). corticosterone (B), Cortisol (F) and 17a-
hydroxyprogesterone (17-Prog.) as functions of time.

In this series of timed incubations we failed to find labelled 21-hydroxypregnenolone or
17a,21-dihydroxypregnenolone although DOC and 11-deoxycortisol formation was
efficient. This is in contrast to the findings of Vinson (1967) which suggested that in foetal
sheep adrenal tissue 21-hydroxypregnenolone can act as an alternative intermediary to
progesterone in the synthesis of corticosterone from pregnenolone.
Our results from this time-based study are consistent with the conclusions that in the

foetal sheep adrenal there are two major pathways from pregnenolone to Cortisol; one via
17a-hydroxypregnenolone. the other by way of progesterone. It is not possible to assess
the relative magnitude of these pathways from this one investigation.
In the adult sheep adrenal we have also investigated the alternative routes for Cortisol

synthesis from pregnenolone (Anderson et al., 1970c). Our results suggest that here the
major pathway to Cortisol is by the route involving I7a-hydroxypregnenolone, similar to
the situation determined for adult human adrenal tissue (Cameron & Griffiths, 1968).
The role of progesterone in Cortisol synthesis in the adult sheep adrenal appears to be a
minor one, any progesterone formed in the tissue being rapidly converted to DOC and
hence to the 17-deoxycorticosteroids.
It seems likely therefore that there is a difference in the steroid biosynthetic pathways of

foetal and adult sheep adrenals. The foetus appears to have the ability to use both
pregnenolone and progesterone for the synthesis of glucocorticoids in the adrenal, in
contrast to the adult where Cortisol formation takes place by a route largely independent
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of progesterone. This finding may have important implications for the control of
parturition in the sheep w here foetal glucocorticoid activity seems vital.
The effect of gestational age and corticolrophin on the metabolism of pregnenolone and
progesterone by foetal sheep adrenals.
Synthesis of corticosteroids. The adrenal glands were removed from sheep foetuses
delivered by Caesarcan section at various gestational ages (Fig. 4) during the course of
apparently normal pregnancies. In one ewe intra-amniotic pressure was recorded
continuously from 135 days until the onset of labour at 144 days, when hysterotomy was
performed and the foetal adrenal glands removed. In a further two sheep, synthetic
corticotrophin (Synacthen, Ciba) was infused intra-foetallv until parturition was imminent
when the foetuses w ere delivered by Caesarean section at 116 and 133 days respectively.
In each case chopped adrenal tissue was incubated for 2 h with isotopically-labelled

pregnenolone and progesterone and steroids isolated and characterised as detailed earlier.
The conversion of pregnenolone and progesterone to the individual corticosteroids

isolated at the end of the 2 h incubation period is shown in histogram form in figures 4,5.6
& 7. Results are shown for foetal sheep adrenal tissue removed at various stages of
gestation with and without the influence of intra-foetal synthetic corticotrophin (ACTH,
indicated by an arrow) and compared with those for adrenal tissue removed from a
newborn lamb and from an adult ewe.

50-

ACTH ACTH

Fig.4. The conversion of isotopically-labelled pregnenolone in vitro to 1 1-deoxycortisol (white columns) and
Cortisol (black columns) in ovine adrenal glands. At I 16 and 133 days gestation synthetic corticotrophin (ACTH)
had been infused into the foetus in utero to induce parturition.

All adrenal tissue studied extensively metabolised pregnenolone and, in addition, those
glands taken at 133 days or later in gestation, showed a large conversion to the 17-
hydroxycorticosteroids (Fig. 4). Comparison of figures 4 and 5 reveals that, in all
adrenals studied, pregnenolone was transformed in greater amount to the 17-
hydroxycorticoids than to the 17-deoxycorticoids, except by the foetal adrenals taken at
122 days gestation when the conversion to all corticosteroids was low.
The most interesting feature of this study was the demonstration in the 'term' foetal

adrenals (140 and 143 days) of a marked inactivity of the 11/3-hydroxylating enzyme
system. At 143 days, for example, 41% of the incubated pregnenolone had been converted
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•> 1 l-dco.wCortisol and 36% to DOC. whereas only 1.3% and 1.5% of the radioactivity
as isolated in Cortisol and corticosterone respectively. A similar degree of inactivity of
te 1 lp-hydroxylase enzyme system was also observed at 122 days gestation.
In contrast, active 11/3-hydroxylase enzyme activity was apparent in the Synacthen-
imulated glands, in the adrenals removed from the foetus during the course of
rontaneous labour and in those from the immediate newborn. In all of these glands, the
(ansformation of prenenolone to Cortisol and corticosterone was at least as great, if not

acth acth

7ig.5. The conversion of isotopically-lahelled pregnenolone in vitro to 1 1-deoxycorticosterone (white columns)
,nd corticosterone (black columns) in ovine adrenal glands. At 116 and 133 days gestation synthetic corti-
otrophin (ACTH) had been infused into the foetus in utcro to induce parturition.

The metabolism of progesterone showed many features in common with those reported
ibove for pregnenolone although a greater amount of progesterone always remained
jnmetabolised at the end of the incubation period compared to the extensive metabolism
)f pregnenolone. A relative inactivity of the enzyme 11/3-hydroxylase in the normal foetal
;hcep adrenal at 122, 140 and 143 days is again shown (Figs. 6 & 7) whereas intra-foetal

acth acth '

Fig.6. The conversion of isotopically-labelled progesterone in vitro to 1 1-deoxycortisol (white columns) and
■ortisol (black columns) in ovine adrenal glands. At 1 16 and 133 days gestation synthetic corticotrophin (ACTH)
tad been infused into the foetus in wero to induce parturition.
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Synacthen had apparently stimulated the enzyme system, producing a similar picture to
that occurring in labour or in the newborn adrenal in terms of the relative amounts of
individual corticosteroids formed.

These results, described previously (Anderson. Picrrepoint, Griffiths & Turnbull,
1970a: Anderson, Pierrepoint, Griffiths & Turnbull, 1972), suggest that during the j
course of normal pregnancy, at least until the onset of parturition, C2|-steroid 11/3-
hydroxylation is not particularly active in the foetal sheep adrenal.
Synthesis of C|,-steroids. The synthesis of Cis-steroids from progesterone was absent or
minimal in all adrenal tissue studied, as was that of DHA, testosterone and epitestosterone
from pregnenolone.
The most interesting findings in this respect are shown in histogram form in figure 8,

illustrating the conversion of pregnenolone to androstenedione and 11/3-
hydroxyandrostenedione. There was a marked increase in the transformation of
pregnenolone to androstenedione at 143 days and at labour, compared with 122 days
gestation. If foetal adrenal G,v-steroids serve as precursors for placental oestrogen
synthesis (Ainsworth & Ryan, 1966; Davies, Ryan & Petro, 1970; Pierrepoint.
Anderson. Harvey, Turnbull & Griffiths, 1971b), the results shown in figure 8 may help
to explain the rapid increase in the concentration of maternal plasma unconjugated
oestrogens prior to parturition in the sheep (Challis, 1971; Liggins, Grieves, Kendall &
Knox, 1972; Thorburn, Nicol, Bassett, Shutt& Cox, 1972).
The effect of intra-foetal Synacthen on the foetal adrenal formation of Civ-steroids

seems contradictory (Fig. 8) in that at 1 16 days the synthetic corticotrophin had no effect
whilst at 133 days its effect on Cl9-steroids synthesis was one of marked stimulation.
However, these data are in keeping with those of Liggins et al. (1972) that intra-foetal
Synacthen at 112-124 days gestation can induce parturition in the absence ot any
significant rise in the concentration of circulating oestrogens in the ewe.

60-1 —

40-

Fig.7. The conversion of isotopically-labelled progesterone in rilrn to 11-deoxycorticosterone (w hite columns)
and corticosterone (black columns) in ovine adrenal glands.
At 116 and 137 days gestation synthetic corticotrophin (ACTH) had been infused into the foetus in uicro to
induce parturition.

30



FOIMl'S AM) PI.ACT NTA

(dr.) s) | | laccur borr
ACTH ACTH

Fig.8. The conversion of isotopicalK-labelled pregnenolone in vitro lo androstenedione (white columns) and
11 p -hydroxvandrostenedione (black columns) in ovine adrenal glands.
At 116 and 133 days gestation synthetic corticotrophin (ACTH) had been infused into the foetus in mero to
induce parturition.

STEROID METABOLISM IN VITRO BY FOETAL SHEEP LIVER
It has been postulated above that the source of the unconjugated oestrogens, which

increase so dramatically in the maternal peripheral plasma of the sheep at the onset ol
parturition, could be from the placental metabolism oflfoetal.adrenal.Cit-steroids such as
androstenedione. Equally likely is the possibility that the foetal liver could either
aromatise adrenal Ci9-steroids to oestrogens, as occurs in the human foetal liver
(Slaunwhite el ai, 1965). or itself be a source of Ci9-steroids. These speculations were
investigated by studying the in vitro metabolism of labelled androstenedione and
pregnenolone by foetal sheep liver (Anderson, Pierrepoint, Griffiths & Turnbull, 1970b).
The livers were removed from sheep foetuses at (a) 129 days and (b) 143 days gestation
and 2 g portions of chopped tissue incubated for 2 h with the following: (a), 57.4 nmol each
of [4-HC] androstenedione (34.8 mCi/'mmol) and [7cr-3H] pregnenolone (14.7
mCi/mmol); (b), 57.4 nmol of [4-l4C] androstenedione (34.8 mCi/mmol). The steroids
investigated are shown in Table 1.
The main features of the study were that the aromatisation of androstenedione was not

demonstrated and reduction and conjugation with regard to both substrates was extensive.
Table 1 shows the distribution of radioactivity among the metabolites. Androstenedione

was virtually completely metabolised at both 129 and 143 days of pregnancy, the major
products isolated being, 3cc-hydroxy-5/3-androstan-17-one (aetiocholanolone) and 36-
hydroxy-5/3-androstan-17-one and its sulphate. No radioactivity was associated with
androsterone or epiandrosterone, indicating that 5 g-reductase activity predominates in this
organ. At term, another reduction product of androstenedione was identified in high yield,
5/8-androstane-36,17a-diol.
The liver possessed active sulphating, enzymes, particularly at 129 days when approxi¬

mately 25% of the total radioactivity incubated was associated with water-soluble
metabolites of both substrates. This is in marked contrast to the adrenal gland in this
species where we have been unable to demonstrate steroid sulphokinase activity even when
optimal conditions for such enzyme activity were provided (Anderson et ai, 1970c). The
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main conjugates identified in the foetal sheep liver at 129 days were 3/3-sulphoxy-5/3-
androstan-17-onc from androstenedione and the sulphate of 20cr-dihydropregnenolone
from pregnenolone (Table 1). At 143 days gestation, conjugation was not so extensive w ith
only 6% of the radioactivity from androstenedionc being isolated in the aqueous fraction.
The physiological significance of this finding is not known but it is interesting to surmise
that a decrease towards term in the sulphating ability of the foetal liver may be a mechan¬
ism for increasing the amount of biologically active free steroids available to the foetus
and placenta. No glucosiduronates were formed in the ovine foetal liver and there was
no evidence that this organ has a para-endocrine function. No oestrogens, testosterone or
epitestosterone were formed from androstenedione nor was progesterone a metabolite of
pregnenolone.

TABLE 1
Metabolites formed during the incubation of foetal sheen liver with [4-UC] androstenedione and [7a-'H]

pregnenolone

Percentages of the total radioactivity
incubated in the metabolites from

f
Androstenedione

/V

t

Pregnenolone

129 days'
\

143 days' 129 days'
Steroid isolated gestation gestation gestation

Androstencdione 0.9 0.4 0.03

Pregnenolone 0 — 46.3

l7a-Hvdroxypregnenolone 0 - 0.8

Dehydroepiandrosterone 0 — 0,4

3£-Hydroxy-5/3-pregnan-20-one 0 — 0.3
3/3 -Hydroxy-5cr-pregnan-20-one 0 — 0.8
5/3-Androstane-3/3.1 7o -diol — 15.2 —

5/3-Androstane-3or. 17/3 -diol — 0.9 —

3cr-Hvdroxy-5/3-androstan-1 7-one 11.6 24.1 0

3/3-Hvdroxy-5/3 -androstan-17-one 36.9 33.7 0.18

3o-Hydroxy-5a-androstan-l 7-one 0 0.04 0

3/3-Hydroxy--<*■androstan-17-one 0 0.07 0

Pregnenolone sulphate 0 — 13.6

17cr-Hyd roxypregnenolone sulphate 0 — 0.12

Dehydroepiandrosterone sulphate 0 — 0.23

20a-Dihvdropregncnolone sulphate 0 — 9.6
56-Androstane-3/3.17a -diol sulphate — 1.7 —

3/3-Hydroxy-5/3-androstan-17-one sulphate 24.7 2.9 0

.— = Steroid not investigated
The following steroids w ere isolated without radioactivity:— testosterone, epitestosterone, progesterone, oestrone.
oestradiol-17/3, oestradiol-17a. oestriol, 16-epioestriol (1, 3, 5 (10) — estratriene-3, 16/3. 17/3-triol). Sulphates
of testosterone, cpitestosterone, oestrone, aetiocholanolone and androsterone.
Glucuronides ofaetiocholanolone and 5/3-pregnane-3a. 20a-diol.

STEROID BIOSYNTHESIS IN VIVO BY FOETAL SHEEP

The metabolism of pregnenolone and progesterone by the isolated foetus. Using the
physiological preparation described earlier (Pierrepoint et al., 1971a) the isolated lamb
foetus at 130 days of gestation was injected with a solution containing 200 nmol each of
[7a-3H] pregnenolone (500p Ci/m mol) and [4-HC] progesterone (50m Ci/p mol). The
experiment was terminated after 110 minutes by exsanguination of the foetus after
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licparinisation followed by nembutal. The liver and adrenals w ere removed after death and
jkamincd, as was the blood, for their radioactive content.
Of the recovered ''H-label from pregnenolone, 76% was in the liver with less than one-
lird as much circulating in the blood. A negligible amount (0.5%) was found in the
drcnals. The l4C-label from progesterone showed a different distribution, 56% being
Dund in the liver and 44% in the blood. The adrenals again contained only a very small
■traction of radioactivity (0.6%).
The blood and liver showed a similar pattern with regard to their relative content of lipid

ind water-soluble steroids from [4-l4C]progesterone, approximately 80% being water-
oluble, whereas from [7a-?H]pregnenolone a much greater proportion was in the free
,teroid fraction in the blood (27%) compared to the liver (6%). No conjugates derived from
progesterone were isolated in the adrenals although in that tissue about one-fifth of the
'H-label from pregnenolone was found in the aqueous fraction. It seems likely that con¬
jugated steroids present in foetal adrenal tissue were derived from extra-adrenal sources
in view of our inability to demonstrate in vino steroid sulphokinase activity in this tissue
Anderson et al.. 1970c).
Metabolites in blood. The radioactivity present in the blood was examined further.in an
attempt to identify circulating metabolites of pregnenolone and progesterone in the sheep
foetus at 130 days of pregnancy. The main metabolite isolated was pregnenolone sulphate
(approximately 50%) of the conjugate fraction), conjugation of pregnenolone probably
having taken place in the foetal liver since our in vitro studies indicated a high capacity of
this organ to form steroid conjugates (Anderson et al., 1970b). Dehydroepiandrosterone
and its sulphate were identified in the foetal blood indicating the presence of a 17,20-
steroid lyase for pregnenolone whilst androstenedione was isolated with both radioactive
labels. The chief metabolite of progesterone was 20a-dihydroprogesterone, which may
have been formed, at least in part, by the foetal red cells (Nancarrow & Seamark, 1968).
Oestrone, the two epimers of oestradiol, Cortisol and corticosterone were each isolated
unlabelled.
Although 11-deoxycortisol and DOC were not investigated, the absence of Cortisol and

corticosterone as circulating metabolites of pregnenolone and progesterone was somewhat
surprising in view of our in vitro studies with foetal sheep adrenal tissue presented earlier.
It seemed pertinent therefore to examine the adrenal tissue of the isolated foetus into
which isotopically-labelled pregnenolone and progesterone had been injected.
Unfortunately, the radioactivity from the foetal glands in the experiment described above
was lost during the initial extraction procedure. We have accordingly examined the
adrenal tissue from a foetus at 140 days, maintained physiologically in isolation from the
uterus and injected w ith 200nmol each of [7a-1H]pregnenolone and [4-l4C] progesterone.
The experimental details were exactly as discussed earlier.
Metabolites in adrenal tissue. The distribution of radioactivity in the various steroid
fractions derived from these foetal adrenals at 140 days was virtually identical to that in
the adrenals at 130 days, presented above. Again, most of the radioactivity from both
pregnenolone and progesterone was in the free steroid fraction and this fraction was
subsequently investigated.
Table 2 shows the steroids isolated in the foetal adrenal tissue. From [4-l4C]

progesterone, the injected substrate was the only free steroid identified, probably because
the total amount of l4C-label extracted from the tissue was too low (~10.000 dpm) to
allow adequate recovery for characterisation of the metabolites. The substrate
pregnenolone was also isolated in the adrenal glands as were its metabolites, progesterone,
corticosterone, Cortisol, androstenedione and 11/3-hydroxyandrostenedione, the latter in
high yield (23.6% of the free steroid fraction). In contrast to our in vitro results w ith foetal
adrenal tissue at 140 days, no 11-deoxycorticosteroids were isolated with radioactivity
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TABFE2
Steroids in\estijiatcd in the adrenal glands of a foetus infused with [7o-'H] pregnenolone and [4-IJC]

progesterone

Steroid isolated Front pregnenolone From progesterone
% c;i

Pregnenolone 4.9 0
17o-Hydroxypregneno!one 0 0
Progesterone 2.2 1.0
17o-Hvdroxvprogestcronc 0 0
DOC' 00
Corticosterone 4.8 0
I l-Deoxycortisol 0 0
Cortisol 7.6 0
Cortisone 0 0
Androstenedione F9 0
1 Ip-Hydroxvandrostenedione 23.6 0

Figures are percentages of the total radioactivity in the free steroid fraction.

although the 11-hydroxycorticoids were present. This finding, along with the relatively
large amount of 1J/3-hydroxyandrostenedione formed, suggests either that this foetus was
very close to parturition or that the foetal adrenals were being stimulated by an increased
production of foetal pituitary ACTH in a stressful situation (Alexander, Britton, Forsling,
Nixon & Ratcliffe, 1971). Alternatively, our in vitro findings may not represent the in vivo
experimental situation. It seems likely that the foetus is. stressed by the experimental
procedure used to maintain its blood gases in isolation from the uterus and Dr. J.M.
Bassett (this Symposium) has demonstrated the ability of the foetal adrenal to respond to
ACTH by an increased production of Cortisol.

In an attempt to resolve these different results we infused labelled pregnenolone into a
foetus undisturbed in its intrauterine environment.

The metabolism of pregnenolone by the foetus in utero. The experimental approach
described earlier was used to investigate the metabolism of [7a-3H] pregnenolone (41.7
nmol; 6 Ci/mmol) injected into the umbilical vein at 140 days gestation. The foetal
adrenals and the umbilical arterial plasma were examined for their radioactive content.
The results have been presented previously (Anderson et al., 1972).
In the umbilical arterial plasma the radioactivity was distributed equally between free

and water-soluble steroids, unlike the distribution of radioactivity from [7a-3H]
pregnenolone in the blood of the isolated foetus where two-thirds was associated with the
conjugate fraction. The difference may be due to the circulation time of the injected
pregnenolone in the two experiments since in the foetus in situ the radioactive steroid was
allowed to circulate for only 8 minutes as opposed to 110 minutes in the isolated foetus.
All the radioactivity recovered from the foetal adrenal glands was in the free form in
keepingwith our in vitro results presented earlier.
Small amounts of the corticosteroids, DOC, corticosterone, 11-deoxycortisol and

Cortisol were isolated as circulating metabolites of pregnenolone probably secreted by the
foetal adrenal in which tissue they were also identified. No corticosteroid sulphates or
glucuronides were identified in the plasma. Almost all the radioactivity found in the
steroid conjugates in the umbilical arterial plasma was identified as pregnenolone sulphate
complying with our findings in the isolated foetus where this conjugate was the main
metabolite from pregnenolone in the blood.
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4The.se results therefore confirm our in vitro studies that pregnenolone can act as a
■bstrate for the synthesis of corticosteroids by the foetal sheep adrenal and suggest that
:se corticosteroids are secretory products of the foetal gland.
Moreover, in this situation where the foetus was undisturbed during the experimental
acedure. pregnenolone was metabolised to both the 11-dcoxy- and 11-hydroxycortico-
r'roids, these metabolites being identified in the foetal adrenal tissue and in the umbilical
terial plasma. Similar amounts of labelled 11-deoxycortisol and Cortisol and of DOC
id corticosterone were circulating in the umbilical artery suggesting that in the natural
>urse of events these 11-deoxycorticoids may be present in foetal sheep blood. To our
lowledge, however, levels of 11-deoxycortisol or DOC have not been measured in the
asma of the ovine foetus.
Maternal corticosteroids may be contributing to the foetal 'pool' although the
incentration of Cortisol in the plasma of the foetus is lower than that of the mother
Mexander. Britton, James, Nixon, Parker, Wintour & Wright, 1968). and the two can
ary independently (Bassett & Thorburn, 1969) suggesting no significant transplacental
assage of this corticosteroid. It seemed pertinent to assess maternal-foetal transfer of
ortisol in the sheep.
LACENTAL TRANSFER OF [1,2-3H] CORTISOL IN THE EWE
This study was performed on a pregnant Kerry Hill ewe of approximately 130 days
estation. Anaesthesia was induced with intravenous pentobarbitone sodium and
laintained, following intubation, with halothane/nitrous oxide/'oxygen.

TABLE 3.
'istribution of radioactivity in the various steroid fractions derived from 10 nil each of umbilical venous plasma

and maternal jugular venous plasma during continuous infusion of [1.2-'H] Cortisol into the pregnant ewe

Umbilical venous plasma Maternal jugular venous plasma

teroid fraction

otal radioactivity
ecovered

.'on-conjugated
"Free" steroids)

."onjugated

Radioactivity
(dpm)

79.523

23.804

44,846

As 9? of total radio¬
activity recovered

100

29.9

56.4

Radioactivity
(dpm)

101.305

45.225

40.617

As% of total radio¬
activity recovered

100

44.6

40.1

A polyethylene catheter was inserted into a maternal jugular vein and a solution of [1,2-
H] Cortisol (2 Ci/mmol) infused at the rate of 1 pCi/min by means of a constant infusion
lump (Palmer Ltd., London). From the work of Paterson and Harrison (1967) it is known
hat in these experimental circumstances the specific activity of plasma Cortisol attains a
:onstant value about 2 h after the beginning of the infusion which was assumed to hold
rue in this experiment.
During the third hour of the infusion of the labelled Cortisol, laparotomy was

lerformed, the uterus opened and 50 ml umbilical venous blood withdrawn at the same
ime as 50 ml maternal blood was sampled from the non-infused jugular vein. Umbilical
/enous plasma and maternal jugular venous plasma (10 ml of each) were then examined
or their radioactive content.

The distribution of radioactivity after partitioning the steroid extracts from the umbilical
/enous and maternal venous plasma into free and conjugated fractions is shown in Table
!. Conjugation was more extensive in the foetus than the mother.
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1 ABEE4
Steroids in\estimated in the umbilical venous plasma and maternal jugular venous plasma during continuous

infusion of [ 1. 2-'H] Cortisol into the pregnant ewe

Steroid
isolated

Cortisol

Cortisone

Umbilical venous plasma

9! of free steroid fraction

24.5

33.3

Maternal jugular venous plasma

r( of free steroid fraction

51.3

13.1

Cortisol sulphate*

Cortisone sulphate*

9i of conjugated steroid
fraction

13.8

0.0

9r of conjugated steroid
fraction

0.0

0.0

Figures are percentages of the total radioactivity in the fraction from which they were isolated.
*Added as free steroids to the conjugate fraction before solvolysis.

The radioactivity from the mother's blood was distributed equally between free and
water-soluble steroids whereas about one-third only of the radioactivity recovered from
the umbilical vein was in the free form.

In each fraction, free and conjugated, two steroids were isolated and characterised,
namely Cortisol and cortisone. The results are shown in Table 4. These two corticosteroids
accounted for approximately 60% of the radioactivity in the free steroid fraction from
both mother and foetus although their distribution differed in each compartment with
Cortisol predominating in the mother. No conjugated steroids were identified in the
maternal plasma although Cortisol sulphate was isolated from the umbilical venous blood.
This latter finding is in contrast to the results presented earlier where no Cortisol sulphate
was identified in the umbilical arterial plasma following the infusion of labelled
pregnenolone into the foetus although free Cortisol was a circulating metabolite.
There seems no doubt, therefore, that Cortisol had been transferred from the maternal to

the foetal compartment being identified, labelled, in the umbilical venous blood. The
sulphation of Cortisol would appear to have taken place in the foetus since no Cortisol
sulphate was found in the maternal circulation. Whether or not cortisone is a foetal
metabolite of Cortisol or had been transferred trom the mother, could not be ascertained
from the data.
It is not possible to quantitate the magnitude of the maternal-foetal transfer of Cortisol

from the results of this experiment although it can be calculated that, at the moment in
time when the blood samples were taken, there was approximately one-quarter as much
labelled Cortisol per unit volume of plasma in the foetus as in the mother. The lamb
weighed 2.6 kg and, assuming a total foetal blood volume of 200 ml, it can be ascertained
that about 0.5cCi of [1,2-3H] Cortisol was circulating in the foetus at the time of sampling.
The elegant studies of Beitins, Kowa'rski, Shermeta, De Lemos and Migeon (1970) and of

Dixon ei al. (1970) allow a more exact calculation of the maternal contribution to foetal
plasma Cortisol concentration in the sheep. At 120 days gestation Beitins ei al. (1970)
concluded, from the results of two experiments, that 40% of the foetal levels were of
maternal origin, although in a third experiment no maternal to foetal transfer occurred.
Nearer term, at 134 to 140 days. Dixon el at. (1970) estimated that 6%. 33% and 68%
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respectively of the foetal circulating Cortisol was derived from the mother in each
of three experiments. The results are therefore somewhat variable and one can only
conclude that in the last fifth of gestation the ewe does make a contribution to the foetal
plasma Cortisol lev els.
Transfer of Cortisol can also occur in the opposite direction ie from foetus to mother,

although Beitins el al (1970) found that the placenta of the sheep offered a considerable
barrier to the movement of Cortisol in this direction, thus allowing the foetal sheep to be
autonomous as regards the regulation of its plasma Cortisol level.
DISCUSSION
Most of our studies in foetal sheep have involved the substrates pregnenolone and

progesterone and our in vivo and in vitro results show that these can be used by the foetus,
and in particular by the adrenals and the liver, for the biosynthesis of steroids.
Progesterone is known to be present in the umbilical circulation of the foetal sheep
(Lin/ell & Heap, 1968) whilst Nancarrow and Seamark (1972) have also studied its
metabolism by the foetus in vivo and by the foetal liver and blood in vitro. The role of the
foetal hlood in the metabolism of progesterone appears to be a major one and it has been
calculated that the red cells of the foetal sheep can transform progesterone to 20 a-
dihydroprogesterone at the rate of 49 mg/hour at term (Nancarrow & Seamark, 1968).
That the sheep foetus has the potential for the de novo synthesis of steroid precursors has
recently been shown by Ainsworth and Nitchuk (1971) who have demonstrated the ability
of foetal sheep liver to convert labelled acetate to cholesterol in small yield.
Our in vitro results on the metabolism of pregnenolone by foetal adrenal tissue

indicated that 11-deoxycortisol may be the major 17-hydroxylated corticosteroid
synthesised by-the foetal sheep until near the time of parturition. Unlike the adult sheep
adrenal it appears that the foetus can transform progesterone almost as efficiently to 1 1-
deoxycortisol and Cortisol as it can pregnenolone. The pathway pregnenolone —

progesterone — 17a-hvdroxyprogesterone — 11-deoxycortisol — Cortisol may therefore
be of greater importance in the foetal than in the adult sheep adrenal gland.
There is a good deal of evidence that the ability of corticosteroids to cause premature

parturition when infused into foetal lambs depends on glucocorticoid rather than
mineralocorticoid activity since intra-foetal infusion of Cortisol will induce premature
delivery whilst DOC and corticosterone are ineffective (Liggins, 1968). It has recently
been established that 11-deoxycortisol has no physiological importance in the onset of
parturition in the sheep since the intra-foetal infusion of this compound at 115-125 days
gestation in doses of 25-100 mg,/24 h for 7-8 days was not followed by premature
parturition (Anderson et al., 1972). Our in vitro results are therefore in keeping with the
hypothesis that the 11^-hydroxylase enzyme activity in the foetal sheep adrenal may
increase very rapidly in the final few days of gestation thus increasing the synthesis of
Cortisol which in turn may initiate labour. Furthermore, our results suggest that
adrenocorticotrophin (ACTH) may be responsible for stimulating the 11/3-hydroxylation
of 11-deoxycortisol to Cortisol, although there is no information on levels of foetal
ACTH in the ovine species bevond 143 days or at the onset of labour (Alexander et al.,
1971).
It is of interest that no oestrogens were isolated from pregnenolone or progesterone in

the incubation studies with foetal liver and adrenals. Nor were they isolated as circulating
metabolites of these substrates in vivo in the foetal lamb infusion studies. Moreover,
aromatisation of androstenedione by the liver of foetal sheep could not be demonstrated
so that a foetal source of the oestrogens, mainly sulpho-conjugates, identified in the
plasma of the sheep foetus by Findlay and Cox (1970) remains unknown. The ovine
placenta, however, has been shown to have the ability to aromatise Ci9-steroids in vitro
(Ainsworth & Ryan, 1966; Pierrepoint et al., 1971b) with the significant formation of
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oestrogen sulphates which may then be transferred to the foetal compartment. Whether or
not hydrolysis of oestrogen sulphates would be an obligatory step prior to their transfer
remains to be established for this species.
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IN VIVO AND IN VITRO STTDIES OF

STEROID METABOLISM BY THE SHEEP PLACENTA

C.(E Pierrepoint, A.B.M. Anderson, A.C. Turnhull and K. Griffiths

A foeto-placental 'interaction' responsible for hormonal biosynthesis is a valued concept
in human obstetrics and has contributed significantly to our understanding of the
endocrinology of pregnancy and of its abnormalities. It has not been possible, until very
recently, to consider the possibility of such an 'interaction' being part of the endocrine
household of species other than man due to the sparsity of inf ormation available.

The endocrinology of the ovine placenta has been the subject of only a few
investigations and it has been our intention therefore, to study the enzymic potential of
this tissue throughout gestation with regard to steroid biosynthesis and metabolism in
relation to foetal development. At the same time, these results were correlated to other
investigations as detailed elsewhere in this Symposium (Anderson. Pierrepoint, Turnbull
& Griffiths) on the steroid metabolising tissues of the ovine foetus to assess the possibility
that a foeto-placental system exists.
The placenta assumes responsibility for the maintenance of pregnancy in the sheep after

the 50th post-conception day. This was shown by the castration experiments of Casida and
Warwick (1945), Neher and Zarrow (1954) and Denamur and Martinet (1955) thereby
demonstrating its ability to synthesise the hormones (oestrogens and progestagens)
necessary for this function. The presence of oestrogens (Velle, 1958) and of progesterone
(Short & Moore. 1959) in sheep placental tissue has been known for some years. Our
own studies have provided information on the biosynthesis of these steroids, their further
metabolism in placental tissue and have indicated which other steroids may be concerned
with the hormonal control of pregnancy in the sheep.

METHODS
Both in vitro and in vivo methods have been adopted for these studies. The former are

well-tried and much used in our laboratory whereas the in vivo techniques were found
difficult to establish with experimental conditions considered to be physiologically
acceptable.
The in vitro system. One or two placentomes. containing both foetal and maternal
contributions, were chopped by hand after washing away residual blood with physiologic
saline prior to incubation. Aliquots (4 g) of tissue were shaken gently, usually for two
hours in Krebs-Ringer bicarbonate-glucose medium, containing radioactive steroid
substrates, in an atmosphere of O.iCCF (95:5) at 39.5°. The metabolic products and
unchanged substrates were identified after the incubation period by reverse isotope
dilution.
The in vivo system. Perfusion of the sheep placenta in situ provides considerable problems
which, in the main, are concerned with the necessity to provide an adequate flow of
perfusing medium without altering the biochemical milieu of the organ. The ideal
perfusing medium might appear to be foetal whole blood although we are informed
(Findlav & Seamark, 1969; Nancarrow & Seamark. 1968; Seamark, Herriot &
Nan'carrow, 1972) that this tissue contains, in the red blood cells, very competent steroid
metabolising enzymes. To use this medium, therefore, would provide a composite steroid
metabolic profile of the placenta and of the blood. Although this is the system as applies in
vivo it counters one's efforts to investigate placental metabolism per se. Adult sheep whole
blood is also conlraindicated by virtue of a different steroid metabolising capacity of its red
cells from those of the foetus (Lindner. 1965). incompatibility and hormone content. The
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use of whole blood also requires an anticoagulant, the invariable choice of which is
heparin w hich itself interferes w ith steroid metabolism as outlined previously (Pierrepoint.
Anderson, Griffiths & Turnhull. 1971) although the alternatives seem, at present, to offer
greater difficulties. To some extent, we have avoided the problems outlined by the use of
lightly heparinised wether plasma.
The achievement of an adequate flow of the perfusing medium has been the obstacle for

most in vivo studies and gravity-feed, employed by many workers, was shown to be
inadequate in our hands. Two procedures were eventually established and used in these
investigations. One involved the removal of the foetus and the connection of the four
umbilical vessels to a Marlow Flow-Inducer. This provided a closed-circuit into which the
radioactive steroid substrates were injected. The perfusing medium used was heparinised
wether blood of which 500 ml were required to prime the pump. Such a procedure there¬
fore avoided adult red cells, but not the use of heparin, nor in fact did we entirely
exclude foetal red cells. About 30 minutes after commencing the perfusion it was generally
found that medium was being lost and the experiment was therefore terminated. Total
hysterectomy was performed and the placenta and perfusate examined for
radiometabolites by procedures similar to those described for the incubation studies.
The second perfusion technique dispensed with an exogenous pump and an

extracorporeal circuit. The two umbilical veins and one of the umbilical arteries were
catheterised. Two three-way disposable stopcocks (No. K75, Pharmaseal Ltd. Glendale.

Hr

Fig. 1. A schematic representation of a method adopted lor the perfusion of the sheep placenta in siru.
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California) were incorporated into each of the vein by-passes and blood allowed to How
for about one minute to equilibrate after the interference. The foetus was retained in the
uterus and the foetal sacs to maintain its well-being. The catheterised artery had a rubber
injection attachment inserted. At the commencement of the experiment, radioactive
steroids were injected slowly (200/uCi, 10 ml 159c ethanol in saline 10 min) into the
catheterised artery whilst, at the same time, the blood flow from the placenta was

t redirected into a collecting vessel via the distal (to the foetus) 3-way stopcocks in each vein.
To prevent exsanguination of the foetus, oxygenated heparinised wether plasma was fed
into the umbilical veins via the proximal three-way taps. A stylised representation of the set¬
up is shown in figure 1. The life-span of this preparation depended not only on the degree of
fluid-loss that could be tolerated but also, more critically, on the vitality of the foetal heart
as the perfusing 'pumP' in circuit. Perfusions of up to 20 minutes were achieved.
Hysterectomies were performed after the experiment, and radioactive steroid analyses of
placentae and perfusates performed as described previously.

PLACENTAL STEROID SYNTHESIS
The unique steroid of pregnancy is progesterone and its adequate formation by the

corpus luteum and subsequently by the placenta is, in most of the higher mammals, of
paramount importance to the establishment and maintenance of pregnane}' (Ryan. 1969).
L'ntil recently there was very little known regarding the formation of this steroid in the
pregnant sheep although its presence in small amounts in the ovine placenta (Short &
Moore, 1959) and uterine vein blood (Edgar & Ronaldson. 1958) has been reported.
Progesterone synthesis from pregnenolone has recently been described by Ainsworth and
Ryan (1967) who also showed the further metabolism of both these pregnene steroids
principally to the corresponding 5/3-pregnane compounds. Our own studies, using the in
vitro mince incubation technique with [4-,4C] pregnenolone and [7a-4H] progesterone as
substrates, indicated the presence of a variety of steroid metabolising enzymes in the sheep
placenta. Table 1 shows the percentage formation from pregnenolone of various
unsaturated steroids and indicates the presence in the ovine placenta of an active 3(3-
hydroxysteroid dehydrogenase/ A 4-5 isomerase enzyme system with respect to
pregnenolone and a 20a-hvdroxysteroid dehydrogenase. Steroid C17-C20 lyase and 17a-
hydroxylase enzyme activities were also demonstrated but at lower levels of activity. The

TABLE I
Metabolism of [4-IJC] pregnenolone by ovine placental tissue at two different stages of gestation. Figures are

percentages of initial radioactivity incubated.

120 davs 140 davs

Pregnenolone (transformed) 65.2 ~ 60.1
17a-H vdroxypregnenolone 0.04 0.19

Progesterone 23.1 9.64

20cr-Dihvdroprogesterone 20.4 24.&

20/3-Dihvdroprogesteronc 0.13 0.13

17a-Hydroxyprogesterone 0 Trace
Androstendione 0 0
Testosterone 0 0

Dehydroepiandroslerone 0.11 0
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table also provides a comparison of the metabolic profiles achieved with placental tissue
taken at two stages, of gestation. 120 and 140 days. Progesterone and 20a-
dihydroprogesterone were the major products isolated from pregnenolone metabolism,
although small but significant formation of 20/3-dihydroprogcstcronc, 17a-hydroxy-
pregnenolone and pregnenolone sulphate (0.6497, unpublished data) was indicated. The
0.1 lfr conversion of pregnenolone to dehydroepiandrosterone (DHA) is of importance
u it h regard to the rapid metabolism of this steroid to oestrogens in this organ (vide infra).

I AIM.r.2
Metabolism of [7a ~ H ] progesterone by ovine placental tissue at t\\ o different stages ofgestation. Figures are

percentages ol initial radioactix it\ incubated.

120 days 140 days
Progesterone (transformed) 64.4 80.6

20a-Dihydroprogesterone 38.4 48.2
20/3 -Dihydroprogesterone 0.35 0.37

!7a-Hydroxyprogesterone 0.13 0.11
Androstenedione 0.02 0.04
Testosterone 0.16 0.02

Tpitestosterone 0 0

The results shown in Table 2, comply with those of Ainsworth and Ryan (1967) and
indicate the extensive metabolism of progesterone by the ovine placenta.
The transformation of progesterone in the older placenta (virtually at term) was greater

than in the tissue taken at 120 days with 20a-dihvdroprogesterone accounting for 609c of
the metabolic products. The apparently lower conversion of pregnenolone to progesterone
by the older placental tissue (Table 1) could be explained, in part, by the further trans¬
formation of the progesterone to its 20a-reduction product.
Although, with such preliminary results of one incubation for each stage of pregnancy,

too close a scrutiny of the comparative aspect of this study would be unrealistic, it bears
comment with regard to the hypothesis of Wiest (1959, 1968) and of Kuhn and Briley
(1970) concerning the metabolism of pregnenolone and progesterone in the rat ovary at
term. The findings in the two species are comparable in that there appears to be a
reduction in the level of 3/3-hydroxysteroid dehydrogenase activity and a concomitant
increase in activity of the 20a-hydroxysteroid dehydrogenase thus providing for a
decreased formation of progesterone at term. Bassett and his co-workers have shown a fall-
off in circulating progesterone levels in the mother's blood in late pregnancy (Bassett,
Oxborrow. Smith & Thorburn. 1969). thereby lending support to the theories proposed
by Csapo (1961) that removal of the progesterone 'block' to myometrial activity heralds
the onset of parturition.
Linzell and Heap (1968) showed a net production of progesterone by the gravid horn of

the sheep by finding a uterine arterio-venous difference of 43.4 ng; ml allowing for an
estimate of 10ug of progesterone ■ min or 14 mg/'day.
Unexpectedly, these authors showed a higher concentration of progesterone in the

umbilical artery than in the umbilical vein indicating a greater flow of progesterone from
the foetus to the placenta than vice versa. The conversion of pregnenolone to progesterone
was not show n in our foetal perfusion studies, described in detail elsewhere (Pierrepoint el
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1 ABLE 3
Conversion ol [4-IJC] pregnenolone lo ring-A saturated C:i-sleroids b\ sheep placenta

v,\ conversion

120davs 140 days
5a -Pregnancdione 0.22 0.05
30 -Hydro.\y-5a-Pregnan-20-one 0.39 0.19
200 -Hvdroxy-5a-Pregnan-3-onc 0 0

5o-Pregnanc-30. 2(la-diol 0.83 0.47

5a-Pregnane-30. 200-diol 0.18 0.28

50-Pregnane-3a. 20a-diol 0.06 0.04

50-Pregnane-30. 20a-diol 0 0
50 - P regna ne-3a, 200 -diol 0 0

ah, 1971). although the ovine foetal adrenal has been show n to possess an extremely active
3p-hydroxysteroid dehydrogenase enzyme system (Anderson, Pierrepoint. Griffiths &
Turnbull, 1970). An explanation of these findings would be valuable.
Although Ainsworth and Ryan (1967) described the formation of '20a-

dihydroprogesterone (-y2.26%) from progesterone by the sheep placenta, the major
product found in their studies was 5/3-pregnane-3cr,20cr-diol. The formation of this diol has
been shown in our investigation (Tables 3 and 4) but in a yield considerably less than for
the 5a-pregnane compounds studied. The major saturated steroids formed were 5a-
pregnanedione, 3(3-hydroxy-5a-pregnanolone and 5a-pregnane-3p.20a-diol. The
significance of these compounds in the physiological control mechanisms of the
myometrium, and in the metabolic activity concerned with the maintenance of the balance
between progesterone and 20a-dihydroprogesterone is being investigated. Obviously if
progesterone and 20a-dihydroprogesterone are being presented to the myometrium, their
metabolism by this tissue would be of interest. Rossier and Pierrepoint (1972) have shown
that a considerable interconversion of these two steroids occurs in this tissue at 134 davs
of gestation (the only date at which we have information at present) with the reduced form
predominating. Reduction at the 5a-position was a further feature of this metabolism with
3p-hydroxy-5a-pregnanolone as the main pregnane-type product from both progesterone
and 20a-dihydroprogesterone (Table 5). Such observations are of interest in relation to the
finding ofGyermek (1968) that pregnanolone had a greater relaxing effect on rat and rabbit
myometrium than had progesterone. It would be unrealistic, in our present state of
knowledge, to assume that these reduced products of progesterone have an effective action
in the myometrium as do the reduced products of testosterone in the prostate and other
androgen target organs (Liao & Fang, 1969). Evidence is accumulating however, to

TABLE4
Conversion of[7cr-'.H] Progesterone to ring-A saturated C:i-steroids by sheep placenta

9r conversion

120davs 140davs

5a-Pregnanedione 0.63" 0.33"
30-Hydroxy-5a-Pregnan-2O-one 0.86 0.28

2O0-H\droxy-5a-Pregnan-3-one 0 0

5a-Pregnane-30, 20o-diol 0.36 0.14

5a-Pregnane-30,200-diol 0.02 0.01

50-Pregnane-3c, 20a-diol 0.18 0.16

50-Pregnane-30,20a-diol 0 0

50-Pregnane-3a. 200-diol 0 0
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I \B! 1:5

Probst crone and 20a-dihvdroproj:estcrone metabolism by o\ ine myometrium in vitro
'
i ol initial radioaeto its Irom:

Substrates I'roeesterone 2()ct -1 )iliydropi opesterone
Steioids ins estimated
Pi oeestei one 35.5

(unehanped)
59.020a-I )ih\ dropi opestei one

(tinehttnped)
2O0-I>iliydropi opesterone
17a-Hydroxy propesterone
5a-Pregnane-.'. 2(l-d ione
5a-Pregna n-30-ol-20-one
5a-Pregnane-30.2Oa-diol
50-Pregnane-3a.2Oa-dio!

0.5b
0.02
0.K7
2.72
1.71
0

0.33
0.43
0.43
2.49
1.65
0.76

Unlabelled steroids isolated

5a.30.200:50.30,200 .(
50.3a.200:50.30.20a pregnanediols

50-pregnane-3. 20-dione: 2O0-hydro\y-5o-pregnan-3-one

suggest that such a sequence of events could well be feasible. Armstrong and King (1970)
reported the conversion of progesterone to allopregnanedione in the cell nuclei from
homogenised rat myometrium with an indication that the nuclear 5a-reductase was most
active during the stage of enhanced biological activity of progesterone. Furthermore,
Morgan and Wilson (1970) have shown that the same conversion takes place in the cell
nuclei of the magnum of the chick oviduct with retention of the metabolite in the nuclei.
Were alteration of the steroid hormones presented to the myometrium to be of significance
in hormone-action, the exact mechanism would be of paramount importance in
therapeutic regulation ofmyometrial activity.
Oestrogen biosynthesis
The capacity to synthesise oestrogens is a major function of the placenta in those

animals which are able to dispense with the ovaries in the later stages of pregnancy (Ryan,
1969). It is generally accepted that Civ-steroids are the principal precursors of the
oestrogens and the evidence that has developed from studies in man (Diczfalusy, 1969)
indicates that they are supplied to the placenta almost entirely by the foetus. This is one of
the fundamental concepts of the 'foeto-placental unit' of the mid-pregnant woman. The
existence of such a unit in the sheep is not known although the term has often been used by
certain authors, obviously for convenience.
Studies by Findlay and Seamark (personal communication and this Symposium) have

shown that, after the simultaneous infusion of tritium and carbon-labelled DHA into the
ewe and foetus respectively, only 'foetal' DHA is aromatised by the placenta to produce
oestrogens. The formation of Ci9-steroids by the foetus is certainly a feature of foetal
sheep metabolism as was shown by the formation in vivo of DHA, DHA sulphate and
androstenedione from labelled Cri-steroids (Pierrepoint el at., 1971).

In a previous communication Ainsworth and Ryan (1966) have described the capacity
of the ovine placenta, removed at term, to aromatise DHA and androstenedione (/v 10%
and 15% of each substrate respectively). An early study of our own (Pierrepoint,
Anderson, Griffiths & Turnbull. 1969) offered evidence for a similar conversion to
oestrogens of testosterone and androstenedione by the bovine placenta although
noteworthy then was the synthesis of epitestosterone, a finding which has influenced our
subsequent studies.
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Similar incubation studies with the sheep placenta have revealed other interesting
metabolic results. Androstenedione, testosterone and epitestosterone arc interconvertible
with the former apparently the 'key steroid' in the aromatisation sequence (Pierrepoint,
Anderson, Griffiths & Turnbull, 1970) (Table 6). Epitestosterone is again ol particular
note with regard to quantitative prominence, large yields being obtained from both
androstenedione and DH A. The significance of this characteristic of the sheep placenta is,
as yet, unknown although it may well be noteworthy that after the in situ perfusion of the
sheep placenta with both [4-l4C]androstenedione and [7cr-3H]DHA the major metabolite
isolated in the myometrium was double-labelled epitestosterone (unpublished data of G.
Rossier).
Furthermore, the infusion of epitestosterone at the rate of 1 mg/day into the intact lamb

in uiero has induced premature birth (unpublished work from these laboratories). This
latter observation could be explained by accepting that the conversion of this 'less usual'
steroid to oestrone. oestrone sulphate, oestradiol-17/3 and oestradiol-17a (Table 6)
provides a surge in oestrogen production thereby creating an imbalance in the
progesterone: oestrogen ratio. An oestrogen peak, complying with this, has been shown to
occur immediately prior to parturition .in the sheep (Challis, 1971: Shutt. Cox &

Incubation time (mins.)
Fig.2. The accumulation with time of radioactivity in the aqueous fraction during the incubation of [4-l4C]
androstenedione and [I. 2-'H] epitestosterone with sheep placental tissue. IJC counts ★ ;'H counts

Oestrone has been the major unconjugated oestrogen formed from all Ci9-steroid
substrates examined, together with smaller amounts of the two epimers of oestradiol. and
could be serving as a reservoir of a pre- (or pro-) hormone for oestrogenic action. Thus
when oestrone and oestrone sulphate were incubated with ovine mvometrial tissue, the
major metabolite isolated, in each case, was oestradiol-17 (Rossier & Pierrepoint. 1971)
suggesting therefore once again that the target organ may itself regulate the amount of
active hormone at the site of action, by the transformation of a substrate provided by
another organ, in this case, the placenta.
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A kinetic study of Civ-steroid metabolism
A timed studs of Co-steroid metabolism in the sheep placenta indicated an increasing

level of radioactivity in the aqueous fraction with length of incubation period, (Fig. 2.).
The water-soluble material has subsequently been shown to be mainly oestrone sulphate
(Pierrcpoint. Anderson. Harvey, Turnbull & Griffiths, 1971) together with smaller
amounts of 3-sulphoxy oestradiol-17/3 and -17a. This ability of the sheep placenta to
sulphate steroids is in strong contradistinction to man, where hydrolysis rather than
sulphation is the predominant feature thus enabling the placenta in this latter species to
convert sulphated Cis-steroids. provided by the foetus, to the free form prior to their
aromatisation. Presentation of DHA sulphate to the ovine placenta via the foetal
circulation produces a quite different metabolic pattern in that hydrolysis is negligible.
The DHA sulphate appears however to be an ideal substrate for the 5a-reductase en/yme

IAHIJ 6

Metabolism in vino ofCiv-stcroids b\ the sheep placenta. Figures are percentages of incubated radioacti\ it\

lesto- DHA
Substrate Andirostenediione Epitestostei one steroile DHA siilphati

Stapc til pregnanes 122 days 127 days 1 ernt 127 days 130 days 1 erm 122 days 1 erm 1 erm

Steroid investigated
DHA — — — — — — — 0.34 1)

Androstenedione 12.4 0.6 — 1.50 1.54 • 4.33 2.96 0.76
Testosterone 0.65 0.2 — — 0,02 — 52.7 2.60 0.57

Epitestosterone 16.5 16.7 17.7 38.5 27.9 62.8 3.86 1 1.90 0.74
Oestrone 7.65 19.8 — 7.0 7.48 — 4,47 6.65 0.55
Oestradiol-1la 0.30 3.9 — I.I 0.90 — 0.14 0.75 0

Oestrndiol-1 IP 0.1K 2.4 — 0.7 0.38 — 0.53 1.49 0.19
Ocstronc Sulphate — 27.2 30.3 8.5 9.7 — 21.2 1.55

Oestradiol-17or-3-sulphalc — 1.5 2.10 0.29 0.75 — 2.08 0.10

Ocstradiol-17/3-3-sulphate — 1.6 2.12 0.4 0.47 — 1.66 0.28
DHA Sulphate — — — — — — 0 1.53
Epiandrosterone Sulphate — — — — — — — 0.35 84.1

system, with the consequent formation of epiandrosterone sulphate. This has been
confirmed by in vitro incubation studies (Table 6). Prior hydrolysis of DHA sulphate to
DHA, reduction to epiandrosterone and resulphation was discounted by the co-
incubation of free DHA with a different radioactive label. The free compound was
converted mainly to oestrone sulphate and. furthermore, was not itself formed from DHA
sulphate under the incubation conditions.
It would also appear that oestrone sulphate is formed by the initial aromatisation of

androstenedione to oestrone which is then sulphated. When [6, 7-?H] oestrone was
incubated with placental tissue. 26% of the label was found associated with the sulphate
(Table 7). A similar level of radioactive oestradiol-17a-3-sulphate was also formed from
this substrate (Table 7) which probably indicates the source of the high level of oestradiol-
17a-3-sulphate found in foetal plasma (Findlav & Cox. 1970).
The kinetic study in which [I, 2-'H ]epitestosterone and [4-l4C]and rostenedione were

incubated with placental tissue showed the interconversion of the two substates (Fig. 3.)
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Fig.3. The rale ol metabolism of [4-uC] androstcncdionc and [I. 2-'H] epitestosterone and of the formation of
major metabolites as percentages of initial radioactivity. IJC counts in androstenedione A : IJC counts
in oestrone O : l4C counts in epitestosterone □ : IJC counts in oestrone sulphate A :
'H counts in epitestosterone — - E : 'H counts in oestrone • ; 'H counts in androstcnedione

A : "'H counts in oestrone sulphate .

with a rapid and virtually complete metabolism of the androstenedione. The tracings
indicate that there is a rapid conversion of androstenedione to oestrone which is then
immediately sulphated. There was some conversion of androstenedione to epitestosterone
which was then further metabolised to some yet unknown products of quantitative
significance. Neither in this study, nor in any of the other studies undertaken with the
ovine placenta, have any of the epimers of oestriol been isolated with a radioactive label.
Steroid hydroxylation at the 16a- or 16/3-position would not appear to be a property of the
ovine placenta.
Why it should be that the sheep placenta makes such large quantities of oestrone

sulphate is not at all clear. Possibly it should be considered the equivalent of oestriol in
man. It is however noteworthy that Brooks, Leithauser. De Loecher & De Wever (1969)
reported that this conjugated steroid significantly stimulated the incorporation of labelled
glycine and leucine into the protein fraction of a uterine microsomal supernatant
preparation. These investigators concluded that sulphation of the oestrogen was a
necessary prerequisite to pioducing the hormone capable of evoking a response in uterine
muscle and that the site of sulphation of the oestrogen nucleus was important. From our
results, it appears that there is only a negligible formation of either the oestradiol-17-
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TABU: 7
Metabolism in vitro of [6. 7-;H] oestronc by sheep placenta. I-inures arc percentages of incubated radioacti\ ity

Oestronc (unchanged) 27.4
Oestradiol-17a 10.7
Oestradiol-1 7/3 2.01
Oestriol 0

16/3-Fpioestriol trace
Oestrone sulphate 26.2
Oestradiol-17a-3-sulphatc 20
Oestradiol-17/3-7-sulphate 0.9S
Oestradiol-17a-|7-sulphatc 1
Oestradiol-17/3-17-sulphatc I 0
Oestradiol-17o-disulphate I
Oestradiol-17/3-disulphate '

sulphate or the 3,17-disulphate (Table 7). Pack and Brooks (1970) have also reported that
there is almost double the uptake of 3-sulphated oestrogens, than of the unconjugated
oestrogens by minces of mature uterine tissue. However, when labelled oestrone sulphate
is incubated with minced sheep myometrium, there was a rapid formation of the
unconjugated oestrone (Rossier & Pierrepoint, 1971).
The transfer of steroids and their conjugates across foetal membranes and placenta in

the sheep has received little attention but it seems likely that oestrone sulphate is

TABLE 8
Radioactive steroids isolated after perfusion of sheep placenta in situ with [1, 2-'H] epitestosterone.

(Figures are percentages of recovered radioactivity)

Perfusate Placent;

Epitcstostcronc 1 unchanged) 73.2 42.2
Testosterone 1.2 1.93
Androstencdione 14.1 9.13
5a-androstanedione 0.23 _

5(3-androstanedione 0 —

Androstcrone 0.33 0.95

Epiandrostcrone 0.35 2.38
Aetiocholanolone — —

5/3-dihvdrotestostcrone 0 0.27
5cr-dihvdrotestosterone 0.03 —

5a-dih\droepilestosterone 0.17 —

Oestronc 0.13 6.71
Oestradiol-17a 1.42 3.06
Oestradiol-17(3 0.06 2.65
Oestriols 0 0
Oestrone Sulphate 2.03 14.7
Oestradiol-17a - 3 - su 1 p ha tc 1.65 11.2
Oestradiol-17/3-T-sli lph;i t e 0.19 2.19
Oeslradiol-17a-disulphate 0.23 0.26
Oestradiol-17(3-disulphate 0.25 —

Epitestosterone sulphate 0 —
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transferred without hydrolysis. In transit through the myometrium, it probably
contributes to the level of oestradiol-17/S in that tissue before passing on to be excreted by
the mother. Ocstrone and oestradiol-1 la are the major oestrogens appearing in the urine
of the pregnant ewe (Fevre & Rombauts, 1966).
Perfusion of the placenta in situ, using the flow inducer pump method described earlier,

has provided very similar results to those achieved by the incubation studies. The results
from infusing [1] cpitestosterone are given in Table 8, although much of the
substrate was recovered unchanged, major metabolites were isolated and shown to be
androstenedione, oestrone sulphate, oestradiol-1 7o-3-sulphate and oestrone.

TABLE 9
Radioactive metabolites isolated front sheep myometrium after the in siin perfusion ol the placenta «ith

17o-!H]andiostenedione. figures arc percentages of recovered radioactivity.

Androstcnedionc (>.51
1 estostci one 3.76
1 piteslosteronc 33.7
Androslerone 0.93

Epiandrostci one 0.81
Scr-androstanedione 1.00
5a-dihvdrotcstoslcrone 0

5a-dihydrocpitcstosterone 1.96
Oestrone 9.64
Ocsl radio]-17a 2.46
Oeslradiol-17/3 1.85
Oestrone sulphate 13.8
(lest radio!-17a-3-sulphate 0
Oestradiol-17/3 -3-sulphale 2.01

Rossier& Pierrepoint 1971 (unpublished data).

Androstenedione and epitestosterone therefore represent effective substrates for oestrogen
synthesis in the ovine placenta although their passage across the placenta to the
myometrium was also a feature of note, as indicated by the examination of this organ after
the in situ perfusion experiment (Table 9). The results indicate that the main difference
between the metabolism of seroids in the myometrium to that in the placenta is
aromatisation. Extensive hydrolysis of phenolic-3-sulphates occurs in the myometrium
and the results showed the presence of a 17/3-hydroxysteroid dehydrogenase enzyme
system rather than a 17cr-hydroxvsteroid dehydrogenase for both neutral and phenolic
steroids.

CONCLUSIONS
The studies described in this paper indicate a large series of steroid metabolising

enzymes in the sheep placenta some of which supplementing and others complementing
those found in the foetus. The most active enzymes appear to be 20a-hydroxysteroid
dehydrogenase, aromatase, phenolic steroid-3-sulphotransferase, 17a-hydroxysteroid
dehydrogenase and DHA sulphate-5cx-reductase.
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Steroid motu holism^ enzymes ol the uterine compartment ol the prepnant ewe.

I:n/y me I net lis Placenta Myometrium

3a-()H Steroid dehydrogenase
3/3-OH Steroid dehydrogenase
17a-OH Steroid deh\droeenase
17/3-OH Steroid dehydrogenase
5or-Reduciase
5o-Reductase (I)H A sulphate)
5/3 -Reductase
I 7cr-H\dro\\ lase
17.20-l\ase
Sulphatase(neutral steroids)
Sulphatase (phenolic steroids)
S u Iphot ra nsl erase (neut ra I)
Sulphotranslerase (phenolic)
20a-OH Steroid dehydrogenase
20/3-OH Steroid dehydrogenase
Aromatasc
Dc novo sy nthesis

The distribution of these enzymes, in the pregnant uterus, their relative activities and
specificities, where know n, are shown in Table 10.

Evidence is now available (Ainsworth & Nitchuk, 1972) for the ability of both the
ovine foetus and placenta to synthesise cholesterol from [l-l4C]acetate. The levels ol
cholesterol (5.68 mg%;n = 5) and cholesterol esters (24.2 mg%;n = 5) in foetal plasma have
been measured in this laboratory (E.H.D. Cameron, unpublished data) although
information on their further metabolism is not yet available.
Almost certainly there would appear to be a co-operative function between the foetus,

placenta and myometrium for the metabolism of steroids in the pregnant sheep. Some of
the enzymes are doubtless responsible for the inactivation and facilitation of excretion of
the hormones whilst others aid in the provision of the active form of the hormones at their
site of action. The active species of steroid hormones in the sheep have yet to be firmly
elucidated but the rate at which information on the endocrinology of pregnancy and
parturition in the sheep has accumulated bodes well for these further studies.
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ASPECTS OF STEROID METABOLISM

IN THE SHEEP FCETUS
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C. G. Pierrepoint, Gadija Rossier, S. J. Thomas, D. W. Wilson,
Bronwen A. J. Evans, Barbara A. John, Gail Harvey & K. Griffiths (*)

RfiSUMf:

La biosynthese et le metabolisme des steroldes au niveau du foetus, du placenta
et du myometre sont exposes et discutes, chez la brebis. Les donnees recueillies
ont ete presentees en diagrammes ou en schemas d'enseinble pour tenter de montrer
les fonctions et les interactions des trois principaux compartiments de l'uterus
gravide.

Very little new information on steroid biosynthesis and metabolism in
the sheep foetus and placenta has appeared since the Cardiff Symposium.
Our own studies have tended to converge on the myometrium as the
ultimate target organ with regard to pregnancy control and parturition.
The majority of workers however in sheep reproductive physiology seem
to be concentrating on the secondary effects of synthetic steroid admi¬
nistration to the foetus and the mother on oestrogen and prostaglandin
production in an attempt to verify the cortisol-induction of parturition
hypothesis and manipulate it therapeutically.

(*) Tenovus Institute for Cancer Research, Welsh National School of Medicine,
Heath Park, Cardiff CF4 4XX.
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"We felt that a brief resume of steroid metabolism in the sheep foetus
and placenta followed by more recent investigations on hormone action
might best fit the bill. Some discrepancies have arisen between different
laboratories on this subject but as we shall see, these revolve around
quantitative differences rather than qualitative and arise from non-uniform
laboratory techniques.
Steroid metabolism is an active process in the sheep conccptus and a

wide variety of metabolising enzymes have been demonstrated. The work
of Ainsworth & Ryan (19G6, 1967) and from our own laboratory (Pierre-
point et al, 1970, 1971, 1973) has provided a basic understanding of the
prevailing pathways for steroid conversions in the sheep placenta whilst
foetal metabolism has been reviewed by Anderson et at. (1973). The rather
cumbersome diagram (fig. 1) somewhat inadequately indicates our present
cognizance of the pathways available in the various compartments in
the pregnant sheep uterus. There are inevitably large holes in our know¬
ledge particularly with regard to the availability and production rates of
substrates. Although Ainsworth & Nitchuk (1972) have shown the conversion
of acetate to cholesterol in both the foetal liver and placenta the further
transformation of this sterol to identifiable steroids awaits attention. We
have infused labelled cholesterol into the isolated sheep foetus using the
preparation described previously (Pierrepoint et at., 1971) (fig. 2) and

Thermocouple

Physiological
saline viasaline via i———i Umbilical artery

Heater

Motor

Fig. 2

fractionated the blood, liver and adrenals collected. The distribution of
radioactivity is shown in Table 1. although definitive identification of
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TABLE I. —; Cholesterol. Originally : — 203, 865, 630 dpm

Fraction

Liver Adrenals Blood

Radio¬
activity

% of
Original
Radio

% of
Radio
in

Liver

DPM
% of
Original
Radio

% of
Radio
in

Adrenals

DPM
% of
Original
Radio

%of
Radio
in

Blood

Acetone 85,839,000 41.0 100 22,961 0.01 100 585,580 0.28 100

Petroleum ether
(cholesterol) . 68,676,591 33.7 79.8 16,889 0.008 73.6 180,800 0.24 82.1

Free •1,116,910 2.0 •1.69 1,097 — 4.8 59,880 0.03 10.2

Aqueous
(Conjugated
Steroids) 137,060 0.06 0.15 1,120 — 4.9 30,740 0.02 5.24

Radioactivity isolated in the various fractions of the liver, adrenals and blood after the
infusion of 100 pC (7 a-3H] cholesterol into a 119 day-old fcetus physiologically-maintained
in isolation from its mother.

the labelled metabolites proved difficult. Free and conjugated steroids are
formed from cholesterol in the pre-viable sheep foetus although the rate
of biosynthesis is low. Cholesterol and its esters are freely available in
foetal plasma and do not appear to change sequentially with gestational
age (Table II).

TABLE II. — Concentration of cholesterol and cholesterol esters in sheep

FILI AL AND MATERNAL PLASMA (lllg %)

Cholesterol Cholesterol esters Total

Umbilical vein
Gestational age (days)

116 3.37 14.8 18.2
129 8.68 36.1 44.8
136 6.62 31.3 37.9
138 2.79 12.5 15.3
143 6.93 26.5 33.4

Mean ± S. D. 5.67 ± 2.51 2-1.24 ± 10.28 29.92 ± 12.73

Maternal jugular
114 10.2 56.8 67.0
138 8.79 47.2 56.0
140 11.2 54.8 66.0
141 6.57 42.7 49.3

Mean ± S. D: 9.19 ± 2.01 50.38 ± 0.58 59.58 ± 8.46



aspects of steroid metabolism in the sheep fcetus 85

FCETAL STEROID METABOLISM

Our efforts at recording whole body metabolism in the foetus isolated
from the mother (fig. 2) (Pierrepoint et al., 1971) have shown that [7a-:iH]
pregnenolone and [4-17C] progesterone are virtually completely metabo¬
lised after a period of 30 minutes with the formation of tritiated DHA and
DHA sulphate, pregnenolone sulphate, carbon-labelled 20a-dihydroproges-
terone and doubly-labelled androstenedione. The endogenous levels of DHA
and DHA sulphate in the plasma of a term foetus are approximately the
same (3-5 ng/ml) (Dr. D. Millington, unpublished data) measured by Mass
Spectrometry-GLC.

Studies in vitro indicate that the liver (Anderson et at., 1970) and blood
(Nancarrow & Seamark, 19G8) are probably the main sources of these
metabolites.

Quantitatively the most important enzymes demonstrated in the liver
are 5(3-reductase with respect to Cis-steroids, 3(3-suIphotransferase, 17a-hy-
droxysteroid dehydrogenase, 3a- and 3(3 ; hydroxysteroid dehydrogenase
and 20a-reductase. A small amount of 5a-reduction and side-chain cleavage
was shown.

The demonstration of the influence of the foetal adrenal on parturition
(Binns, James & Shupe, 1964 ; Holm, 19G7 ; Liggins, Kennedy & Holm, 1967 ;

Liggins 1968 ; Drost & Holm, 1968) has instigated several investigations of
steroid metabolism in this gland and of corticosteroid levels in circulating
plasma (Bassett & Thorburn, 1969 ; Comline et al., 1970, 1973 ; Drost et at.,
1973). Studies in this laboratory showed that the unstimulated adrenal
gland from the sheep foetus produced greater amounts of 11-deoxycor-
ticosteroids than the more active 11-hydroxylated products. Cortisone
formation was always low. Examination of corticosteroid production from
lambs delivered after ACTH-infusion showed however an increase in

11-hydroxylated steroids which was similar to the pattern found in the
lamb at term. We postulated at that time (Anderson et at., 1972) that the
enzyme llfl-hydroxylase was controlled by ACTH and remained relati¬
vely inactive until influenced either by exogenously administered trophic
hormone or by increased secretion from the foetal pituitary (Alexander
et al., 1973). Very recently Davies & Ryan (1973) also showed the formation
of Cortisol and corticosterone accounting together for approximately 15 %
of the metabolites from pregnenolone by 100 day foetal adrenals using
a fortified homogenate preparation.
Another recent paper using again a different technique, that of perifusion

(Madill & Bassett, 1973), showed a significant increase in corticosteroid
release following the addition of ACTH to the system. After 137 days of
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gestation the rate of corticosteroid release stimulated by ACTH increased
as the age of the foetus increased. This enhanced output was correlated
with increase in adrenal weight and plasma corticosteroid concentration.
The relative amounts of Cortisol and corticosterone released from the

adrenals changed in favour of the former in the older adrenals. They
concluded that in the last week of gestation there was a marked increase
in the responsiveness of the foetal adrenal to ACTH stimulation and that
this increase was related to maturation of corticosteroid biosynthetic
pathways. This complied with the summation we made to our own results
on steroid metabolism in this organ (Anderson et al., 1972, 1973).
Cortisol estimations in foetal plasma during late gestation has shown

a definite and dramatic increase in its concentration as term approaches
with its peak levels achieved at the time of parturition (Bassett & Thor-
burn, 19G9, 1973). Our own interest in the control mechanisms of the
steroid metabolising enzymes prompted us to investigate several of the
secretory products of the foetal adrenal. Blood was collected from chro-
nically-catheterized foetuses over a period of several days covering the
immediate perinatal period. Trace amounts of [4-14C] labelled corticos-

Cortisol
• • II - Deoxycortisol
A A Corticosterone

(Black 125)

Fig. 3 (a). — Plasma levels of corticosteroids in the foetal and newborn lamb a

few days prior to and after birth
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terone and cortisone and tritiated Cortisol, ll-deoxycortisol and deoxycor¬
ticosterone were added to 0.5 ml aliquots of the prepared plasma prior
to extraction. The extracts were applied to 20 x 1.1 cm. Sephadex LH20
columns in 1 % methanolic methylene chloride. The steroids were eluted
with 1 x 30 mis 1 % methanolic methylene chloride followed by 30 mis
of 2 % of the same mixture. Corticosterone is eluted in the volume
14-20 mis, 11-deoxycorlisol in 20-26 mis, cortisone in 28-34 mis and Cortisol
in 46-56 mis. Deoxycorticosterone was removed in a previous petroleum
ether (80-100°) extraction.

Gorticosterone was assayed by competitive protein binding using 0.25 %
rat plasma, Cortisol also by competitive protein binding using dog plasma
whilst ll-deoxycortisol and cortisone were measured using an antiserum
raised in rabbits against ll-deoxycortisolr3-(0-carboxymethyl) oxime-
bovine serum albumin (supplied by Dr. E. H. D. Cameron).
Results from three foetuses are shown in fig. 3 (a. b. c.) and show the

relative values of Cortisol, ll-deoxycortisol and corticosterone in lambs

« » Cortisol
• II - Deoxycortiso!
* A Corticosterone

(Black 103)

Fin. 3 (b). — Plasma levels of corticosteroids in the foetal and newborn lamb a

few days prior to and after birth
AVORTEMENT ET PARTURITION PROVOQUES 1
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# 9 Cortisol

o— — -o II - Deoxycortisol

Fig. 3 (c). — Plasma levels of corticosteroids in the foetal and newborn lamb a

few days prior to and after birth

,5

during the week immediately prior to parturition and for two or three
days after birth. A graph (fig. 3 d) shows the mean plasma Cortisol values
obtained from several foetuses in the last 4 days before birth and on the
day of birth showing the well-recognised elevation in concentration. The
mean value for 11-deoxycortisol during the last 4 days of pregnancy
(0.477 M-g/100 ml) is well in excess of those recorded for peripheral plasma
in the adult animal (0.020 ± 0.019 ng/100 ml) (Clements & Newcombe, 1973).
The level for corticosterone during this period was 0.8186 ng/100 mis.
Recording of these values in earlier stages of pregnancy would be of
great value in the study of maturation of adrenal steroid metabolising
enzymes. It has been shown (Munck & "Wira, 1971) that 11-deoxycortisol
will compete affectively for Cortisol binding sites in all tissues examined
although its biological activity is very low. Whether it achieves any control¬
ling influence in the pregnant sheep uterus by competing with Cortisol
has yet to be investigated.



ASPECTS OF STEROID METABOLISM IN THE SHEEP FCETUS 89

Fig, 3 (d). — Cortisol levels prior to parturition

PLACENTAL METABOLISM

Placental steroid biosynthesis and metabolism is considered of prime
importance in the maintenance of pregnancy and the eventual onset of
parturition. The first reports of such activity in the sheep came from
Ainsworth & Ryan (1966, 1967) who showed the important formation of
progesterone from pregnenolone and also the further transformation to
56-reduced compounds especially 5fS-pregnane-3a, 20a-dioL. This work was
confirmed by our own studies although, once again, using different incu¬
bation techniques the quantitative aspects of the final products varied.
The major saturated products in our hands were 5a-pregnanedione, 3f3-hy-
droxy-5a-pregnan-20-one and 5a-pregnane-3(3, 20a-diol (Pierrepoint et ai,
1970 a, 1973).
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Figure 1 indicates the prevailing enzyme systems in the sheep placenta
which are dominated once more by the 20u-hydroxysteroid dehydrogenase
with regard to both pregnenolone and progesterone. Little biological acti¬
vity has been demonstrated for 20a-dihvdroprogesterone and it seems more
than likely that it acts as, on the one hand, a pool of available substrate
for progesterone formation and, on the other, a useful avenue for the
removal of the more potent hormone.

Cia-steroid metabolism is an exciting study in the sheep and a great
variety of metabolites have been identified (Ainsworth & Ryan, 19G6 ;

Pierrepoint et ah, 19G9, 1970 b, 1971, 1973 ; Harvey et ah, 1972). Andros-
tenedione, epitestosterone and DIIA are all well metabolised and act as good
substrates for aromatizing enzymes. The major metabolite is nearly always
oestrone sulphate although unconjugated oestrone, oestradiol-17a and
oestradiol-17fS are formed in significant amounts. Epitestosterone is well-
formed from both DIIA and androstenedione although its function in the
control of pregnancy is quite unknown. This steroid may once again provide
a reservoir for <c active » hormone synthesis or achieve directly a role in
the regulation of myometrial activity. We have on several occasions induced
premature parturition by the infusion of epitestosterone into the foetus
in utero but have not followed up the findings with adequate hormone
measurements. When DIIA sulphate is incubated with sheep placentomes
in vitro, over 80 % is converted to the 5a-reduced metabolite epiandros-
terone sulphate. The presence of DHA and DHA sulphate has been demons¬
trated in foetal sheep plasma and the importance of 5a-reduction of the
steroids remains a puzzle.
Findlay & Cox (1970) showed the presence of oestrogen sulphates in

foetal plasma which may to a large extent be attributable) to the highly
active aromatizing and phenolic sulphotransferase activities x>f the placenta.
When oestrone is incubated with sheep placental tissue (Pierrepoint et ah,
1973) the major products are oestrone sulphate and oestradiol-17a-3-sulphate
but at the moment nothing is known about their function and again the
case rests with the suggestion that they are reservoirs available for active
hormone synthesis and possibly easily excretable products.

MYOMETRIAL METABOLISM IT
• -r

The control of myometrial activity by the corpus luteum of pregnancy
through its major secretion product progesterone is well accepted for the
lower mammalian orders. In higher mammals this structure wanes at
varying stages of pregnancy and the placenta takes over its responsibilities
(Ryan 1969). The target organ itself however is not inactive with regard
to steroid metabolism and may be viewed within the concept of hormone
action by its ability to enhance or activate the steroids that are presented
to it.
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The provision of steroids by the placenta has been briefly reviewed
and it is now known that their farther metabolism takes place within the
myometrial cell. An active 20a-hydroxysteroid dehydrogenase converts
both pregnenolone and progesterone to their 20a-reduced derivatives. The
formation of progesterone has been shown (Rossier, 1974) but in low
amounts compared with the placenta. As one might anticipate, 5a-reduction
features with regard to both C21- and Cio-steroids with the formation of
5a-prcgnanedione 3|3-hydroxy-5a-pregnan-20-one and 5a-pregnane-3f3, 20a-
diol from pregnenolone and progesterone, and 5a-androstanedione and
5a-dihydroepitestosterone- in particular from androstenedione and epites-
tosterone. Armstrong & King (1970) showed and increased nuclear 5a-reduc-
tion during times of enhanced biological activity of progesterone in the
rat and it is felt that this enzyme plays a role in the mode of action of
both C21- and Cig-steroids.

One anticipates that the particular products of foeto-placental metabolism
that will have most profound effects on myometrial activity are progeste¬
rone (or its 5a-reduced derivatives) and the oestrogens. It has been discus¬
sed earlier that the predominant oestrogens formed in the sheep placenta
are oestrone and oestrone sulphate, especially the latter. The myome¬
trium, by in vitro studies (Rossier & Pierrepoint, 1972, 1974, Rossier 1974)
has been shown to have a highly active phenolic sulphatase enzyme and
rapidly converts oestrone sulphate to its free form. This is then acted
upon by a phenolic 17|3-hydroxysteroid dehydrogenase to form the potent
oestrogen oestradiol-17p. The earlier speculation as to the value of oestrone
sulphate to the pregnant state of the sheep may thus be correct in that
it acts as an admirable substrate for the formation of active species of
oestrogen without indulging in hormone action itself. Thus it appears
to us that there may be a co-operative function of the placenta and
myometrium which we have called a placento-myometrial complex (fig. 4)
whereby precursors are synthesized in the placenta, transported to the
myometrium and there converted to active hormone. Many questions
remain unanswered regarding the purpose of certain steroids in the myo¬
metrium. Isolation of radioactive metabolites in this organ after the in situ
perfusion of the placenta with [7a-:)H] androstenedione disclosed a high
level of radioactive epitestosterone as well as oestrone sulphate. The
3-sulphates of the two oestradiols also feature and their function requires
careful enquiry.
The measurement of oestrogens in the sheep plasma has shown that

conjugated forms predominate in the foetus (Findlay & Cox, 1970) whilst
those in the mother's blood are unconjugated (Challis 1971). The latter
have been further characterised (Roberts & Smeaton, 1973) and shown
to be mainly oestrone with half as much oestradiol-17p and oestradiol-17a.
Reference to Figure 4 provides a possible explanation for these results

in that the placenta receives Cig-precursors from the foetus and converts
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4

significance respectively.
Indicates transfer of steroid from placenta to
myometrium.
Steroids found with most radioactivity in the myome¬
trium after the placental perfusion with triated an-
drostenedione. ^

Fig. 4. — The < Placento-myometrial complex » in the sheep. Diagram
to show the major metabolic pathways and the transfer pattern*
for Cm— and Cm— steroids in the placento-myometrial complex
of the sheep.

■I

them mainly to oestrogen sulphates of which oestrone sulphate is the
predominant metabolite. These are transferred both to the foetus and to
the myometrium. The highly active phenolic sulphatase releases the free
steroids which are then passed out into the maternal circulation.

STEROID-PROTEIN INTERACTION
IN THE SHEEP MYOMETRIUM

Current thought on the mechanisms by which steroid hormones influence
target tissues emphasises the importance of binding of those hormones to •

specific cytoplasmic «receptor» proteins as a primary event. There
follows a movement of the steroid-protein complex into the nucleus where
alteration of cellular function is initiated.
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• Such interactions in the pregnant sheep myometrium have been inves¬
tigated (Rossier, 1974 ; Rossier, Pierrepoint, Wilson & Griffiths, 1972) by
incubating the 105.000 g supernatant or cytoplasmic fraction with high
specific activity tritiated steroids. The resulting steroid-protein complexes
are separated by ultracentrifugation on sucrose density gradients and
radioactive profiles constructed.
i OestradioI-17(5 was specifically bound to both 8S and 4S receptors (fig. 5).
Neither oestrone nor oestradiol-17a were adequate competitors. The equi¬
librium association constant (Kn) of oestradiol-17fi-receptor protein inte¬
raction in the cytosol was found to be of the order of 1 -2.6 x 10° 1/mol
showing the high affinity of this association. When the concentration (qi)
of receptor sites was considered the capacity was found to be low
(20-38 fmol/mg). The affinity of the receptor for oestradiol-176 is appro¬

ximately 14 x that for oestradiol-17a and 20 x that for oestrone. Oestrone

Fig. 5. — Sedimentation patterns of oestradioI-17 P and proyesterone-
cytosol receptor complexes ( it) days jestationj

cytosol incubated with —
a [3H] oestradiol-17 15 and
b [3H] progesterone.
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sulphate appears to bind to the receptor with the same affinity as oes-
tradiol-17a. The receptor protein-oestrone complex sediments much more
slowly than that for oestradiol-17f3 i.e.at 3-4S.
Progesterone has also been shown to be specifically bound by cyto¬

plasmic receptors, the complex sedimenting at 4.6S and is competed for
by 5a-pregnanedione but hardly at all by 20a-dihydroprogesterone (fig. 5
& 6). This again raises the question of the importance of 5a-reduction in
the target organ in promoting the activity of the various steroid substrates
presented to it by the placenta.

Bottom Fraction number Top

Fig. 6. — Sucrose gradient ultracentrifugation analysis of ['H]
progesterone-cytosol receptor complexes (,— 60 days of gestation)

cytosol incubated with —

a [8H] progesterone
b [SH] progesterone in the presence of non-radioactive 5 a-pregna-

nedione
c [3H] progesterone in the presence of non-radioactive 20 a-dlhydro-

progeslerone
d [3H] progesterone in the presence of non-radioactive progesterone

* x 10-"
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S. J. THOMAS, D. W. WILSON, C. G. P1ERREPOINT,
E. H. D. CAMERON* AND K. GRIFFITHS

Tenovus Institute for Cancer Research, Heath, Cardiff, CF4 4XX

(Received 15 November 1974)

SUMMARY

A method is described for the resolution and individual quantitation of Cortisol, cortisone,
11-deoxycortisol and corticosterone in foetal sheep plasma. The steroids were extracted by
solvent partition and separated by LH-20 Sephadex column chromatography. Radioim¬
munoassay was used for the measurement of 11-deoxycortisol and cortisone and com¬
petitive protein-binding for corticosterone and Cortisol.
The relative levels of these steroids in the plasma of chronically catheterized sheep foetuses

from 12 days before birth to term and then in the newborn lamb until 2 days of age are
recorded.
Cortisol gradually increased from a basal concentration of between 0-5 and 3-0 /<g/100 ml

plasma between days 12 and 5 pre partum, and then rose rapidly to 10/tg/100 ml plasma
during the last 5 days of pregnancy to reach a maximum during or just after birth. Two days
post partum the levels had fallen to approximately 3 /tg/100 ml plasma.

The mean value for 11-deoxycortisol between days 8 and 3 pre partum was 0-4 /zg/100 ml
plasma and increased in the final days before delivery to 10/tg/100 ml. Corticosterone
initially showed slightly higher levels (~ 1 -5 pg/100 ml) in the earlier period of investigation
but then fell during the immediate pre-partum period to 0-8 pg/WO ml. Cortisone was not
detected at any stage of the investigations.
The relationship between levels of Cortisol and 11-deoxycortisol in foetal plasma and

myometrial contractility is shown. An increase in uterine activity was seen to occur at the
time that Cortisol levels were at their maximum. The 11-deoxycortisol values throughout
this particular study remained low.
The results are discussed in relation to recorded levels in the adult and to previous

studies in vitro with regard to changing steroid biosynthetic enzyme activity.

INTRODUCTION

It is becoming increasingly imperative in hormone assays to dispense with the 'total'
evaluation of groups of hormones and instead to isolate and collate the individual com¬
ponents of the groups. Such is the situation with the corticosteroids in relation to foetal
adrenal development where such a study would allow an evaluation of adrenal enzymic
activity to be made. Studies on steroid biosynthesis in sheep foetal adrenals in vitro (Ander¬
son, Pierrepoint, Griffiths & Turnbull, 1972; Anderson, Pierrepoint, Turnbull & Griffiths,
1973) suggested an enhancement of 1 l/?-hydroxylation in the period immediately preceding

* Present address: Regional Hormone Laboratory, 12 Bristo Place, Edinburgh, Scotland.
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term which could also be induced by the intra-foetal infusion of synthetic corticotrophin
(ACTH) (Synacthen, Ciba Ltd).
The rate of secretion of adrenal steroids increases greatly towards term in the sheep

foetus (Alexander, Britton, James, Nixon, Parker, Wintour & Wright, 1968). Total plasma
corticosteroids rise dramatically in the last 3-4 days of gestation (Bassett & Thorburn, 1969;
Comline, Nathanielsz, Paisey & Silver, 1970) concomitantly with increased plasma ACTH
levels (Alexander, Britton, Forsling, Nixon & Ratcliffe, 1971, 1973).
In order to record changing plasma levels of individual corticosteroids a method has

been developed for their resolution and quantitation. Values are recorded for Cortisol,
cortisone, corticosterone and 11-deoxycortisol in chronically-catheterized foetuses near
term and discussed with regard to the methodological procedures and their possible
biological significance.
Part of this work has been briefly reported elsewhere (Pierrepoint, Rossier, Thomas,

Wilson, Evans, John, Harvey & Griffiths, 1974).

MATERIALS AND METHODS

Methanol and ethanol (James Burrough Ltd, London) were of analytical grade; other
solvents [British Drug Houses (BDH) Chemicals, Ltd] were either of laboratory reagent
or analar grade. All solvents, apart from ethanol, were redistilled before use. Dextran
T.70 and Sephadex LH-20 were purchased from Pharmacia Ltd, London and gelatin B.P.
from Martindale Samoore Ltd, London. Bovine serum albumin (BSA), charcoal (Norit-A)
and non-radioactive steroids were obtained from Sigma Ltd, London. Radioactive steroids
[l,2-3H]cortisol (53 Ci/mmol), [4-14C]cortisone (55 Ci/mol), [4-uC]corticosterone (52 Ci/
mol) (Radiochemical Centre, Amersham, Bucks) and [1,2-3H]11-deoxycortisol (34 Ci/mmol)
(NEN Gmbh, Frankfurt) were purified by thin-layer chromatography on silica gel HF2s4/366
(Merck, Darmstadt, Germany) in the solvent system chloroform: methanol: water (187:12:1,
by vol.) before use. The hypophysectomized sheep plasma was generously donated by the
late Dr R. Denamur.

Preparation of 11-deoxycortisol antigen
The 11 -deoxycortisol-3-(<9-carboxymethyl) oxime was prepared by the method of Arnold &
James (1971) and recrystallized from benzene. The antigen 1 l-deoxycortisol-3-(0-carboxy-
methyl)oxime-BSA (1 l-deoxycortisol-3-BSA) was synthesized by the method described by
Erlanger, Borek, Beiser & Lieberman (1957).

Immunization regime for raising and-11-deoxycortisol sera
The antisera to 11-deoxycortisol were raised in female New Zealand White rabbits using a
similar regime to that described by Hillier, Brownsey & Cameron (1973) for anti-testo-
sterone-3-(0-carboxymethyl)oxime. A suitable antiserum with respect to titre and specificity
(Fig. 1) was obtained 3 months after the initial injections.

Surgical techniques and blood sampling
Sheep of the Beulah breed were kept at free pasture until 24 h before surgery when they were
brought indoors and their food-intake restricted.
Anaesthesia was induced by intravenous thiopentone sodium (500 mg) (Intraval, May &

Baker) followed by suxamethonium chloride (100 mg) (Scoline, Allen & Hanbury) to
facilitate tracheal intubation. The animals were maintained in surgical anaesthesia on a
mixture of halothane (I.C.I. Ltd) and air.
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The uterus was approached via a ventral mid-line abdominal incision and the hind legs
of the foetus were located within one horn. These were withdrawn through a hysterotomy
incision until the hocks were exposed and the fleece was clipped on the lateral aspect of
each. The recurrent tarsal veinswere exposed and catheterized using Drum cartridge catheters
(28 inches long, 0-44 mm internal diameter, 5 F.G., Abbott Labs., Chicago, U.S.A.) which
were inserted 10-20 cm along the vein, depending on the gestational age of the foetus. The
foetal skin was closed with 2/0 catgut. A Warne's infant feeding tube (9 F.G.) was inserted
into the amniotic sac to measure intra-uterine pressure changes and the uterus sutured with
No. 1 catgut. All catheters were exteriorized and secured to the mother's skin surface.
The peritoneum and skin were closed by continuous No. 1 monofilament nylon and No. 1
silk respectively. Intra-uterine pressure changes were monitored by attaching the Warne's
infant feeding tube to a Sanborn Recorder (Model No. 7700).
Beginning 48 h post-operatively, blood was withdrawn under aseptic conditions, collected

into heparinized tubes and immediately centrifuged at 4 °C for 10 min at 1000 g. The
plasma was then stored at — 20 °C until assayed. The catheters were flushed after sampling
with a volume of heparinized saline to replace the dead space (0 8 ml) and to maintain their
patency.

Extraction of corticosteroids from plasma
Standard solutions of tritiated Cortisol and 11-deoxycortisol and wC-labelled cortico-
sterone and cortisone with a final activity each of 2 /tCi/100 ml ethanol were made from
stock solutions of purified corticosteroids. Plasma samples were allowed to thaw at room
temperature and 500 //I aliquots pipetted into bacteriological tubes followed by 100 p\ of
each solution of tracer and 500 /A ethanol. The contents were mixed thoroughly and centri¬
fuged at 4 °C for 15 min at 1000 g. The supernatants were decanted into B14 Quickfit test
tubes, blown to dryness under nitrogen at room temperature and the residues taken up in
1 ml distilled water. The aqueous phase was extracted with 2 x 2 ml light petroleum (b.p.
80-100 °C) followed by 2x2 ml methylene chloride. The combined methylene chloride
extracts were blown to dryness under nitrogen at room temperature and the residue dis¬
solved in 1 % methanol in methylene chloride and subjected to column chromatography as
described below.

Column chromatography
The organic extract (2 x 250 pA) was applied to a 20 cm LH-20 Sephadex column (internal
diameter 1-2 cm) overlaid with 0-5 cm sand (BDH), the column having previously been
prepared and conditioned using 1 % methanol in methylene chloride. The steroids were
eluted using 1 and 2 % solutions of methanol in methylene chloride as follows: 14-20 ml
(corticosterone), 20-26 ml (11-deoxycortisol), 28-34 ml (cortisone) and 46-56 ml (cortisol).
The sand was necessary to counteract the buoyancy of the Sephadex in this high density
solvent system. The eluates were evaporated to dryness under nitrogen at room temperature
and the residues dissolved in 1 ml ethanol, 300 p\ of which were taken for assessing radio¬
active recovery and the remainder for assay.

Radioimmunoassay of 11-deoxycortisol and cortisone
In the 11-deoxycortisol assay, 0-01 pCi of the labelled steroid was blown to dryness in a
bacteriological assay tube together with either (a) unlabelled standards (0-250 pg/assay
tube) in 100 p\ of ethanol or (b) 100 p\ of the ethanolic extract containing the steroid to be
assayed. Sodium phosphate buffer (100 /zl, 10 mmol/1), pH 7-4, containing 0-1 % gelatin,
was added to the residue and mixed thoroughly followed by the addition of 100 p\ of the
antibody in the same buffer used at a final dilution of 1:1600 and gently mixed. The contents
of each tube were incubated for 16 h at 4 °C.
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In the cortisone assay the standards (0-4 ng/assay tube) and plasma extracts in 200 /d
ethanol were incubated in a similar manner to the 11-deoxycortisol.
At the end of the incubation period 1 ml of dextran-coated charcoal prepared by the

method of Hillier et al. (1973) was added to each tube. The contents were mixed for 15s
on a Vortex, allowed to stand for 15 min and centrifuged at 1000 g for 15 min at 4 °C.
Finally 500 /d of the supernatant were transferred to a counting vial, dissolved in 5 ml
Aquasol (NEN, Frankfurt) and counted to assess the radioactivity associated with the bound
fraction. Triplicate determinations were made on both standards and plasma extracts.

Competitive protein-binding ofCortisol and corticosterone
Corticosterone and Cortisol were measured using a competitive protein-binding technique
similar to that described by Murphy (1967). Dog plasma was used as the source of cortisol-
binding globulin at a dilution of 3 % in 0-4% aqueous ethanol containing 4 /iCi [1,2-3H]-
cortisol. Similarly for the corticosterone assay, a solution of 0-25 % rat plasma in 0-4 %
aqueous ethanol containing 4pCi [l,2-3H]corticosterone was prepared.
During each assay pooled plasma was taken through the same procedures as a quality

control. The corticosteroid values did not alter significantly during the period of the study
showing that storage at — 20 °C had no detrimental effects.

Fig. 1. The cross-reactivity of various steroids with the anti-1 l-deoxycortisol-3-bovine serum
albumin serum. B, corticosterone; F, Cortisol; A, cortisone; ■, 17a-hydroxyprogesterone; ♦,
11-deoxycorticosterone; •, 11-deoxycortisol.

RESULTS

Evaluation of assay procedures
Specificity of the antiserum
From the displacement curves shown in Fig. 1, it can be seen that cortisone, 17a-hydroxy-

progesterone and 11-deoxycorticosterone exhibit a significantly high cross-reaction, whereas
corticosterone and Cortisol show negligible cross-reaction. Corticosterone and Cortisol were
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therefore measured by the competitive protein-binding techniques described previously.
The lack of complete selectivity of both the radioimmunoassay and competitive pro¬
tein binding assay techniques necessitated a separation procedure before individual
corticosteroids could be measured with an acceptably high degree of specificity.

Extraction and chromatography techniques
The recovery of corticosterone, 11-deoxycortisol, cortisone and Cortisol in the methylene

chloride extract before chromatography was 75, 52, 83 and 87%, respectively, whereas the
retention of progesterone,- 17a-hydroxyprogesterone and 11-deoxycorticosterone in the
extract was 6, 4 and 11 % respectively. Column chromatography on LH-20 Sephadex gave
a good separation of corticosterone, 11-deoxycortisol, cortisone and Cortisol whilst the
progesterone, 17a-hydroxyprogesterone and 11-deoxycorticosterone fractions were eluted
and discarded before eluates were collected for assay.

Sensitivity and precision
The sensitivity of the corticosterone, 11-deoxycortisol, cortisone and Cortisol assays using

the definition of Kaiser & Specker (1956) was 0-2,0 03,0-25, and 0-2 ng of standard hormone
per assay tube respectively which is equivalent to 0-3, 012, 0-3 and 0-27 pg/100 ml plasma
after allowing for losses during the assay procedures. The precision of estimating the dose
response over the range of standard hormones and samples investigated was constant
within each assay as shown in Fig. 2.

Recovery
Different amounts of corticosterone, cortisone and Cortisol (0-200 ng) and 11-deoxy¬

cortisol (0-12-5 ng) were added to 500 /d hypophysectomized sheep plasma to be processed
and assayed as described above. The assay values obtained were plotted against the mass of
steroid added. The recovery of added steroid was between 97 and 103 % over the ranges
investigated, these determinations being predominantly carried out over the physiological
ranges. The linear regression coefficients, ordinate intercepts (ng) and correlation co¬
efficients were calculated, providing values of respectively, 1-09, 2-55, 1-00 (corticosterone);
0-90, 1-37, TOO (11-deoxycortisol); T12, T17, 1-00 (cortisone); T12, 3-34, TOO (Cortisol).
The values of the ordinate intercepts were not subtracted from any of the plasma steroid
levels recorded.

Quality control
Pooled foetal plasma samples were used as quality controls and a typical set of results

for five assays in duplicate for corticosterone, 11-deoxycortisol, cortisone and Cortisol gave
means of 0-34, 0-193, 0-45 and 4-32/rg/100 ml plasma and standard deviations of 0-05,
0-036, 0-08 and 0-56 respectively.

Plasma levels of corticosteroids in foetal sheep plasma at and near term
Foetal plasma corticosteroid levels from 12 days pre partum and immediately post partum
are shown in Fig. 3. Cortisol levels gradually rose from 0-5 to 3-0 /zg/100 ml plasma between

1 day 12 and day 5 pre partum and then more rapidly to reach a maximum of approximately
10 /zg/100 ml during or just after birth. Two days post partum the levels fell to approxi¬
mately 3 /rg/100 ml plasma.
The detection and measurement of 11-deoxycortisol was achieved in all plasma samples

investigated. From day 8 to day 3 pre partum, levels were low. Subsequently two increments
occurred on the last and penultimate days to achieve levels of 1-2 /<g/100 ml.
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In the 5- to 8-day pre partum period corticosterone showed mean values of around
1-5 Ag/100 ml falling to 0-8 /tg/100 ml by 48 h before delivery. Cortisone was not detected
in any of the plasma samples investigated.
It was noted that operated animals tended to deliver their young somewhat earlier

(144 + 3 days) than controls (147 ± 2 days).

Mass of steroid per assay tube (ng)

Fig. 2. Representative standard curves used in the assay of corticosterone, Cortisol, cortisone and
11-deoxycortisol (means ±s.d.).

Concomitant measurement of infra-uterine pressure changes andfoetal plasma
levels of Cortisol and 11-deoxycortisol

The relationship between foetal levels of Cortisol and 11-deoxycortisol and myometrial
contractility was investigated in one animal at 143 days of gestation. A comparatively
regular pattern of uterine contractions was maintained until 3-5 h before birth. The Cortisol
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concentrations during this period increased from approximately 8 to 40/rg/lOO ml plasma.
Within minutes of reaching this high level an increase in tone, amplitude and frequency
occurred. This activity was sustained but with decreased frequency during the period before

15 -i

birth. The expulsion of the foetus was associated with sustained activity and increased
frequency of contractions. After birth the uterine tone decreased as did the frequency and
amplitude of the contractions. The 11-deoxycortisol values throughout this study remained
low.

7 -5 -3 -1 0 +1 +3
-6 -4 -2 +2

(2) (2) (2) (5) (4) (6) (6) (9) (11) (11) (11) (9) (8)
Days relative to birth (number of animals sampled in parentheses)

Fig. 3. Plasma levels (/tg/100 ml) of Cortisol, 11-deoxycortisol and corticosterone in lambs just
before and after birth (means ±s.e.m.).
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DISCUSSION

A method is described for the separation and quantitation of Cortisol, cortisone, 11-deoxy-
cortisol and corticosterone in a single 500 /d aliquot of sheep foetal plasma. The extraction
procedure adopted ensured a good recovery of corticosteroids with minimum contamination
from progestins that are known to cross-react in the assay systems. The column chromato¬
graphy method is an improvement on previously reported systems. The use of a dual solvent
system and shorter columns allowed the elution of steroids in smaller volumes with con¬
sequently reduced blanks whilst the alternation of 3H and 14C labels provided the means of
assessing any contamination (< 1 %) of one steroid in another by double-channel liquid
scintillation spectrometry.
Cortisol was shown to be quantitatively the principal corticosteroid present in foetal

sheep plasma at least from 4 days before to 3 days after birth. The values obtained are
similar to those found by Bassett & Thorburn (1969), Comline et al. (1970), Nathanielsz,
Comline, Silver & Paisey (1972) and Drost, Kumagai & Guzman (1973), all of whom
employed a relatively non-specific competitive protein-binding method for the determination
of total plasma corticosteroids.
Although no previous reports have appeared on the relative concentration of the steroids

in the unanaesthetized sheep foetus, in utero, the level of corticosterone in the adrenal venous
blood of the isolated animal has been recorded (Chester Jones, Jarret, Vinson & Potter,
1964; Alexander et al. 1968). The value reported by Alexander et al. (1968) of 125 /zg/100 ml
plasma from a 143-day-foetus is much higher than that recorded in the adult (9-5 /tg/100 ml)
by Clements & Newsome (1973). The mean basal peripheral plasma level reported by the
former workers was 0-044 fig/100 ml which again differs considerably from the foetal values
(0-8-1-5 /tg/lOOml) obtained in the present investigations.
The plasma levels of cortisone and 11-deoxycortisol have not previously been reported

for the sheep foetus. Clements & Newsome (1973) examined adult sheep peripheral plasma
and reported basal levels of 0-02 and 0-24 /zg/100 ml respectively. The mean level of 11-
deoxycortisol found in the present investigations was somewhat higher at 0-4 /ig/100 ml
(from days —8 to —3) whilst cortisone could not be detected.
Madill & Bassett (1973), who used a continuous flow incubation system for foetal adrenal

glands of varying gestational age from 100 days pre partum to around term, were not able
to demonstrate the presence of 11-deoxycortisol in the perfusate. Cortisol was the principal
corticosteroid released by the foetal adrenal under these conditions, while there was a marked
alteration in the ratio of Cortisol to corticosterone between 135 and 140 days of gestation.
An examination of the relative values for Cortisol, corticosterone and 11-deoxycortisol

allows an evaluation of changing steroid biosynthetic enzymic activity. A profound increase
in the ratio of Cortisol to corticosterone from the period 5-8 days pre partum (1-46) com¬
pared with that in the final 5 days (6-9) indicates an enhancement of C21-steroid-17a-
hydroxylase activity. These findings accord with those of Madill & Bassett (1973). A similar
but less marked increase in 1 l/?-hydroxylase is shown if the ratios of Cortisol to 11-deoxy¬
cortisol are examined during these same periods (7-3 rising to 11-2). About 48 h preceding
delivery, however, there is a dramatic though transitory reversal of this trend to 3-8, which
at present is not explicable. Our previous results on enzymic activity in the foetal adrenal
(Anderson et al. 1972, 1973) indicated that such changes could be expected.
When the same ratios are examined for the adult (Cortisol: corticosterone, 25-2; and

Cortisol: 11-deoxycortisol, 55-5; Clements & Newsome, 1973), the relative inactivity of the
17a- and 1 1^-hydroxylases in the foetal lamb before parturition is further emphasized.
The concurrent measurement of foetal plasma Cortisol and 11-deoxycortisol levels

and uterine pressure changes has, for the first time, allowed the correlation of changes in
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corticosteroid hormone levels to changes in uterine activity. An increase in uterine activity
was seen to occur at the time that Cortisol levels were at their maximum. This may eventually
be explained by enhancement, rather than induction, of enzymes in the placenta and/or
myometrium that would aid in the removal of progesterone and in the known increase of
oestrogen production.
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TESTICULAR feminization is a formof male pseudohermaphroditism. In
this condition, the testes are immature
and situated intra-abdominally, or pres¬
ent as herniae in the inguinal region or in
the labia majora. Affected patients are
female phenotypes who have quite well-
developed breasts, but usually scanty or
absent pubic and axillary hair. The
vagina is short and usually ends blindly.
They are often attractive in appearance
and may marry. Cell nuclei, however, are
chromatin negative and the karyotype
is of male character. There is a high
familial incidence consistent with either
a sex-limited recessive or a sex-limited
dominant trait.
Morris (1) refers to over 50 cases re¬

ported prior to 1953, and Molinoff and
Armstrong (2) cover 39 additional cases.
Although the testes are removed because
of their reputed liability to become ma¬
lignant (1), no in vitro biochemical studies
of such tissues have been reported.
The metabolism of 4-C14-progesterone,

4-C14-17a-hydroxyprogesterone, 4-C14-
androst-4-ene-3,17-dione (androstenedi-
one) and 4-C14-testosterone by feminiz¬
ing testes surgically removed from a pa¬
tient is now reported. A preliminary
account of this work was communicated
by Griffiths and Grant (3).

Patient and Clinical Data

The patient, who was 11\ years of age, was
admitted because of primary amenorrhea.
Received May 13, 1963; accepted June

18, 1963.

ABSTRACT. The in vitro biosynthesis of
steroids was studied in testicular and Sertoli
cell tumor tissue from cryptorchid gonads
removed from a patient with testicular femini¬
zation syndrome. Similar steroid biosynthetic
patterns were observed in both tissues. No
evidence was obtained to suggest that this
endocrine disorder could be explained by an
inability to synthesize testosterone. The for¬
mation of estrogens in vitro was not demon¬
strated.
Evidence was obtained that the pathway of

androgen biogenesis may involve C-20 reduc¬
tion prior to C-17 side chain cleavage from
the C2i-steroid. 16a-Hydroxylation of proges¬
terone by testicular tissue is described.

The figure was that of a female of average
height and weight. The breasts were of aver¬
age size, but nipple development was poor.
There was no axillary hair and only scanty
pubic hair (Fig. 1). The external genitalia
were of immature female type, with small
labia minora and clitoris. The vagina was 8
cm long, ending blindly. There was no cervix,
uterus, nor any gonads palpable on vaginal
examination under anesthesia. The buccal
smear was chromatin negative and chro¬
mosomal analysis showed a normal male
karyotype. One sibling aged 10 years, also
phenotypically female, had a chromatin
negative buccal smear and a normal male
karyotype. The urinary excretion of follicu-
lar-stimulating hormone was 20-40 mouse
units/day.
Urine for steroid determinations was col¬

lected for 12 days prior to laparotomy. In
order to assess the response of the gonads to
•gonadotropins, serum gonadotropin (Leo-
1,500 units) was given every alternate day
from the 2nd to the 10th day, and chorionic
gonadotropin (Leo-1,500 units) every day
from the 8th to the 12th day. Since there was
no significant response to this treatment, the
mean values of the steroid concentrations
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found over the 12 days are reported (Table
1).
Intra-abdominal testes were found and

removed at laparotomy. Estrogens were
again determined on the 8th postoperative
day. An estradiol-17/3 implant (10 mg) was
made on the 9th postoperative day, and this
was followed by further urinary steroid
determinations on the 13th day (Table 1).

Methods and Materials

Urinary 17-ketosteroids were determined
by the method of the British Medical Re¬
search Council (7) and estrogens by the
method of Brown (8).

Tissue. The weights of the testes removed
were6.6 g (right) and5.1 g (left). Each testicle
contained a small tumor, which was dissected
free. Fig. 2a illustrates the appearance of the
testicular tissue. The immature seminiferous
tubules with no evidence of germ cell matu¬
ration, surrounded by a distinct hyperplasia
of the Leydig cells, are characteristic of the
testicular feminization syndrome. Fig. 2b
illustrates the tumor tissue, which was of
Sertoli cell origin.1

1 We are indebted to Professor T. Symington,
Department of Pathology, Royal Infirmary,
Glasgow, for the photographs and histologic
descriptions of the tissues..

Testicular and tumor tissues were chilled
to about 0 C as rapidly as possible after re¬
moval from the patient. Without delay, they
were chopped, using the Mcllwain and
Buddie apparatus (9).

Incubations. The amounts of chopped tissue
and radioactive steroids shown in Table 2
were incubated with 2 ml volumes of Krebs-
Ringer bicarbonate-glucose medium (10) for
2 hr at 37 C, with shaking in an atmosphere
of 95% 02, 5% C02.

Extraction and fractionation of steroids. Incu¬
bation mixtures were extracted 3 times with
5 volumes benzene:chloroform (6:1 v/v) and
in the same way with chloroform. The com¬
bined extracts were evaporated to dryness,
and the residue was partitioned between
equal volumes petrol ether (40-60 C) and
90% methanol in water. The dry residue
from the aqueous methanolic extracts was
taken up in 1 ml benzene and shaken with
15 ml n NaOH. The alkali was then ex¬

tracted with 6 15-ml volumes of benzene.
The combined benzene extracts were used
for chromatography and identification of
neutral steroids. The aqueous phase was
adjusted to pH 8 and extracted 4 times with
equal volumes of ether. Pooled ether ex¬
tracts were used for chromatographic in¬
vestigation of phenolic steroids.

Table 1. Urinary excretion of steroids by a patient with feminizing
testes and by normal subjects

Amount/24 hr

Preoperative
Mean+SD

Postoperative

8 days 13 days

(Mg)

Ranges for normal subjects,
amount/24 hr

17-Ketosteroids 5 .2 ±2 .1 mg , 3-9 mg [17-yr-old male or
female (4)]

0.4-5.2 Mg [postmenopausal
female (5)]

Estrone 1.6+0.8 ng 0.6 4.0 11-31 Mg*
10-23 Mgt

Estradiol-17/3 0.6 +0.3 fig 0.6 1.6 4-14 Mg*
4-10 Mgt

Estriol 2 .7 ±1.3 Mg 0.8 4.0 13-54 Mg*
8-72 Mgt

* Follicular phase of the menstrual cycle (5).
f Luteal phase of the menstrual cycle (6).
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Table 2. Tissues and steroids incubated

Tissue 4-C44-steroids Radioactivity
(mg) (100 pg/20 pi propylene glycol) (pc)

Tumor
400 progesterone 3.0
400 androstenedione 3.0

Testicular
200 progesterone 3.0
200 17a-hydroxyprogesterone 0.25
200 androstenedione 3.0
200 testosterone 3.0

Chromatographic and isotopic procedures.
After preliminary paper chromatographic
examination of a part of the neutral fraction,
substances in the remainder of the fraction
having a polarity equal to or less than pro¬
gesterone were separated on celite columns
as described by Taylor (11). More polar sub¬
stances were eluted by passing 35 ml ben¬
zene:ethyl acetate (10:1 v/v) through the
column. The solvent systems and papers
used in the chromatographic examination of
fractions are given in Table 3. Before use,
papers were washed in a soxhlet with chloro¬
form:methanol (1:3 v/v). Steroids were
eluted from paper chromatograms by cutting
the area of paper involved into small pieces
and shaking with 5 ml methanol: ethyl ace¬
tate (1:1 v/v) at 37 C. The radioactivity of
material in the extracts and eluted from
paper chromatograms was determined by
solid sample counting and radioactivity on
paper chromatograms by a strip counter, as
already described (12). The areas under the
recorded peaks of radioactivity obtained
using the strip counter were used to derive
the proportions of radioactive substances
present.

Identification of steroids. Radioactive steroids
in samples from the extracts were tentatively
identified by comparison of their chromato¬
graphic behavior with that of known steroids
in a variety of solvent systems. Steroids
eluted from chromatograms were further
identified by the carrier technique of Berliner
and Salhanick (13). This involves the addi¬
tion of the nonradioactive steroid considered
to be present to the eluate of each radioactive
zone and determination of specific activities
before and after the formation of various
derivatives. Steroids with the A4-3-oxo
group were determined losing their selective
absorption of uv light at 240 mp. Constancy

of specific activity is taken as the criterion
of identity of the added steroid with the
radioactive substance present.

Preparation of derivatives
Oxidation. Two procedures were used: (a)

Kiliani reagent (14) (5 pi) was added to the
steroid in 500 pi acetone and the mixture was
kept 20 min at room temperature, (b) A
solution (50 p\) of 0.18% chromium trioxide
in glacial acetic acid was added to the dried
steroid and allowed to stand overnight at
room temperature.
Reduction. Dried steroids were reduced by

100 pi of an ice-cold 0.05% methanolic solu¬
tion of NaBH4 at 0 C for 45 min. This is a
modification of the method of Southcott
et al. (15). The reaction was stopped by the
addition of one drop of glacial acetic acid.

Acetylation. Steroids were acetylated by the
procedure of Zaffaroni and Burton (16),

Saponification. A solution (250 pi) of 2%
aqueous potassium carbonate was added to
the steroid dissolved in 1.0 ml methanol, and
the mixture was kept overnight at room
temperature. This is a modification of the
method of Neher et al. (17).
In all cases, steroids were recovered by

extraction with benzene: chloroform (6:1
v/v) after addition of 2.5 ml water.

Results

Metabolism of 4-Cu-progesterone by tumor
and testicular tissue—neutral steroid frac¬
tions. The neutral steroid fractions from
the incubation of 4-C14-progesterone with
both tumor and testicular tissue were

similar and are reported together. Sam¬
ples of these fractions were separated by
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the P10 solvent system into five radio¬
active bands corresponding in chromato¬
graphic mobility to (a) progesterone,
(b) androstenedione, (c) 20a-hydroxy-
pregn-4-en-3-one, (d) 17a-hydroxypro-
gesterone and material remaining at the
origin. This last material was eluted and
separated by the PB11 solvent system
into three radioactive bands correspond¬
ing in mobility to (e) 17a,20/3-dihydroxy-
pregn-4-en-3-one, (f) an unidentified sub¬
stance (Rf 0.54) and (g) 16a-hydroxy-
progesterone.

Characterization of steroids
(a) This radioactive material had the
mobility of progesterone on chromatog¬
raphy in four solvent systems. It resisted
oxidation and acetylation and on reduc¬
tion gave products with the chromato¬
graphic behavior of 20a- and 20/3-hydrox-
ypregn-4-en-3-one, the latter in larger
amount. Acetylation of these reduction
products gave derivatives with chromat¬
ographic behavior in the F/Cyc solvent
system identical with 20a- and 20/3-
acetoxypregn-4-en-3-one. The specific
activities remained unchanged during
derivative formation. This constitutes
good evidence, summarized in Table 4,
that (a) is progesterone.

(b) This material behaved like andro¬

stenedione in four paper chromato¬
graphic solvent systems. It resisted
acetylation and reduced to a substance
behaving chromatographically like testos¬
terone. Acetylation of the reduction
product gave a derivative which behaved
like testosterone acetate. This provides
fair evidence, summarized in Table 4,
that (b) is androstenedione.

(c) This material behaved like 20a-
hydroxypregn-4-en-3-one on chromatog¬
raphy in three solvent systems. When it
was apparent that only one substance
was present, material from the tumor
and testicular experiments was com¬
bined. Acetylation, saponification of the
acetoxy derivative and oxidation by
Kiliani reagent gave products of which
the chromatographic behavior and spe¬
cific activity suggested the original pres¬
ence of the 20a-hydroxy compound. This
evidence is summarized in Table 4.

(d) Acetylation of this material gave a

product which behaved chromatographi-
cally like testosterone acetate. A second
component resisted acetylation. This be¬
haved on subsequent reduction and
oxidation like 17a-hydroxyprogesterone,
and showed constancy of specific activity
on derivative formation. Saponification
of the acetylated component gave a sub-

Table 3. Paper chromatography-solvent systems

Solvent system Mobile phase Stationary phase

P10*
PB91*
PB21*
PB11*
B10*
ET19*
P10-M*
PG/Tf
F/Cf
F/C.Bt
F/Cycj
F/CycBf

Petrol ether (80-100 C)(P.E.)
P.E. .'Benzene (9:1)
P.E.:Benzene (2:1)
P.E.:Benzene (1:1)
BfinzGiiG
Ethyl Acetate:Toluene (1:9)
P.E.
Toluene
Chloroform
Chloroform:Benzene (1:1)
Cyclohexane
Cyclohexane: Benzene (1:1)

Methanol:water (7:3)
Methanol:water (7:3)
Methanol .'water (7:3)
Methanol:water (7:3)
Methanol:water (7:3)
Methanol:water (7:3)
Methanol:water (9:1)
Propylene Glycol
Formamide
Formamide
Formamide
Formamide

* Used with Whatman No. 1 paper,
f Used with Whatman No. 42 paper.
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stance with the mobility of testosterone.
Subsequent oxidation of this material
with Kiliani reagent yielded a derivative
chromatographically identical with an-
drostenedione (Table 4). Material (d)
would thus appear to contain 17a-
hydroxyprogesterone and testosterone.

(e) This material had the same chromat¬
ographic mobility as 17a,20/3-dihydrox-
ypregn-4-en-3-one in the PB11 solvent
system, but separated into two com¬
ponents (Rf 0.31 and 0.43) in approxi¬
mately equalproportions in the PG/T sol¬
vent system. Both components were

Table 4. Summary of evidence for identification of material from incubations with
4-C "-progesterone and 4-C14-17a-hydroxyprogesterone

Specific activities
Material Chromatographic (cpm/^mole)
investi¬ Reaction mobility identical

In solvent

gated with that of systems Tumor Testicular
tissue tissue

(a) — Progesterone PG /T: P10: F/Cyc: P10M 207,040 35,026
Oxidation Progesterone P10M 207,681 33,511
Acetylation Progesterone P10M 207,772 36,924
Reduction 20/3-11ydroxypregn-4-en-3-one P10 - 215,661 36,626

20a-lIydroxypregn-4-en-3-one P10 — —

Acetylation 20/3-Acetoxypregn-4-en-3-one P10M:F/Cyc 205,436 34,278
20a-Acetoxypregn-4-en-3-ono P10M :F/Cyc — —

(b) — Androstenediono P10:P10M PG/T F/CycB
Reduction Testosterone P10

Acetylation Testosterone Acetate P10M

(o) — 20a-Hydroxypregn-4-on-3-one PB91 :PG/T:P10 16,697
Acetylation 20a-Acetoxypregn-4-en-3-one F/Cyc :P10M 14,897
Saponification 20a-IIydroxypregn-4-en-3-one P10 —

Oxidation (Kiliani) Progesterone F/Cyc :P10M 15,719

(d) Acetylation 17a-IIydroxyprogesterone PB91 :PB11 :PG/T:P10 52,548 15,183
Reduction 17a,20/3-Dihydroxypregn-

4-en-3-one PB11 48,606 14,619
Oxidation (CrOj) Androstenedione P10M 50,430 13,871

(d) — Testosterone P10
Acetylation Testosterone Acetate P10M :F/Cyo
Saponification Testosterone PB91: PG /T: F /CycB
Oxidation (Kiliani) Androstenedione PB21

(e) — 17a,20a-Dihydrqxypregn-
4-en-3-one PB11

and
— 17a,20a-Dihydroxypregn-

4-en-3-one , PG/T
Oxidation (CrOs) of
both components Androstenedione P10:F/CycB

Reduction Testosterone P10:PG/T

(g) — 16a-Hydroxyprogesterone PG/T:B10:PB 11: F/C:F/CB 22,289
Reduction 16a,20/3-Dihydroxypregn-

4-en-3-one BIO 20,600
Acetylation 16a-Acetoxyprogesterone P10 20,825
Oxidation 16-Oxoprogesterone PB11

<h) Acetylation 17a-Hydroxyprogesterone PB91 :PB11 :PG/T:P10 12,257
Reduction 17a,20/3-Dihydroxypregn-

4-en-3-one PBU 11,417
Oxidation (CrOj) Androstenediono P10M 10,998
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Table 5. Summary of evidence for identification of material from incubations with
4-C14-androstenedione and 4-C"-testosterone

Specific activities (cpm/Vmole)

Chromatographic Incubation Incubation Incubation
Material

Reaction mobility In solvent of andros- of testos- of andros-
investigated identical with systems tenedione terone tenedione

that of with with with
testicular testicular tumor

tissue tissue tissue

"Androstenedione- Androstenedione PG/T :F/CycB :PB91 :P10 75,858 61,441
like" Reduction Testosterone PG/T:P10 79,601 60,966

Acetylation Testosterone
Acetate P10M:F/Cyc 73,718 56,214

"Testosterone- Testosterone PG/T:F/CycB :PB91 :P10 72,999 84,612 87,068
like" Oxidation Andrcstenedione PG/T:P10 68,264 79,223 87,204

Acetylation Testosterone
Acetate P10M:F/Cyo 72,342 81,784 83,426

oxidized with chromium trioxide to yield
derivatives chromatographically iden¬
tical with androstenedione. These deriv¬
atives were then reduced to give prod¬
ucts with the mobility of testosterone.
This evidence, which suggests the orig¬
inalmaterialcontained 17a,20/3-dihydrox-
ypregn-4-en-3-one and 17a,20a-dihy-
droxypregn-4-en-3-one, is summarized in
Table 4.

(g) This material did not separate from
16a-hydroxyprogesterone in five solvent
systems. Material from tumor and
testicular incubations was combined for
further investigation. Specific activity
remained constant on reduction and

acetylation and the derivatives behaved
chromatographically like those of 16a-
hydroxyprogesterone. Oxidation of a

part of the original material with Kiliani
reagent gave two radioactive compo¬
nents which absorbed uv light and which
separated from 16a-hydroxyprogesterone
(Rt 0.46) in the PB11 solvent system.
The less polar component, which be¬
haved like 16-oxoprogesterone (Rt 0.9),
was the major product. This gave a
violet color, characteristic of a /3-dike-
tone, when sprayed with a mixture of 5 %
FeCl3 in 0.1n HC1:methanol (1:9 v/v)

(18). This evidence for the identification
of (g) with 16a-hydroxyprogesterone is
summarized in Table 4.

Metabolism of 4-Cu-l 7a-hydroxyproges¬
terone by testicular tissue—neutral steroid
fraction. Unexpectedly, 17a-hydroxypro-
gesterone did not appear to be metabo¬
lized by testicular tissue. Only one peak
of radioactivity, due to 17a-hydroxypro-
gesterone (Table 4), was observed on
chromatograms of incubation extracts.

Metabolism of 4-C[i-androstenedione and
4-Cli-testosterone by tumor and testicular
tissue—neutral steroid fractions. Chroma¬
tography, in the P10 solvent system, of a
part of the neutral fraction obtained
from tumor and testicular tissue incuba¬
tions, gave three radioactive regions, one
at the origin and the others correspond¬
ing chromatographically to androstene¬
dione and to testosterone. The presence
of these substances was confirmed by
procedures described above (Table 5).
Further chromatography of the material
at the origin revealed the presence of at
least five radioactive substances. One of
these, derived from the incubation of
testosterone and androstenedione with
testicular tissue, behaved, before and
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Table 6. Metabolism of 4-C"-progesterone by tumor and testicular tissue

ni/imole steroid in
the neutral
fraction

Tumor Testicular

% of total metabolic
product in the
neutral fraction

Tumor Testicular
tissue tissue tissue tissue

178 264
23 9 17 18
24 8 17 17

19 9 14 18
48 12 35 23

13 8 9 15
4 3 3 6
7 2 5 3

Rate of metabolism
of progesterone,

mjumole/g Tissue/hr

Tumor Testicular
tissue tissue

Progesterone
16a-Hydroxyprogesterone
Unknown—(f)
17a-20/S- and 17a,20a-
Dihydroxypregn-4-en-
3-one

17a-Hydroxyprogesterone
20a-Hydroxypregn-4-en-
3-one

Androstenedione
Testosterone

163 128

after acetylation, like 19-hydroxytestos-
terone in the PB11, ET19 and F/Cyc
solvent systems. Another, from the in¬
cubation of androstenedione with testic¬
ular tissue, behaved, before and after
acetylation, like 19-hydroxyandrostene-
dione. A third, from the incubation of
androstenedione with both tumor and
testicular tissue, had the mobility of 6/3-
hydroxyandrostenedione in PB11 and
F/C.B solvent systems. The behavior of
oxidation and acetylation products fur¬
ther indicated the presence of the 6-
hydroxy steroid.

General observations

Phenolic steroid fractions. The phenolic
steroid fractions provided little of inter¬

est. Approximately 1% or less of the
total radioactivity was isolated in this
fraction. No metabolites with chromato¬
graphic behavior of either estrone or
estradiol-17/3 were found. A metabolite
with mobility intermediate between that
of estrone and estradiol-17/3 was ob¬
served in the fractions from the testos¬
terone and androstenedione incubations.
This metabolite was not identified.
Table 6 summarizes the results of the

quantitative determination of the steroid
metabolites formed from progesterone on
incubation with tumor and testicular
tissue. The rate at which progesterone
was metabolized under these in vitro con¬

ditions was of the same order for both
types of tissue. The pattern of steroid

Table 7. Metabolism of 4-CI1-androstenedione and 4-C"-testosterone by
tumor and testicular tissue

Incubation of
androstenedione
with tumor tissue

mjtxmole
steroid in
neutral
fraction

Rate of*
testosterone
formation

Incubation of
androstenedione

with testicular tissue

myumole
steroid in
neutral
fraction

Rate of*
testosterone
formation

Incubation of
testosterone

with testicular tissue

m^mole Rate of*
steroid in andros-
neutral tenedione
fraction formation

"Origin Fraction" 26
Androstenedione 12
Testosterone 295 350

21
175
145 390

41
14

282
34

* Rates in m^mole steroid/g tissue/hr
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production was found to be similar in
both incubations, the same steroids
being produced by tumor and testicular
tissue.
The rates ofmetabolism of androstene-

dione and testosterone are shown in
Table 7. Although the tumor and testic¬
ular tissue are equally active in convert¬
ing androstenedione to testosterone, the
testicular tissue was not so active in

forming androstenedione from testos¬
terone.

Discussion

Clinical investigations of the testicu¬
lar feminization syndrome have failed to
indicate an abnormal pattern of hormone
biosynthesis of the type observed in the
adrenogenital syndrome (19). Normal
female breast development, which has
been shown not to occur if the testes are

removed before puberty (20), is charac¬
teristic of the syndrome and may be
attributed to gonadal estrogen produc¬
tion. Urinary estrogen concentrations
reported here and elsewhere (2, 21, 22)
are, however, at the lower end of the
range for normal women (5, 6), and
estrogen formation has not been detected
in vitro. It may not be insignificant,
therefore, that, whereas breast develop¬
ment is usually normal, the nipples often
remain infantile (1). Furthermore, the
Leydig cell hyperplasia, characteris¬
tic of the gonads found in the testicular
feminization syndrome, is not associated
with increased androgen production.
Urinary 17-ketosteroid concentrations
are usually within the normal limits for
both males and females (2, 22, 23), al¬
though relatively high concentrations
have been reported (24). Urinary follicu-
lar-stimulating hormone, often reported
(1) to be increased in amount, was within
the normal range in this investigation.
Moreover, administered gonadotropins
were without elfect on the excretion of

the estrogens and 17-ketosteroids meas¬
ured.
The in vitro experiments have pro¬

vided many interesting observations on
steroid biogenesis in the gonads. In view
of the variety of cell types in the testis,
finely chopped tissue was incubated in
preference to slices. The use of intact cell
preparations avoided the problem of
choosing cofactors with which to supple¬
ment homogenates.
The results establish the fact that

testosterone can be produced from pro¬
gesterone by feminizing testicular tissue.
The biosynthetic pathway involving the
removal of the C-17 side chain from a

C2i-17-hydroxysteroid would appear to
be that postulated by Dorfman (25) for
immature testes [Fig. 3, (iii)]. A pathway
involving testosterone acetate (26, 27)
has been postulated for the mature testis
(25) [Fig. 3, (iv)].
The formation of testosterone from

progesterone in our experiments, and the
demonstration that androstenedione is
readily converted to testosterone, sug-
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Fig. 2a. Section of tes¬
ticular tissue (185X
H. & E.).

gests that the testicular feminization syn¬
drome is not due to an inability to syn¬
thesize the male hormone. It is possible,
however, that the syndrome is due to an

inadequate formation of testosterone.
The increased estrogen production in
adrenogenital syndrome (28) does not
result in feminization, since the estrogen
effect at the peripheral tissues is bal¬
anced by the high concentration of
androgens.
It is interesting to note that the testicu¬

lar tissue failed to metabolize 17a-hydrox-
yprogesterone, although androstenedi-
one and testosterone were formed from
progesterone. However, 20o:-hydroxy-
pregn-4-en-3-one, 17a,20a-dihydroxy-
pregn-4-en-3-one and its 20/3-epimer were
also formed from progesterone. Unless

17a-hydroxyprogesterone failed to enter
the cells, this suggests, therefore, that, in
this tissue at least, reduction of the
C-20 keto-group precedes C-17 hydroxyl-
ation and that the C-17,20-glycol under¬
goes side chain cleavage to yield the
Cig-steroids. The report of Axelrod and
Goldzieher (29) that C-17 hydroxylation
and C-20 keto-group reduction are oblig¬
atory steps in Cis-steroid formation in
polycystic ovaries supports our sugges¬
tion.
Furthermore, if 17a-hydroxyproges-

terone is formed but not metabolized by
feminizing testes in vivo, its metabolism
in the liver might be expected to result
in an increased concentration of preg-
nane-3a,17a,20a-triol (pregnanetriol) in
the urine. Elevated concentrations of
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this urinary steroid have been reported
in a case of testicular feminization (30).
However, a second claim (31) to have
found a high pregnanetriol concentration
was qualified by doubts regarding the

"0 reliability of the analytic procedure.
Failure to find estrogens in the in vitro

experiments was disappointing. A metab¬
olite from androstenedione and testos¬

terone, intermediate in polarity between
esterone and estradiol-17/3, was found in
the phenolic fractions, but remains un¬
identified. Presumptive evidence was,
however, obtained for the formation of
19-hydroxylated derivatives of andros¬
tenedione and testosterone. It is possible
that estrogens may have been formed as
water-soluble sulfates (32) or other
conjugates, and as such would not have

PREGNENOLONE (i) -»DEHYPR0EPLANDR0STER0NE —

_UiEPROGESTERONE 20?- HYLRQJCYPREGN-4-EN-3-0NE

(iv) 17a,2O?-DIHYDR0Xh>RECN-4-EN-}-0KE
17HYDROXYPROGESTERONE

TKSTCSTJ.lia E
ACETATE

ANDRGSTENEDIONS

A
TESTOSTERONE

Fig. 3. Possible pathways of testosterone
biogenesis in the testis.

) Established
J pathways.

-Hypothetic pathways.
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been detected in our experiments.
It is of interest that the rate of metab¬

olism of progesterone and the products
formed using the Sertoli cell tumor tissue
were similar to those with the testicular
tissue. Sertoli cell tumors of the testes of

dogs are relatively common (33) and are
associated with feminization. Since the

experiments of Huggins and Moulder
(34), which showed that bio-assay of
extracts of such tumors indicated an

estrogen concentration twice that of
ovarian tissue at estrus, speculation has
arisen as to whether or not Sertoli cells
and tumors originating from these cells
are responsible for the secretion of estro¬
gens (35, 36). Our experiments establish
quite clearly that Sertoli cell tumor
tissue possesses steroid biosynthetic en¬
zymes, but no evidence was obtained to
suggest that this . tumor, commonly
found in testes from patients with testic¬
ular feminization syndrome (1, 37), was
responsible for an elevated estrogen out¬
put.
An active 16a-hydroxylating enzyme .

system was demonstrated in both testic¬
ular and tumor tissue, and 16a-hydrox-
yprogesterone was shown to be one of
the major products of the metabolism of
progesterone. 16a-hydroxyprogesterone
has been isolated from hog adrenal
homogenates (17, 38, 39), human fetal
(40) and adult (12, 41) adrenal tissue,
ovarian tissue (42, 43), placental blood
(43) and human fetal testis. It would
seem, therefore, that 16a-hydroxylation
of progesterone could be an important
reaction in human steroid-secreting en¬
docrine tissue, and a further study of its
physiologic significance would be of in¬
terest.

Acknowledgments
We are indebted to Mr. C. Giles for skilled

technical assistance. We are also grateful to Dr.
J. A. Loraine, Clinical Endocrinology Research
Unit, Edinburgh, for the urinary estrogen deter¬

minations; to Dr. D. Mantle, Clinical Effects of
Radiation Research Unit, Western General
Hospital, Edinburgh, for chromosome studies; to
Professor W. Klyne, Steroid Reference Section,
Medical Research Council, London, for a gift of
20a-hydroxypregn-4-en-3-one; to The Upjohn
Co., Kalamazoo, Michigan, for a gift of 16a-
hydroxyprogesterone, and to Professor M.
Ehrenstein, Hospital of the University of Penn¬
sylvania, Philadelphia, for gifts of 19-hydroxy-
androstenedione and 19-hydroxytestosterone.

One of us (K.G.) is indebted to the Board of
Management of the Glasgow Royal Infirmary
for the McGhie Cancer Research Fellowship.

References

1. Morris, J. McL., Amer. J. Obstet. Gynec.
65: 1192, 1953.

2. Molinoff, S. J. and M. V. Armstrong, Amer.
J. Obstet. Gynec. 83: 382, 1962.

3. Griffiths, K. and J. K. Grant, Biochem. J.
84: 22P, 1962.

4. Hamburger, C., Acta Endocr. (Kbh.) 1: 19,
1948.

5. Brown, J. B.: In Currie, A. R. (ed.): Endo¬
crine Aspects of Breast Cancer, E.&S.
Livingstone Ltd., Edinburgh, p. 197, 1958.

6. , Lancet 1: 320, 1955.
7. Medical Research Council (Great Britain),

Lancet ii: 585, 1951.
8. Brown, J. B., Biochem. J. 60: 185, 1955.
9. Mcllwain, H. and H. L. Buddie, Biochem.

J. 53: 412, 1953.
10. Umbreit, W. W., R. H. Burris and J. F.

Stauffer: In Manometric Techniques, Bur¬
gess Publishing Co., Minneapolis, p. 149,
1957.

11. Taylor, W., Biochem. J. 56: 463, 1954.
12. Ward, P. J. and J. K. Grant, J. Endocr. 26:

139, 1963.
13. Berliner, D. and H. A. Salhanick, Anal.

Chem. 28: 1608, 1956.
14. Kiliani, H. and B. Merk, Ber. 34: 3562,

1901.
15. Southcott, C. M., H. E. Bandy, S. E. New-

son and M. Darrach, Canad. J. Biochem.
34: 913, 1956.

16. Zaffaroni, A. and R. B. Burton, J. Biol.
Chem. 193: 749, 1951.

17. Neher, R., P. Desaulles, E. Vischer, P. Wie-
land and A. Wettstein, Helu. Chim. Acta
41: 1667, 1958.

18. Pan, S. C., Anal. Chem. 34: 766, 1962.
19. Brooks, R. V., Brit. Med. Bull. 18: 148,

1962.
20. Maggi, A. V., Arch. Sci. Med. 87: 86, 1949.
21. Netter, A., P. Lumbroso, H. Yaneva and J.

Bellaisch, Ann. Endocr. (Par.) 19: 994,1958.
22. Ikkos, D., K. G. Tillinger and A. Westman,

Acta Endocr. (Kbh.) 32: 222, 1959.



October, 1963 STEROID BIOSYNTHESIS BY FEMINIZING TESTES 1055

23. Ward-McQuaid, J. N. and G. G. Lennon,
Surg. Gynec. Obstet. 90: 96, 1950.

24. Salassa, R. M., J. Paris, V. R. Mattox, H. L.
Mason and A. Albert, J. Clin. Endocrinol.
& Metab. 21: 506, 1961.

25. Dorfman, R. I.: Symp. VII, Vth Internat.
Congress of Biochemistry, Moscow, 1961.

26. Fonken, G. S., H. C. Murray and L. M.
Reineke, J. Amer. Chem. Soc. 82: 5507,
1960.

27. Hayano, M.: In Hayasihi, O. (ed.): Oxy¬
genases, Academic Press, New York, p. 202,
1962.

28. Migeon, C. J. and L. I. Gardner, J. Clin.
Endocrinol. & Metab. 12: 1513, 1952.

29. Axelrod, L. R. and J. W. Goldzieher, J.
Clin. Endocrinol. & Metab. 22: 431, 1962.

30. Barber, H. W., R. Proper and T. L. Chifelle,
Obstet. Gynec. 19: 269, 1962,

31. Kendall, B. and L. S. Loewenberg, Obstet.
Gynec. 20: 551, 1962.

32. Sneddon, A. and G. F. Marrian, Biochem. J.
86: 385, 1963.

33. Cotchin, E., J. Comp. Path. Ther. 70: 232,
1960.

34. Pluggins, C. and P. V. Moulder, Cancer Res.
5: 510, 1945.

35. Lynch, K. M., Surg. Forum, p. 550, 1951.
36. Teilum, G., Acta Endocr. (Kbh.) 4: 43,

1950.
37. Neubecker, R. D. and E. A. Theiss, Amer.

J. Clin. Path. 38: 52, 1962.
38. Neher, R., C. Meystre and A. Wettstein,

Helv. Chim. Acta 42: 132, 1959.
39. Rao, B. and R. D. Heard, Arch. Biochem.

66: 504, 1957.
40. Villee, D. B., L. L. Engel, J. M. Loring and

C. A. Villee, Endocrinology 69: 354, 1961.
41. Villee, D. B., A. Dimoline, L. L. Engel,

C. A. Villee and J. Raker, J. Clin. Endo¬
crinol. & Metab. 22: 736, 1962.

42. Warren, J. C. and H. A. Salhanick, J. Clin.
Endocrinol. & Metab. 21: 1376, 1961.

431 Zander, J., J. Thijssen and A.-M. von Miins-
termann, J. Clin. Endocrinol. & Metab. 22:
861, 1962.



. J. Bndocrin. {1964), 29, 9-17 9
O With 2 plates

Printed in Great Britain .

ft, 3AHYDROXYSTEROID DEHYDROGENASE ACTIVITY
IN THE MOUSE LEYDIG CELL

A. H. BAILLIE and K. GRIFFITHS

Department of Anatomy and Department of Steroid Biochemistry,
University of Glasgow

V !'• t'J-'J >-A '

{Received 22 July 1963)
SMIvfcfe'Ar- . . .

summary
•.ipl "■ '
Ssk . One hundred and thirty-two male Swiss white mice were killed in batches

of twelve, between birth and the end of the 10th week of postnatal life
A inclusive, a total of eleven groups. Sections of testis from every animal
H$rP were incubated with three steroid substrates to demonstrate 3/ff-liydroxy-
: ' ' steroid dehydrogenase histocliemically. The substrates were (1) 3/3:17a-
VT ' dihydroxypregn-5-en-20-one (17a-hydroxypregnenolone), (2) 3/?-hydroxy-

' pregn-5-en-20-one (pregnenolone) and (3) 3/?-hydroxyandrost-5-en-17-one
' (DHA). When 17a-hydroxypregnenolone was used as a substrate no
3/?-hydroxysteroid dehydrogenase activity was demonstrable in the testis
until the end of the 10th week of postnatal life. With pregnenolone as a
substrate 3/?-hydroxysteroid dehydrogenase activity was demonstrable
throughout the age groups studied. It was present at birth and increased
progressively until the end of the 6th week of postnatal life. Thereafter the
activity decreased progressively during the ensuing 4 weeks. With DHA

> Y,; as substrate activity was again demonstrable in all age groups studied and
II v increased progressively from birth until the end of the 7th week of postnatal
|i| Y';(V life after which a relatively constant high level was maintained. On the

basis of these findings the existence of more than one 3/?-hydroxysteroid
j ||| dehydrogenase enzyme is postulated, each enzyme being substrate specific

U.;.:

till
•

iim

ailjd
iliiif

'

introduction

;p Testosterone and androst-4-ene-3:17-dione (androstenedione) are thought to be
the main androgens produced by the mammalian testis (Dorfman & Shipley, 1956).
The production of these steroid hormones by the testis was attributed by Bouin &

- Ancel as early as 1903 to the Leydig cells. However, the pathways of biosynthesis
of the androgens are still not well defined. Pathways alternative to the well estab¬
lished one involving pregnenolone-progesterone-17a-hydroxyprogesterone-andro-
stenedione, have been postulated by Engel & Langer (1961) (Text-fig. 1).
These pathways are similar to others recently established in adrenal tissue by

various groups of workers (Goldstein, Gut & Dorfman, 1960; Lipsett & Hokfelt,
"1961; Mulrow, Cohn & Kuljiaii, 1962; Weliky & Engel, 1962, 1963).

Reactions 1, 2 and 3 (Text-fig. 1) involve the conversion of a A5-3-hydroxyl group

?siS /
ill ■
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to a A4-3-oxo group, and the participation of 3/?-hydroxysteroid dehydrogenase(s).
This enzyme, first demonstrated by Samuels, Helmreich, Lasater & Reich (1951)

. requires nicotinamide-adenine dinucleotide (NAD) as a co-enzyme (Beyer & Samuels,
1956), 'and was initially demonstrated histochemically by Wattenberg (1958) by
coupling the reaction via NAD-diaphorase with the reduction of a tetrazolium salt.

Pregnenolone »• 17a-Hydroxypregnenolone >-DHA

A1;'• l 2 ■ 3 . v>:
s- j .! :• y , ■ i . , ' • | , 1 . ', -

1 Progesterone ► 17a-Hydroxyprogesterone >-Androstenedione

MACta . ■ ,' . '■ . v/. t '. , • i''. tfiiM
yi.y.i' o ' ' , Testosterone

Text-fig. 1. Theoretically 3/?-hydroxysteroid dehydrogenase may act at sites 1-3. ''Ay y •'

It seems not unreasonable to suggest the existence of substrate-specific 3/?-
hydroxysteroid dehydrogenase which exerts some degree of control over the pathways
by which the testicular androgens are synthesized. This report describes experiments
designed to demonstrate histochemically, the relative activities of the ' 3/?-hydroxy-
steroid dehydrogenase' of mouse testicular tissue in varying stages of development,
using 17a-hydroxypregnenolone, pregnenolone and 3/?-hydroxyandrost-5-en-17-one
as substrates. 1 • ,1

v "> \ » ' ' ■ ' . ' * ■ ■/'"!"/'.* a i'y V
A " MATERIALS AND METHODS

One hundred and thirty-two male Swiss white mice were used. They were killed
in groups of twelve at weekly intervals between birth and the end of the 10th week
of postnatal life.
'/ The testes were excised within a minute of killing and placed in a beaker of
crushed solid carbon dioxide. The tissues were sectioned at 15/z in a cryostat main¬
tained at — 20° and the sections were attached to clean dry glass slides by momentary
thawing. Before incubation the slides were brought to room temperature and dried
by air. Sections from each animal were incubated for \ hr. in the medium described
by Wattenburg (1958). " , / b-T
It was found that prolonged incubation had no effect on the intensity of staining,

merely increasing the tendency of the sections to float. Incubations were conducted
^separately with the following substrates: (1) 17a-hydroxypregnenolone, (2) pregne¬
nolone and (3) DHA. The final concentration of steroid substrate in the incubation
medium was 0-5 mM. Nitro-BT (2:2'-di-p-nitrophenyl-5:5'-diphenyl-3:3'-(3:3'-di-
methoxy 4:4'diphenylene)ditetrazolium chloride) (L. Light and Co.) was employed
as a final electron acceptor.
Testicular volume was measured using the formula V = j7rb2a where V = testicu-

, lar volume, b = half the equatorial diameter of the testis and a — half its polar
diameter (Harrison & MacMillan, 1954). The measurements were carried out under
a microscope using a scale calibrated in mm-
To facilitate comparison of the three sets of results, a quantitative analysis of

each group of the histochemical constituents of the testis was made using the point
method of Glagolev (1934) and Chayes (1949). Sections at a magnification of 90
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■diameters were scanned with a modified grid (Hally, 1963) with points 1 cm. apart
qn two axes at right angles; the relative volume of Leydig tissue with 3/?-hydroxy-
steroid dehydrogenase was derived as a percentage. From this figure together with
/that for testicular volume, the total volume of Leydig tissue with the ability to
utilize a given steroid substrate was calculated.

3 5 7
Age (weeks)

Text-fig. 2. The growth curve of the mouse testis is sigmoid. Growth is largely
completed by the end of the Oth week of postnatal life.

lloc-Hydroxypregnenolone
Histochemically the Leydig cells were found to he completely unable to utilize

this substrate until the animal reached the end of the 10th week of postnatal life.
: A number of islets of Leydig tissue then become intensely reactive (PI. 1, fig. 1).
"The formazan deposits take the form of minute crystals on the surface of lipid
■droplets contained in the cytoplasm of the Leydig cells (PI. 1, fig. 2).

RESULTS
i- ''

Testicular volume

Text-fig. 2 and Table 1 show that the testicular growth curve is sigmoid in form,
'.and that growth is almost completed by the time the animal is 6 weeks old.
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Pregnenolone
At birth most of the islets of Leydig tissue react intensely when incubated with

pregnenolone as substrate (PI. 1, fig. 3). With advancing age progressively fewer
of the Leydig cells appear capable of utilizing this substrate to any appreciable

Table 1. Mensural data of intertubular tissue capable of acting on different substrates
Age in weeks 0 1 2 3 4 5

Testicular volume (mm.8) 0-8 6-1 18-3 31-7 88-9 169-2

Intertubular tissue as % of
testis

71-3 17-0 6-5 4-7 5-3 5-5

Volume of intertubular tissue
(mm.8)

0-57 1-04 1-12 1-49 4-7 V 9-31

Leydig tissue capable of acting
on 17a-hydroxypregnenolone
as % of testis 8
Volume of Leydig tissue capable
of acting on 17a-hydroxy.
pregnenolone. Mean and
s.E. (mm.8)

(

• " -i f
'

A' .XL

Leydig tissue capable of acting
on pregnenolone as % of testis

9-7 6-8 3-6 3-3 3-0 2-4

Volume of Leydig tissue
capable of acting on pregne¬
nolone. Means and s.E. (mm.8)

CO
00
H

o
o

o
o+1

0-4

±0-052
0-6

±0-10
1-0

±0-20
2-6

±0-12
4-0

±0-22

Leydig tissue capable of acting
on DHA as % of testis

10-3 7-3 6-5 4-4 3-0 3-0

Total volume of Leydig tissue
capable of acting on DHA.
Means and-s.E. (mm.8)

0-08

±0-012
0-4

±0-039
1-1

±0-28
1-3

±0-29
2-6

±0-37 '

5-0
±0-33

Age in weeks 6 7 8 9 10

Testicular volume (mm.8) 195-4 196-1 196-1 196-1 196-1

Intertubular tissue as % of
testis

5-3 5-4 5-3 5-4 5-3

Volume of intertubular tissue
(mm,8)

9-35 10-5 10-5 10-5 10-5

Leydig tissue capable of acting
on 17a-hydroxypregnenolone
as % of testis

2-4 M ?■

Volume of Leydig tissue
capable of acting on 17a-
hydroxypregnenolone. Mean
and s.E. (mm.8)

-

i 4-7

±0-31

Leydig tissue capable of acting
on pregnenolone as % of testis

2-0 1-9 1-5 1-0 1-0

Volume of Leydig tissue
capable of acting on pregne¬
nolone. Means and s.E. (mm.8)

3-9

±0-36
3-7

±0-29
2-9

±0-18
1-9

±0-35
1-9

±0-14

Leydig tissue capable of acting
on DHA as % of testis

3-0 3-0 2-9 3-0 3-0

Total volume of Leydig tissue
capable of acting on DHA.
Means and s.E. (mm.8)

5-8

±0-25
5-8

±0-22
5-7

±0-38
5-8

±0-28
5-8

±0-27
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A Age (weeks) Age (weeks)

Text-fig. 3. 3/?-Hydroxysteroid dehydrogenase in mouse Leydig tissue demonstrable with A,
17a-hydroxypregnenolone; B, pregnenolone; C, DHA, as substrates in relation to postnatal age.
The proportion of reactive tissue is shown as a percentage of total testicular weight.

Quantitative results
The quantitative data are summarized in Table 1. Fluctuations in the relative

volumes of reactive Leydig tissue are shown in Text-fig. 3. From the testicular
volume at the appropriate age (Table 1) the relative volumes of reactive Leydig
tissue can be translated into absolute volumes (Text-fig. 4, Table 1). Text-fig. 3

3fi-Hydroxysteroid dehydrogenase in testis 13
:,'V;p,
extent (PI. 1, fig. 4). When the adult state (PI. 2, fig. 5) is reached, only a few Leydig
cells scattered in the interstitium are reactive.

' ; ' . . DHA
At birth practically the entire interstitium reacts positively when incubated with

DHA. After 7 days the intense reaction is maintained (PI. 2, fig. 6); it falls off
5) slightly during the following weeks (PI. 2, fig. 7).

In the adult, some parts of the interstitium react weakly but a number of intensely
reactive islets persist (PI. 2, fig. 8). It is a peculiar feature of the distribution of these
intensely reactive patches that most of them appear to be subcapsular, that is to
say, immediately below the tunica albuginea.

Age (weeks)

DO O
"O OJ .

j a
> 8
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shows that the relative volume of reactive Leydig tissue when exposed to either
pregnenolone or DHA, undergoes a marked reduction in volume during the first
few weeks of extra-uterine life. It reaches a low level in both instances, which
persists into adult life. With 17a-hydroxypregnenplone on the other hand no reactivity

was demonstrable until the last week ofpostnatal life studied. Reference to Text-fig. 4
indicates a very different state of affairs when the absolute volumes are considered.
As also shown in Text-fig. 3 Leydig tissue reacting with 17a-hydroxypregnenolone
is limited to the last week of postnatal life studied. With pregnenolone the absolute
volume of Leydig tissue (Text-fig. 4, Table 1) which reacts positively increases



HO
. ' . '.I \

v' 3/3-Hydroxysteroid dehydrogenase in testis 15
progressively with age until the 5th or 6th week of postnatal life and then falls

; steadily to reach the low adult level at about the 9tli week of postnatal life. With
\ DHA, however, the absolute volume of reactive Leydig tissue has a sigmoid growth
curve, the adult figure being reached by the end of the 6th week of postnatal life.
The standard errors of the results are noted in Table 1, and Text-figs. 3 and 4 show

clearly that the behaviour of the testicular interstitial tissue when presented with
17a-hydroxypregnenolone is so different from the other two substrates employed as
to require no statistical evaluation. Student's t test was used to determine the

. V significance of the difference between the pregnenolone and DHA results. Using
///this procedure the difference between these two groups of results was not significant
until the end of the 5th week of postnatal life. There was a significant difference
(< 0-05) at the end of the 6th week, a highly significant difference ( < 0-01) at the
end of the 7th week and the difference was found to be very highly significant

•H' (< 0-001) over the last 3 weeks. " ' (

^010^00'/,,.' :■.■■■ AO/.- ':■■■/-/AO//A'-An-;
OAOO"\O--'1
O/'/O// •' ■ .'-v1/ DISCUSSION, . . sOO v - . '1 i' ."A"',.'
f.rv-;V " , i 1 • ' i ^ ' 1 ■' ' . ■ ' ' i

A sigmoid growth curve is usual for the testis and requires no comment. 3/?-
Hydroxysteroid dehydrogenase activity with 17a-hydroxypregnenolone as a sub¬
strate has not been described previously in testicular tissue. A
The results of incubation with DHA and pregnenolone resemble closely the original

findings of Wattenberg (1958), who found that 3/f-hydroxysteroid dehydrogenase
A was more reactive with pregnenolone. It is clear that more Leydig cells have a
3//-hydroxysteroid dehydrogenase capable of using DHA than pregnenolone during

/. the last 5 weeks of the age groups studied. It is interesting to note in this context
that Hitzeman (1962) found that 3/?-hydroxysteroid dehydrogenase was more active

\ :when presented with pregnenolone as a substrate than with a synthetic compound
containing a A5-3/?-hydroxyl group, namely 17a-methylandrost-5-ene-3/?:17/?-diol.
Comparison of the figures for the total volume of Leydig tissue capable of acting

on pregnenolone with-the total volume of Leydig tissue capable of acting on DHA
./"/indicates that, during the last 5 weeks significantly more Leydig cells can use DHA

as a substrate for 3/?-hydroxysteroid dehydrogenase than pregnenolone and this
disparity in enzyme activities increases with age. Moreover, mouse Leydig tissue
fails entirely to utilize 17a-hydroxypregnenolone until the 10th week of postnatal
life. These facts suggest the existence of a different 3/?-hydroxysteroid dehydrogenase
/ for each specific A5-3/?-hydroxysteroid.

Alternative explanations are either the existence of one 3/?-hydroxysteroid de¬
hydrogenase with different affinities for the three substrates tested or differential
permeability of the Leydig cells to different steroids: both of these characteristics

' would have to alter with age to explain our results, and we prefer the simpler expla¬
nation of the existence of different enzymes. It is interesting to note in this context
that Weliky & Engel (1963) have suggested that more than one 3/?-hydroxysteroid
dehydrogenase occurs in adrenal tissue.
The graphs for the relative volume of Leydig tissue capable of using DHA and

../pregnenolone (Text-fig. 3) compare very closely with those recently published by
Niemi & Ikonen (1963). On the other hand, from Text-fig. 4 it will be seen that the

/•//'absolute volume of Leydig tissue capable of utilizing the substrate DHA increases
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in a regular manner during extra-uterine life. This increase is almost completed by
the end of the 6th week of postnatal life and closely resembles the increase in the
absolute volume of sudanophilic Leydig tissue described by Baillie (1961). There is
a similarly close resemblance between the absolute volume of Leydig tissue capable
of using pregnenolone as a substrate for 3/j-hydroxysteroid dehydrogenase and the
absolute volume of Leydig tissue stainable with the plasmal reaction. Thus it would
appear that in the growing mouse the ability to use pregnenolone as a substrate for
3/?-hydroxysteroid dehydrogenase is associated with the existence in the cells of
lipids stainable with the Schiff reaction. We have no reason at present to suppose
that these observations are related. Similarly, sudanophilic cytoplasmic lipids seem
to occur at the same developmental stage as a 3/i-hydroxysteroid dehydrogenase
capable of utilizing DHA.
Although it seems that the pathway DHA-androstenedione-testosterone is im¬

portant throughout the development of the mouse testis, interpretation of these
histochemical observations with regard to the pathway of biosynthesis of fhe
androgens is not easy. In vitro experiments with mouse testicular homogenates are

, now in progress in the hope that they may provide further information.

The authors are grateful to Prof. G. M. Wyburn and Dr J. K. Grant for their
interest and encouragement. One of us (K.G.) is indebted to the Board of Manage¬
ment of the Royal Infirmary, Glasgow, for the McGhie Cancer Research Fellowship.
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SUMMARY

One hundred and ten male Swiss white mice were killed in batches of ten

weekly between birth and the end of the 10th week of postnatal life. To
demonstrate 3/?-hydroxysteroid dehydrogenase activity histochemically,
sections of testis from every animal were incubatedwith the following steroid
substrates: (1) sodium 3/?-sulphoxypregn-5-en-20-one (pregnenolone sul¬
phate), (2) sodium 3/?-sulphoxy-17a-hydroxypregn-5-en-20-one (17a-
hydroxypregnenolone sulphate), (3) sodium 3/?-sulphoxyandrost-5-en-17-one
(DHA sulphate), (4) 3/?,16a-dihydroxypregn-5-en-20-one (16a-hydroxypreg-
nenolone), (5) pregn-5-ene-3/?,20/?-diol (pregnenediol), (6) androst-5-ene-
3/?,17/?-diol (androstenediol).
Pregnenolone sulphate was rapidly used by the entire interstitium at all

ages. 17a-Hydroxypregnenolone sulphate was metabolized by some
Leydig cells of all age groups. DHA sulphate was not utilized histochemic¬
ally by the Leydig cells of the various age groups, but formazan deposition
occurred in the mature seminiferous epithelium. This is the only steroid so far
investigated to give an histochemical reaction with the germinal epithelium,
and 3/^-hydroxysteroid dehydrogenase activity has not previously been des¬
cribed in the seminiferous tubules. The utilization of steroid sulphates
differently from the free steroids in the histochemical demonstration of
3/?-hydroxysteroid dehydrogenase activity suggests that the presence of a
sulphate group may affect enzyme-substrate binding.
With 16a-hydroxypregnenolone and pregnenediol as substrates, 3/?-

hydroxysteroid dehydrogenase activity was demonstrable at birth, in¬
creased progressively until the 6th week of postnatal life, and subsequently
decreased during the ensuing 4 weeks. This growth curve closely resembles
the growth curve obtained with pregnenolone. Androstenediol gave a
histochemical reaction with the Leydig cells of all age groups studied, and
the sigmoid growth curve resembles that obtained with 3/?-hydroxyandrost-
5-en-17-one (DHA). These differing growth curves are regarded as further
evidence of substrate-specific 3/?-hydroxysteroid dehydrogenases.
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INTRODUCTION

In a previous investigation, Baillie & Griffiths (1964a) described the changing
utilization of DHA, pregnenolone, and 17a-hydroxypregnenolone as substrates for
the histochemical demonstration of 3/?-hydroxysteroid dehydrogenase activity in the
Leydig tissue of the developing postnatal mouse testis. It was suggested that more
than one 3/?-hydroxysteroid dehydrogenase might exist in this tissue. The concept of
substrate-specific 3/?-hydroxysteroid dehydrogenases received further support from
the histochemical demonstration (Baillie & Griffiths, 19646) that in the foetal testis
formazan deposition first occurs with different steroids at different ages.
Recent interest in the 3/?-sulphoxy-A5-steroids has been stimulated by the demon¬

stration in vitro of sulphokinase activity in adrenal tissue (Cohn, Mulrow & Dunne,
1963; Sneddon & Marrian, 1963; Wallace & Lieberman, 1963) and by the observa¬
tions in vivo (Calvin, Vande Wiele & Lieberman, 1963; Roberts, Bandi, Calvin,
Drucker & Lieberman, 1964) that steroid sulphates may act as biosynthetic inter¬
mediates. In the light of these observations it was decided to study formazan
deposition with 3/?-sulphoxy-A5-steroids as substrates for the histochemical demon¬
stration of 3/?-hydroxysteroid dehydrogenase activity in the testis, and to see if the
growth patterns of reactive Leydig tissue differed from those found using free
steroids (Baillie & Griffiths, 1964a). At the same time it was decided to investigate
further the substrate specificity of 3/?-hydroxysteroid dehydrogenase using 16a-
hydroxypregnenolone, pregnenediol, and androstenediol.

MATERIAL AND METHODS

One hundred and ten male Swiss white mice were killed in groups of ten at weekly
intervals between birth and the end of the 10th week of postnatal life. The testes
were excised within a minute of killing, placed in a beaker of crushed solid carbon
dioxide, and sectioned at 15/^ in a cryostat maintained at —20°. The sections were
then attached to clean dry glass slides by momentary thawing. Before incubation
the slides were brought to room temperature and dried in air. Sections from each
animal were incubated at 37° separately with the various steroids listed below for
2 hr. at 37° in the medium (pH 7-0) described by Wattenberg (1958). Phthallate or
phosphate buffers were used. Nitro-BT (2,2'-di-p-mtrophenyl-5,5'-diphenyl-.3,3'-
(3,3'-dimethoxy-4,4'-diphenylene)ditetrazolium chloride) (L. Light and Co.) was
employed as a final electron acceptor.
The following steroids dissolved in propylene glycol were used: (1) sodium preg¬

nenolone sulphate, (2) sodium 17a-hydroxypregnenolone sulphate, (3) sodium DHA
sulphate, (4) 16a-hydroxypregnenolone, (5) pregnenediol, (6) androstenediol, (7) 16a-
hydroxyprogesterone, (8) 20/?-hydroxypregn-4-en-3-one, (9) testosterone. The final
concentration of the steroid in the medium in each instance was 0-1 mM. Control
sections were incubated in the medium with propylene glycol only.
Testicular volume was measured as previously described (Baillie & Griffiths,

1964a). To facilitate comparison of the results for individual substrates, a quanti¬
tative analysis of each group was made using the pointmethod of Glagolev (1934) and
Chayes (1954). Sections at a magnification of 90 diameters were scanned with a grid
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with intersections 1 cm. apart on two axes at right angles. The volume of Leydig
tissue with 3/?-hydroxysteroid dehydrogenase was derived as a percentage. From
this figure, together with that for testicular volume, the total volume of Leydig
tissue at each age with the ability to utilize a given steroid substrate was calculated.

RESULTS

The sigmoid testicular growth curve showing that growth is almost completed by
the time the animal is 6 weeks old has been described (Baillie & Griffiths, 1964a).
Histochemical and quantitative data relating to DHA, pregnenolone and 17a-
hydroxypregnenolone have also been described previously (Baillie & Griffiths, 1964a)
but to facilitate comparison with the present results are summarized in Table 1.

Pregnenolone sulphate
When this substrate was used, intense formazan deposition occurred very rapidly in

the entire interstitium of the testis at all ages. Coloured reaction products were
deposited in the Leydig cell cytoplasm within a few minutes of immersion in the
incubation medium, and the islets of Leydig tissue were deeply stained in less than
30 min. The reaction does not diminish in intensity as the testis develops and for¬
mazan deposition occurs readily in almost all the interstitial tissue of the 10-week-old
testis. Approximately 0-13 mm.3 of Leydig tissue use this substrate in the neonatal
testis (PI. 1, fig. 1) and this amount increased regularly to 9-4 mm.3 in the last four
(PI. 1, fig. 2) age groups studied (Table 1 and Text-fig. 1). The growth curve is
sigmoid in form, with maximal increments in the 4th and 5th weeks of life.

17a-Hydroxypregnenolone sulphate
Using this substrate 3/J-hydroxysteroid dehydrogenase activity was found in

Leydig cells in the testes from all age groups. Diformazan crystals predominated
(PI. 1, fig. 3). Table 1 and Text-fig. 2 show that the volume ofLeydig tissue capable of
acting on this substrate yielded a sigmoid growth curve increasing from 0-03 mm.3 at
birth to 6-84 mm.3 at the end of the 6th week of postnatal life.

DHA sulphate
This substrate gave only a faintly positive histochemical reaction with the Leydig

tissue. A few diformazan particles could be found with diligent searching in all testes,
but such weak reactivity as there was usually led to pink monoformazan, apparently
pooled in cytoplasmic lipids. Acetone washing of the tissue section before incubation
had little effect on the deposition of the pink monoformazan. Since the formazan is
difficult to detect and was usually present as monoformazan, quantitative results are
of no value. The weak colour reaction took 2 hr. to develop.
It is interesting to note that a positive histochemical reaction was given by the

seminiferous epithelium with DHA sulphate as substrate (PI. 1, fig. 4). This reaction
was observed from the end of the 3rd week of postnatal life onwards. Minute di¬
formazan crystals were deposited next to the sperm heads. It was impossible to be
certain whether this 3/?-hydroxysteroid dehydrogenase activity was in the Sertoli
cytoplasm or the sperm cell cytoplasm.
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Ageinweeks

0

1

2

3

4

5

6

7

8

9

10

Pregnenolone: ReactiveLeydigcelltissue*
9-7

6-8

3-6

3-3

3-0

2-4

2-0

1-9

1-5

1-0

1-0

VolumeofreactiveLeydig
0-08

0-4

0-6

1-0

2-6

4-0

3-9

3-7

2-9

1-9

1-9

celltissue(mm.3)f

+0-013

±0-052

±0-10

±0-20

±0-12

±0-22

±0-36

±0-29

±0-18

±0-35

±0-14

16aHydroxypregnenolone: ReactiveLeydigcelltissue
7-9

3-1

2-8

2-3

2-1

1-4

1-1

1-0

1-0

0-9

0-8

VoiumeofreactiveLeydig
0-6

0-2

0-5

0-7

1-8

2-3

2-2

1-9

1-9

1-8

1-6

celltissue(mm.3)

±0011

±0-04

±0-08

±0-25

±0-21

±0-26

±0-27

±0-38

±0-22

±0-31

±0-36

Pregnenediol: ReactiveLeydigcelltissue
6-8

2-6

2-1

2-1

1-9

1-6

1-4

1-0

0-9

1-0

0-7

VolumeofreactiveLeydig
0-05

0-2

0-4

0-7

1-0

2-7

2-7

1-9

1-7

1-9

1-4

celltissue(mm.3)

±0-013

±0-03

±0-07

±0-21

±0-23

±0-21

±0-36

±0-18

±0-27

±0-30

±0-21

Pregnenolonesulphate: ReactiveLeydigcelltissue
16-8

10-1

6-4

4-9

4-8

4-6

4-6

4-9

4-7

4-8

4-7

VolumeofreactiveLeydig
0-13

0-6

1-2

1-6

4-3

7-8

8-9

9-6

9-2

9-4

9-2

celltissue(mm.3)

±0-011

±0-03

±0-26

±0-23

±0-36

±0-38

±0-17

±0-35

±0-20

±0-10

±0-22

17a-Hydroxypregnenolone: ReactiveLeydigcelltissue
—

—

—

—

—

—

—

—

—

—

2-4

VolumeofreactiveLeydig
—

—

—

—

—

—

—

—

—

—

4-7

celltissue(mm.3)

±0-31

17a-Hydroxypregnenolonesulphate: ReactiveLeydigcelltissue
4-1

2-0

2-0

2-1

3-3

3-4

3-5

3-4

3-6

3-4

3-4

VolumeofreactiveLeydig
0-03

0-12

0-4

0-7

2-9

5-7

6-8

6-7

7-1

6-7

6-7

celltissue(mm.3)

±0-006

±0-03

±0-05

±0-23

±0-26

±0-30

±0-38

±0-27

±0-29

±0-21

±0-30

DHA: ReactiveLeydigcelltissue
10-3

7-3

6-5

4-4

3-0

3-0

3-0

3-0

2-9

3-0

3-0

VolumeofreactiveLeydig
0-08

0-4

1-1

1-3

2-6

5-0

5-8

5-8

5-7

5-8

5-8

celltissue(mm.3)

±0-012

±0-039

±0-28

±0-29

±0-37

±0-33

±0-25

±0-22

±0-38

±0-28

±0-27

Androstenediol: ReactiveLeydigcelltissue
11-8

7-1

6-4

4-3

4-2

4-5

4-5

4-3

4-4

4-5

4-4

VolumeofreactiveLeydig
0-09

0-4

1-2

1-4

3-7

7-6

8-7

8-4

8-6

8-8

8-6

celltissue(mm.3)

±0-012

±0-05

±0-24

±0-24

±0-29

+0-22

±0-33

±0-37

±0-28

±0-29

±0-31

> W w

> Mg F M H 0 tt

w o

Sd

M M H M

go

DHAsulphate

Allgroupsnegative

*ReactiveLeydigcelltissueasa%oftesticularweight, fVolumeofreactiveLeydigcelltissue(mm.3),meanands.E.
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16ot-Hydroxypregnenolone
Leydig cells in the testes ofmice from all age groups studied utilized this substrate.

In the earlier age groups (PI. 2, fig. 5) most of the Nitro-BT was reduced blue di-
formazan particles. By the end of the 4th week, however, an appreciable proportion
of the positively reacting cells had monoformazan deposits. The colour reaction took
2 hr. to develop fully. Table 1 and Text-fig. 3 show that the volume of Leydig tissue
capable of using this substrate increased from 0-06 mm.3 at birth to a maximum of
2-3 mm.3 at the end of the 5th week of postnatal life. Thereafter the volume of re¬
active interstitial tissue progressively decreased to reach the adult figure of 1-6 mm.3
by the end of the 10th week.

Pregnenolone sulphate

O
>

Age (weeks)

Text-fig. 1

<D

s
3
"o
>

17a-Hydroxypregnenolone
sulphate

17a-Hydroxypregnenolone

T3

Age (weeks)

Text-fig. 2

Text-fig. 1. Total volume of reactive Leydig cell tissue capable of utilizing pregnenolone sul¬
phate as substrate in relation to age in Swiss white mice.

Text-fig. 2. 17a-Hydroxypregnenolone was not used by the mouse Leydig cells until the end of
the 10th week ofpostnatal life. Leydig cells of all age groups did, however, utilize 17a-hydroxy-
pregnenolone sulphate. The resultant growth curve shows that the volume of reactive Leydig
tissue in relation to age is sigmoid.

Pregnenediol
This substrate was utilized by the Leydig cells in the testes of all age groups. During

the first 4 weeks of postnatal life the bulk of enzymic activity was indicated by blue
diformazan deposits (PI. 2, fig. 6). Thereafter, more and more pink monoformazan
was deposited. The colour reaction develops fully in about 2 hr. Table 1 and Text-fig. 3
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show that 0-05 mm.3 of Leydig tissue used this substrate at birth. The volume of
reactive Leydig tissue increased progressively to a peak of 2-7 mm.3 at the end of the
5th week and thereafter decreased to 1-4 mm.3 at the end of the 10th week.

16a-Hydroxypregnenolone

(weeks) Age (weeks)

Text-fig. 3 Text-fig. 4

Text-fig. 3. The total volume of reactive mouse Leydig cell tissue capable of using pregnenolone
as substrate increased steadily for the first 5 weeks of postnatal life. Subsequently, the volume
of reactive tissue decreased. Similar curves were obtained with pregnenediol and 16oc hydroxy-
pregnenolone.

Text-fig. 4. The growth curve showing the total volume ofmouse Leydig cell tissue capable of
using androstenediol as substrate in relation to age is sigmoid.

Androstenediol

Pregn-5-ene-3)?, 20y?-diol

Pregnenolone

Androstenediol

Leydig cells of every age group utilized this substrate well (PI. 2, fig. 7). Blue
diformazan was deposited in the form of minute crystals on the surface of lipid
droplets contained in the cytoplasm of the Leydig cells. Occasional lipid droplets,
particularly in the older testes, were coloured pink due to pooled monoformazan. An
interesting feature in the last three age groups was the particular prominence of sub¬
capsular Leydig islets (PL 2, fig. 8). This colour reaction develops completely in less
than 1 hr. Table 1 and Text-fig. 4 show that the volume of Leydig tissue able to
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utilize androstenediol increased regularly from 0-9 mm.3 at birth to 8-7 mm.3 at the
6th week of postnatal life, at which level it remained. The growth curve is sigmoid
and the maximal increase occurred in the 4th and 5th weeks of postnatal life.

DISCUSSION

The histochemical results obtained with the 3/?-sulphoxy derivatives of pregne¬
nolone and 17a-hydroxypregnenolone are very different from those obtained with
the free steroids (Text-figs. 1, 2 and 3) (P < 0-01). Of especial interest is the poor
histochemical reaction observed with DHA sulphate which contrasts markedly with
the rapid deposition of formazan obtained with free steroid (Table 1). Various reports
(Calvin et at. 1963; Siiteri & MacDonald, 1963; Calvin & Lieberman, 1964; Roberts
et at. 1964) indicate that steroid sulphates may act as biosynthetic intermediates, and
it-is possible that the presence of a 3/J-sulphoxy group on the steroid molecule may
affect the ability of the substrate to bind with the 3/?-hydroxysteroid dehydrogenase.
This might explain the enhanced histochemical utilization of pregnenolone and 17a-
hydroxypregnenolone sulphates and the poor utilization of DHA sulphate.
The poor utilization of DHA sulphate may be due to a failure to penetrate the

cell membrane, but this is difficult to understand considering that pregnenolone
sulphate and 17a-hydroxypregnenolone sulphate give such rapid formazan deposition.
It is interesting, however, that, in contrast to DHA sulphate, the free steroid (Baillie
& Griffiths, 1964a) and its acetate (Baillie & Griffiths, unpublished observations) give
rapid formazan deposition in the Leydig cells. Further work is required to clarify the
solubility factors involved in the histochemical demonstration of 3/?-hydroxysteroid
dehydrogenase.
It is significant that of the various steroids investigated to date, formazan deposi¬

tion is seen in the germinal epithelium only after incubation with DHA sulphate.
3/?-Hydroxysteroid dehydrogenase has not previously been described in the germinal
epithelium and its appearance coincides with the development ofmature spermatozoa
in the tubules, both in time and location. The precise metabolic role ofDHA sulphate
is unknown, and the possibility that the seminiferous epithelium constitutes a target
organ for this compound deserves further investigation.
A previous report (Baillie & Griffiths, 1964a) described the changing utilization of

DHA, pregnenolone and 17a-hydroxypregnenolone as substrates for the histochemical
demonstration of 3/?-hydroxysteroid dehydrogenase activity in the Leydig cell of the
developing mouse testis, and it was suggested from these results that more than one
3/?-hydroxysteroid dehydrogenase may be present in this tissue. More recently
(Baillie & Griffiths, 19646) it has been shown that the Leydig cells of the foetal mouse
testis appear to acquire the ability to metabolize these different steroids at different
ages. Reactions 1-4 (Text-fig. 5) involve the conversion of a A5-3/?-hydroxyl group
to a A4-3-oxo-group, and the participation of 3/?-hydroxysteroid dehydrogenase(s)
followed by the transfer of a double bond from the 5-6 to the 4-5 position, catalysed
by a 3-oxosteroid A5-A4 isomerase. At least two substrate-specific isomerases are
known to occur in beef adrenal tissue (Ewald, Werbin & Chaikoff, 1964; Kriiskemper,
Forchielli & Ringold, 1964) although, at present, nothing is known about those of
mouse testicular tissue, and their effects, if any, on this histochemical reaction.
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The growth curve (Text-fig. 3) of Leydig tissue which can utilize 16a-hydroxypreg-
nenolone and pregnenediol closely resembles that already described for pregnenolone
(Baillie & Griffiths, 1964a) except that pregnenolone appears to be slightly better
utilized than 16a-hydroxypregnenolone or pregnenediol (Table 1). From the simi¬
larity in the Leydig tissue growth patterns it seems reasonable to suggest that
'pregnenolone-3/?-hydroxysteroid dehydrogenase' can also metabolize 16a-hydroxy-
pregnenolone and pregnenediol.

Cholesterol
I
*

Pregnenolone-^ 17a-Hydroxypregnenolone >DHA->-Androstenediol

1 2 3 4

Progesterone-*17a-Hydroxyprogesterone-*Androstenedione-*Testosterone

Text-fig. 5. Theoretically 3/?-hydroxystoroid dehydrogenases may act at stages 1-4 in the
pathways of steroid biosynthesis.

Similarly, it might be suggested from the present results that the 'DHA-3/J-
hydroxysteroid dehydrogenase' is capable of metabolizing androstenediol, since the
volume of Leydig tissue reactive with each substrate gives a similar growth curve
(Text-fig. 4). Since incubations of testicular tissue with 16a-hydroxyprogesterone,
testosterone and 20/?-hydroxypregn-4-en-3-one did not give rise to formazan deposi¬
tion one can probably exclude 16a-, 17yd- and 20/?-hydroxyl groups as a hydrogen
source in this tissue.

The authors are grateful for the research facilities provided in the Anatomy
Department, University of Glasgow, and to Mr J. McGadey for technical assistance.
We are also grateful to ProfessorW. Klyne (Westfield College, London) for samples of
pregnenolone sulphate and DHA sulphate from the M.R.C. Steroid Reference
Collection.
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DESCRIPTION OF PLATES

Plate 1

Fig. 1. 3/7-Hydroxysteroid dehydrogenase activity with pregnenolone sulphate as substrate in the
interstitium of the neonatal testis of the Swiss white mouse. ( x 90.)

Fig. 2. 3/j-Hydroxysteroid dehydrogenase activity with pregnenolone sulphate as substrate in the
interstitium of testes taken from mice in the 10th postnatal week. ( x 190).

Fig. 3. 3/?-Hydroxysteroid dehydrogenase activity with 17a-hydroxypregnenolone sulphate as substrate
in the interstitium of the testes taken from mice in the 6th postnatal week. ( x 90).

Fig. 4. 3/?-Hydroxysteroid dehydrogenase activity with DHA sulphate as substrate in the seminiferous
epithelium of the testes taken from mice in the 10th postnatal week. ( x 190).

Plate 2

Fig. 5. 3/?-Hydroxystoroid dehydrogenase activity with 16a-hydroxypregnenolone as substrate in the
interstitium of the testes taken from mice in the 8th postnatal week. ( x 90).

Fig. 6. 3/j-Hydroxysteroid dehydrogenase activity with pregnenediol as substrate in the interstitium of
the testes taken from mice in the 8th postnatal week. ( x 90).

Fig. 7. 3/j-Hydroxysteroid dehydrogenase activity with androstenediol as substrate in the interstitium
of the neonatal testis of the Swiss white mouse. ( x 90).

Fig. 8. 3/?-Hydroxysteroid dehydrogenase activity with androstenediol as substrate in the interstitium
of the testes taken from mice in the 10th postnatal week. ( x 90).
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summary

A tumour of a dysgenetic gonad was removed from an 18-yr.-old girl, who
had presented with primary amenorrhoea and poor breast development.
Examination showed clitoral hypertrophy, and chromosome analysis
showed a normal male 46/XY karyotype. Microscopically, cells of both
ovary and testis were recognized in the tumour. Incubation of the tissue
with [4-14C]progesterone in Krebs-Ringer bicarbonate solution showed its
capacity to synthesize testosterone and oestradiol-17/?. 16a-Hydroxy-
progesterone was also formed during the incubation.

introduction

Chromosome analyses are achieving some clarification of intersexuality, but the
histology of the gonads in this state continues to present many problems. Collins &
Symington (1964) have pointed out that the histological structure of the gonads may
be bizarre. For a case of the type which we now describe, they prefer the simple
term 'tumour of the dysgenetic gonad', remarking that with present techniques it is
almost impossible to identify the component cells of the abnormal tissues involved.
Teter, Philip & Wecewicz (1964) describe a similar case in a 19-yr.-old girl as 'mixed
gonadal dysgenesis with gonadoblastoma in situ'. All reported cases have been
chromatin-negative, and chromosome studies suggest that the gonad should have
developed into a testis (Philip & Teter, 1964).
In view of the grossly abnormal histological appearance of such gonads, a study of

the capacity for steroid synthesis of these tissues is of interest. Such a study,
together with a description of the clinical and pathological features of the patient, is
now reported.

materials and methods

Clinical data

The patient, aged 18 yr., presented with primary amenorrhoea and poor breast
development. On examination, she was a tall girl of slender build (PI. 1, fig. 1).
Her span and height were both 70 in. Breast development was poor, with small
nipples and areolae. There was a good growth of axillary and pubic hair, the latter
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of male pattern. Congenital anomalies associated with Turner's syndrome (Turner,
1938) were absent. The external genitalia were of female type. Examination under
anaesthesia showed a grossly enlarged clitoris, over 1 in. in length. The cervix was
small, and the uterus cord-like with a cavity § in. long. No adnexae were palpable.
Urinary gonadotrophin excretion was between 80 and 160 mouse units/day. The

mean excretion of urinary neutral 17-oxosteroids in the 6 days before operation was
10-5 mg./24 hr. (range, 7-7—16-7 mg.) using the Medical Research Council (1963)
method as modified by Peterson & Pierce (1960). Mean urinary total 17-hydroxy-
corticosteroid excretion was 12-0 mg./24 hr. (11T-13-0 mg.) as determined by the
method of Few (1961), slightly modified. The 17-oxosteroid excretion is slightly high
for a girl of 18; the 17-hydroxycorticosteroid excretion is normal. Urinary oestrogen
excretion measured by the method of Brown (1955) on two separate days was as
follows (i«g./24 hr.): oestrone, 1-0, 1-0; oestradiol-17/?, 1-0, 1-1; oestriol, 7-0, 8-5.
Similar values are found in post-menopausal women.
The buccal smear was chromatin-negative; 100 nuclei examined showed no Barr

bodies. Blood and skin cell chromosome analyses showed a normal male karyotype
46/XY, without evidence for mosaicism.
At laparotomy, Dr R. J. Wotherspoon found an infantile uterus with two fimbri¬

ated Fallopian tubes. An ovoid mass was located in the position usually occupied by
the left ovary. A streak gonad was found in the right broad ligament. The tumour,
both tubes and the right broad ligament were excised. The patient made an uneventful
recovery. After 3 months, pubic and axillary hair had regrown and there was some
regression in the size of the clitoris. Urinary steroid excretion was: 17-oxosteroids,
9-0 mg./24 hr.; 17-hydroxycorticosteroids, 13-4 mg./24 hr., oestrone and oestradiol
1-0 fig./24: hr. and oestriol 1-5 /<g./24 hr. Total gonadotrophins were 40-80 mouse
units/24 hr.

Pathological examination of the gonads
Morphology
The tumour of the left gonad measured 3x2x1 cm. and had a smooth, glistening

white outer surface. It was of firm consistency and gave a gritty sensation on being
incised. The cut surface was light brown and had a lobular pattern.
On the right side, in the tissue adjacent to the tube, a narrow rim of tissue or

streak gonad was observed.

Histology
Microscopically, the tumour of the left gonad could not be recognized either as an

ovary or as a testis; the component cells of both were represented. Prominent in the
stroma were large foci of calcification. At the periphery the stroma was dense and
fibrous like ovarian stroma; below it were cords of cells (PI. 1, fig. 2), and an area of
closely packed tubules of Sertoli type (PI. 1, fig. 3). One of the main features was the
presence of lobules containing small dark granulosa-like cells, germ cells with clear
vesicular nuclei and hyaline bodies (PI. 2, fig. 4). The latter were Schiff-positive and
resembled Call-Exner bodies which are produced by granulosa cells. Some were
laminated and calcified, and transitions from these to the larger calcified foci could
be traced. The granulosa cells were arranged radially around the hyaline bodies and
in single file at the periphery of the lobules. Around some lobules the stroma formed
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a band of polyhedral acidophil cells similar to Leydig cells of testis or hilus cells of
ovary (PI. 2, fig. 4). A small focus resembling a seminoma or dysgerminoma was also
present, consisting of pleomorphic germ cells with mitotic figures, separated by a
stroma infiltrated with lymphocytes (PI. 2, fig. 5).
The streak gonad on the right side showed a narrow rim of ovarian stroma with

scanty undifferentiated tubules in the looser connective tissue below. Deeper still
were a few tubules of mesonephric type with a group of hilus cells beside them
(PI. 2, fig. 6).

Preparation of tissue and conditions of incubation
These have been described previously (Griffiths, Grant & Whyte, 1963). Chopped

tissue (2 g.) was incubated with 11-5 /tg. [4-14C]progesterone of specific activity
91-47 myc//ig. in 24ml. Krebs-Ringer bicarbonate glucose medium for 30min. at 37°.

Extraction and fractionation of steroids
After incubation, themixture was shakenwith 10 ml. acetone together with 200 //.g.

of each of the following carrier, non-radioactive, steroids: progesterone, 17a-hydroxy-
progesterone, 16a-hydroxyprogesterone, androstenedione, testosterone, oestrone and
oestradiol-17/?. The mixture was then homogenized by a Silverson mixer with
4 vol. of warm acetone and filtered. The residue was washed with a further 4 vol.
acetone and the washings combined with the first extract. The extract was reduced in
volume in a rotary evaporator to approx. 2 ml. To this were added 20 ml. aqueous
methanol (methanol:water, 9:1, v/v), and the mixture was shaken with 20 ml.
petrol ether (b.p. 40-60°). The petrol ether was separated and washed with an equal
volume of the aqueous methanol. The aqueous methanol was pooled, most of the
methanol was removed in the rotary evaporator, and 10 ml. water were added to the
aqueous residue. The steroids were finally extracted with 3 x 20 ml. chloroform. The
chloroform extracts were dried and divided into neutral and acidic fractions, as
described previously (Griffiths et at. 1963).

Chromatography and measurement of radioactivity
The solvent systems used for paper chromatography are given in Table 1. The

procedures for paper chromatography, radioactivity scanning and elution ofmaterial
from paper have been described before (Griffiths et at. 1963). For thin-layer chromato¬
graphy, glass plates (20 x 20 cm.) were coated with a Desaga applicator with Merck
silica gel G containing a phosphor (H913, Levy West Labs. Ltd., Harlow). After
drying for 10 min. at room temperature, the coated plates were activated for 60 min.
at 110°. The steroids were applied in methylene chloride and run in the solvent
systems shown in Table 1. Oestrogens and A4-3-oxosteroids were visualized under
u.v. light against the fluorescence of the phosphor in the silica gel. Radioactive
oestrogen methyl ethers were located by running standards near the edge of the plate
and spraying with phosphomolybdic acid. All steroids were eluted by scraping the
silica gel on to black glazed paper, transferring it to a tube containing 4-0 ml. of
benzene, mixing vigorously with a rotating stainless steel wire bent at the tip into
a figure eight, then adding 4-0 ml. water and shaking. The tube was centrifuged, the
benzene collected, a further 4 ml. benzene added and the procedure repeated. The

11-2
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benzene extracts were combined and dried. Of the various procedures published
(including the use of a vacuum extractor), the one now described gave the most
consistent recoveries (90-100%).
Radioactivity was measured with a Packard Tri-Carb liquid scintillation spectro¬

meter. The use of a phosphor in the thin-layer chromatograms did not interfere with
scintillation counting using our method of elution.

Table 1. Solvent systems

(Proportions by volume)
Paper chromatography
(Whatman No. 1 paper) Mobile phase

P10 Petrol ether (b.p. 80-100°)
PB 11 Petrol ether: benzene (1:1)

Thin-layer
chromatography
(TL-system no.)

i Benzene:hexane:ethanol (14:5:1)
II Ethyl acetate: hexane (1:1)
III Ethyl acetate: cyclohexane (3:7)

Identification of steroids formed from \fi-^Cfprogesterone
The general procedure of Griffiths et al. (1963) was followed. The neutral steroid

fraction was chromatographed on four thin-layer plates using solvent system I.
Five bands with RF values corresponding to 16a-hydroxyprogesterone (RF 0-09),
testosterone (RF 0-23), 17a-hydroxyprogesterone (RF 0-27), androstenedione (RF 0-45)
and progesterone (RF 0-60) were seen under u.v. light. The steroids were eluted
from these bands and the eluates combined. Portions of the eluted material were

rechromatographed on paper or thin layers directly, or after derivatives had been
formed as described by Griffiths et al. (1963). For specific activity determinations
A4-3-oxosteroids were measured by making use of their selective absorption of light
at 240 my. The whole of the acidic fraction was run on one thin-layer plate in solvent
system I, and the bands corresponding to oestradiol-17/? (RF 0-3) and oestrone (RF
0-51) were eluted. The oestrogens were converted to their 3-mcthyl ethers and re-run
on a thin-layer plate in solvent system II. Areas corresponding to the oestrone and
oestradiol-3-methyl ethers were eluted. For the purpose of measuring the specific
activities of oestrogens the 3-methyl ethers were measured by Kober reaction (Brown,
1955).
Analytical blanks were obtained by putting material eluted from blank areas of

paper or thin layer through all the analytical procedures.

Stationary phase
Methanol:water (7:3)
Methanol:water (7:3)

RESULTS

The petrol ether fraction derived from the extract of incubated material contained
17 m/ic or 1-62% of the total radioactivity. No A4-3-oxosteroids could be detected
when this fraction was chromatographed on thin layer in solvent system I.
Only 2-88 m/tc or 0-27 % of the total radioactivity was associated with the acidic

(oestrogen) fraction.
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Evidence for the formation of 16a-hydroxyprogesterone, 17a-hydroxyprogesterone,
androstenedione, testosterone and oestradiol-17/? from progesterone in this dys¬
genetic gonadal tumour is presented in Table 2. The amounts of radioactivity
associated with the different steroids are given in Table 3. The tissue showed only
slight activity and only 0-22 and 0-12% of the progesterone radioactivity incubated
were recovered in the testosterone and oestradiol-17/? fractions, respectively. No
radioactivity could be shown to be associated with oestrone, although its probable

Table 2. Evidence for the identification of steroids isolated
from the incubation of tumour tissue

Chromatographic Specific
Steroid Chemical mobility identical Solvent activity

investigated reaction with that of: systems (d.p.m./m/miole)
Progesterone — Progesterone TL system I —

— Progesterone P10 3368
Reduction 20/?-Hydroxypregn-4-

en-3-one
P10 3458

Acetylation 20/?-Acotoxypregn-4-
en-3-one

TL system III 3630

16a-Hydroxy- — 16a-Hydroxy- TL system I —

progesterone progesterone
— 16a-Hydroxypro-

gesterone
PB11 30-44

Reduction 16a,20/?-Dihydroxy-
pregn-4-en-3-one

PB11 30-17

Acetylation 16a-Acetoxyprogesterono TL system I 29-40

17a-Hydroxy- — 17a-Hydroxyprogesterone TL system I —

progesterone Acetylation 17a-Hydroxyprogesterone P10 78-32
Reduction 17a,20/?-Dihydroxy-

pregn-4-en-3-one
PB 11

Oxidation Androstenedione P10 72-57

Androstenedione — Androstenedione TL system I —

— Androstenedione P10 4-82
Reduction Testosterone P10 4-56

Acetylation Testosterone acetate TL system II 4-44

Testosterone — Testosterone TL system I —

— Testosterone P10 7-34
Oxidation Androstenedione P10 7-70

Oestradiol-17/? — Oestradiol-17/? TL system I —

— Oestradiol-17/?-3 -methyl TL system II 3-81
ether

Table 3. Radioactivity associated with steroids
isolated from the incubation

% of total
Incubated Recovered radioactivity
(m/tc) (m/tc) incubated

Progesterone 1,052 998 94-93

16a-Hydroxyprogesterone — 8-2 0-78

17a-Hydroxyprogesterone — 20-5 1-95
Androstenedione — 1-4 0-14
Testosterone — 2-3 0-22

Oestradiol-17/? — 1-3 0-12
Acid fraction minus — 1-6 0-15

oestradiol-17/?
Petrol ether fraction — 17-0 1-62
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precursor, androstenedione, was radioactive. The activity of the 16a-hydroxylase
would appear to have been relatively high, 0-78% of the radioactivity having been
associated with 16a-hydroxyprogesterone.

DISCUSSION

There has been, in recent years, marked progress in the clinical differentiation of
intersexuality. Swyer (1955) reported a previously undescribed form ofmale pseudo¬
hermaphroditism which could be differentiated from the testicular feminization
syndrome (Schneider, Van Ommen & Hoerr, 1952; Morris, 1953), by the presence of
pubic hair, a normal vagina and cervix, but deficient breast development. The
patient whose genetic sex can be male (Swyer, 1955) or female (Greenblatt, Carmona
& Higdon, 1956) is tall with eunuchoidal proportions, presents none of the congenital
anomalies of the syndrome described by Turner (1938), and is now recognized as a
variant of the syndrome of gonadal dysgenesis (Hoffenberg & Jackson, 1957).
Streak gonads are usually found at laparotomy. This is of interest, since they are
normally found in individuals with a female phenotype but abnormal karyotypes
involving sex chromosomes, such as the 46/XO of Turner's syndrome (Jones,
Ferguson-Smith & Heller, 1963).
That streak gonads are found in patients showing sexual abnormalities, but normal

male 46/XY or female 46/XX karyotypes as in the syndrome of gonadal dysgenesis
(Harnden & Stewart, 1959) implies that in such cases, if there is a genetic abnormality,
it is minor and is not detected by a relatively crude examination of chromosomes at
metaphase, or that there may be an undetected gonadal mosaicism. Virilism, in the
form of clitoral hypertrophy, may, or may not, be one of the signs of gonadal
dysgenesis.
The high incidence of gonadal tumours in cases of gonadal dysgenesis is well

known. Stange (1957) and Teter & Tarlowski (1960) together report eight tumours
in twenty-eight patients. Teter (1960) believes that tumours of the dysgenetic
gonad are more common in patients who are tall rather than short, and more
common in virilized than in sexually immature subjects. Our present case, and those
reported by Fine, Mellinger & Canton (1962) and Teter et al. (1964) support this
suggestion.
The observation of Kullander (1959) that prolonged exposure to increased amounts

of gonadotrophin is associated with gonadal neoplasm would suggest a possible
explanation of the virilism associated with tumours of the dysgenetic testis. Our
patient certainly showed an excessive excretion of urinary gonadotrophins. It must,
however, be pointed out that the British Testicular Tumour Panel was unable
to report a correlation between urinary gonadotrophin excretion and testicular
tumours.

Jost (1953) has shown that the rabbit embryo, deprived of gonads during early
intra-uterine development, develops female internal and external genitalia no matter
which sex had been genetically determined. Thus, regardless of chromosomal sex,
the female phenotype develops in the absence of gonads, and this would explain the
formation of the uterus and Fallopian tubes in our patient. The period of time during
which the tumour of the dysgenetic gonad develops is a matter of considerable
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interest, but one for which satisfactory evidence is difficult to obtain. Possibly at the
age of puberty, the dysgenetic tissue is stimulated to neoplasia by uninhibited
secretion of gonadotrophin with the consequent production of sex hormones which
produced epiphyseal closure, poor breast development, and virilization. A patient
described by Greenblatt et at. (1956) first noted clitoral enlargement at the age of 14.
This clitoral hypertrophy could be attributed to the Leydig cells present (PI. 2, fig. 4)
or to the ovarian hilus cells (PI. 2, fig. 6). Although the synthetic activity which we
have found in vitro was low, it provides direct evidence that this tumour tissue has
the capacity to synthesize testosterone and oestradiol-17/? from progesterone.
Warren, Erkman, Cheatum & Holman (1964), after incubating labelled progesterone
with tissue from a hilus-cell tumour found in a dysgenetic gonad, detected traces of
radioactivity in a fraction with the RF of carrier testosterone. Unfortunately, they
were unable to confirm that the steroid was radioactive. The tumour tissue of our

patient was relatively active in forming 16a-hydroxyprogesterone from progesterone.
If this steroid has anti-androgenic properties it may be concerned with the patient's
oestrogen-androgen balance in controlling the development of the secondary sex
characteristics. Interesting also is the fact that the tumour tissue was able to convert
progesterone to oestrogen whereas, in an earlier investigation in vitro (Griffiths et at.
1963), testicular tissue from a patient with the testicular feminization syndrome did
not bring about this conversion. The inability to form oestrogen by this type of
tissue was confirmed by Deshpande, Wang & McMillan (1965). It was suggested
(Griffiths et at. 1963) that oestrogens may have been present as water-soluble
sulphates which were not investigated. Steroid sulphate formation has recently been
demonstrated in feminizing Leydig cell tumour tissue (Pierrepoint, Griffiths, Grant &
Stewart, 1965). It would be of interest in further studies with tumours of dys¬
genetic gonads to look for oestrogen sulphates.
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DESCRIPTION OE PLATES

Plate 1

Fig. 1. Patient a,t. time of admission.
Fig. 2. Tumour showing outer cortex, cords and calcified foci. Haematoxylin and eosin. ( x 110.1
Fig. 3. Tubular area of tumour. Haematoxylin and eosin. ( x 150.)

Plate 2

Fig. 4. Lobule of tumour containing hyaline bodies and showing Leydig-like cells in surrounding stroma
(lower area of picture). Haematoxylin and eosin. ( x 275.)
Fig. 5. Seminoma-like area of tumour. Haematoxylin and eosin. ( x 250.)
Fig. 6. Streak gonad removed from right side showing ovarian stroma on the surface (on right), and
a group of hilus cells beside mesonephric tubules (on left). Haematoxylin and eosin. ( x 85.)
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SUMMARY

Androgen synthesis after administration of cadmium chloride to rats has
been studied histologically, histochemically and biochemically. Incubation
in vitro of testicular tissue removed 10 days after cadmium administration
revealedmarkedly decreased testosterone synthesis. After 100 and 150 days,
testosterone synthesis in vitro had increased progressively and significantly,
but there was a marked decrease in the testosterone: androstenedione
ratio. Surviving Leydig cells, giving typical histochemical reactions for
3/?-, 16/?- and 17/?-hydroxysteroid dehydrogenase, were observed under
the tunica albuginea immediately after cadmium poisoning. Fifty days after
the cadmium treatment, mesenchymal cells, giving a histochemical 3a- and
16a-hydroxysteroid dehydrogenase reaction, but no other hydroxysteroid
dehydrogenase reaction of normal Leydig cells, grew into the testes from the
tunica albuginea. Weight, citric acid and fructose contents of seminal
vesicles of cadmium-treated rats fell nearly to castration levels, but
showed some degree of recovery thereafter. Studies in vitro on adrenal
tissue from cadmium-poisoned rats suggested that the rate of testosterone
biosynthesis from pregnenolone was increased.

INTRODUCTION

Testicular necrosis is a well-established sequel to the parenteral administration of
cadmium salts in rats, (Parizek & Zahor, 1956) and it is known (Parizek, 1957) that
prior administration of zinc will prevent cadmium-induced testicular damage. Gunn,
Gould & Anderson (1963 a) showed that, after cadmium administration, avascular
necrosis occurs in the testis, and they suggested that the necrosis may be due to
interference with some enzymic system, possibly cadmium-zinc dependent, which
controls the permeability of the endothelium in this vascular area. After cadmium
damage, Leydig cell regeneration from the tunica albuginea has been described
(Parizek, 1960; Allanson & Deanesly, 1962) and neoplasia of the regenerated Leydig
cells has been observed (Gunn, Gould & Anderson, 19636; Roe, Dukes, Cameron,
Pugh & Mitchley, 1964).

* Present address: Tenovus Institute for Cancer Research, The Heath, Cardiff.
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The present investigation deals with the biosynthesis in vitro of androst-4-ene-3,

17-dione (androstenedione) and testosterone from 3/?-hydroxypregn-5-en-20-one
(pregnenolone) by testes and adrenals from rats up to 5 months after cadmium
poisoning. Concurrently, histological and histochemical studies were undertaken on
the testes, and the weight, and fructose and citric acid content of the seminal vesicles
were measured as an index of androgen production.

MATERIALS AND METHODS

Animals, injections and tissues
Thirty-five adult male Royal Wistar rats, weighing 150-200 g., were given sub-

cutaneously 1-0 mg. cadmium chloride (CdCl2) (0-1% aqueous solution) per 100 g.
body weight. Twenty-five similar rats served as controls. Three poisoned rats died
within 48 hr. of injection; no other deaths occurred. Four treated and three control
rats were killed by a blow on the head, 10, 50, 100 or 150 days after CdCl2 administra¬
tion. The testes, adrenal glands and seminal vesicles were removed for investigation.
Examination of seminal vesicles and morphological studies on the testes were carried
out on tissues obtained 10, 50, 100 or 150 days after CdCl2 injection. Testes obtained
10, 100 or 150 days after poisoning and adrenal glands removed after 100 and 150
days were studied in vitro. Seminal vesicles were removed from control and poisoned
animals, weighed individually and then bulked for determination of fructose and
citric acid. Tissue specimens were obtained from all control and poisoned testes,
immediately after their removal from the animals. These specimens were frozen
on solid carbon dioxide for morphological studies. The remainder of the testicular
and adrenal tissues, maintained at 0°, was pooled as control and poisoned groups,
and homogenized without delay.

Histological and histochemical procedures
Specimens of testis were sectioned at 10 /i in a cryostat at —20°. Haematoxylin

and eosin, Sudan black and diaphorase preparations were made routinely. Sections
from each testis were incubated for investigation of hydroxysteroid dehydrogenase
activity, as described elsewhere (Baillie, Caiman, Ferguson & Hart, 1965 a, b, 1966).
Quantitative histochemical observations were made using the 'point method' of
Glagolev (1934) and Chayes (1954).

Seminal vesicles

The bulked vesicular tissue was divided into two parts and weighed; fructose was
determined by the method of Roe (1934) and citric acid by the method of Speck,
Moulder & Evans (1946) as modified by Lindner & Mann (1960).

Steroid biosynthesis in vitro: preparation of tissue and
conditions of incubation

Homogenates (25%, w/v, of testicular tissue and 20%, w/v, of adrenal tissue)
were prepared in 0-25 M-sucrose containing 0-12 M-nicotinamide using a vertical
stroke pestle (Philpot & Stanier, 1956) in a tube of 20 mm. diameter for the testi¬
cular tissue, and a tube of 8 mm. diameter for the adrenal tissue. Homogenates were
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incubated in a 1:2 (v/v) ratio of homogenate:medium, the medium containing con¬
stituents described earlier (Griffiths & Giles, 1965) together with nicotinamide-
adenine-dinucleotide (NAD) (1-5 mM) and 20 /to [7a-3H]pregnenolone. The incu¬
bation vessels were shaken at 37° for 90 min.

Extraction and separation of steroids
After incubation of testicular tissue, the mixture was shaken with 2 vol. warm

acetone, and 300 jag. each of carrier non-radioactive androstenedione and testo¬
sterone were added in 0-2 ml. ethanol. The mixtures were shaken and filtered. The
residue was washed twice more with 2 vol. acetone, the washings combined with the
first extract and neutral steroid fractions obtained as described earlier (Griffiths,
Grant & Whyte, 1963). Twenty ml. benzene: chloroform (6:1, v/v) containing 300 jag.
each of androstenedione, ll/?-hydroxyandrostenedione and testosterone were added
to the incubated adrenals, and shaken. The extract was recovered and the medium
extracted further with 3 x 20 ml. benzene: chloroform (6:1). The neutral steroid
fraction was obtained as above.

Chromatography
Thin-layer chromatography procedures have been described elsewhere (Griffiths,

Grant, Browning, Whyte & Sharp, 1966) The solvent systems used are given in
Table 1.

Table 1. Solvent systems used for thin-layer chromatography
Solvent

system Solvents (v/v)
I Benzene:ethyl acetate, 3:2
II Benzene:methanol, 19:1
III Benzene:hexane:ethanol, 15:4:1
IV Benzene:methanol, 17:3
V Hexane:ethyl acetate, 1:1
VI Chloroform:acetone, 19:1
VII Benzene:ethyl acetate, 9:1
VIII Chloroform: ethanol, 19:1
IX Benzene: ethyl acetate, 4:1
X Chloroform: acetone, 17:3

Identification of steroids
The general procedure of Griffiths et al. (1963) was followed. The neutral steroid

fractions were chromatographed on two thin-layer plates using solvent system I.
Bands with the RF of ll/?-hydroxyandrostenedione (RF, 0-36), testosterone (RF,
0-41) and androstenedione (RF, 0-59) were seen in ultraviolet light. The bands were
eluted, eluates of the different steroids combined, and the individual steroids re¬
run in the same solvent system. This initial step of purification separates steroids
from the contaminating lipid material extracted from the tissues, especially from the
cadmium-poisoned testes. Further purification, identification and specific activity
determination of the carrier steroids was achieved as follows.
The testosterone fraction was run in system II, eluted and oxidized. The andro¬

stenedione formed was run in system III and then IV. The specific activity was deter¬
mined after chromatography in system IV. The androstenedione was then reduced,
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run in system IV, eluted and the specific activity determined. The acetate was
formed, run in system V and the specific activity determined.
Androstenedione was run in system VI, eluted, subjected to an acetylation re¬

action, and re-run in system VII. It was eluted, reduced and the specific activity
determined. A portion was then re-oxidized, run in system IV, and a second portion
acetylated and run in system V before specific activities were determined.
ll/?-Hydroxyandrostenedione was run in system VIII, eluted, subjected to an

acetylation reaction, and run in system IX. Specific activities were then determined
after oxidation and running in system IV, after reduction to 11-oxotestosterone and
running in system X and after acetylation and running in system V.

RESULTS

Histological and histochemical observations
The Leydig cells of the control rat testes showed 3/?-, 16/?-, and 17/?-hydroxy-

steroid dehydrogenase activity. Within 10 days, after the administration of CdCl2
all the seminiferous tubules and intertubular tissues had undergone total necrosis.
No histochemical reactions were observed in this necrotic material. However, the
tunica albuginea remained histologically normal, and Leydig cells were recognized
immediately subjacent to the tunica. These surviving, apparently normal subtunical
islets of Leydig cells were recognized in all the later CdCl2-poisoned testes examined,
and their pattern of histochemical activity was identical with that observed in the
Leydig tissue of the control testis. During the 5 months of the present investigation
the necrotic tubules shrank considerably; no evidence of organization or recoloniza-
tion by germ cells was seen at any time.
From the periphery of the testis, spindle-shaped or stellate mesenchymal cells

were seen between the first and the fifth month after cadmium administration,
to migrate centripetally between the dead tubules. These cells were morphologically
indistinguishable from mesenchyme, and initially did not show steroid dehydro¬
genase activity. Eventually, histochemical reactions for 3a- and 16a-hydroxysteroid
dehydrogenase (Baillie et al. 1966) were demonstrated in these newly developed
mesenchymal cells, but they never resembled Leydig cells histologically.

Chemical studies

The synthesis in vitro from pregnenolone of androstenedione and testosterone by
testes, and androstenedione, 1 l/?-hydroxyandrostenedione and testosterone by
adrenal glands, was demonstrated in tissues of cadmium-poisoned and control rats.
Evidence for the identification of the isolated steroids as androstenedione, 11/?-
hydroxyandrostenedione and testosterone is summarized in the table of specific
activities (Table 2). The biosynthetic activity of the testicular and adrenal tissue is
shown in Tables 3 and 4.

In the testis, the ability to synthesize testosterone is markedly reduced after
CdCl2 poisoning (Table 3). Ten days after CdCl2 administration, the testosterone
production of the testes from poisoned animals, based on tissue weight, was only 1 %
of the control level. A 100 days later, testosterone production had risen to 7-6% of
the control figure, and to 49% after 150 days. However, it must be considered that
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10 days after cadmium administration, the necrotic testis is approximately 30% of
the control weight. After 100 and 150 days, testicular weight had decreased further
to approximately 25% of that of the control. Therefore, based on the biosynthetic
activity of the individual testis, the ability of cadmium-poisoned testes to synthe¬
size testosterone after 10, 100 or 150 days, respectively, was only 0-3%, 1-9% and 12%
of that of the control testes. It is of interest that the testosterone: androstenedione

ratio, which in the control testes ranged from 11-16:1, was 1:9, 100 days after
CdCl2 administration.
Table 4 summarizes the results on the biosynthetic activity of the adrenal tissue.

* There was no difference in the weight of individual adrenals from poisoned and con¬
trol animals. Related to their weight, therefore, the adrenals from animals treated
with CdCl2 produced more testosterone in vitro.

Table 2. Specific activities (disintegrations per minute per mpmole) of steroids isolated
from incubations of testicular and adrenal tissue of rats poisoned with cadmium chloride
and controls

10 days 100 days 150 days
.A , A v , A.•> < \ (

Steroid isolated and source Steroid or derivative Control Cd012 Control CdCl2 Control CdCl2
Testosterone (testis) Testosterone 2659-5 32-3 7208-4 475-9 4274-8 1314-5

Androstenedione 2880-4 — 6804-8 507-2 4359-6 1312-9
Testosterone acetate 2874-4 31-5 6953-8 498-1 4373-7 1257-6

Androstenedione (testis) Androstenedione — — 468-3 4785-7 401-5 5886-9
Testosterone 148-0 8-6 484-8 4494-9 370-3 5404-5
Testosterone acetate 139-2 9-0 442-6 4846-5 395-8 5723-3

Testosterone (adrenal) Testosterone .— — 1636-6 3245-1 341-9 776-5
Androstenedione — — 1690-3 3173-2 345-1 714-4
Testosterone acetate — — 1784-3 3041-0 343-7 754-4

Androstenedione (adrenal) Androstenedione — — 8-1 — 9-8 25-1
Testosterone — —. 8-0 5-4 9-2 —

Testosterone acetate — — 7-6 5-6 9-1 27-0

1 l/?-Hydroxyandrostenedione Adrenosterone — — 7-2 4-6 3-3 13-4

(adrenal) 11 -Oxotestosterone —■ — 6-9 — 3-4 13-1
11 -Oxotestosterone — -—• 6-8 4-2 3-2 13-7
acetate

Table 3. Effect of administration of cadmium chloride on the synthesis of
testosterone by rat testes

(Pregnenolone (2 x 104 rn/tc) was incubated with testicular tissue and the conversion to androstenedione
and testosterone estimated. Days after CdCl2 administration in parentheses.)

Androstenedione Testosterone

m/iC m/tc

"V

% con- m/tc m/tc % con-
steroid steroid/g. version/g. steroid steroid/g. version/g.

State of animal isolated testes testes isolated testes testes

Controls 64-0 30-7 0-153 1031-0 490-0 2-45
After CdCl2 (10) 3-9 1-2 0-006 15-0 4-9 0-02
Controls 209-0 83-0 0-415 3118-0 1250-0 6-25

After CdCl2 (100) 2110-0 909-0 4-545 222-0 95-0 0-45
Controls 175-0 46-0 0-230 1940-0 512-0 2-56
After CdCl2 (150) 2550-0 1090-0 5-450 580-0 250-0 1-25

13 Endoc. 35, 2
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The weight of the seminal vesicles fell markedly after cadmium poisoning, as did

the fructose and citric acid concentration in the vesicles of the poisoned animals
(Table 5). Partial recovery of the weight of the vesicles and of their fructose con¬
tent occurred progressively after 50, 100 and 150 days. Table 5 shows also the
figures for the volume of surviving Leydig cells at the different time intervals, as a
percentage of the normal volume of testicular tissue.

Table 4. Effect of administration of cadmium chloride on the synthesis of
testosterone by rat adrenal gland

♦>
(Pregnenolone (2 x 104 m/tc) was incubated with adrenal tissue and the conversion to androstenedione,

testosterone and ll/?-hydroxyandrostenedione estimated. Days after CdCl2 administration in paren¬
theses.)

1 l/?-Hydroxyandro-
Androstenedione Testosterone stenedione

t

m/tc % con¬

<
A

m/ic % con¬ m/tc % con¬
mfcc steroid/ version/ TCiflC steroid/ version/ m/tc steroid/ version/
steroid 100 mg. 100 mg. steroid 100 mg. 100 mg. steroid 100 mg. 100 mg.

State of animal isolated adrenal adrenal isolated adrenal adrenal isolated adrenal adrenal

Controls 3-86 2-75 0-014 816-10 582-90 2-910 3-14 2-24 0-011
After CdCl2 (100) 2-77 1-88 0-009 1447-41 970-34 4-850 1-97 1-34 0-007
Controls 4-46 5-98 0-030 161-91 216-95 1-080 1-60 2-14 0-110
After CdCla (150) 12-44 9-87 0-049 354-14 281-06 1-410 6-02 4-77 0-240

Table 5. Weights of, and fructose and citric acid concentrations in, the seminal
vesicles of rats after cadmium chloride administration

Days after CdCl2 administration

0 10 50 100 150

Weight of seminal vesicles (mg.)* 1338 248 100 432 395
Fructose content (/tg.)t 577 10 38 136 180
Fructose concentration (mg./lOO g.) 42-5 4-3 41-7 26-8 51-1
Citric acid content (/tg.)f 68 20 — — —

Citric acid concentration (mg./lOO g.) 48-26 80-40 — — —

Leydig tissue as % of whole testis 4-8 0-2 1-1 1-9 3-1

* Mean value. | Average value per animal.

DISCUSSION

Ten days after the administration of cadmium chloride, the androgenic capacity
of the poisoned testes was severely impaired but some ability to produce testo¬
sterone could be demonstrated in vitro. Surviving Leydig cells giving a histochemical
3/?-hydroxysteroid dehydrogenase reaction could be shown under the tunica albu-
ginea. It was previously assumed that complete necrosis occurred after the admini¬
stration of CdCl2 in doses such as those used in this investigation (Parizek, 1960).
Higher doses (1-5 mg./lOO g. body weight) killed a quarter of our rats.
Studies in vitro on testicular tissue showed a progressive recovery in the ability to

synthesize testosterone. This recovery could be accounted for, in large measure, by
the steady shrinkage of the necrotic seminiferous tubules, so that surviving Leydig
tissue deep to the tunical albuginea came to represent a progressively larger pro-
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portion of the residual testis. However, our results (Table 5) suggest some degree of
hypertrophy and hyperplasia of the surviving Leydig cells, whose activity was pre¬
sumably increased in response to pituitary gonadotrophin. High gonadotrophin
levels in vivo (Hall & Eik-Nes, 1963) are said to increase the production of andro-
stenedione rather than testosterone in rat testis homogenates but some abnormality
of the 17/?-hydroxysteroid dehydrogenase enzyme system may account for the
decrease in the testosterone: androstenedione ratio observed in our experiments.
The production of testosterone in vitro by the adrenals removed from CdCl2-

poisoned rats is of interest, although a more rigorous investigation on more animals
is required before it can be stated with certainty that the adrenal of poisoned animals
produces more testosterone than the control. Earlier studies (Bush, 1953; Hofmann
& Davison, 1954; Laplante, Giroud & Stachenko, 1964) have suggested that in the
normal rat adrenal gland there is little, if any,' 17a-hydroxylase' activity, converting
progesterone to 17a-hydroxyprogesterone. Activity has, however, been reported in
the regenerated tissue of enucleated adrenals in rats which had developed hyper¬
tension (Brownell, Lee, Beck & Besch, 1963). It would be interesting if the testo¬
sterone produced in the rat adrenal was formed by the pathway pregnenolone-17a-
hydroxypregnenolone-DHA-androstenedione-testosterone.

One of us (A. E.) wishes to thank Dr J. K. Grant, UniversityDepartment of Steroid
Biochemistry, Royal Infirmary, Glasgow, for research facilities, and for his interest
in this work. He is also grateful to the British Council, for a grant enabling him to
undertake this work, and to Professor S. Maugery, University of Pavia, for his in¬
terest in the work.
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Testicular tumours occur infrequently in man; the incidence in the United Kingdom is
estimated at 2.3 per 100,000 males (Collins and Pugh, 1964), and of these only 0.6%
were described as feminizing interstitial cell tumours (Collins and Cameron, 1964). On
the other hand neoplasia of the dog testis is common, Dow (1962) quoting an incidence
of 16% of 580 unselected dogs he examined at the Glasgow Veterinary Hospital. Cotchin
(1960) claimed that 5.8% of all the canine neoplasfns he examined were of the male
gonad. The canine Sertoli cell tumour is of particular interest to the endocrinologist
because of the high incidence of hormonal dysfunction clinically observable in affected
animals and generally described, without full evidence, as a hyperoestrinism. Cotchin
(1960) found 28.7% of those dogs bearing this neoplasm to be showing such signs.
The human tumour investigated was enucleated from the lower pole of the right testis

of a 23-year-old man who had shown signs of enlarged breasts and symptoms of de¬
creased libido and coital performance. Histological examination identified the tissue as
an interstitial cell tumour (Fig. 1).

The canine tumour, involving the whole of the left testis of an 11-year-old West
Highland White Terrier, was surgically excised and identified as a Sertoli cell tumour of
the sclerotic type (Fig. 2). The dog had shown signs of alopecia and feminization mani¬
fested by enlargement of the teats, attractiveness to other dogs and an altered posture
for micturition to that usually adopted by the bitch. The tumour, weighing 38.5 g, was
creamy white in colour and very hard.
For comparative purposes a normal testis was taken from a young adult dog.
In each case, the tissue was chilled to about 0° immediately upon removal from the

subject and retained at this temperature until prepared for incubation.
The human tumour was prepared in two ways; (a) a part was chopped in the Mcllwain

and Buddie (1953) apparatus and 1 g suspended as a mince in 13 ml. Krebs-Ringer
bicarbonate glucose medium, and (b) a further portion (1 g) was homogenized in 8.0 ml
of 0.25 M sucrose containing 0.12 M nicotinamide in a Potter-Elvehjem homogenizer.
The homogenate was added to 4.8 ml of an incubation medium containing the following;
362 //moles 2-amino-2-hydroxymethyl-l,3-propanediol (TRIS buffer pH. 7.4), 360 //moles
KC1, 26.5 /./moles MgS04, 7H20, 7.9 //moles ATP, 72 //moles potassium fumarate,
1.6 //moles NADP, 6.4 Kornberg units glucose-6-phosphate dehydrogenase and 120
//moles glucose-6-phosphate.

Each tissue preparation was incubated for 2 hours at 37° with 59 m//moles each of
[7a-3H] 3/J-hydroxypregn-5-en-20-one (pregnenolone) (137 ,//c. per //mole) and [4-14C]
3/?-hydroxyandrost-5-en-17-one (DHA) (37 //c. per //mole). The minced tissue was in¬
cubated in 02:C02 (95:5) and the homogenate in air.

* Present address: Tenovus Institute for Cancer Research. The Welsh National School of
Medicine, Heath. Cardiff, U.K.
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Fig. 1

The canine tumour was chopped by hand using a razor blade and 2 g incubated in
24 ml Krebs-Ringer bicarbonate glucose solution pH 7.4 for 2.5 hours at 37° with
(a) 59 mwmoles each [7a-3H] pregnenolone (254 /j.c, per wmole) and [4-14C] DHA (34 /<c.
per /<mole) and (b) 59 mumoles each of [7a-3H] pregnenolone (254 /re. per /rmole) and
[4-14C] 17/5-hydroxyandrost-4-en-3-one (testosterone) (34 /rc. per /rmole).
The normal dog testis was prepared and incubated as for the Sertoli cell tumour (a)

above.

The reactions were stopped by the addition of either 10 ml benzene : chloroform
(6:1 v/v) or acetone and the following carrier steroids added: 300 /rg each of 3-hydroxy-
oestra-l,3,5(10)-trien-17-one (oestrone), oestra-l,3,5(10)-triene,3,17/f-diol (oestradiol-17/?),
oestra-l,3,5(10)-triene-3,16a,17/i-triol (oestriol), 3/<-sulphoxypregn-5-en-20-one (pregneno¬
lone sulphate) and 3/5-sulphoxy-17a-hydroxypregn-5-en-20-one (17a-OH pregnenolone
sulphate) and 3/?-sulphoxyandrost-5-en-17-one (DHA sulphate). The normal dog testis
and Sertoli cell tumour (a) incubations also received 300 mg of the following steroids:
pregnenolone, 3/i,17a-dihydroxypregn-5-en-20-one (17a-OH pregnenolone), pregn-4-ene-
3,20-dione (progesterone), 17a-hydroxypregn-4-ene-3,20-dione (17a-OH progesterone),
androst-5-ene-3/l,17/f-diol (androstenediol), DHA, androst-4-ene-3-17-dione (androstene-
dione) and testosterone.
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Fig. 2

Extraction and fractionation of the steroids from the human tumour preparations has
been described elsewhere (Pierrepoint, Griffiths, Grant and Steward, 1966).
The steroids from the dog tissues were extracted, in each case, by homogenizing with

3 X 100 ml acetone in a Silverson Mixer and again with 100 ml ether: ethanol (3:1 v/v)
and filtering. The acetone/ether/ethanol mixture was taken to dryness under reduced
pressure and the residue partitioned between 70% aq. methanol and petroleum-ether
(60-80°). The alcoholic fraction was reduced to the water phase and the free steroids
extracted with 3 X 30 ml ether.

The conjugated steroids were extracted by saturating the aqueous residue with
ammonium sulphate and shaking with 3 X 30 ml ether: ethanol (3:1 v/v) and then
filtering through No. 12 filter paper.
The dried ether extract was partitioned between 20 ml N.NaOH and 2 X 20 ml

toluene. The NaOH fraction was brought to pH. 8 and the phenolic steroids extracted
with 3 X 30 ml ether.

The neutral, phenolic and sulphated (Pierrepoint, 1966) steroids were separated by
thin-layer chromatographic techniques.
The preparation of derivatives (Griffiths, Grant and Whyte, 1963) and the measure¬

ment of radioactivity (Pierrepoint et al., 1966) have been described previously.
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Results

Table I shows the percentage conversions of pregnenolone and DHA to neutral steroid
sulphates and oestrogens by the human interstitial cell tumour.

Table II shows the percentage conversions of pregnenolone, DHA and testosterone
to neutral steroid sulphates and oestrogens by the canine Sertoli cell tumour.

Table III shows the relative abilities, in percentage conversions, of the canine normal
and neoplastic testicular tissues to metabolise pregnenolone and DHA.

TABLE I

Feminizing interstitial cell tumour from a man
Precursors [4-14C]DHA+ [7-3H]pregnenolone

Mince Homogenate

3H 14C 3H 14c
Pregnenolone sulphate 0.25 0 0.41 0
17a-OH pregnenolone sulphate 0.01 0 0.28 0

DHA-sulphate 0.04 0.07 — 0.37
Oestrone 0 0 0 0
Oestradiol-17/1 0 1.58 0 1.20
Oestriol 0.06 0 0.05 0

TABLE II

Canine Sertoli cell tumour: formation of oestrogens and neutral steroid sulphates

From From From
[7a-3H]pregnenolone [4-14C]DHA [4-14C]testosterone

Pregnenolone sulphate 0.72 0
17a-OH pregnenolone sulphate 0.02 0 —

DHA-sulphate 0.01 0.18 —

Oestrone ' 0 0.30 0.14
Oestradiol-17/1 0 0.16 0.56
Oestriol 0 0 0

TABLE III

Neutral steroid formation: canine Sertoli cell tumour and the normal dog testis

From From
[7a-3H]pregnenolone [4-t4C]DHA

Tumour Normal testis Tumour Normal testis

Pregnenolone 86.0 30.85 —.

(unchanged)
Progesterone 1.68 0.57 — —

17«-OH pregnenolone 1.27 5.14 — —

17a-OH progesterone 0 1.14 — —

DHA 0 1.00 42.24 35.19
(unchanged)

Androstenediol 1.04 9.39 1.34 19.17
Androstenedione 0 2.33 38.16 7.94
Testosterone 0.05 9.40 6.06 37.08

Discussion

Steroid biosynthesis by a human feminizing interstitial cell tumour and a canine
feminizing Sertoli cell tumour has not hitherto been described, and the results reported
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here provide interesting information on the steroidogenic ability of the two neoplasms.
Feminization often associated with the Sertoli cell tumour in the dog has been attrib¬

uted to an increased secretion of oestrogens. This is due principally to the work of
Huggins and Moulder (1945) who extracted 70 ng of an oestrogenic substance from
1 kg tumour tissue. Brodey and Martin (1958) using a bioassay procedure, obtained
evidence for the presence of oestrogenic material in the urine of dogs affected by this
neoplasm, which decreased after removal of the tumour. The present study shows for
the first time the ability of a Sertoli cell tumour associated with feminization and alopecia
in an 11 year old dog to produce oestrone and oestradiol-17/? from DHA in vitro.
The sulphation of neutral steroids by human neoplastic testicular tissue (Pierrepoint,

Griffiths, Grant and Stewart, 1965) and by normal human testis (Dixon, Vincent and
Kase, 1965) has been reported. The results reported here show a similar ability in a
feminizing canine Sertoli cell tumour. Some of our further studies (unpublished) have
shown the presence of sulphating enzymes in the normal dog testis but not in a non-
feminizing canine Sertoli cell tumour. The possibility that enhanced sulphation of certain
steroids may be associated with the feminization observed in dogs with these tumours is
of interest. Morato, Lemus and Gual (1965) have shown that DHA sulphate is efficiently
converted to oestrogen in placental tissue.
Evidence is also provided for the formation of oestriol from pregnenolone without

the participation of DHA or oestradiol-17/? suggesting a biosynthetic pathway via 16a-
hydroxypregnenolone in this human feminizing testicular tissue. 16a-hydroxylation has
previously been reported in human testicular tissue (Griffiths et al., 1963; Viscelli,
Hudson and Lombardo, 1965).
Neither the dog tumour nor the normal testis formed oestriol although 16a-hydroxy-

pregnenolone was isolated from incubations with both tissues.
The inactivity of certain enzyme systems in the Sertoli cell tumour tissue is interesting.

Although progesterone was formed from the tritium labelled pregnenolone, no label was
found in the isolated 17a-hydroxyprogesterone and androstenedione. The 17a-hydroxy-
pregnenolone was found to be tritiated. This suggests, therefore, that the 17a-hydroxylase
enzyme system specific for progesterone, and the 3/?-hydroxysteroid dehydrogenase-
isomerase system specific for 17a-hydroxypregnenolone were inactive. DHA was, how¬
ever, efficiently converted to androstenedione (38.16%).
Also of interest was the low degree of metabolism of pregnenolone (14%) by the

Sertoli cell tumour tissue compared to the normal dog testis (69%), although DHA was
equally well metabolised by the tissues (58% and 65% respectively).
The normal tissue converted 37% of the incubated DHA to testosterone and 8% to

androstenedione. However, only 6% of the DHA was converted to testosterone by the
tumour tissue, whereas 38% was transformed to androstenedione, suggesting some re¬
lative degree of inactivity of the 17-oxo-reductase in the tumour tissue. The tumour tissue
also aromatized both androstenedione and testosterone to oestrone and oestradiol-17/?.
It is becoming more evident that in any individual, the balance of the sex hormones is
delicate and the feminization observed on clinical examination of the dog may be due to
the decreased ability of the tissue to synthesize testosterone associated with oestrone and
oestradiol-17/? production.
Samuels, Short and Huseby (1964) have observed a suppression of two testicular

enzyme systems (the 17a-hydroxylase and 17-desmolase systems) in mice treated with
diethylstilboestrol. It may be that oestrogen synthesis by the dog tumour caused a
similar suppression of these enzymes. Furthermore, the size, fibrosity and rate of growth
of this type of tumour may well effect some degree of anoxia in regions of the mass,
disturbing the steroid biosynthetic enzyme systems. Nakano (1966) has produced evidence
for the requirement of molecular oxygen for the conversion of 17a-hydroxyprogesterone
to androstenedione.
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:. SUMMARY

The metabolism of [7a-3H]pregnenolone and [4-14C]dehydroepiandro-
sterone by a feminizing Leydig cell tumour from a man has been studied
in vitro.
The tumour formed the 3/?-sulphoxy derivatives of pregnenolone, 17a-

hydropregnenolone and dehydroepiandrosterone.
Carbon-labelled oestradiol-17/? and tritiated oestriol were isolated from

the tumour indicating that the probable pathway of the formation of
oestriol was by way of 16a-hydroxylated steroids not involving DHA or
oestradiol.

INTRODUCTION

The feminizing Leydig cell tumour is a particularly rare, testicular neoplasm in
man. Collins & Cameron (1964) give an incidence of six out of 995 reported testicular
tumours. Since steroid biosynthesis by this type of tissue has not hitherto been
investigated, the surgical removal of such a tumour provided the opportunity for
an investigation of oestrogen biosynthesis. During these experiments it was observed
that neutral steroids were sulphated by the tumour tissue in vitro. Sulphation of
'steroids by endocrine tissues is now a well-recognized fact. Baulieu (1962) andWallace
& Lieberman (1963) provided evidence of neutral steroid sulphation in the.neoplastic
adrenal cortex and Adams (1963) and Wieland, Levy, Katz & Hirschmann (1963) in
the normal adrenal cortex in man. The sulphation of oestrone in vitro by bovine
adrenal tissue has been observed (Sneddon & Marrian, 1963). Wallace & Silberman
(1964) have demonstrated steroid sulphation in ovarian tissue, and recently Payne &
Mason (1965a) showed that testicular tissue sulphates phenolic steroids.
Subsequent to the preliminary account of our work (Pierrepoint, Griffiths, Grant &

Stewart, 1965), the sulphation of dehydroepiandrosterone (DHA) by normal rat
testis was reported by Payne & Mason (19656) and of DHA and testosterone by
normal human testis by Dixon, Vincent & Kase (1965).
* Present address: Tenovus Institute for Cancer Research, The Welsh National School of Medicine,

The Heath, Cardiff.
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MATERIALS AND METHODS

Clinical data

The tumour was removed from the scrotum of a 23-yr.-old man who had shown
signs of enlargement of the breasts and symptoms of decreased libido and coital
performance.
On examination, the patient was a well-proportioned male of average height and

weight. Extensive and profuse hair growth of normal male distribution was present
on the face, chest and abdomen. There was bilateral gynaecomastia with turgid
tender breasts and hard, erect nipples. The penis was normal in size but both testes
were abnormal. The left was soft and small, 3 cm. long, the right was tense and
enlarged, 6 cm. long, with a hard, tender nodule, 3 cm. in diameter, at the lower
pole. Nuclear sex was chromatin-negative. Urinary 17-hydroxycorticosteroids and
17-oxosteroids excretion was 10-0 and 8-3 mg./24 hr., respectively. s~
At operation (Mr A. S. Till), the right testis was explored through a groin incision^

and the presence of a firm spherical nodule, 3 cm. in diameter, was confirmed at the
lower pole of the right testis. This nodule was easily shelled out by blunt dissection,
together with a thin surrounding layer of normal testicular tissue. After a report on
a frozen section of a biopsy specimen, the testis was replaced in the scrotum and the
wound was closed in layers. The nodule was an encapsulated tumour, about 2-5 cm.
in diameter, which when incised showed a pale brown cut surface, slightly lobulated
but otherwise homogenous in colour and consistency. A small amount of testicular
tissue lay outside the capsule. On histological examination, the tumour consisted of
almost uniform polyhedral cells closely packed in sheets with a faint trabecular
arrangement. The cells had large round, or slightly ovoid, nuclei with a clearly
defined nuclear membrane and a conspicuous nucleolus or occasionally two nuclei.
The cytoplasm was eosinophilic, faintly granular and contained numerous finely
divided lipid droplets and brown pigment which did not give the staining reactions
for iron or melanin. The tumour was fairly vascular and most of the reticulin was
of perivascular distribution. Mitotic figures were rare (Plate 1) The tumour was
an interstitial cell tumour of Leydig cell origin. In the testicular tissue many of
the seminiferous tubules showed a moderate degree of atrophy but in others,•?
spermatogenesis was present. There was some thickening of the lamina propria^
and a moderate amount of interstitial fibrosis. No increase was seen in interstitial
cells.
The patient was seen at a follow-up clinic 6 weeks after operation. The breasts

had decreased in size and the left testis was larger. After a further 6 weeks the breasts
were no longer turgid or tender and were considered to be normal by the patient. He
was seen again 2 yr. after his operation. Normal libido had returned within 6 months
of removal of the tumour and for 18 months he had been having regular intercourse
with a woman friend. She was now 6 months pregnant and the patient believed
himself to be the father of her child.
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Preparation of tissue and conditions of incubation
The tumour was chilled to about 0° immediately upon removal from the patient

and kept at this temperature until prepared for incubation.
Part of the tumour was chopped in the apparatus described by Mcllwain & Buddie

(1953) and 1 g. of the minced tissue suspended in 13 ml. Krebs-Ringer bicarbonate-
glucose medium. Another part (1 g.) was homogenized in a Potter-Elvehjem homo-
genizer in 8-0 ml. of 0-25 M-sucrose containing 0-12 M-nicotinamide. The homogenate
was added to 4-8 ml. of a solution of the following composition: 362 /onoles 2-amino-
2-hydroxymethyl-l,3-propanediol (tris buffer, pH 7-4), 360 /mioles KjCI, 26-5 ymoles
MgS04, 7'9 ymoles ATP, 72 ymoles potassium fumarate, 1-6 //moles NADP,
1-6/mioles NAD, 120 /mioles glucose-6-phosphate and 6-4 Kornberg units glucose-
6-phosphate dehydrogenase.
Each tissue sample was incubated for 2 hr. at 37° with 59/Jzmoles each of [7a-3H]3/?-

hydroxypregn-5-en-20-one (pregnenolone, 164 yc/ymole) and [4-14C]3/?-hydroxy-
androst-5-en-17-one (DHA, 36 /ic/^mole). The chopped tissue was incubated in
02:C02 (95:5), the homogenate in air.

Extraction and fractionation of steroids
After incubation, 10ml. benzene:chloroform (6:1, v/v) and 300fig. each of

3-hydroxyoestra-l,3,5(10)-trien-17-one (oestrone), oestra-l,3,5(10)-triene-3,17/?-diol
(oestradiol-17/?) and oestra-l,3,5(10)-triene-3,16a,17/?-triol (oestriol) in ethanol, were
added and the mixtures homogenized in a Silverson mixer. Free steroids were
exhaustively extracted from the mixture by 3 x 5 vol. benzene: chloroform (6:1, v/v)
followed by 3 x 5 vol. chloroform and finally with 2x1-5 vol. ethyl acetate. The
combined extracts were evaporated to dryness under reduced pressure. The dried
residue was separated into neutral and phenolic steroid fractions as described by
Griffiths, Grant & Whyte (1963). Conjugated steroids were then extracted twice
from the aqueous phase saturated with NaCl by equal vol. of ethyl acetate (Sneddon
& Marrian, 1963). This extract of conjugated steroids was filtered and evaporated
to dryness under reduced pressure.

Measurement of radioactivity
The radioactivity in the fractions was measured by a Packard Tri-Carb Liquid

Scintillation Spectrometer, model 3214. Tritium and 14C were determined simul¬
taneously at voltage tap 3-797 with channel I voltage discriminator gate 50-210,
gain 25%, channel II 190-1000, gain 5%. Absolute quantities of tritium were
calculated using the standard equations (Okita, Kabara, Richardson & Le Roy, 1957)
and of 14C from direct readings on channel II since no tritium counts are observed in
this channel under the conditions specified. The free steroids were taken up in
standard solution of phosphors. In the case of the conjugated fraction the residue
was dissolved in the vial in 1-0 ml. methanol and 9-0 ml. phosphor solution was
added. Quenching was corrected for using internal standards.

27 Endoc. 35, 4
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Chromatographic separation of steroids
Thin-layer chromatography was used to isolate individual steroids. Glass plates

(20 x 20 cm.) were coated, using a Desaga applicator, with either Merck silica gel G
or an anion exchange cellulose MN-300 G/Ecteola (Macherey, Nagel and Co., Diiren,
Germany; ion exchange capacity 0-35 m-equiv./g.). After drying for 10 min. at room
temperature, the silica gel-coated plates were activated for 60 min. at 110°. For the
preparation of the cellulose-coated plates, 15 g. Ecteola were mixed with 75 ml.
water as described by Oertel, Tornero & Groot (1964).
The following solvent systems were used: I, tertiary butanol:ethyl acetate:

<5 n-NH4OH (1:1:1, by vol.); II, chloroform: acetone (185:15, v/v); III, benzene: ethyl
acetate (180:20, v/v); IV, benzene:methanol (170:30, v/v); V, 4 M-urea in 3 N-
NH4OH; VI, cyclohexane:ethyl acetate (55:45, v/v); VII, cyclohexane:ethyl
acetate :ethanol (45:45:10, by vol.). Only solvent system V was used for the
Ecteola-coated plates. Radioactive steroids and their sulphates chromatographed
on silica gel were located by running standards near the edge of the plate, spraying
with 15 % ethanolic solution of phosphomolybdic acid and warming gently. Standard
steroid sulphates on Ecteola-coated plates were visualized by spraying with methy¬
lene blue solution (Cr6py & Judas, 1960). The steroids were eluted from the plates
using 2 x 4 ml, benzene (neutral steroids), ether (phenolic steroids), or methanol
(steroid sulphates).

Preparation of derivatives
The procedures for the acetylation, reduction and saponification of steroids have

been described (Griffiths et al. 1963). Oestrogen methyl ethers were prepared by the
method of Brown (1955). Steroid sulphates were solvolysed according to Burstein &
Lieberman (1958 a).

Determination of specific activities of steroids isolated
The As-3/?-hydroxysteroids and their 3/?-acetoxy derivatives were measured using

the ethanol: sulphuric acid (1:2, v/v) reagent of Oertel & Eik-Nes (1959). Oestrogens
and their methyl ethers were measured with the Kober reaction (Brown, 1955).
3/?-Sulphoxy-androst-5-en-17-one (DHAS) was determined by the methylene blue
reaction of Crepy & Rulleau-Meslin (1960). Radioactivity was measured as described
above.

Investigation of the fractions containing conjugated steroids
A part of this fraction of the products of each incubation was chromatographed

on a thin layer of silica gel and developed with solvent system I. Under these
conditions the 3/?-sulphoxy derivatives of pregnenolone, 3/?,17a-dihydroxypregn-
5-en-20-one (17a-OH-pregnenolone) and DHA are not resolved and have an IiF of
0-35. The free steroids, on the other hand, move with the solvent front. Material
eluted from the sulphate zone was radioactive. It was subjected to the solvolysis
procedure of Burstein & Lieberman (1958a) which cleaves the sulphates of phenolic
(Sneddon & Marrian, 1963), and neutral steroids but is without effect on glucosiduro-
nates (Jacobsohn & Lieberman, 1962) or phosphates (Burstein & Lieberman, 19586).
The radioactive steroids obtained had the same chromatographic mobilities as
pregnenolone, 17a-OH-pregnenolone and DHA. For further investigation of identity
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200 yg. each of the sulphates of pregnenolone, 17a-OH-pregnenolone and DHA and
unconjugated, oestrone, oestradiol-17/? and oestriol were added to the remainder of
the fractions containing conjugated steroids.
A known part of the fraction containing the added carrier steroids from the

incubation of minced tissue was run on a thin layer of Ecteola in solvent system V.
Under these conditions DHAS has an IiF of 0-58 and is separated from the sulphates
of pregnenolone and 17a-OH-pregnenolone which are not resolved. DHAS was eluted
and its specific activity determined. The remainder of the conjugated fraction from
the minced tissue incubation and the same fraction from the incubation of homo-

genate were then solvolysed as before. The products were partitioned between
benzene and N-NaOH.

Table 1. Recovery of radioactivity in various steroid fractions from incubations
of homogenized and minced feminizing Leydig cell tumour

hliv', V ■ ' ■

Radioactivity recovered
(disintegrations/min.)

A

Percentage of added
radioactivity

A

Steroid fraction 3H »C 3H »C

Homogenized tissue
Neutral 11,428,000 1,666,000 53'23 35-57
Phenolio 244,600 86,750 1-14 1-85

Conjugated 3,858,400 2,148,800 17-97 45-87

Mineed tissue
Neutral 13,305,800 3,284,300 61-98 70-11
Phenolio - 271,400 165,000 1-26 3-52

Conjugated 875,600 308,600 4-08 6-59

Neutral steroids from the benzene phase were chromatographed on thin layers
of silica gel in solvent system Pregnenolone, 17a-OH-pregnenolone and DHA
thus separated were eluted and re-run individually in the same system. The steroids
were again recovered, acetylated and chromatographed on silica gel in solvent
system III. The specific activities of part of the recovered acetates were measured.
The remainder were saponified and chromatographed as before in solvent system II.
The specific activities of the recovered steroids were again measured. Further specific
"activities were obtained after reduction and thin-layer chromatographic purification
in solvent system IV.
Phenolic steroids recovered from the NaOH phase were examined along with the

free steroid phenolic fraction.'

Investigation of the fractions containing phenolic steroids
Oestrone, oestradiol-17/? and oestriol in the phenolic fractions were separated by

thin-layer chromatography on silica gel in solvent system VI. In the conjugate
fraction the steroids eluted contained no significant amounts of radioactivity. Radio¬
activity was, however, associated with the oestrogens from the free phenolic steroid
fraction. Specific activities were measured. Methyl ethers were prepared and purified
by thin-layer chromatography using solvent system III for the derivatives of
oestrone and oestradiol-17/?, and VII for the oestriol ether. The specific activities of
these derivatives were again measured.

27-2
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Table 2. Radioactivity associated with steroids isolated from incubations
of homogenized and minced feminizing Leydig cell tumour

Steroid

Homogenized tissue
Pregnenolone sulphate
17a-OH-pregnenolone sulphate
DHAS
Oestrone

Oestradiol-17/?
Oestriol

Minced tissue

Pregnenolone sulphate
17a-OH-pregnenolone sulphate
DHAS
Oestrone

Oestradiol-17/?
Oestriol

Total radioactivity
associated with the steroid

(disintegration8/min.)

«H

87,800
60,600

10,730

5,400
2,400
8,400

13,646

i*C

17,300

56,000

3,100

74,230

Percentage of added
radioactivity

3H

0-41
0-28

0-05

0-25
0-01
0-04

0-06

»C

0-37

1-20

0-07

1-58

Table 3. Identification of steroids isolated from the incubated tissue
of a feminizing Leydig cell tumour

Specific activity
(disintegrations/min./m/i mole)

Material

investigated
and chemical
reaction

Chromatographic
mobility identical
with that of:

Homogenized
tissue Minced tissue

(1) Like pregnenolone sulphate

(2)

Solvent

system

Conjugate fraction

»c

(3)

Free steroid-phenolic fraction
(4) Like oestradiol-17/?

— Oestradiol-17/? VI f
Methylation Oestradiol- 17/?-3-methyl ether III -f

(5) Like oestriol
— Oestriol VI 9-9

Methylation Oestriol-3-inothyl ether VII 10-6
* Not measured,

t No radioactivity.
J Satisfactory results not obtained.

55-5
46-0

t
t

»H

t'
t

12-9
132

"0

— Pregnenolone sulphate V * * * *

Solvolysis Pregnenolone II 151-8 t 9-1 t
Acetylation Pregnenolone acotate III 146-5 t 8-7 t
Reduction Pregn-5-ene-3/?,20/?-diol IV 142-1 t 9-1 t

Like 17a-hydroxypregnenolone sulphate /

— 17a-OH-pregnenolone sulphate V * * * *

Solvolysis 17a-OH-pregnenolone II 102-4 t 4-25 t
Acetylation 17a-OH-prognenolone acetate III 108-0 t 4-10 t

Like dehydroepiandrosterone sulphate
— DHAS V * * 131 4-8

Solvolysis DHA II 't 27-13 13-3 5-0
Acetylation DHA acetate III 67-02 26-15 12-1 4-4
Reduction Androstenediol IV t 27-51 14-0 5-0

69-1
65-5

t
t
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RESULTS

The radioactivities in the various fractions of the products of incubation are shown
in Table 1. Conjugated steroid fractions show considerable radioactivity notably in
the case of the incubation with homogenized tissue. Table 2 shows radioactivities
associated with the individual steroid sulphates and free steroids investigated.
Incubations of both whole cell or homogenized tissue preparations resulted in the
formation of radioactive neutral steroid sulphates and in free oestradiol-17/? and
oestriol. Radioactivity was neither found to be associated with oestrone nor with
oestrogen sulphates. Evidence for radiochemical purity and identity of steroids is
given in Table 3.

DISCUSSION

In this investigation of oestrogen biosynthesis in vitro by a feminizing Leydig cell
tumour of the testis, oestriol was found to contain tritium derived from [7a-3H]preg-
nenolone but no 14C from [4-14C]DHA. Oestradiol-17/? contained 14C but no 3H. This
suggests that in this tissue oestriol may be formed from pregnenolone by a pathway
involving neither DHA nor oestradiol-17/?. Bolte, Mancuso, Eriksson, Wiqvist &
Diczfalusy (1964) have already indicated that 16-hydroxylation of oestradiol-17/? is
not an important pathway for the formation of oestriol by placental tissue in vitro,
confirming similar observations of Ryan & Engel (1953). A possible precursor of
oestriol in the tissue under investigation is 16a-hydroxyprogesterone, which was
first shown to be formed in vitro by ovarian tissue by Warren & Salhanick (1961) and
which Kadis (1964) has shown to be a precursor of oestriol in sow ovaries. Griffiths
et at. (1963) have shown the presence of steroid 16a-hydroxylase activity in feminizing
abdominal testes.
No radioactivity was found in oestrone nor in the sulphates of oestrone, oestradiol-

17/? and oestriol indicating inability of the tissue to synthesize these substances.
Tritium was absent and 14C present in1 the oestradiol-17/? isolated, suggesting that
this substance was formed from DHA but not from pregnenolone.
The incorporation of radioactivity into sulphates of pregnenolone, 17a-OH-preg-

nenolone and DHA was observed. In the experiment with the whole cell preparation
the presence of 3H as well as 14C in DHAS indicated that the tissue had the ability
to form this conjugated steroid from DHA itself or from pregnenolone. Whether the
latter reaction involves the sulphates of pregnenolone and 17a-OH-pregnenolone
as shown in adrenal tissue by Calvin, VandeWiele & Lieberman (1963) and Roberts,
Bandi, Calvin, Drucker & Lieberman (1964a, b) or whether the biosynthetic sequence

proceeds by way of the free steroids is not certain from the present investigation.
If free [3H]DHA is formed, however, it would be surprising if no 3H appeared in the
oestradiol-17/?; thus probably [3H]DHAS is formed by way of the sulphates. Bolte
et at. (1964) have found that free DHA is more readily aromatized in the placenta
than is DHAS. If a similar situation occurs in this testicular neoplasm it may account
for the failure to find 3H in the oestradiol-17/?. Further investigations are proceeding
in this laboratory, with a second tumour of this type, concerning the role of the
neutral free steroids in the biosynthesis of steroid hormones.
The formation of neutral steroid sulphates was quite unexpected, and therefore

27-3
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unlabelled carrier steroid sulphates were not added until after the initial extraction
procedures. The percentage conversions for the neutral steroid sulphates shown in
Table 2 are thus not corrected for losses which may have occurred in the first
extraction.
It has been shown that steroid sulphates may be involved in the biosynthesis of

steroid hormones in the adrenal cortex (Calvin et al. 1963; Calvin & Lieberman, 1963;
Roberts et al. 1964a, b). The efficiency of DHAS as a precursor of oestrogens has been
demonstrated in vitro with placental tissue (Morato, Lemus & Gual, 1965) and in vivo
in pregnant women (Baulieu & Dray, 1963; Siiteri & MacDonald, 1963; Warren &
Timberla"ke, 1964; Bolte et al. 1964), and as a precursor of testosterone in canine
testis (Aakvaag, Hagen & Eik-Nes, 1964). Furthermore, the presence of steroid
sulphatase activity in human testicular tissue has been established (Burstein &
Dorfman, 1963). The possibility that an increased sulphation of some steroids is
a prerequisite in the feminizing Leydig cell tumour for the production of intermediates
in the synthesis of oestrogens, may be decided by further investigation.
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DESCRIPTION OP PLATE

Section of Leydig cell tumour of human testis. Haematoxylin and eosin. ( x 350.)



Reprinted from Ciba Foundation Colloqnia on Endocrinology, Vol. 16, Endo-
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holme and Maeve O'Connor. Published by J. & A. Churchill Ltd., 104
Gloucester Place, London, W.I.)

STEROID BIOSYNTHESIS IN ABNORMAL TESTES

J. K. Grant, K. Griffiths and C. G. Pierrepoint
Department ofSteroid Biochemistry,

University ofGlasgow

It has long been known that testicular cells synthesize and secrete
both androgenic and oestrogenic steroid hormones. Testes are
subject to neoplasms, which may result in virilization. Some of
these have been the subject of detailed biochemical investigation
(see for example Savard et al., i960; Smith, Breuer and Schriefers,
1964). The neoplasms may also result in feminization, notably
gynaecomastia, associated with Leydig cell tumours (Herrman,
Buckner and Baskin, 1958) and, less frequently in man, with
Sertoli cell tumours (Teilum, 1949). Such feminizing tumours have
also been investigated biochemically, for the first time, in our
laboratory (Pierrepoint et ah, 1965, 1966).
In addition to the study of feminizing testicular neoplasms in

men and dogs, we have been concerned with the investigation of
the testicular feminization syndrome, first clearly classified by
Morris (1953).

steroid biosynthesis in testicular neoplasms causing

virilization or cushing's syndrome

Savard and co-workers (i960), using radioactive substrates,
found that slices of a virilizing Leydig cell tumour could synthesize
progesterone, i7<x-hydroxyprogesterone, dehydroepiandrosterone
(DHEA), testosterone and oestrogens from acetate. Other steroid
substrates underwent i7a-hydroxylation and oxidation-reduction
at C-np and C-17P. The results ofBreuer and his colleagues are
somewhat similar (Smith, Breuer and Schriefers, 1964). One

280
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notable feature of the patients investigated by both of these groups
was their abnormally high urinary excretion, before operation, of
pregnanetriol (5(3-pregnanc-3a,i7a,20a-triol). This was greatly
decreased on removal of the tumour, and will be referred to again
later. Another interesting observation was the ii(3- and 21-
hydroxylation of steroids, by tissue thought not to contain
adrenocortical cells (Smith, Breuer and Schriefers, 1964). The
difficulty in making an unequivocal diagnosis on the basis of the
morphological characteristics of the tumour tissue has been dis¬
cussed by Engel and co-workers (1964). These authors had also
observed x i(3- and 21-hydroxylase activity in a malignant testicular
tumour, associated with signs and symptoms of Cushing's syn¬
drome rather than virilization. These remarks only serve to
emphasize the growing appreciation ofthe necessity for developing
techniques for studying well-characterized cells in such in vitro
experiments. Methods for measuring picogram amounts of
steroids are becoming available, and the first steps in the measure¬
ment of steroid biosynthesis with microgram quantities of cells of
known types have been taken (Griffiths and Glick, 1966).

steroid biosynthesis in feminizing testicular neoplasms

The feminizing Leydig cell tumour is particularly rare in man.
Collins and Cameron (1964) give an incidence of six in 995
reported testicular tumours. Steroid biosynthesis in this type of
tissue had not hitherto been investigated when we were recently
given the opportunity ofstudying such a tumour. The patient was
a 23-year-old man with gynaecomastia and decreased libido and
coital performance. The right testis contained a nodule about 3 cm.
in diameter. This was described as "an interstitial cell tumour of

Leydig cell origin". Careful histological examination showed that
the tissue investigated biochemically consisted of uniform poly¬
hedral cells closely packed in sheets with a faint trabecular arrange¬
ment. The nuclei were large, with prominent nucleoli. The
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cytoplasm was eosinophilic and faintly granular with numerous
finely divided droplets and a brown pigment which was neither
melanin nor iron. Mitotic figures were rare.
Postoperatively the breasts decreased in size, libido returned and

the patient had regular intercourse resulting in the conception of a
child by his partner.
The tumour, cooled to about o°c as rapidly as possible after

removal from the patient, was finely chopped without delay.
The mince (i g.) was incubated in 13 ml. Krebs-Ringer-bicarbon-
atc-glucosc for 2 hr. at 370 with 59 mpmoles each of [ya-3H]3(B-
hydroxypregn-5~en-20-one (pregnenolone, 164 pc/pmole) and
[4-14C]3fl-hydroxyandrost-5-en-i7-one (DHEA, 36 p.c/pmole).
After incubation, free steroids were exhaustively extracted with
organic solvents and divided into phenolic and neutral fractions
(Griffiths, Grant andWhyte, 1963). After saturation of the aqueous
residue with NaCl, conjugated steroids were extracted with ethyl
acetate. Free steroids were separated on thin layers ofsilica gel and
steroid sulphates 011 the ion-exchange cellulose MN-30oG/Ecteola.
Full details are given by Pierrepoint and co-workers (1966). The
characterization ofsteroids formed and proofoftheir radiochemical
purity was established as previously described (Griffiths, Grant and
Whyte, 1963). The radioactivities associated with the free and
conjugated steroids investigated are shown in Table I.
The sulphation of neutral steroids by testicular Leydig cells was

noted for the first time (Picrrepoint et al., 1965). This observation
was later confirmed in normal human testis by Dixon, Vincent and
Kase (1965).
The involvement of steroid sulphates in steroid biosynthesis in

the adrenal cortex is of course well established (Calvin and Lieber-
man, 1964; Roberts et al., 1964U, b), and the efficiency of DHEA
sulphate as a precursor of oestrogens has frequently been discussed
(Morato, Lemus and Glial, 1965). This sulphate has also been
considered as a precursor of testosterone in canine testis (Aakvaag,
Hagen and Eik-Nes, 1964). Furthermore, the presence of steroid
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sulphatase activity has been demonstrated in testicular tissue in man
(Burstein and Dorfman, 1963).

Table I
radioactivities associated with steroids isolated

from incubation of a feminizing leyd1g cell tumour

with [3H]pregnenolone and [14C]dhea

% of added radioactivity

Steroid product 3H 14C
Pregnenolonc-3-sulphate 0-25 —

i7a-Hydroxypregncnolone-3~sulphate o-oi —

DHEA-3-sulpliatc 0-04 0-07
Oestrone " — —

Oestradiol-i7(3 — 1-58
Oestriol 0-06 —

It is also of interest that the oestriol contained 3H from the
pregnenolone but no 14C from DHEA. Moreover the oestradiol-
17(3 isolated contained 14C but no 3H. This suggests that in this
tissue oestriol may be formed from pregnenolone by a pathway
involving neither DHEA nor oestradiol-i7(3 (Fig. 1) but possibly
involving i6a-hydroxylation of a C21 steroid precursor. It may be
worth noting here that Bolte and co-workers (1964) have already
observed that i6a-hydroxylation of oestradiol-X7(i is not an im¬
portant pathway for oestriol formation in the placenta.
Failure to detect radioactivity in the oestrone may be taken to

indicate the very rapid transformation of this substance to
oestradiol rather than the absence of its synthesis in the testicular
tissue studied.

Adequate comparison of these results with experiments in which
normal human testicular tissue has been used are difficult to make.
Axelrod (1965) has reported an in vitro investigation of steroid
biosynthesis in testes from a young and from an elderly man.
Although [14C]pregnenolone was used as substrate in both cases,
the formation of labelled oestriol was not reported. Tissue from
the older man made oestrone. Possible formation of steroid
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sulphates was not commented on. No evidence of any labelled
oestrogen formation was reported by Dixon, Vincent and Kase
(1965).

CO
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\

V & \
^xS°- \

Fig. 1. The formation of tritium-labelled oestriol
(IV) from pregnenolone (I) by a possible pathway

not involving DHEA (II) or oestradiol (III).

Bolte and co-workers (1964) found that free DHEA is more
readily aromatized in placenta than is DHEA sulphate. A similar
situation occurring in the feminizing testicular tumourmay account
for our failure to find tritium in the oestrone and oestradiol-i7(3.
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The DHEA formed from pregnenolone may be secreted into the
medium as sulphate before aromatization.
Whether oestriol could have accounted for the feminization of

the patient is hard to say. There was no opportunity to study body
fluid steroids in this case. Markedly elevated concentrations of
oestriol and normal amounts of oestrone and ocstradiol-i7[i have
been observed in the urine of other patients with gynaecomastia
investigated in our laboratory. Large amounts of ocstriol were
also observed in the urine of a young girl with precocious puberty
due to an ovarian tumour. After the tumour had been removed,
administered ocstrone resulted in the appearance of a normal
pattern of urinary oestrogens.

THE TESTICULAR FEMINIZATION SYNDROME

A hereditary condition, appearing in individuals with testes and
male karyotype but showing female phenotype, has been described
byMorris (1953). In the "complete" form of the syndrome those
affected frequently appear to be attractive women who may be
married and who complain ofprimary amenorrhoea and sterility.
They usually have well-developed breasts, often with rather
immature nipples (Fig. 2). They lack axillary and pubic hair, may
have underdeveloped labia, a short blind vagina and no cervix or
uterus. Miillerian duct development is absent or rudimentary.
The testes are usually found in the abdomen or in the inguinal canal.
They are, however, usually histologically distinct from un¬
descended testes in males of the same age. Immature seminiferous
tubules, without evidence ofgerm cell maturation, are seen. There
may be considerable focal hyperplasia of Leydig cells, the normal
sites of Leydig cells being frequently occupied by collagenous
material. The incidence ofneoplasia in such testes is reported to be
abnormally high (Morris and Mahesh, 1963).
The investigation of body fluid steroids in individuals with the

testicular feminization syndrome (Table II) has not provided an
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explanation of the female phenotype. Urinary 17-oxosteroid
concentration may be normal or slightly raised compared with that
of females of the same age. The more common urinary oestrogens

Fig. 2. Appearance of 19-year-old indivi¬
dual with the complete form of testicular

feminization.

are present in amounts characteristic ofnormal men. There have
been reports of increased excretion ofurinary pregnanetriol in this
condition (Barber, Proper and Chifelle, 1962). We have observed
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Table II
body fluid steroids and gonadotropins

in testicular feminization

(ti) Urinary steroids
17-Oxosteroids^ DHEAX P'triol§

4 0"<?-/24 ("'.g-/24
Total oestrogens||

(p<?-/24 '»■•)

Patient Pre-op. Post-op. Pre-op. Post-op. Pre-op. Post-op. Pre-op. Post-op
M. H. 5 3 — — — — 4'9 2'0

M. F. I5t 6 1-6 N.D.I! 0-99 o-16 12-7 N.D.
(H%)

11 5 i'3
(9%) N.D. 0-88 — — —

A. L. 9 6 0-5
(5%) 0-05 0-67 0-04 5-6

— 4' 5 — 0-05 0-54 o-ox — —

FSH excretion is normal for females aged 20-30 years.
^Occasionally abnormally high.
^Normally 10 to 15% of total 17-OS, but occasionally high, e.g. 25% (Morris and

Mahesh, 1963) and 22% (French et al., 1965).
§These amounts of pregnanetriol are normal. High amounts have been reported by

Barber, Proper and Chifelle (1962).
||The amounts found are usually low for the luteal phase of the menstrual cycle and like

the amounts found in normal men.
1(N.D.= not detectable.

(6) Plasma steroids
Free

Testosterone
17-OS (ptg./ioo ml.)

Subject Pre-op. Post-op. Pre-op.
0-5

0-37
o-12

2-3

Post-op.
O' 14

0'09
h o-12

DHEA

(Pg-I
100 ml.)
Pre-op.

(Dorfman, Sharma and
Southren, 1965)

— (Deshpande et al., 1965)
2 to 3 (Morris and Mahesh, 1963)

V.P.f 121 53
98-6 ± 47-3

NS 138-9 ± 39-1
G.V.P.§ — —

G.V.P. — —

•(■Venous plasma.
^Normal values.
^Gonadal venous plasma.

(c) Steroid production rates
Testosterone production rate in normal male range (Morris and Mahesh, 1963)

9-6 mg./day in normal male range (Southren, 1965)
DHEA 3-3, 4-5, 4-2 mg./day
DHEA-S 6-o, 4-1, 6-o mg./day

but DHEA-S/DHEA= 2 for normal males, 10 for normal females
(Deshpande et al., 1965)

in normal range
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this ourselves in some but not all patients, and have suggested that
it may be related to an increased production of or failure to
metabolize i7a-hydroxyprogesterone further in the abnormal
testes (Griffiths, Grant and Whyte, 1963). In a detailed study of
plasma androgens and of some androgen production rates,
Deshpande and co-workers (1965) found the testosterone and oes¬
trogen concentrations to be within the normal ranges for males.
The daily production rates ofDHEA and its sulphate were normal.
The total secretion of these two substances is similar in men and
women. The ratio of DHEA-S :DHEA secretion is, however,
considerably higher in women than in men and the three abnormal
individuals studied showed a male rather than a female pattern.
By contrast with these findings, Morris and Mahesh (1963) claim
that in the "complete" form of testicular feminization, "there is an
exceptionally high production of dehydroepiandrosterone sul¬
phate and dehydroepiandrosterone in .which both gonad and
adrenal appear to be involved."

Since these individuals do not menstruate it is difficult to know
whether the comparison should be made with normal men or
normal women.
The abnormal gonads certainly contribute to the plasma and

urinary steroids referred to, since these decrease in amount con¬
siderably on gonadectomy (Table II).
Response to administered gonadotropins has been variable. It is

suggested by David and co-workers (1965) that this may be due
to these "inefficient" gonads functioning maximally or near-
maximally under normal pituitary control.
A remarkable feature of the testicular feminization syndrome,

commented on by many investigators, is the resistance of the
afflicted individuals to the virilizing effect of administered andro¬
gens. We are indebted to ProfessorJ. S. Scott, of the University of
Leeds, for telling us how his patient complained of loss of libido,
lethargy and loss of interest in life after removal of feminizing
testes. Treatment with oestrogens proved ineffective. Methyl
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testosterone, 10 mg. twice daily, sub-lingually, was, however,
remarkably effective and was continued for sixmonthswithout any
evidence ofvirilization.
Since the first in vitro investigation of the steroid biosynthetic

capacity of feminizing testes and of a Sertoli cell tumour of such
gonads by Griffiths, Grant and Whyte (1963), several groups of
investigators have reported on similar experiments. Results are
summarized in Table III. It appears that these gonads do not lack
the ability to produce testosterone. Formation of the common
oestrogens may or may not be observed. The invariable reports
of the presence of urinary oestrogens, decreasing in amount or
disappearing on gonadectomy, suggest, however, that the con¬
ditions ofthe in vitro experimentsmay not always have been suitable
for the observation of oestrogen formation. The notable produc¬
tion of i7<x-hydroxyprogesterone from progesterone and the
apparent failure to metabolize this steroid further, when it was
used as substrate (Griffiths, Grant andWhyte, 1963), was attributed
to the use of an unduly high steroid substrate to tissue ratio in our
experiments (French et a I., 1965). That this is not the case has been
demonstrated by others (Neher ct ai., 1965) and in subsequent
experimen ts ofour own in which similar relatively large accumula¬
tions of i7a-hydroxyprogesteronc have been involved with very
much lower ratios (Griffiths et ai., 1966). The occasional observa¬
tion of increased urinary excretion of pregnanetriol, an extra-
gonadal metabolite of i7a-hydroxyprogesterone, has already been
referred to. The possible in vitro formation of equilenin has been
noted by Sharma, Dorfman and Southren (1965). We have,
however, not been able to confirm this in a careful search among
phenolic products obtained in more recent experiments. We
observed an active formation of i6a-hydroxyprogesterone
(Griffiths, Grant and Whyte, 1963) and this has been confirmed by
others (Sharma, Dorfman and Southren, 1965). Steroid 16a-
hydroxylation has frequently been reported in endocrine tissues.
Dorfman, Sharma and Southren (1965) have suggested that lack of
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Table III
(a) enzyme activities demonstrated in the gonads of individuals with

testicular feminization

3p-hydroxysteroid dehydrogenase-isomerase (DHEA and pregnenolone)
17P-, 20a and 20[3-hydroxysteroid dehydrogenasef

l6a-, 17a-, 19-J steroid hydroxylase
C 17,20-steroid desmolase (lyase)
A ring aromatizing enzymes

tActing in reverse. rfProbable.

(li) PRODUCTS OF ill vitro BIOSYNTHESIS
(figures are percentages of radioactivity incubated)

Substrate incubated \3H]pregnenolone
Products'|"

P4 17P4 D A T E1 + E2
Kase and Morris, 1965 1 • 4 1 4 1 4 o-1

Neher and Kahnt, 1966 —
— 37 1 3 —

(Normal testis — 261 2 -)

Substrate incubated f14C]progcsterone
Products'f

16P4 17P4 17,20P4 A T Ei + E2
Griffiths, Grant and
Whyte, 1963 17 35 14 3 5 —

(Tumour 17 23 18 6 3 —)
Morris and Mahesh, 1963 — 24—7 0-4 o-1

Substrate incubated [liC]androstencdione
Products'f

T 6T 19T 6A 19A Ex EQ e2
Griffiths, Grant and
Whyte, 1963 + + + + +

Sharma, Dorfman and
Southren, 1965 + + + ? +

fAbbreviations:
P4 = progesterone 16P = i6a-hydroxyprogesterone
17P4 = i7a-hydroxyprogesterone !7,2oP4 = 20 reduction product of 17P4
D = DHEA Ej = oestrone
A = androstenedione E2 = oestradiol-i7p
T = testosterone EQ = equilenin

6 & 19A & T = 6&19 hydroxysteroids
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androgenic effects at target tissues, as seen in the testicular feminiza¬
tion syndrome, might be due to the presence oflarge amounts of
an anti-androgenic substance of which i6a-hydroxyprogesterone
might be one. Neher (1963) has drawn attention to the possible
occurrence of another such substance (i,4-diphenylbutane-2,3-
diol), which shows a mild anti-androgenic effect in the chicken
comb test. This has now been shown to inhibit testicular testo¬
sterone secretion in dogs (Eik-Nes, 1967).

THE "INCOMPLETE" TESTICULAR FEMINIZATION SYNDROME

There are forms of testicular dysgenesis other than that which
results in the "complete" syndrome described by Morris (1953).
Swyer (1955) reported a previously undescribed form of male
pseudohermaphroditism involving the presence of pubic hair,
normal vagina and cervix, but poor breast development and
clitoral enlargement. Afflicted individuals, who are tall and eunu¬
choid, but usually phenotypically female (Fig. 3), may be genetic
males (Swyer, 1955), females (Greenblatt, Carmona and Higdon,
1956) or may have abnormal karyotypes such as the 46/XO of
Turner's syndrome (Jones, Ferguson-Smith and Heller, 1963). At
laparotomy streak gonads, not corresponding to any normal stage
ofdevelopment, are found. Testicular and ovarian cells and tissues
may occur in the same gonad, and there is again a high incidence of
neoplasms. The chromosomal analyses suggest that some of these
dysgenetic gonads should have developed into testes. Indeed, some
writers have suggested that such cases represent examples of a
broad spectrum of related intersex disorders. Morris and Mahesh
(1963) have, however, pointed out that while these syndromes are
hereditary, the different conditions represented by Swyer's type of
testicular dysgenesis ("incomplete" testicular feminization) and the
"complete" syndrome do not occur in the same family tree and
should be regarded as separate syndromes.
We have investigated the iti vitro biosynthesis of steroids from a
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tumour of a dysgenetic gonad (Griffiths et al, 1966). The patient
showed features characteristic of the "incomplete" testicular

Fig. 3. Appearance of 18-year-old indivi¬
dual with the incomplete form of testicular
feminization. The karyotype was 46XY.
A tumour of a dysgenetic gonad (testis)

was found.

feminization syndrome and the tumour contained both ovarian
and testicular elements. Minced tissue was incubated in Krebs-

Ringer-bicarbonate-glucose solution with [4-14C]progesterone,
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care being taken to have a low steroid to tissue ratio. The results
are summarized in Table IV. The tissue was relatively inactive

Table IV
radioactivities associated with steroids isolated

from incubations of gonadal tissues from

individuals with "incomplete"
testicular feminization

Steroid product % of added radioactivity
(Progesterone-incubated) Tumourf
i6a-Hydroxyprogesterone 0-78
l7a-Hydroxy progesterone x-95
Androstenedione o-14
Testosterone 0-22

Oestradiol-l7(3 0- 12

(Pregncnolonc-incubated) Testes^ Testes§
Progesterone i-1 —

DHEA 1 -o 9-0
Androstencdione o-1 49-0
Testosterone 1 -o 3-0

fGriffiths et at. (1966). JKase and Morris (1965). §Neher and Kahnt (1966).

but the formation of testosterone and oestradiol-i7(i was demon¬
strated, i6a-hydroxylation was active and, as in a previous
investigation of a "complete" case (Griffiths, Grant and Whyte,
1963), relatively large amounts of i7«-hydroxyprogesterone
accumulated.

IN CONCLUSION

In vivo and in vitro investigations of individualswith "complete"
and "incomplete" forms of the testicular feminization syndrome
show that whereas the steroid biosynthetic activities of the
gonads of such individuals may differ from those observed in
tumours of testes causing feminization in normal males, there is so
far no satisfactory explanation of the testicular feminization
syndrome. The formation of androgen inhibitors, unusual con¬
versions ofandrogens to oestrogens by peripheral tissues, disordered



j. k. grant, k. griffiths and c. g. pierrepoint 294

androgen metabolism or genetically acquired target organ resis¬
tance to androgens have not been ruled out.
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SUMMARY

The metabolism of [7a-3H]pregnenolone and [4-14C]dehydroepiandro-
sterone (DHA) by a Sertoli cell tumour of the testis from a dog with signs
of feminization has been studied in vitro and compared with the metabolism
of the normal canine testis.

The tumour formed oestrone and oestradiol-17/? fromDHA thus providing
direct evidence for the synthesis of oestrogen by this type of neoplasm.
Relative or complete inactivity of several enzyme systems involved in the

synthesis of testosterone was found in the tumour tissue, and the conversion
of either precursor to testosterone was considerably less than in the normal
testis.

Suggestive evidence is presented for the occurrence of steroid-specific
17a-hydroxyla,se and 3/?-hydroxysteroid dehydrogenase-isomerase systems
in canine testicular tissue.
The formation of sulphates of pregnenolone and DHA was shown both in

normal and in neoplastic tissues and, in addition, the tumour either formed
the sulphate of 17a-hydroxypregnenolone or caused the 17a-hydroxylation
of pregnenolone sulphate.

INTRODUCTION

Sertoli cell tumours of the testis in dogs have interested veterinarians and endo¬
crinologists for many years because of the associated high incidence of clinical signs
of hormonal imbalance. Cotchin (1960) and Dow (1962) report the incidence of
Sertoli cell tumours among testicular neoplasms in dogs as 49-4 and 26-3 %. The
frequency of signs of hormonal imbalance reported by the same authors is 28-7 and
16-7 %, respectively.
Affected animals may show enlargement of the teats, flaccidity of the penile sheath

and atrophy of the penis. Attractiveness to other dogs and adoption of the female
posture for micturition are further signs of hormonal dysfunction. Widespread
* Present address: Tenovus Institute for Cancer Research, Ysgol Feddygol Cymru, The Heath, Cardiff.
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bilateral alopecia, which may also be produced by oestrogen administration, may or
may not be associated with these signs of feminization (for review see Jabara, 1962).
Huggins & Moulder (1945) extracted 70 fig. of an oestrogenic substance from 1 kg.
tumour tissue, and Brodey & Martin (1958) obtained evidence, by bioassay, for the
presence of oestrogenic material in the urine of dogs affected by this neoplasm.
The present report describes investigations in vitro of steroid biosynthesis by a

Sertoli cell tumour from a dog showing signs of feminization and alopecia and bynormal
canine testicular tissue.

MATERIALS AND METHODS

Clinical data

An ll-yr.-old West Highland White terrier was submitted for veterinary advice
because of widespread bilateral alopecia. Clinical examination showed enlargement
of the nipples and a large swelling in the scrotum. The owner reported an abnormal
attractiveness of the animal to other dogs and its tendency to squat to micturate
rather than adoption of the usual three-legged stance of the male. A tumour (38-5 g.)
involving the whole of the left testis was excised under general anaesthesia and trans¬
ferred to the laboratory in crushed ice.
The normal testis was taken from the scrotum of a dog being destroyed after a

road accident.
Histological description

Most of the tumour was composed of columns and sheets of cells dispersed in an
abundant fibro-cellular stroma (Plate). In some places, however, there were dis¬
torted tubular structures which were lined by tumour cells, and the lumen contained
a mixture of tumour cells and vacuolated cell debris. The neoplastic cells had oval
reticulated, pale nuclei similar to those of Sertoli cells. In general, their cytoplasm
was extremely vacuolated, and the presence of large vacuoles often displaced the
nucleus of the cell and distorted its appearance. The mitotic rate was low. The dense
fibrous stroma, the nuclear morphology, especially in cells which were not extremely
vacuolated, and the crude tubule structures suggested that this was a Sertoli cell
tumour.

Preparation of tissues and conditions of incubation
Both tissues were treated similarly. They were chopped by hand with a safety

razor blade, and the minced tissue (2 g. in each case) suspended in 24 ml. Krebs-
Ringer bicarbonate glucose solution and incubatedwith 59 m/unoles each of [7a-3H]3/?-
hydroxypregn-5-en-20-one (pregnenolone, 254 /fc/ymole) and [4-14C]3/?-hydroxy-
androst-5-en-17-one (DHA, 34 /ic/ymole) for 2-5 hr. at 37° in an atmosphere of
02:C02 (95:5). The steroids were dried in the incubation flasks from solutions in
ethanol containing a drop of propylene glycol before tissue and Krebs-Ringer solution
were added.

Extraction and fractionation of steroids
After i ucubation, acetone was added together with 300 fig. of each of the following

carrier steroids; pregnenolone, 17a-hydroxypregnenolone, progesterone, 17a-hydroxy-
progesterone, DHA, androst-5-ene-3/?,17/?-diol (androstenediol), androst-4-ene-3,17-
dione (androstenedione), testosterone, oestrone, oestradiol-17/?, oestriol and the
3/?-sulphoxy derivatives of pregnenolone, 17a-hydroxypregnenolone and DHA.



Steroid metabolism by normal and neoplastic testes 63
The steroids were extracted by homogenizing the mixtures with 3 x 100 ml. acetone

and with 100 ml. ether: ethanol (3:1, v/v) in a Silverson Mixer (Silverson Machines
Ltd., London), and filtering.
The pooled filtrates were taken to dryness under reduced pressure and the residues

partitioned between 50 ml. each of 70% aqueous methanol and light petroleum
(b.p. 60-80°). The aqueous methanolic fractions were evaporated under reduced
pressure to remove methanol, and the steroids were extracted with 3 x 30 ml. ether.
Neutral and phenolic fractions were obtained by partitioning the dried ether extract
between 20 ml. x-NaOH and 2 x 20 ml. toluene. The soda phase was adjusted to pH 8
and the phenolic steroids were extracted with 3 x 30 ml. ether.
Conjugated steroids were obtained, by the method of Edwards, Kellie & Wade

(1953) from the aqueous residue after extraction of neutral and phenolic steroids.

Identification and quantitative measurement of steroids
The identity, radiochemical purity and quantitative measurement of steroids were

established by preparation of derivatives and purification by thin-layer chromato¬
graphy to constant specific activity. Plates coated with Merck silica gel HF254/366 or
Ecteola (Macherey, Nagel & Co., Diiren, Germany) were prepared as described by
Pierrepoint (1967). Ecteola-coated plates were used for separation of steroid sulphates.
The solvent systems used are described in Table 1. The A4-3-oxo-steroids were
visualized on thin-layer plates in light at 254 my and the A5-3/?-hydroxy and phenolic
steroids in light at 350 m/t using a Universal U.V. Lamp (Camag, Muttenz, Switzer¬
land). The location of steroid sulphates has been described elsewhere (Pierrepoint,
1967).

Table 1. Solvent systems used in the chromatographic separation
of steroids investigated

I. Chloroform:acetone (185:15, v/v).
II. Benzene:ethyl acetate (120:80, v/v).
III. Chloroform:ethanol (190:10, v/v).
IV. Benzene:hexane:ethanol (140:50:10, by vol.).
V. 4 M Urea in 3 n-NH4OH.
VI. Benzene:methanol (10:1, v/v).
VII. Cyclohexane:ethyl acetate (1:1, v/v).
VIII. Tertiary butanol:ethyl acetate: 5 n-NH4OH (41:50:20, by vol.).
IX. Cyclohexane:ethyl acetate (140:60, v/v).
X. Cyclohexane:ethyl acetate (150:50, v/v).
XI. Cyclohexane:ethyl acetate:ethanol (45:45:10, by vol.).
XII. Benzene:ethyl acetate (180:20, v/v).

The chromatographic material containing the steroids was scraped into a test-tube
and eluted by adding either 4 ml. ethyl acetate for neutral and sulphated steroids or
4 ml. ether for phenolic steroids. After mixing thoroughly in aWhirlimixer (Scientific
Industries Internat. Inc., U.K., Ltd.), 2 ml. water were added in the case of free
steroids and 2 ml. saturated NaCl solution in the case of steroid sulphates; the
mixtures were shaken vigorously and centrifuged. The upper solvent layers were
removed and the lower aqueous layer re-extracted. The extracts were pooled and
dried.
Procedures for the acetylation, saponification, reduction and oxidation of steroids
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have been described elsewhere (Griffiths, Grant & Whyte, 1963). Oestrogen methyl
ethers were prepared by the method of Brown (1955). Steroid sulphates were solvo-
lysed as described by Pierrepoint, Griffiths, Grant & Stewart (1966).
The A4-3-oxo-steroids were measured by using their selective absorption of light

at 240 m//,. The A5-3/?-hydroxysteroids, phenolic and sulphated steroids were measured
and radioactivity counted as described by Pierrepoint et al. (1966).

Investigation of the fraction containing neutral steroids
The fraction containing the neutral steroids was chromatographed on silica gel in

System I. The steroids were eluted from the silica gel scraped off the plate in five
regions containing the carrier steroids described.
Region 1. The progesterone present was subjected to an acetylation reaction and

re-run in System I before determination of its specific activity. Furthermeasurements
of specific activity were made after reduction and after acetylation of the reduced
product.
Region 2. The androstenedione present was subjected to an acetylation reaction

and was re-run in System I before measurement of specific activity. Reduction to
testosterone and acetylation of this product provided derivatives, which, after purifi¬
cation, were used for further specific activity measurements.
Region 3. Pregnenolone and DHA were eluted together and resolved by 'double-

running' in the same system. Acetylation of each steroid, chromatography in System
XII, saponification and further chromatography in System I, achieved good purifica¬
tion. Reduced and acetylated products were also prepared and measured.
Region 4. Testosterone and 17a-hydroxyprogesterone were eluted together and

resolved in System II. Each steroid was then subjected to an acetylation reaction.
Testosterone acetate was chromatographed in System I and the unaltered 17a-
hydroxyprogesterone in System II. Testosterone acetatewas saponified and chromato¬
graphed in System I before measuring its specific activity. Re-acetylation and
oxidation provided derivatives for further specific activity measurement. The 17a-
hydroxyprogesterone was reduced and then acetylated.
Region 5. Androstenediol and 17a-hydroxypregnenolone were resolved in System

III before acetylating and running in System VI. Each steroid was then saponified
and purified by chromatography in System III before determination of specific
activity. Re-acetylation of both steroids and chromatography in System VI yielded
further specific activities.

Investigation of the fraction containing phenolic steroids
The fraction containing phenolic steroids was chromatographed in System VII.

After elution, oestrone and oestradiol-17/? were acetylated and run separately in
Systems IX and X respectively. Oestriol was re-run in System XI before acetylation
and chromatography in System XII. Saponification and rechromatography were
performed before specific activity determination and formation of derivatives.
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Investigation of the fraction containing conjugated steroids
The procedures adopted for the separation of conjugated steroids have been

described previously (Pierrepoint, 1967). In brief, the conjugate fraction is chromato-
graphed initially on silica gel-coated plates in System VIII in which the steroid
sulphates move together as a band (IiF 0-32) and the free steroids travel with the
solvent front. Pregnenolone sulphate is isolated using Ecteola-coated plates in the
same system while DHA sulphate is resolved from 17a-hydroxypregnenolone sulphate
on Ecteola in System V. Specific activities of the separated steroid sulphates were
measured. Eree steroids obtained by solvolysis were examined for identity and radio¬
chemical purity as above.

RESULTS

The radioactivities in the various fractions of the products of incubations and
associated with individual steroids are shown in Table 2. Evidence for radiochemical

purity and identity of steroids is given in Table 3.

Table 2. Amounts of radioactive precursors remaining and products formed
in the incubation {disintegrationsjmin. x 10~3)

(Percentages of the radioactivity initially present are shown in parentheses.)
Sertoli cell tumour Normal testis

3H "C aH «C

Neutral steroid fraction 32,090 (83-9) 5,182 (84-3) 35,142 (91-9) 3,976-5 (64-7)
Pregnenolone 32,827 (85-8) 0 11,797 (30-9) 0
17a-OH pregnenolone 484-3 (1-27) 0 1,966-1 (5-14) 0

Progesterone 643 (1-68) 0 218-5 (0-57) 0
17a-OH progesterone 0 0 435-3 (1-14) 0
DHA 0 2,595-8 (42-2) 382 (1-00) 2,163-2 (35-2)
Androstenediol 398-3 (1-04) 82-8 (1-34) 3,589-7 (9-39) 1,178-3 (19-2)
Androstenedione 0 2,345-4 (38-2) 889-7 (2-33) 345-4 (5-62)
Testosterone 18 (0-05) 373 (6-06) 3,595-6 (9-40) 1,613-1 (26-2)

Phenolic steroid fraction 898-7 (2-35) 200-2 (3-26) 841-8 (2-20) 100-2 (1-63)
Oestrone 0 18-5 (0-30) 0 0-4 (<0-01)
Oestradiol-17/? 0 10-2 (0-17) 0-45 (< 0-01) 0-4 (< 0-01)
Oestriol 0 0 0 0

Conjugated steroid fraction 629-2 (1-65) 62 (1-01) 1,029-3 (2-69) 58-5 (0-95)
Pregnenolone sulphate 274-5 (0-72) 0 30-3 (0-08) 0
17a-OH pregnenolone 5-9 (0-02) 0 0 0

sulphate
DHA sulphate 7-8 (0-02) 11-3 (0-18) 5-9 (0-02) 8-1 (0-13)

Oxidation ofandrostenediol byKiliani's reagent results in the formation of androst-
4-ene-3,6,17-trione (6-oxo-androstenedione). During this procedure, 7a-tritium is lost,
presumably by enolization at the 6,7 position. Hence, this procedure for the prepara¬
tion of derivatives was not employed in the investigation of tritiated androstenediol.
It is noteworthy that during the measurement of specific activities of derivatives

of oestradiol-17/? the tritium content remained constant during oxidation, acetylation
and chromatography, but eventually disappeared after methylation and subsequent
chromatography. It is therefore assumed for the present, from these experimental
results, that this radioactivity is not associated with the oestradiol-17/?; there was

5 Endoc. 38, 1
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Table 3. Evidence for the identification of steroids isolated from incubated tissues
Specific activities (disintegrations/min./

m/tmole)
Sertoli cell tumour Normal testis

Material investigated and
chemical reaction

Neutral steroids

(1) Like pregnenolone

Chromatographic mobility
identical with that of:

Solvent

system 3H 14C 3H 14C

— Pregnenolone I 34,100 0 12,600 0

Acetylation Pregnenolone acetate XII 33,100 0 12,800 0
Reduction Preg-5-ene-3/?,20/?-diol I 36,500 0 11,900 0

(2) Like 17a-OH pregnenolone
— 17a-OH pregnenolone III 510 0 2,130 0

Acetylation 17a-OH pregnenolone acetate VI 560 0 2,220 0

(3) Like progesterone
— Progesterone I 690 0 220 0
Reduction 20/7-OH preg-4-en-3-one I 680 0 230 0
Acetylation 20/?-Acetoxypregn-4-en-3-one I 650 0 230 0

(4) Like 17a-OH progesterone
— 17a-OH Progesterone II 0 0 460 0
Reduction 17a,20/?-Dihydroxypregn-4- III 0 0 500 0

en-3-one
Acetylation 17a-Hydroxy-20/?-acetoxy- IV 0 0 490 0

pregn-4-en-3-one
(5) Like DHA

— DHA I 0 2,510 365 2,127
Acetylation DHA acetate XII 0 2,510 386 2,018
Reduction Androstenediol III 0 2,460 349 2,085

(6) Like androstenediol
— Androstenediol III 410 77-2 3,530 1,162
Acetylation Androstenediol diacetate VI 360 81-2 3,410 1,116
Oxidation 6-Oxo-androstenedione I * 80-8 * *

(7) Like androstenedione
— Androstenedione I 0 2,160 864 323
Reduction Testosterone I 0 2,200 866 336

Acetylation Testosterone acetate I 0 2,350 815 328

(8) Like testosterone
— Testosterone I 17-7 370 3,502 1,541
Oxidation Androstenedione I 18-0 350 3,551 1,602
Acetylation Testosterone acetate I 16-1 360 3,303 1,503

Phenolic steroids

(1) Like oestrone
— Oestrone VII 0-24 16-24 0 0-21
Methylation Oestrone-3-methyl ether IX 0-67 17-12 0 0-43

Acetylation Oestrone acetate IX * * 0 0-39

(2) Like oestradiol-17/?
— Oestradiol-17/? VII t 9-62 7-81 0-27
Oxidation Oestrone VII t 8-46 7-07 0-34
Acetylation Oestradiol-17/? diacetate X * * 7-38 0-50

Methylation Oestradiol-17/?-3-methyl ether XI 0 9-60 0-41 0-24

(3) Like oestriol
— Oestriol XI 0 0 0 0

Steroid sulphates
(1) Like pregnenolone sulphate

— Pregnenolone sulphate VIII * * 43-00 0

Solvolysis Pregnenolone I 379 0 * *

Acetylation Pregnenolone acetate XII 386 0 41-50 0

(2) Like 17a-OH pregnenolone sulphate
— 17a-OH pregnenolone sulphate * * * *

Solvolysis 17a-OH pregnenolone III 8-08 0 * *

Acetylation 17a-OH pregnenolone acetate IV 8-98 0 0 0

(3) Like DHA sulphate
— DHA sulphate V t t 7-93 10-98
Solvolysis DHA I 9-45 15-06 t 9-89

Acetylation DHA acetate XII 11-39 14-80 7-32 10-52
Reduction Androstenediol III 9-65 14-38 * *

* Not measured,
t Unsatisfactory result.
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insufficient material to investigate the loss of radioactivity at the methylation stage.
The results for tritium-labelled oestradiol-17/? have, however, been included in Table 3
of the results for the normal testis.

Very little oestrone and oestradiol-17/? was formed from [14C]DHA by the normal
canine testis. The conversions are regarded as less than 0-01 %. With the tumour
tissue however, 0-30% of the 14C activity incubated was found in oestrone and 0-17%
in oestradiol-17/?. No evidence was obtained for the formation of radioactive oestriol.
The 3/?-sulphoxy derivatives of pregnenolone and DHA were formed in both tissues

and that of 17a-hydroxypregnenolone only by the tumour tissue.

DISCUSSION

The Sertoli cell tumour of the canine testis is often associated with feminization
and alopecia which have been attributed to an increased secretion of oestrogens by
the tumour (Mulligan, 1944; Huggins & Moulder, 1945; Coffin, Munson & Scully,
1952; Coffin & Munson, 1953; Brodey & Martin, 1958). Steroid biosynthesis by such
a tumour in vitro has hitherto not been described and the results reported here provide
interesting information on the steroidogenic ability of this tissue when compared with
normal testicular tissue from another adult dog.

n l

Pregnenolone sulphate *= , Pregnenolone * Progesterone

|12 |5 I2
15 8

17a-Hydroxypregnenolone sulphate 7 17a-Hydroxypregnenolone > 17a-Hydroxyprogesterone

! 13 ! 6 I 3
I 16 4- 9 i

DHA sulphate ' , DHA »■ Androstenedione
11

17 [I 10
Androstenediol-3-sulphate ' - , Androstenediol > Testosterone

Text-fig. 1. Possible pathways for steroid biosynthesis in the dog testis.

Direct evidence is provided for the ability of this type of neoplasm to form oestrone
and oestradiol-17/?. A far greater conversion ofDHA to either steroid was noted in the
tumour than in the normal testis. Neither the tumour nor the normal testis formed
oestriol. In a similar investigation of a feminizing Leydig cell tumour from a man,
oestriol was formed from pregnenolone (Pierrepoint et at. 1966).
The diagram, (Text-fig. 1) shows that there are at least seventeen possible reactions

in the numerous pathways involved in transforming pregnenolone to testosterone.
Although progesterone and 17a-hydroxypregnenolone were formed by the tumour
by reactions (1) and (5) respectively, no tritiated 17a-hydroxyprogesterone was found.
This result would indicate a decrease in the amount of or an impairment of the activity
of progesterone-17a-hydroxylase (reaction 2) and of 17a-hydroxypregnenolone 3/?-
hydroxydehydrogenase-isomerase (reaction 8). The formation of only a trace of one
of the probable metabolites (testosterone) of 17a-hydroxyprogesterone indicates
defective formation rather than rapid utilization of the latter steroid. The fact that
it was possible to demonstrate 17a-hydroxylation of pregnenolone in the same experi¬
ment (reaction 5) provides some evidence to support the view that steroid-specific
17a-hydroxylases occur in testicular tissue. A similar observation has been made in

5-2
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ovarian tissue (Griffiths, Grant, Browning, Cunningham & Barr, 1966). While the
17a-hydroxypregnenolone-3/?-hydroxydehydrogenase-isomerase (reaction 8) was im¬
paired or absent the results from the carbon-labelled steroids show that DHA-3/?-
hydroxydehydrogenase-isomerase (reaction 9) was active in the neoplasm. This
provides evidence for the occurrence of specific 3/?-hydroxysteroid dehydrogenases in
the testis. Such specific enzymes have already been shown to occur in adrenal tissue
(Weliky & Engel, 1963).
DHA is metabolized in similar quantities by normal (65%) and neoplastic tissue

(58%). There are, however, interesting qualitative differences. In the normal testis
androstenediol (19%) and testosterone (26%) are the main metabolites, whereas in
the tumour, androstenedione (38%) predominates and much less testosterone
(6%) is formed. This points to an impairment in hydrogenation of the 17-oxo
group (reaction 4) which might be due to decreased enzyme synthesis or activity.
The ability of the tumour tissue to metabolize pregnenolone (14%) is very much less
than that of the normal testis (69%). Samuels, Short & Huseby (1964) have reported
inhibition of testicular steroid 17a-hydroxylase and 17/?-desmolase in mice treated
with oestrogen. It has to be considered whether the oestrogen produced by the tumour
described here could have influenced dehydrogenase and desmolase activities in this
tissue.
The decreased 17a-hydroxylation of both pregnenolone (reaction 5) and pro¬

gesterone (reaction 2) in the tumour may well have resulted from the anoxia in the
tumour tissue related to its size, fibrosity and rate of growth. It is well known that
steroid hydroxylation requires molecular oxygen, and Nakano (1966) has produced
evidence for the requirement of molecular oxygen for the conversion of 17a-hydroxy-
progesterone to androstenedione (reaction 3). It is interesting to speculate on the
possibility that oxygen lack may impair the activity or amount of these biosynthetic
enzymes in vivo, and that this effect persists in vitro.
It is assumed that the results provided by this investigation in vitro of a representa¬

tive portion of this neoplasm indicate the steroid biosynthetic activity of the tumour
as a whole. It cannot, however, be categorically stated that the biosynthetic activities
demonstrated are wholly or in part, exerted by the Sertoli cells. Although histological
examination showed no interstitial cells of Leydig, it cannot be excluded that there
were pockets of these cells in the tumour mass and that the activity of these cells
contributed to the biosynthetic pattern observed. The fact that this pattern differs
from that observed in the normal testis (normal Leydig cell pattern) might be due to
the abnormal Leydig cell environment provided by the neoplastic Sertoli cells. Con¬
versely, if there were no Leydig cells in the tumour, the pattern demonstrated must
be attributed to the neoplastic Sertoli cells.

The authors are grateful to the British Empire Cancer Campaign for generous
financial support, and to Dr C. L. Hewett and Dr G. F. Woods, Organon Laboratories
Ltd., for the steroid sulphates. Their thanks are due to the staff of the Veterinary
School, University of Glasgow (Dr Hugh Pirie for the histological description of the
tumour, Mr A. Finnie for the photograph, and the members of the Department of
Surgery for the help and facilities they provided), and also to Miss D. G. Campbell,
M.R.C.V.S. for bringing the patient to their notice.
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DESCRIPTION OF PLATE

Section of Sertoli cell tumour of canine testis. Haematoxylin and eosin. ( x 350.)
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INHIBITION OF THE AROMATIZING ACTIVITY
■ A OF HUMAN PLACENTA BY SU 4885

C. GILES and K. GRIFFITHS

Department of Steroid Biochemistry, Royal Infirmary, Glasgow, C. 4

(Received 28 October 1963)
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iJ :; -.. It has been shown recently (Griffiths, 1963) that administration of 2-methyl-l:
2-bis-(3-pyridyl)-l-propanone (SU4885) to golden hamsters decreases the steroid

w(.,v ' 19-hydroxylase' activity of the adrenal gland as well as that of the 'll/?-hydro-
pt xylase' on which SU4885 was considered to have a specific inhibitory action (Liddle,

Island, Lance & Harris, 1958). SU4885 has also been shown by Kahnt & Neher
(1962) to inhibit 19-hydroxylation in beef adrenal cortex homogenates. Since hydro-
xylation of the angular C-19 methyl group appears to be an essential stage in the
biosynthesis of oestrogens (Meyer, 1955; Ryan, 1959; Longchampt, Gual, Elirenstein

■■ i,,; & Dorfman, 1960), it was decided to ascertain whether SU4885 has any effect on the
V i ; steroid aromatizing enzyme system of human placental tissue.

Fresh placentae were dissected free of foetal membranes and processed at 4°.
1 Saline-washed tissue was minced, and 200 g. were homogenized in 65 ml. buffer
containing 0-05M-phosphate, (pH 7), 0-25M-sucrose and 0-04M-nicotinamide (Ryan,
1959) in a MSE-Atomix for 60 sec. and then for another 60 sec. in a Silverson disin¬
tegrator using the finest sieve. Portions (5-0 ml.) of supernatant, free of mito¬
chondria, obtained by centrifugation for 10 min. at 8700g, were incubated with 20
/onoles glucose-6-phosphate (G6P), 1-0 /tmole NADP, 1-0 K unit G6P-dehydro-
genase (Sigma) and 0-69 /miole testosterone for 60 min. at 37°. SU4885 was added to
some of the samples (Table 1). Samples incubated without added testosterone were
used as blanks, others to which oestrone and oestradiol-17/? were added at the end of
the incubation were used as extraction controls. All incubations were done in dupli¬
cate. Steroids were extracted from the incubation mixtures and partitioned between
\90% methanol and light petroleum according to Griffiths, Grant & Whyte (1963).
Oestrogens were removed from the dried methanol fraction as described by Ryan
(1959), and, as methyl ethers, were separated on alumina columns and measured by

y the Kober reaction (Brown, 1955); 75-80% of the oestrone and oestradiol-17/? were
%% /•, recovered from the extraction control incubations.

Two separate control incubations (Expt. 3) were conducted with 2/ic [4-14C]testo-
sterone (3-08 /tc/^mole) and were used for the identification of the oestrogen formed.
Radioactivity was measured by liquid scintillation counting and on paper chromato-
grams with a strip counter. Two peaks of radioactivity, partially separated and corre¬
sponding in mobility to testosterone and oestrone, were found by paper chromato¬
graphy of part of the phenolic fraction in the solvent system formamide-chloroform:
benzene (1:1, v/v). Re-running in the propylene glycol-toluene system resolved the
substances, and the eluted ' oestrone-like' material was isolated. The specific activity
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of this material did not change on methylation, nor on reduction and methylation,
and was the same as that of the oestrone-methyl ether fraction obtained by direct
methylation of the phenolic fraction. Oestrogens eluted from paper were measured by
the Kober reaction for determination of specific activities.

Tablet. Aromatization of testosterone
m/unoles oestrone formed from 690 m//moles 1 ,

Amounts of testosterone/60 min. incubation j
SU 4885 added , '

(//moles) Expt. 1 Expt. 2 Expt. 3
None 57 • 153 324 ;
0-44 55 139 —

4-42 28 83 161
22-10 18 89 —

Table 1 shows that 4-42 //moles SU4885 inhibited oestrone production from testo¬
sterone by the placental preparations. The concentration of oestradiol-17/? methyl .

ether formed was approximately 2-3% of that of the oestrone-methyl ether. There - fi
was a wide variation in the aromatizing activity of placental preparations, but a 50% ■'
decrease in activity was consistently obtained with 4-42 pinoles SU4885 over the A
range of activity found; 0-44 //mole SU4885 had little effect, and 22-10 //moles had an
effect similar to that produced by 4-42 //moles.
The results presented provide no information regarding the point at which oestrogen

formation from testosterone is inhibited. It seems reasonable, however, to assume ;

that inhibition of 19-hydroxylation is involved.
-

. j
The authors are grateful to Dr J. K. Grant, Department of Steroid Biochemistry, )

University of Glasgow, for his interest in this work. We are also indebted to the i
nursing staff of the Eastern District Hospital, Glasgow, for their co-operation in >
providing placentae and to Dr C. D. Falconer, Ciba Limited for generous supplies of i
SU 4885. K. G. is grateful to the Board of Management of the Boyal Infirmary,
Glasgow, for the McGhie Cancer Research Fellowship.
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CONTROLLED TRIAL OF BROMOCRIPTINE,
QUINCESTROL, AND PLACEBO IN

SUPPRESSION OF PUERPERAL LACTATION

Sheila Walker Bryan M. Hibdard
Graham Groom Keith Griffiths

Robert Harvard Davis

Department of Obstetrics and Gynacology, Tenovus Institute,
and General Practice Unit, Welsh National School of

Medicine, Heath Park, Cardiff

Summary 2-bromo-a-ergocryptine (bromocriptine)
in a dosage of 2-5 mg tvvice daily caused

a rapid fall in plasma prolactin. It was more effective
than either a single dose of 4 mg quinoestrol or a pla¬
cebo in suppressing puerperal lactation, as judged by
milk flow and the relief of breast pain and congestion.
Patients who received quinoestrol were more comfortable
than those who received placebo.

Introduction

For many years cestrogens have been the most
favoured treatment for suppression of puerperal lac¬
tation. Mechanical compression of the breasts, restric¬
tion of fluid intake, and diuretics are also commonly
used, sometimes as an adjunct to oestrogen therapy. The
main disadvantages of oestrogen therapy are that it must
be started immediately after delivery, and that it fails in
10-20% of patients.1 Breast congestion and discomfort
may appear at the end of the first week post partum, lac¬
tation often returns during the second week, and the
risk of thromboembolic complications during the puer-
perium is increased.2 3
Other methods, often referred to as "natural suppres¬

sion", are regarded by some as being adequate and effec¬
tive, although this view is not generally held. The
divergence of opinions perhaps reflects the degree of
maternal stoicism and lack of objectivity in assessment.
2-bromo-x-ergocryptine (bromocriptine) inhibits pro¬

lactin production and dependent mechanisms,4 3 sup¬
presses puerperal lactation in the human,6 7 and sup¬
presses non-puerperal galactorrhoea.®
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We have compared the value of bromocriptine with
an oestrogen (quinoestrol) and placebo for the suppres¬
sion of puerperal lactation.

Patients and Methods

87 patients who were delivered vaginally and who did not
wish to breast feed were admitted to the trial. Patients who
had general anaesthesia or were receiving concomitant therapy
which might influence the results (e.g., diuretics, corticos¬
teroids, phenothiazincs) were excluded. 8 patients delivered by
catsarean section who took bromocriptine from the third post¬
operative day were also studied.

Treatment
The 87 patients were randomly allocated to one of three

therapeutic schedules. Immediately after delivery the patient
was given the contents of a numbered envelope which con¬
tained bromocriptine 2-5 mg, quinoestrol 4 mg, or placebo.
Thereafter she was given a similarly numbered container with
sufficient bromocriptine or placebo capsules for a 14-day
course. The capsules were identical in appearance. Neither the
patients nor the staff conducting the trial were aware of the
nature of the treatment in individual cases. The schedules
were:

Group 1.—Bromocriptine 2-5 mg twice daily (32 patients).
Group 2.—Quinoestrol 4 mg immediately after delivery, fol¬

lowed by placebo twice daily (28 patients).
Group J.—Placebo twice daily (27 patients).

Laboratory Investigations
Plasma-prolactin levels were estimated for 34 patients on

peripheral venous blood taken immediately before the onset of
labour, within 4—6 h of delivery, and usually on post-partum
days 1, 2, 4, 7, 14, and 21. Blood-samples were collected in
'Sequestrenc' tubes, cooled, and centrifuged within 2 h of sam¬
pling. Plasma was stored at —20°C until assay.
Prolactin was measured by a modification of the specific

double-antibody radioimmunoassay technique developed in
our laboratories.' In this method the antiserum exhibits no

cross-reactivity with the other pituitary hormones, nor with
human chorionic gonadotrophin or human chorionic somato-
mammotrophin. Results were expressed in terms of M.R.C.
research standard A for human prolactin 71/222 (nominal
potency 10 milliunits prolactin/ampoule).

Clinical Assessment
The patient's assessment of her breast discomfort, conges¬

tion, and milk leakage were scored by her on linear analogue
scales. This is an effective and reproducible method of assess¬
ment of symptoms.10 " 10 cm scales were used, and the pa¬
tient indicated her assessment by a mark at the appropriate
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point on the scale. This was subsequently measured and mean
ratings for each factor in each therapy group were expressed
as percentages. After discharge, patients were visited at home
by the same nursing sister, who examined the breasts, collected
their linear analogue charts, and obtained blood-samples. The
sister also asked if the patient had had any side-effects and
recorded any other drugs taken by the patient. No attempt was
made to restrict use of analgesics if the patient felt the need
for them.

* placebo
o— -o quinoestrol
•—"• bromocriptine

late suppression with
bromocriptine

e

<

<
£
to
<
El

2 3 4 5 6 7 14 21

DAYS POST PARTUM

Fig. 1—Mean plasma-prolactin levels In patients receiving bromocriptine,
qulncestrol, und placebo.

Results
Prolactin Assays
The mean values for prolactin assays are shown in fig.

1 and in the table. Initial plasma-prolactin levels were
similar in all groups of patients, but the subsequent fall
was significantly greater after bromocriptine, with mean



PLASMA-PROLACTIN
LKVH.S
(mU/ml)

Pays
post

partum

Treatment

0

4-6
h

1

2

4

7

14

21

BromocriptineNo.

12

12

12

12

12

12

11

7

Mean

4-93

2-17

1-57

0-58

0-29

0-26

0-37

0-73

S.E.M.

0-602

0-535

0-60

0-09

0-04

006

0-12

0-07

Range

0-66-6-9

0-37-5-9

0-20-5-8

0-20-1-36
0-11-0-70
0-13-0-90
0-05-1-18
0

45-1-10

QuimvstrolNo.

11

11

11

11

11

11

11

8

Mean

5-50

4-80

4-20

3-45

2-59

1-77

0-75

0-55

S.E.M.

0-46

0-36

0-37

0-43

0-42

0-35

0-07

0-06

Range

3-50-7-70
2-40-6-20

2-20^-6-50
0-99-6-20

0-80-5-50

0-86-4-90
0-30-1-10
0-32-0-74

PlaceboNo.

11

11

11

11

11

10

10

4

Mean

5-31

5-03

4-14

2-24

1-05

0-73

0-48

0-40

S.E.M.

0-45

0-41

0-39

0-44

0-07

0-13

0-07

0-20

Range

3-70-6-20
2-60-7-40
1

52-5-70

0-20-3-9

0-69-1-49
0-13-1-33
0-07-0-79
0-18—1
01

TestsBromocriptine
v.

quimestroi

N.S.

p<0-001

p<0-001

p<0-001

P<0p0O1

p<0-001

p<0-05

N.S.

Bromocriptine
v.

placebo

N.S.

p<0
001

p<005

p<0
05

P<0
001

p<0-05

N.S.

N.S.

Quimestroi
v.

placebo

N.S.

N.S.

N.S.

p<0-05
.

p<0-05

p<0-01

p<0-05

N.S.
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levels of 0-58 mU/ml on day 2 and 0-29 mU/ml on day
4. All patients in the bromocriptine group showed a
rebound rise at day 21, 7 days after discontinuing treat¬
ment. Prolactin levels from day 2 in patients receiving
placebo were significantly lower than in those who
received quinoestrol.
The 8 patients who started on bromocriptine on the

3rd post-partum day had a mean plasma-prolactin level
of T09 mU/ml at the start of treatment, a value close
to that found in the placebo group at the same stage post
partum. By the 7th post-partum day (4th day of treat¬
ment), the mean level was 0>26 mU/ml, the same value
as in the patients who started bromocriptine at the time
of delivery.

Clinical Observations
All groups of patients had a little milk leakage but in

no patient was leakage sufficient of a problem to
necessitate further treatment.

3 patients had breast congestion and pain which was
severe enough by the 4th or 5th day post partum that
they had to be withdrawn from the trial. 2 patients were
receiving placebo and 1 was on quinocstrol. Simple anal¬
gesics were required by 5 patients during the treatment
period. 4 had received placebo and 1 had quinoestrol.
Breast discomfort and engorgement 4—5 days after stop¬
ping the capsules occurred in 4 patients, of whom 3 had
received bromocriptine and 1 quinoestrol.
The mean linear analogue ratings are shown in figs.

2-4.
Milk leakage (fig. 2) was greatest in patients receiving

placebo. In patients who had a single dose of quinoestrol
leakage was nearly as great on day 7 but there was'more
rapid diminution thereafter. Milk leakage in the bro¬
mocriptine group was relatively slight throughout the
study period. Analysis by Student's t lest showed that
milk leakage was significantly greater with placebo than
with bromocriptine on days 4 and 7.

Breast congestion and discomfort (figs. 3 and 4) were
much greater in patients who received placebo, reaching
a peak on the 4th day. Patients who received quinoestrol
also had moderate congestion and discomfort, maximal
on the 7th day. Congestion and discomfort were not
serious in patients who received bromocriptine, but in
some cases there was slight "rebound" on day 21,3 pa¬
tients requiring analesics.
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Statistical analysis showed that bromocriptine was
superior to quinccstrol (days 4 and 7) and placebo (days
2, 4, and 7) in the relief of breast congestion. It was also
superior to quincestrol (day 7) and placebo (days 2, 4,
and 7) in the relief of discomfort. These svere the periods
at which maximal discomfort and congestion were ex¬
perienced by the patients who received quinastrol or

Days post partum

Fig. 2—Mean linear analogue ratings for milk leakage on post-partum
days 1, 2, 4, 7, 14, and 21 in patients receiving bromocriptine (n -- 32),
quinurstrol (n — 28), and placebo (n = 27).
The only significant differences arc for bromocriptine t>. placebo on
days 4 (p<0-05) and 7(p<0-01).

placebo. Significantly less discomfort and congestion
occurred on days 2 and 4 in patients who received
quinoestrol rather than placebo. On days 14 and 21,
although discomfort after bromocriptine was statisti¬
cally significantly greater than after quinccstrol, symp¬
toms were not severe in any case.

When bromocriptine was administered to 8 patients 3
days after cesarean section and also to 2 patients in
whom placebo had proved unacceptable, breast discom¬
fort and congestion diminished rapidly, coincident with
a reduction in milk leakage.
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Fig. 3—Mean linear analogue ratings for breast congestion.
Differences were significant for bromocriptine v. quinoestrol on days
4(p<0 05) and 7(p<0 001), for bromocriptine v. placebo on days
2(p<0 005), 4(p<0 001), and 7(p<0 005), and for quinocstrol v. pla¬
cebo on days 2(p<0-005) and 4(p<0 001).
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Days post partum
Fig. 4—Mean linear analogue ratings for breast discomfort.

Differences were significant for bromocriptine v. quinarstro! on days
Hp<0 05), 7(p<0 001), 14(p<0 05), and 21(p<0 05), for bromocrip¬
tine v. placebo on days 2(p<0 05), 4(p<0 001), and 7(p<0 005), and
for quinurstrol v. placebo on days 2(p<0 001), 4(p<0 005), and
14fp<0 05).
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Discussion

Prevention of lactation in the early puerperium is
complex. Lack of suckling is an important factor, but in¬
hibition of prolactin production or release appears to
play a significant part.12 The prolactin assays support
previous observations in which less specific and sensitive
methods were used,4 12 13 and confirm the efficacy of
bromocriptine in reducing plasma-prolactin levels.

Previous studies of the efficacy of bromocriptine for
puerperal suppression of lactation have been limited in
assessment and follow-up. Varga et al.,6 giving a 9-day
course of bromocriptine, relied on nurse observation for
7 days in hospital with return visits on days 8 and 9.
There was no follow-up at the end of therapy, but the
drug was found to be very effective up to that lime. Rol-
land and Schellekens7 assessed different dose schedules
(2-5, 5, 7-5 mg) in 7-day courses. Detailed assessment
was continued until discharge on day 7, but from day 7
to day 17 reliance was placed on a questionnaire
returned by the patient subsequently. All dose schedules
were equally effective in suppressing lactation.
In our trial milk leakage was less in patients receiving

bromocriptine than in those receiving quinoestrol or pla¬
cebo. Likewise, no patients receiving bromocriptine ex¬
perienced severe discomfort, although there was some
discomfort in 3 patients a few days after ceasing treat¬
ment. Discomfort was a significant feature in both the
quinccstrol and placebo groups, reaching a peak on day
7 and day 4, respectively. This suggests that the main
effect of quinoestrol is to delay the onset of adverse
symptoms. With early discharge from hospital, adverse
symptoms at this stage may well be overlooked or unre¬
corded unless a carefully supervised study is undertaken.
Such factors may account for some of the discrepancies
in previous studies relating to cestrogens and natural
suppression of lactation.
There was no consistent relationship between plasma-

prolactin levels and the patient's symptoms. The fall in
prolactin levels by day 2 in the bromocriptine group
coincided with the lowest frequency of clinical symp¬
toms. On the other hand, patients receiving quincestrol
were also comfortable at this stage although they had
the highest plasma-prolactin levels (3-45 mU/ml). Con¬
gestion and discomfort were most striking on day 4 in
the placebo group, yet levels of prolactin in the plasma
had fallen to a mean of 1-05 mU/tnl by this time. The
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small rebound rise in prolactin levels on day 21 in the
bromocriptine group corresponded with the clinical
observation of slight increase in milk leakage, congestion
and discomfort. This lack of direct correlation may have
been due to the considerably longer tissue half-life of
prolactin than its plasma half-life.14 However, it prob¬
ably also reflects the complex nature of the control of
breast development and lactation, involving cestrogen,
progesterone, glucocorticoids, thyroid hormones, insu¬
lin, and growth hormone as well as prolactin.14 The pre¬
cise role of prolactin in lactation is not completely un¬
derstood but seems to be concerned with enzyme
induction of milk synthesis rather than directly with
milk release.15

Suppression of lactation by quinoestrol occurred in
the presence of high prolactin levels, indicating that this
drug blocks milk secretion by direct action on the breast
tissue. Since prolactin levels in the quinoestrol group
were higher than in the control placebo group, it is pos¬
sible that the cestrogenic nature of the drug may cause
stimulation of pituitary release of prolactin. This effect
has been shown for other ocstrogenic compounds.16
Bromocriptine for the suppression of lactation was

superior to quinoestrol or placebo, as judged by the pa¬
tient's symptoms. It was also effective when given to
women in whom lactation has already started. Headache
and nausea, sometimes observed in non-puerperal pa¬
tients receiving bromocriptine, did not occur in this
series. Also there are no known serious side-effects, such
as changes in coagulation status.17 Rolland and Schel-
lckens7 found no changes in hepatic and renal function
tests. This may be of particular advantage in patients in
whom the risk of thrombosis is increased by factors such
as operative delivery. Early restoration of ovulation has
been reported.5 Patients should be made aware of this
and contraceptive advice should be given.
Comparison of a 14-day course of treatment with bro¬

mocriptine with a single dose of quincestrol may be criti¬
cised, and the practical disadvantages of a long course
are obvious. However, the single-dose quincestrol
regimen is widely used and is reputedly as effective as a
longer course of other cestrogen preparations. Although
shorter courses of bromocriptine are under trial, they
may prove unsatisfactory in the light of the rebound
effect observed by us even after 14 days of treatment. A
long-acting or depot preparation with similar prolactin-
inhibiting properties would be advantageous.
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Research at The Tenovus Institute
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The Tenovus Institute for Cancer Research has been built at the new Medical
Centre at The Heath, Cardiff, adjacent to the recently completed University
Hospital of Wales. The Institute, built and equipped by Tenovus, a Cardiff-based
charity organisation and opened by H.R.H. Princess Margaret in April, 1967,
forms an integral part of the Welsh National School of Medicine. Through its
research programme, the Institute contributes to scientific knowledge on the basic
cellular and somatic processes associated with cancer. At the same time, it is
involved in postgraduate research training and is recognised by the University of
Wales as a centre at which students can study for the degrees of MSc and PhD.

The Tenovus Organisation itself was born in 1943. A young business man,
critically ill in the Cardiff Royal Infirmary, was skilfully nursed back to health. A
number of his business associates were so grateful to the staff that they launched
a money-raising effort on behalf of the hospital to instal head-of-the-bed wireless
equipment. Since there were ten of them at their meetings, it was suggested that
the name of Tenovus (Ten-of-us) was particularly appropriate. Over the next few
years, a nurses' home, a rest centre for the armed forces in Burma, specialised
classroom blocks for a school for spastic children, and the Welsh Sunshine Home
for Blind Babies were built with Tenovus support. Subsequently, Tenovus directed
a major part of its support to the study of cancer by establishing the Institute at
the new Medical Centre in Cardiff and by financing the purchase of equipment,
maintenance and the salaries of a large proportion of the staff. At the same time,
the Tenovus Laboratories were built at the Velindre Radiotherapy Hospital in
Cardiff to offer further support to the clinical studies of the Centre.

The Organisation is now internationally recognised as a major force in medical
research and the enthusiasm of these ten men has inspired many others to direct
their efforts to fund-raising in this cause, thereby increasing the capacity of
Tenovus to support cancer and medical projects throughout Britain.

The building of another Institute in Southampton, support for Cancer
Information Centres at Cardiff, Oxford and Portsmouth, a research unit at the
Department of Radiotherapy in Oxford University, a Kidney Research Centre in
Glasgow, a unit for the treatment of the congenital disease of spina bifida in
Cardiff and grants to many university departments and hospitals in Britain have
been an integral part of the Tenovus programme.

A major part of the research commitment of the Tenovus Institute in Cardiff is
directed towards the endocrinology of cancer. Although emphasis is placed on

increasing our understanding of the basic biology of cancer, closer collaboration



between the experimenter, the medical scientist and the clinician has been
encouraged in the belief that such a relationship is essential for the progress of
cancer research. Research activities have been balanced between fundamental

studies on the molecular processes concerned with the control of growth and
development of the prostatic cells and what are essentially routine measurements
of plasma hormones in patients with carcinoma of the prostate receiving oestrogen
therapy. Wherever possible, experimentation has been undertaken with human
tumours, and clinicians have been encouraged to participate actively in the
research activities. Such concepts may well be illustrated by the programme of
research into prostatic cancer.

Although testosterone has long been regarded as the principal androgenic
hormone responsible for developing and maintaining the activity of the male
accessory sex organs such as the prostate, investigations of our group and others
over the past few years have clearly indicated that testosterone is actively
metabolised by prostatic tissue. Evidence accumulated from experimental studies
in the rat suggests that one particular metabolite of testosterone, 5a-dihydro-
testosterone, is in fact responsible for the promotion of the androgenic effect
(Bruchovsky and Wilson, 1968).

Co-operative studies between the Institute and Mr Brian Peeling, Royal Gwent
Hospital, Newport, showed that after infusion of radioactive testosterone into the
cephalic vein of men immediately prior to retropubic prostatectomy for benign
prostatic hypertrophy and subsequent analysis of the radioactivity in the
enucleated tissue, 5a-dihydrotestosterone was the principal radiometabolite
present (Pike et al., 1970; Harper et al., 1974).

Such studies would also suggest therefore that 5a-dihydrotestosterone plays a

significant androgenic role in the human prostate, and subsequent experiments
have clearly shown that it stimulates RNA polymerase activity in carefully
purified preparations from both rat and human prostatic tissue (Davies and
Griffiths, 1973). Furthermore, it is now well established that the cytoplasm of
cells responsive to steroid hormones contain proteins, termed steroid receptors,
that are responsible for transferring the active hormone to the nucleus (see review
by King and Mainwaring, 1974). An intensive study at the Institute has provided
evidence that the 5a-dihydrotestosterone-receptor complex is concerned in
controlling the activity of the DNA-dependent RNA polymerase of prostatic
tissue with both messenger and ribosomal-RNA synthesis being stimulated by
steroid receptor-complex. Studies are at present in progress (Davies and Griffiths,
1975) to investigate the processes concerned in the formation and function of
these complexes and their effect on the genome in relation to prostatic cancer.

The hypothesis that there may be an abnormality in hormone metabolism led,
a number of years ago, to the classical studies of Konrad Dobriner, who isolated
and identified various steroid hormone metabolites in the urine of normal subjects
and of those with various tumours. It was thought that there might be a
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characteristic pattern of steroid metabolites associated with particular neoplasms.
No qualitative differences were identified by the urinary analysis. A similar concept
may, however, pertain to the situation in the prostate gland, since our

investigations indicate that testosterone metabolites other than 5a-dihydro-
testosterone may affect various enzyme systems such as the DNA- and
RNA-polymerases. Various isomers of the 5a-androstanediols are particularly
interesting in this respect, and as part of a major Institute study of the dog
prostate, which also undergoes hyperplastic and neoplastic changes with age, it has
been shown by Dr Colin Pierrepoint, Deputy Director of the Institute, that this
organ possesses a specific cytosol receptor protein for 5a-androstane-3a, 17a-diol
but not for 5a-dihydrotestosterone. The role of this diol in the aetiology of canine
prostatic hyperplasia is being investigated, but it is obvious from the metabolic
studies to date that the maintenance of a particular pattern of testosterone
metabolites would seem necessary to control the androgenic response. Dis¬
turbance in these metabolic patterns may be related to the development of
prostatic dysfunction and, to this end, the analysis of the endogenous levels of
these various steroids in normal, hyperplastic and neoplastic prostate tissue and in
seminal plasma by high resolution glc-mass fragmentography (Millington et al.,
1975) represents a major investigation in the Institute. A Varian 731 mass

spectrometer is used for this work.
As a result of the classical experiments of Huggins and his colleagues, the

palliative effects of altering the hormone balance, by orchiectomy or oestrogen
administration, on the growth of prostatic tumours became recognised and has
been the accepted form of therapy for many years. Administration of diethyl-
stilboestrol will cause regression of the disease in approximately 80 per cent of the
patients, although a large proportion will eventually relapse with secondary spread
of the cancer. The precise mechanism by which diethylstilboestrol effectively
controls prostatic cancer is, however, not well understood.

Although it may influence the prostate by an indirect action on the
pituitary-testicular-prostatic axis, reducing testosterone secretion by decreasing
the release of LH, there is some evidence that diethylstilboestrol may directly
affect the testis and also the prostate. There is no agreement on the dose of
diethylstilboestrol required effectively to modify the hormone balance, and the
cardiovascular problems, loss of libido and breast growth caused by diethyl¬
stilboestrol would suggest that an alternative drug would be acceptable. In the
processes concerned with tumour recurrence, the role of the adrenal gland as a
source of androgen requires elucidation. A research programme in the Institute
has been directed to these particular problems.

Investigations in man have centred around the changes of plasma hormone
concentrations with age and the differences between the individuals with no
clinical manifestations of prostatic disease and those with benign prostatic
hyperplasia or with carcinoma. Knowledge of the oestrogen-androgen balance in
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these men was obviously important. Plasma hormone changes in patients with
prostatic carcinoma being treated with various doses of diethylstilboestrol have
been monitored by the Institute. Decreased concentrations of FSH, LH and
testosterone with concomitant elevation of prolactin and growth hormone have
been recorded during treatment and the further changes observed on recurrence of
the disease. Adrenal activity has been investigated at this stage and, furthermore,
studies of adrenal explants in culture have suggested that prolactin may play a role
under certain conditions in controlling androgen production by this tissue. These
clinical studies have now been further extended and the Institute has been

concerned in the establishment of a British prostate study group involving 15
urological centres. Co-operative studies are being developed with these centres
but, as a basic investigation, the clinical status of all patients with prostatic cancer
treated with various doses of diethylstilboestrol or newer alternatives are being
recorded on standardised forms and the data transferred to the Institute's

computer program. Hormone changes and CEA (carcino-embryonic antigen),
/3-HCG and polyamine levels, for example, are being related to the clinical
response to the treatment, and to recurrence and secondary spread of cancer.
Essentially, the attention of the research group is focused on the whole disease
and the problems concerned with patient management outlined by the clinicians.
It is hoped that the results will be of value in helping to define the most effective
form of treatment.

In association with these clinical investigations, studies on the action of
oestradiol, diethylstilboestrol and other steroids on the hypothalamic-pituitary
axis of the male dog have clearly indicated that the oestrogens in vivo inhibit the
stimulatory effect of the releasing hormone LH-RH on the output of LH by the
pituitary (Jones and Boyns, 1974). Complementary studies on the control of
gonadotrophin secretion by cultured pituitary cells have also been of value in
helping to define the role of steroids in feedback control (Groom and Boyns,
1973). Other stilboestrol derivatives have been synthesised by the group (Harper
et al., 1970) and one in particular, dihydrodibutylstilboestrol, would appear to be
a promising alternative to diethylstilboestrol (Danutra et al., 1973). The effects of
this analogue and other stilboestrol nitrogen-mustard complexes have been tested
in vivo in rats, and in dogs with prostatic hypertrophy and in vitro on prostatic
tissue, the results providing further evidence that these compounds as well as the
oestrogens exert a direct action on the prostate.
Other Institute investigations have produced evidence that there is a direct and

unilateral control system between testes and prostate through the vas deferens and
deferential vein (Pierrepoint et al., 1975). Ligation of the deferential vein of the
rat reduced the androgen-dependent activity of prostatic and seminal vesicle
RNA-polymerases. In the canine deferential vein, the concentration of androgens
is as high as that in the testicular vein, and the cauda epididymidis alone is
sufficient to maintain normal functioning of the ipsilateral lobes of the prostate
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and seminal vesicles provided an intact ductus deferens and contralateral testis are
retained. The possibility that the deferential vein serves as a direct transporting
system for androgens from the epididymis to the prostatic complex, thereby
allowing a greater and perhaps more selective concentration of androgens in the
prostate than might be achieved by way of the general circulation, is worthy of
intensive study in relation to the susceptibility of man and dog to prostatic
enlargement, and forms part of the prostatic research programme.

Cancer research has for many years been heavily committed to fundamental
studies of cancer induction by various forms of chemical agents. It is now well
established that many chemicals, compounds such as aromatic amines, nitros-
amines and aromatic polycylic hydrocarbons, will induce cancer in experimental
animals and a great deal of research activity has been directed to the elucidation
of common mechanisms of carcinogenesis. There is an increasing awareness of the
potential dangers of such environmental factors, chemical or even physical agents
that are part of the life of a modern developed society. It is now known that
certain inert materials such as asbestos fibres can cause cancer, probably after
becoming embedded in tissue, and a major interest of the Institute has centred on
the relationship between such foreign particulate material and carcinogenesis.
Although it is now accepted that the incidence of pleural and peritoneal

mesotheliomas increases when there is exposure to crocidolite asbestos, available
techniques were found to be inadequate to identify the particulate material in the
tumour tissue. Histological techniques were difficult since fine particles embedded
in the tumour tissue are often beyond the resolution limits of the optical
microscope. Incineration of tissue with subsequent examination in the electron
microscope of the isolated mineral particles can produce misleading information
due to changes induced by the ashing procedures, and routine thin sectioning
electron microscopy techniques are of little value since sections tend to
disintegrate as hard particles embedded in the tissue are caught on the
ultramicrotome knife.

An extraction-replication technique, developed in the Institute, has now been
found particularly valuable for the identification of particles in situ (Henderson
and Griffiths, 1972). The procedure involves the formation of a plastic polyvinyl
alcohol (PVA) impression of the surface of a routine tissue section. A carbon and
platinum deposit is then added in vacuo, the PVA dissolved, and the replica of the
tissue surface can be examined in the electron microscope. A number of
'stoppings' of the tissue can be made and any embedded particles are extracted on
the PVA film during the process.

The procedure has been used to identify crocidolite in mesotheliomas of men
who worked in the asbestos industry (Henderson et al., 1969), mineral particles in
pneumoconiotic lungs (Henderson et al., 1970) and particulate material in
stomach tumours of Japanese men (Henderson et al., 1975a). Of interest,
however, has been the study of ovarian tumours. The increasing incidence of
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ovarian carcinoma in Western countries suggested that some factor in the
environment may be implicated in the aetiology of the condition and it was
reasonable that with the extensive use of asbestos in such countries, attention
should be drawn to this material. Use of the extraction-replication technique,
however, failed to produce evidence of asbestos contamination of ovarian tumour
tissue. The procedure did indicate the presence of talc, a magnesium silicate-like
asbestos, in both normal and neoplastic tissue (Henderson et al., 1971). Although
it is impossible to incriminate talc as a primary cause of carcinomatous changes
within the ovary, the possibility that it may be related to other predisposing
factors must be considered. Subsequent studies have been concerned with the
uptake of talc by cells in culture (Henderson et al., 1975b) and to the biochemical
effects of such particles within cultured cells (Richards et al., 1974). The possible
relationship between steroid hormone synthesis, talc and the aetiology of ovarian
cancer has also been considered (Griffiths and Henderson, 1976) and further
studies are under way.

These investigations have been facilitated by the use in our laboratories of
analytical electron microscopy, which allows direct identification of individual
particles. The technique involving an electron microscope microanalyser, EMMA-4
(Chandler, 1973), makes use of the fact that when an electron beam is passed
through ultra-thin tissue sections to form an electron image, X-rays are

simultaneously emitted with energies characteristic of the elements contained
within the specimen. The X-rays are then analysed with either solid state energy

dispersion or crystal spectrometer detection.
The EMMA-4 installed in the Tenovus Institute in 1972 was the first

instrument of its type made available for biomedical research and was purchased
with a grant from the Tenovus Organisation. A great deal of experience has been
gained since then in the techniques necessary to make full use of this sophisticated
instrument which can determine certain elements present at the level of 10"1 g,
and many visitors from the U.K. and abroad have spent periods of time in the
Institute with the electron microscopy group determining the elemental composi¬
tion of cellular organelles or contaminants.

EMMA-4 is currently being used to study the intracellular localisation of zinc
in relation to the endocrinology of the prostate, both normal and neoplastic, and
to investigate the toxic, possibly carcinogenic effects of cadmium on testis and
prostate. Calcium localisation in breast carcinoma, labelled protein hormone
binding to cells, the analysis of chromosomes (Chandler, 1974) and the
localisation of gold that has been used for the treatment of rheumatoid arthritis
are some of the projects under way. The latter project is a co-operative study with
departments in the University Hospital of Wales. In an investigation supported by
WHO, the effect of copper on the distribution of elements in human sperm was
determined in relation to the biological action of the metal in women using a

copper intrauterine device for contraception (Maynard et al., 1975).
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In accordance with the concept that substantial advances will only come from
increasing our understanding of the basic biological processes concerned with
cancer, the biochemical actions of steroid hormones, especially the cortico¬
steroids, on lymphoid tissue are being studied by a research group led by Dr Philip
A. Bell. Corticosteroids are known to have immunosuppressive effects in many

species including man, and to produce involution of lymphoid tissue. Marked
species differences in the sensitivity of lymphocytes to the cytolytic effects of
corticosteroids have, however, been reported, with man and guinea-pig being
relatively resistant to these cytolytic effects, whereas rodents such as rats and
mice are extremely sensitive.

The mechanism of the cytolytic action of corticosteroids is being studied in the
rat. The earliest metabolic response of rat thymus lymphocytes to Cortisol both in
vivo and in vitro is the inhibition of glucose uptake by the cells, followed by
inhibition of RNA and protein synthesis. Activities of both nucleolar and
nucleoplasmic RNA polymerase enzymes are also inhibited from about one hour
after steroid administration, but during the period from 5 to 25 minutes after
steroid administration there is a specific stimulation of the nucleoplasmic enzyme,
RNA polymerase B. Since the abolition of the early stimulation of RNA
polymerase B activity by cycloheximide also leads to the abolition of subsequent
inhibitor effects on the activities of both polymerases A and B, it appears that the
inhibitory effects of corticosteroids are mediated by some early stimulatory
processes, which may for example include the synthesis of a protein inhibitor of
glucose transport. Studies are also in progress to determine to what extent the
inhibition of synthetic processes reflects the ultimate event, cell death.

Work from these and other laboratories has demonstrated that, for these
metabolic effects to be produced, there is an obligatory requirement for the
interaction of the steroid with a receptor protein, located initially within the
cytoplasm of the lymphocyte. The steroid receptor complex is translocated to the
cell nucleus where it regulates genetic transcription. The nature of the interaction
between steroids and the receptor is under study with the aim of providing a
rational basis for structure-activity correlations; this system is among the most
amenable to such treatment since a vast range of synthetic corticosteroids are
available.

A logical extension of the studies described above is obviously to correlate
levels of steroid receptor proteins in cell populations with metabolic responses to
steroids. In collaboration with Dr J. A. Whittaker of the Department of
Haematology, Welsh National School of Medicine, the levels of corticosteroid
receptors and the effects of corticosteroids on the incorporation of precursors
into RNA and protein are being determined for peripheral blood cells from
patients with various leukaemias. In accordance with the known sensitivity of the
disease to steroid therapy, lymphoblasts from patients with acute lymphoblastic
leukaemia show high levels of steroid receptors, whereas cells from patients with
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myeloblastic leukaemia have barely detectable levels of steroid receptors.
As mentioned earlier, corticosteroids produce immunosuppression in man, but

human lymphocytes are said to be relatively resistant to the cytolytic effects of
these steroids. Studies on isolated lymphocytes are now in progress to determine
the precise mechanisms by which these compounds produce their immuno¬
suppressive effects. Systems under study include the effects of steroids on the
response of lymphocytes to mitogens and on the production of lymphokines.
These studies are currently being extended to take in the effects of steroids on
another component of the immune system, the macrophage-monocyte.
If progress can be related to the scientific information that accumulates in the

medical literature, major advances have indeed been made in the field of study
concerned with human breast cancer. It would seem reasonable to assume that

although clinical progress in the treatment of the condition has been relatively
slow it should improve considerably as our understanding of the nature of the
disease continues to increase. The early work of the Institute on breast cancer was
directed towards the possible use of urinary steroid analysis to predict those
patients with advanced disease who would respond to endocrine therapy. Earlier
reports of Bulbrook and his colleagues at the Imperial Cancer Research Fund
laboratories in London had provided support for the fundamental hypothesis that
patients with breast cancer metabolise steroid hormones in a manner different
from the normal woman. They indicated that women with advanced breast cancer
with a relatively high ratio of ll-deoxy-17-oxosteroids to 17-hydroxycortico-
steroids in urine, expressed as a discriminant function, had a better response to
endocrine ablation. In co-operative studies with Professor A. P. M. Forrest, then
of the Department of Surgery, Welsh National School of Medicine, urinary
concentration of aetiocholanolone, androsterone and 17-hydroxycorticosteroids
were measured in women without known disease of the breast, in women with
benign breast disease and in women with primary and advanced breast cancer. The
results indicated that in these studies, ll-deoxy-17-oxosteroid excretion was
virtually indistinguishable in normal women from those with benign breast disease
and primary breast cancer (Cameron et al., 1970). Abnormal levels of these
steroids were found only in patients with advanced localised breast disease. These
results from our population of patients were therefore in contrast to earlier
observations of Bulbrook (reviewed by Bulbrook, 1965).

Of particular interest in early experimental studies, however, was the
observation that breast tumour tissue appeared to have a para-endocrine function
in that the tissue possessed enzyme systems capable of synthesising steroid
hormones, testosterone and oestrone from precursor steroids present in plasma. It
was suggested that the metabolism of plasma DHA by human breast tumours may
be concerned in the establishment of a hormonal 'milieu' playing a role in
controlling the effective action of oestradiol in this tissue.

Further activities were then directed towards a detailed study of plasma
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hormones in relation to breast cancer. Procedures for their measurement by
radioimmunoassay were developed which would allow serial sampling and
relatively specific analysis of smaller plasma samples. In particular, major emphasis
was placed on the study of plasma prolactin, and the first assay available in Britain
was established in the Institute (Cole and Boyns, 1973). Although there is good
evidence to indicate that the rat mammary cancer induced by 7,12-dimethyl-
benzanthracene is prolactin responsive, extensive studies (Boyns et al., 1973;
Wilson et al., 1974) failed to show any difference in plasma prolactin levels
between women with breast cancer and hospitalised control patients. Further¬
more, recent studies with the Department of Surgery, University Hospital of
South Manchester, showed that when daily basal morning serum samples were
taken throughout the menstrual cycle from women with breast cancer and from
normal matched controls, little difference was found between the groups (Cole et
al., 1976). Interesting, however, is a related study with similar samples from
patients with benign breast disease in which those with cystic involvement had a
three to four fold elevation of plasma prolactin. Whether prolactin is concerned in
the aetiology of this condition and whether prolactin-suppressive therapy would
be of value in the treatment remains to be determined.

Currently, a major study involving breast clinics in various Medical Centres in
Britain is concerned with the analysis of oestradiol-17/3 and progesterone receptor
protein levels in primary breast tumours to determine the relationship between
these values and the subsequent course of the disease and response to endocrine
therapy. Data from this and other laboratories in the world indicate that the lack
of oestradiol receptors in primary breast tumours of women in whom the disease
subsequently recurs may well offer a guide to the presence of tumour tissue that
does not respond to endocrine therapy. At the same time, the endogenous
prolactin concentration of the tumour, the levels of endogenous oestradiol and
other Ci9-steroids, including androstenediol and DHA measured by glc-mass
fragmentography, /3-HCG, CEA and various plasma hormones, are parameters also
being determined in this Institute study.

The use of the experimental DMBA-induced rat mammary tumour to
investigate the biochemistry of anti-oestrogen therapy (Nicholson and Golder,
1975; Powell Jones et al., 1975), measurement of the changes in plasma hormone
and CEA concentrations in women with advanced breast cancer receiving
hormone therapy (Golder et al., 1976) and the determination of receptor-sites for
prolactin in human breast tumour tissue are established projects that should be of
value in increasing our knowledge and understanding of the biology of the disease.

Not all programmes of research in the Institute are supported by Tenovus, nor
are all the projects orientated towards cancer research. If funds and space are
available, research groups are established to investigate particular problems that
may relate well to the fundamental interests of the Institute or sometimes,
possibly to the interests of the Organisation. For example, there is a high
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frequency of malformations of the central nervous system in South Wales and
Tenovus responded by financing the building of a clinical unit in Cardiff for the
treatment of infants born with spina bifida. It seemed appropriate, however, that
the Institute should direct attention to the factors that may be concerned with
the cause of the disease and since there is good evidence that certain
environmental factors play some part in the aetiology of neural tube malforma¬
tions it was in this direction that the initial research programme was aimed. The
incidence of the condition varies from area to area in South Wales and there are

reports that it is inversely related to the hardness of local water supplies. Analysis
of water from 50 areas of South Wales in which the incidence of spina bifida is
known showed that 5 elements of 25 measured by atomic absorption spectro¬
scopy were significantly related to the condition (Morton et al., 1976). Follow-up
studies in which water from many areas in England is being analysed, together
with a detailed investigation of the elemental composition of the water supplies
from houses in Cardiff of parents who have given birth to a malformed child, will
indicate whether the preliminary study has produced significant data. This work
has been extended into a co-operative project with the MRC Epidemiology Unit
(South Wales), Cardiff, on the relationship between the elemental composition of
water from different regions and cardiovascular disease, and also on the
association between lead levels in tap water from particular houses in North Wales
and causes of death, with a specific interest in carcinoma.

Financial support from the Wellcome Trust allowed the development of a joint
project between the Institute and Professor A. C. Turnbull, then of the
Department of Obstetrics and Gynaecology, Welsh National School of Medicine,
on the endocrinology of parturition in the sheep. Experimental evidence indicates
that the factors controlling the onset of parturition are operative within the uterus
and that the fetal pituitary-adrenal axis was intimately involved in this control
mechanism. A major part of the work of the group involved a study of steroid
biosynthesis by the fetus and placenta of the sheep in late gestation (Anderson et
al., 1971; Pierrepoint et al., 1971a).

As well as the in vitro steroid biosynthesis study, a procedure was developed
(Pierrepoint et al., 1971b) to isolate the sheep fetus under well-maintained
physiological conditions to investigate steroid metabolism in vivo. This work has
recently been reviewed by Pierrepoint et al. (1974); the study continues with a

greater emphasis on the molecular events within the myometrium.
Although during the past few years, the Institute has provided a limited routine

service in the South Wales area for the analysis of plasma protein and steroid
hormones by radioimmunoassay, the expertise gained in developing these assays
for both natural (Cameron and Jones, 1972; Hillier et al., 1973; P"ahmy et al.,
1975) and synthetic steroids (Cameron et al., 1974) was acknowledged when the
Institute was selected as one of the Supraregional Assay Service laboratories for
steroid analysis. The development of this service, which provides relatively routine



normone analysis on a national basis and involves fifteen laboratories, constitutes
a major advance in British endocrinology. With the establishment of this Unit in
the Institute, responsibility for the analysis of other steroids for the Area was also
taken over by this Health Service laboratory, and now, for example, assays for
'pregnancy oestrogens', 17a-hydroxyprogesterone, for monitoring the patient
with congenital adrenal hyperplasia or on prednisolone, for the Renal Transplanta¬
tion Unit, are routinely handled by the Institute staff.

Most laboratories with an interest in breast cancer use as an experimental
model system the DMBA-induced rat mammary tumour. The Institute has used
this model to study the early changes in lysosomal enzyme activity of the tumour
tissue samples removed after oophorectomy and relate the changes to subsequent
regression (Nicholson et al., 1973). Similarly, the relationship between prolactin
and its possible role in the control of oestradiol-receptor protein synthesis and the
biochemistry of anti-oestrogen therapy is being investigated, utilising this model
system. With the possibility that active immunisation against steroids might result
in high antibody litres in the circulation capable of neutralising the hormone
activity of various endocrine systems, studies have been completed on the
physiological effects of active and passive immunisation against testosterone and
oestrogen protein conjugates in the normal rat and in those with induced
mammary tumours (Hillier et al., 1975; Hillier and Cameron, 1975). A major
effort in the Institute is now directed, however, to the study of canine mammary
cancer and the preliminary experiments involved in this programme of work of Dr
Colin Pierrepoint clearly indicate the presence of oestradiol receptors in these
canine tumours (Evans and Pierrepoint, 1975). The study is facilitated by the
establishment in the Institute during the last few years of radioimmunoassays for
canine prolactin, LH, FSH and growth hormone.

This article has merely attempted to indicate the general fields of activity of
the Institute staff and these have been dealt with in a rather brief manner.

Emphasis has been given to the value of developing co-operation between the
medical scientist and the clinician and the Institute is deeply involved in many
such collaborative projects. At the same time, however, fundamental research
related to the biochemistry of the cancer cell has not been neglected. It is very
obvious that the pace of scientific advance is rapid and progress has been made in
many aspects of cancer research. The more we understand about the nature of the
disease through fundamental basic research the easier it becomes to define the
areas in which the scientist and clinician can establish further co-operative
programmes of work that could benefit the patient. If the economy allows it, the
next few years should provide even more exciting advances in knowledge.
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BOOK REVIEW

Haematology. Physiologic, Pathophysiologic and Clinical Principles by James W.
Linman. Bailliere Tindall 1976. Price £21.

Single author textbooks may be thought to be obsolescent, but this massive tome
with its 1,008 pages of text stakes a weighty claim for their survival on the
grounds of uniformity of concepts and style. Apart from the chapter on
monoclonal gammopathies contributed by Doctors Kyle and Bayrd, the book is
the testament of a physician who has made original contributions on a variety of
topics, particularly the control of blood production and the leukaemias. It is
primarily orientated to the clinical aspects of haematology, but Professor Linman
is equally at home with physiology and pathophysiology which form the basis of
diagnosis and treatment in this field. Discussion of laboratory procedures is
restricted to the nature of the information they reveal and its interpretation, since
technical details are well covered elsewhere. Each chapter is backed by an
extensive list of references, mostly recent articles, and reviews that cover earlier
literature.

Professor Linman presents a generally orthodox view of haematology based on
a vast amount of information, most of it reasonably up to date. At the expense of
some duplication he has arranged the text so that the general reader can find
essentials of clinical management without ploughing through physiological or
biochemical intricacies. On such a large canvas some vagaries of detail or opinion,
some blurring of awkward discrepancies and some over-simplification must be
expected, but the only real drawbacks of this book are its weight (almost 3 kg)
and cost (£21). But it is beautifully produced on fine paper with excellent
illustrations, and it will help many students and physicians to a greater
understanding of haematology and a higher standard of medical care.

A. L. T.
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Kidney Research in Wales
A. W. ASSCHER, MD, FRCP
Professor and Hon. Director, K.R.U.F. Institute of Renal Disease,
Welsh National School ofMedicine, Royal Infirmary, Cardiff

During the sixties, several dialysis and transplantation centres were established in
the United Kingdom. The main centre for Wales arose out of the Professorial
Medical Unit at the Cardiff Royal Infirmary. Its development aroused consider¬
able interest which stimulated three energetic local business men to establish a
charitable trust — the Kidney Research Unit Foundation for Wales or K.R.U.F.
for short. An appeal was launched to establish a kidney research institute at the
Royal Infirmary and some forty branch committees were set up to raise the
money. These committees were spread all over the Principality and even extended
as far afield as the South American Welsh settlement in Patagonia. Their efforts
enabled the Welsh National School of Medicine to refurbish, equip and staff the
Rockefeller building at the Royal Infirmary after it had been vacated by the
Department of Medicine following its move to the new University Hospital of
Wales. By 1970, the K.R.U.F. Institute of Renal Disease was a reality. At that
time the staff consisted of only four but, thanks to the generosity of the trustees
and the efforts of members of staff in raising their own funds for research, we
now have 25 people working in the building which provides some 4,000 square
feet of laboratory space.

The early researches were undertaken in conjunction with the M.R.C.
Epidemiology Unit in Cardiff. They were aimed at establishing the size of the
problem of kidney failure in Wales (Branch et al., 1971). The incidence of renal
failure in the Bridgend area of South Wales was investigated by studying the case
records of 487 patients admitted to the Bridgend General Hospital between 1966
and 1968 with blood urea levels in excess of 16.5 mmol/litre. In 60 per cent of
these patients the cause of the uraemia was considered to be prerenal, 20 per cent
had intrinsic kidney disease, 8 per cent had tubular necrosis and in 12 per cent
obstructive uropathy was the cause of uraemia. The commonest types of intrinsic
renal disease were pyelonephritis, hypertensive kidney damage and chronic
glomerulonephritis but in some 20 per cent the type of kidney disease could not
be diagnosed.

Along with this study of incidence and causes of end-stage kidney failure, we
also studied the prevalence of urinary symptoms in an unselected community in
the Rhondda Fach (Waters, 1969). The commonest cause of morbidity from renal
disease was found to be frequency and dysuria.

The establishment of dialysis units throughout the U.K. represents a failure of
prevention in kidney disease. For this reason our research efforts were directed
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SPECIFIC BINDING OF [3 H]OESTRADIOL BY CYTOPLASMIC
PROTEIN COMPONENTS OF FEMALE RAT LIVER

WENDY POWELL-JONES, PETER DAVIES AND KEITH GRIFFITHS
Tenovus Institute for Cancer Research,

Welsh National School ofMedicine, Heath Park, Cardiff, CF4 4XX

(.Received 21 November 1975)

Several criteria have been established for those proteins of fundamental importance in the
mechanism of steroid hormone action as opposed to those, essentially transport proteins,
which are unable to elicit a biological effect when associated with steroid. Receptor proteins
found in target cells may be characterized by their restricted concentration but high affinity
for steroid, together with high ligand and tissue specificity (Baulieu, Raynaud & Milgrom,

W)
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Fig. 1. Cytosols were prepared from liver tissue of a mammary tumour-bearing rat (cytosol
protein 17 mg/ml) and from liver tissue of a normal rat (cytosol protein 18'8mg/ml) and
oestradiol-binding capacity was estimated by sedimentation analysis (a) according to Powell-
Jones et al. (1975), or by saturation analysis using charcoal adsorption (6). (a) Liver cytosols
from mammary tumour-bearing (o) and normal (A) rats labelled with [3 H] oestradiol(4 nmol/1).
Similar profiles were observed in the presence of non-radioactive progesterone, 5a-dihydro-
testosterone or dexamethasone. Cytosols were also labelled in the presence of non¬
radioactive oestradiol or diethylstilboestrol (•). The profile from the tumour-bearing rat is
shown in this case (•), since a similar profile was observed for the normal rat. All non¬
radioactive competitors were included at 400 nmol/1. (h) Increasing concentrations of [3H ] -
oestradiol were incubated with constant amounts of liver cytosols from tumour-bearing (o)
or normal (•) rats. Non-specific binding was measured concurrently in the presence of
diethylstilboestrol. Free and non-specifically bound steroid were removed by charcoal
adsorption and the data were used to calculate specifically bound [3 H] oestradiol and

i plotted according to Scatchard (1949). Representative plots indicate dissociation constants
for the [3 HJoestradiol-protein complex of 2390pmol/l (o) and 2290pmol/l (•), and

K receptor concentrations of 97-4 fmol/mg protein (o) and 76 fmol/mg protein (•).
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1970). In studies designed to show the organ specificity of the receptor for oestradiol in
mammary tumours induced by 7,12-dimethylbenz[a] anthracene in the female rat (Powell-
Jones, Jenner, Blarney, Davies & Griffiths, 1975), the presence in liver cytosol fractions of
protein components specifically retaining oestradiol with high affinity but low capacity was
demonstrated.

Induction of tumours in virgin female Sprague-Dawley rats and the detection of specific
binding components in cytoplasmic extracts has been previously described (Powell-Jones
et al. 1975). Saturation analysis of such components was carried out by incubation of aliquots
of cytosol (200ql) with varying concentrations (45-1000 pmol/1) of [2,4,6,7-3H] oestradiol
(sp. act. 85 Ci/mmol; Radiochemical Centre, Amersham, Bucks), with and without a 100-fold
excess of diethylstilboestrol. After incubation (2h at 0-4 °C), 400 jrl of charcoal suspension
[0-5 % (w/v) Norit A, 0-05 % (w/v) dextran, 0-1 % (w/v) gelatin] were added and the mixture
was retained at 0-4 "C for 1 h. Charcoal was sedimented (800£ for lOmin) and aliquots
(200 jul) were assessed for bound radioactivity. Values were plotted according to Scatchard
(1949). Protein concentrations were determined by the method of Lowry, Rosebrough, Farr
& Randall (1951).

Profiles of protein-associated radioactivity obtained by sedimentation analysis of liver
cytosol preparations are shown in Fig. 1. Two peaks of radioactivity, corresponding to 3H-
labelled steroid-protein complexes of approximate sedimentation coefficients 4S and 8S, were
found. The 8S peak could be displaced by a 100-fold excess of non-radioactive oestradiol or
diethylstilboestrol with a concomitant increase in radioactivity in the high capacity 4S peak.
The 8S peak could not be displaced by similar high concentrations of progesterone, 5a-
dihydrotestosterone or dexamethasone (9a-fluoro-16a-methyl-l 10,17,21-trihydroxypregna-
l,4,-diene-3,20-dione). Similar patterns, characteristic of oestrogen-responsive tissues, were
observed in cytosols from livers of both normal and tumour-bearing rats (Fig. 1 a). Saturation
analysis of the binding of [3 H] oestradiol to low capacity components (Fig. 1 b) indicated a
dissociation constant (Kd) of the steroid-protein complex in the range 900-2400 pmol/1
and a 'receptor' concentration in the range 50-100 fmol/mg protein. Oestradiol-protein com¬
plexes from cytosol of mammary tumours induced in such rats (Powell-Jones et al. 1975)
have a Kd in the range 100-800 pmol/1 and a concentration in the range 100-500 fmol/mg
protein. The liver receptor concentrations observed here are higher than those found by van
Beurden-Lamers, Brinkmann, Mulder & van der Molen (1974) in male rat liver, and this may
be due to a sex difference. The role of an oestradiol-receptor complex in liver is uncertain,
but may be related to plasma protein synthesis.

We are extremely grateful to the Tenovus Organization for their generous financial support.
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LONG-TERM CONTRACEPTION BY STEROID RELEASING IMPLANTS VI
SERUM CONCENTRATIONS OF NORETHINDRONE IN WOMEN
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\ ITS TRACT

Serum levels of noreth indrone were estimated in six
women after the insertion of a single silastic implant D
releasing norethindrone acetate for long-term contraception.
The serum norethindrone levels were estimated by a sensitive
radioimmunoassay with high degree of precision and accuracy,
involving an antiserum raised against norethindrone 11a-
hemisuccinate-bovine serum albumin. The results showed that
there was an initial high level of circulating steroid up
to a period of about 2 months when it declined to 80 ng/100
ml serum in five subjects. The serum levels of
norethindrone were again elevated when the first implant
was replaced with the second. It appears that serum
concentration of about 80 ng/100 ml of norethindrone is
effective in providing contraception.

| Accepted for publication February 16, 1977

APRIL 1977 VOL. 15 NO. 4 473



CONTRACEPTION

INTRODUCTION

Previous reports (1,2) described the development of
a single silastic implant for long-term contraception in
woiten. This implant D containing 40 mg norethindrone acetate
(ENTA) is presently undergoing clinical trial at New Delhi
and Bombay. The single implant releasing microdoses of
norethindrone acetate is highly effective in preventing
pregnancy in women. However, about 20-30% of women experience
some menstrual disturbances like spotting, menorrhagia and
metrorrhagia during the initial 2-3 months of use (2).

It was considered necessary to estimate the
circulating levels of norethindrone which provide effective
contraception. A study of the serum levels of norethindrone
in women after the insertion of the single silastic implant
D is presented in this paper.

MATERIALS AND METHODS

A single silastic implant D (wall-thickness 0.59 mm,
length 22 mm, norethindrone acetate content 40 mg) was
inserted subdermnl.lv into each of six normally cycling women
in the reproductive age. Blood was collected between 10 and
li \.M. at different intervals of time from the antecubital
vein and allowed to clot. The segum was separated by
c en t r i fuga t i on and stored at -20 (1 till assayed.

Serum norethindrone concentrations were measured by
ra d i o i munition ssa y using an ant iserum raised against norethin¬
drone 11 a - hemisuec innte-hovine serum albumin in conjunction
with a rad io iod i tta tec! 1 tgand no reth i ml rone - 3-(0-carboxymethyl)
ox i m i no - [125 I ] histamine (NE-3-125j) (3). Each sample
(100 al) was extracted once with diethyl ether and taken
without further purification for the assay in duplicate(4 , 5) .

RESULTS

Norethind rone Rndioimmuneas sa y

Reliability criteria of the assay as applied to the
present investigation were examined in detail and the results
obtained are presented below.

474 APRIL 1977 VOL. 15 NO. 4



■)*') V -J ' •: • . i. , «j'}-§ $ I-

-1 ■a&t-rf}v;.'r:' CONTRACEPTION
'

< '4W;' - S >: •'

''I iSii-' fi.' ■
j ■ *i ?, ".
Specificity:. • The antiserum employed in the present assay
system displayed a high degree of specificity for norethin-
drone. Cross-reactions (6) with a variety of naturally
occurring and synthetic steroids were examined and the
results obtained are listed in Table I. Of the compounds
examined only d-norgestrel cross-reacted at a level greater
than l%\ since the parent ester norethindrone acetate
showed only minimal cross-reac t iv i ty (0.16®), it was antici¬
pated that this steroid, if present in the circulation,
would not give rise to undue interference with the
norethindrone determination on unpurified serum extracts.
This contention was examined hv comparing the results of
quadruplicate determinations of three serum pools (obtained
from women bearing a norethindrone acetate implant 1 with and
without purification of extracts by thin layer chromatography
on alumina pre-coated plastic sheets (41. The results
obtained (Table TI) indicate that the chromatographic step
served to effect only marginal alterations in the norethin¬
drone values otherwise recorded for unpurified extracts and
consequently omitted from the assay procedure.

Accuracy: The accuracy of the assay was addressed by
monitoring the recovery of increasing amounts of radio inert
norethindrone added to human serum prior to extraction. At
each concentration investigated (100 , 250, 500 1000 ng/100
ml serum), recover i es of 103, 110, 93 § 102'i, respectively
(mean of four determinations), were recorded.

Precision and sensitivity: The precision of the method,
expressed as an estimate of the standard deviation of results
from their means over two ranges of serum norethindrone
concentrations (0-199 and 200-500 ng/100 ml) was,respectively,
+ 11.9 and + 25.5 ng/100 ml (7). Twenty-five duplicate
determinations which yielded norethindrone values falling
within each of these ranges were used for the respective
calculations. The sensitivity of the method (7) was
therefore 21 ng/100 ml serum (P=0.01) which represents 5 pg/
tube under assay conditions.

Levels of Norethindrone in the Serum of Women:

The pattern of serum norethindrone levels in six women
(Fig.1-6) after subdermal insertion of the implant D were
similar in many respects. Subject S.L. (Fig.l) showed a high
initial serum level of norethindrone in the range 600-700 ng/
100 ml in the first week after the insertion of implant. The
level slowly declined to a range of about 300 ng/100 ml by
about 80 days which further declined to about 200 ng/100 ml by
about 150 days. Subsequently the level was in the range of
about 180 ng/100 ml up to about 270 days when the first implant
was removed and a sepond was inserted. The levels
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- TABLE I

CROSS-REACTION OF ANTI-NE-llo-BSA WITH A
VARIETY OF STEROIDS USING NE-3-125I AS

RADIOLIGAND

STEROID CROSS-REACTION(%)

NE 100.000

NE-acetate 0.1SS

d-norgestrel 7.300

19-nortestosterone 0.330

17a -methyl testosterone 0. 200

testosterone 0.010

17a-ethynyloestradiol 1 .000

progesterone <0.001

cort i sol <0.001
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TABLE II

EFFECT OF TEC PURIFICATION OF SERUM EXTRACTS ON
NORETHINDRONE VALUES OBTAINED BY RADIOIMMUNOASSAY

Sample* NE ng/100 ml

+TLC -TLC

222 + 15 236 + 22

249 + 17 271 + 20

155 + 15 191 + 4

* pooled sera from women bearing NE-acetate

implant; mean +_ S.D; n = 4

APRIL 1977 VOL. 15 NO. 4 477
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consequently registered a rise once again after the second
implant insertion and remained high for a period of SO days
before coming down to the same level as prior to the second
implant insertion.

' The subject S.L. (Fig.l) had an unusually high serum
norethindrone level throughout the implant insertion as
compared with the other five subjects. Serum levels of
norethindrone in the other five subjects were in the same
range (Fig.2-6). The norethindrone levels were initially
high followed by a somewhat low and constant level over a
period of 200 days. There was an increase in the norethin¬
drone level after the second implant insertion in subjects
R.O. and S.1V. The levels remained high for a short period
before returning to the low level found prior to the second
implant insertion. Table III gives the mean level of
norethindrone on days 100, 150, 200 and 300 after the
insertion of implant D. It may be seen that, except for
subject S.L., the level of steroid was 78-85 ng/100 ml
between 100-200 days after insertion. The mean value of
norethindrone at 100 days was of the order of 78 ng/100 ml.

This study revealed that after the insertion of a
single silastic implant 0 containing 40 mg ENTA, the serum
level of noreth indronc was initial ly high and gradually
declined hi- about 2 months. Subsequently the level of the
steroid was of the order of 78 ng/100 ml in five subjects
whereas the level was abnormally high in one subject. The
initial high level of the steroid may explain the incidence
of about 20-30'i abnormal cycles reported during the initial
5 months after the insertion of the implant D (2). The
initial high release might he responsible for these menstrual
abnormalities. In vitro release rate studies of the implant
also show that there is an initial high release of norethin¬
drone acetate before it becomes constant (8).

It was noted that the serum level of norethindrone
registered a second rise when the second implant was
inserted after the life span of the first implant was
over. This observation suggested that the second implant
also gave a high initial release of steroid which might
have contributed to the menstrual disturbances observed in
some women after the insertion of the second implant,
the results clearly point to the necessity of cutting
down tne initial high release to minimize the menstrual
disturbances noted during the first two months of implant use.

DISCUSSION
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Fig.l. Peripheral serum levels of norethindrone in
ng/100 ml in subject S.L. during first and
second implant insertion.
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DAYS

Fig.2. Peripheral serum levels of norethindrone in
ng/100 ml in subject S.W. during first and
second implant insertion.
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Fig.3. Peripheral serum levels of norethindrone in
ng/100 ml in subject R.O. during first and
second implant insertion.
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DAYS

Fig.4. Peripheral serum levels of norethindrone in
ng/100 ml in subject D.A. during first implant
insert ion.
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Fig. 5. Peripheral serum levels of norethindrone in
ng/100 ml in subject P.A. during first implant
insert ion.
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TABLE III

SERUM LEVELS OF NORETHINDRONE AFTER THE
INSERTION OF A SINGLE SUBDERMAL IMPLANT D

Subj ects Days after implant insertion

100 ISO 200 300

ng/100 ml serum of norethindrone

1 S.L. 225 200 170 275

2 S.W. 85 85 85 -

3 R.O. 75 85 85 -

4 D. A . 70 70 - -

S V.E. 75 - - -

6 P.A. 85 - - -
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This high incidence of abnormal bleeding was also
observed by Croxatto et^ al_. (9) in their studies during
the first 3 months of use of 4 megestrol acetate implants.
The incidence decreased gradually throughout implant use,
indicating that the bleeding disturbances might be due to
initial high release of megestrol acetate. But the change
to' a second set of implants did not alter the bljeedirfg
pattern present at that time. Although the number of women
having a second implant is only 3 out of six in the present
study, still it shows that the norethindrone level increased
once again after the second implant insertion before
returning to the previous low level.

Intramuscular injection of 200 mg norethindrone enanthate
has been reported to give an initial peak of serum norethindrone
between 800-1450 ng/100 ml with a gradual decline (10).
The concentration was found to be 100 ng/100 ml by about 6
weeks. In another similar study (11) the initial plasma level
of norethindrone was of the order of 800 ng/100 ml which
later decreased to 10 ng/100 ml by about 14-16 weeks. It
appears from these studies that a plasma norethindrone level
of the order of 10-100 ng/100 ml produces a contraceptive
effect in women.

It is interesting to note that in our studies a level
of about 80 ng/100 ml serum norethindrone was sufficient
for contraceptive effectiveness. The implant D releases
norethindrone acetate which is converted into norethindrone
and other metabolites. It may be pointed out that although
implant D provided protection against pregnancy, it did
so without suppression of ovulation (unpublished observation).
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THE DETECTION AND MEASUREMENT OF D-NORGESTREL IN

HUMAN MILK USING SEPHADEX LH 20 CHROMATOGRAPHY

AND RADIOIMMUNOASSAY

M.J. Thomas, Varapan Danutra*, G.F. Read,
S.G. Hillier and K. Griffiths

Tenovus Institute for Cancer Research, Welsh National School
of Medicine, Cardiff CF4 4XX, Wales and *Department of
Biochemistry, Chulalongkorn University, Bangkok 5, Thailand.

Rec'd. 4-11-77 ABSTRACT

An accurate sensitive method for the assay of D-norg-
estrel in human milk is described. The steroid is isolated
from an ether extract of milk by Sephadex LH 20 chromato¬
graphy in the system iso-octane-benzene-methanol (70:20:10
v/v). The radioimmunoassay utilises a specific antibody pro¬
duced in rabbits against D-norgestrel 3-(O-carboxymethyl) -
oxime coupled to bovine serum albumin with D-norgestrel 3-(0-
carboxymethyl) -oxime/[-'-25i]-iodohistamine conjugate as radio¬
ligand. Accuracy, sensitivity and blank value are satisfact¬
ory. Milk samples were obtained from three subjects treated
with 30 (ig/day D-norgestrel, treatment commencing two weeks
following parturition. Significant amounts of D-norgestrel
were found, ranging between 92-135 pg/ml milk at the end of
the first two-week treatment regimen. In two of three sub¬
jects, lower, but significant concentrations (53 pg and
38 pg/ml respectively) of steroid were found at the end of
four weeks treatment. In the third subject, D-norgestrel
could not be detected at this time.

As a check on the specificity of the assay, three samples
were submitted to additional chromatographic purification on
alumina thin layer in the system benzene-cyclohexane-ethanol
(70:27:3 v/v) . Although this additional chromatographic
step yielded somewhat lower values, agreement between the
respective sets of results was good. The significance and
implications of these findings are discussed.

INTRODUCTION

The increasing use of synthetic steroids for contracept¬
ion has clearly indicated the importance of developing pro¬

cedures for the detection and measurement of these steroids

and their metabolites in biological fluids. Previous reports
from these laboratories have been concerned with the measure¬

ment of synthetic steroids in plasma (1,2) . Equally import¬
ant are assays for synthetic steroids in human milk as a

first step in assessing the possible pharmacological effects
on infants being fed by mothers on contraceptive steroids

Volume 30, Number 3 TB ROISS September, 1977
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during the period of lactation. Such a situation exists in

many developing countries and little is known about the am¬

ount of synthetic steroid transferred to the infant in the
milk (3,4,5).

A component of contraceptive preparations now in wide¬

spread use is D-norgestrel (6) (Fig. 1). Measurement of

plasma concentrations of this steroid has been described
(7,8) the procedure making use of a relatively simple ex¬

traction and relying on the antiserum to achieve specificity.
The measurement of steroids in milk presents problems mainly
associated with the high concentration of lipid in this med¬
ium. Reported radioimmunoassays for progesterone in milk
have either removed lipid (9) or introduced progesterone-

free milk or casein into the preparation of the standard
curves to correct for non-specific interfering substances

A method is now described for the measurement of D-norg-

estrel in human milk after lipid extraction. Samples of hu¬
man milk from lactating women on D-norgestrel were received
from the WHO Research Team for the Evaluation of Fertility

Regulating Agents, Chulalongkorn Hospital, Bangkok.

MATERIALS

Steroids : D-[15,16-^H]-norgestrel (55 Ci/mMol) obtained
through the courtesy of Schering AG, Berlin, was stored in
benzene-ethanol (9:1 v/v) at a concentration of 10 |j,Ci/ml.
This steroid, used to monitor recovery, was chromatographed
at monthly intervals on a methanol washed alumina pre-coated
plastic sheet (20 cm x 20 cm), Machery-Nagel Polygram Alox
N/UV254 (Camlab, Cambridge, U.K.), in the system benzene:
cyclohexane:ethanol (70:27:3 v/v). The area corresponding

(10,11).

OH

Jk;-C«CH

O

Fig. 1 D-Norgestrel
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to the radioactive steroid was eluted (12) and stored in
ethanol at 4°C. Non-radioactive D-norgestrel and metabolites
5a-dihydro-NG, 5|3-dihydro-NG, 3(3-hydroxy-5a-dihydro-NG, 3a
hydroxy-5|3-dihydro-NG, were also supplied by Schering AG,
Berlin. All other non-radioactive steroids were obtained
from Steraloids Ltd. Stock solutions of these steroids were

stored at a concentration of 10 |i,g/ml in ethanol at 4°C.
Solvents : Diethyl ether (peroxide free) was purchased from
May & Baker Ltd., Dagenham, Essex, U.K., and purified before
use by distillation over ferrous sulphate.
Assay buffer and dextran-charcoal : The phosphate buffered
saline (PBS) comprised 0.01 M phosphate/0.15 M NaCl (pH 7.4)
containing gelatin (0.1% w/v) prepared in distilled water (12).
Dextran-charcoal suspension was prepared by dissolving Dex-
tran-70 (0.025% w/v) in assay buffer followed by addition of
Norit-A charcoal (0.25% w/v). A fine suspension was obtained
using a magnetic stirrer.
Other materials used : Sephadex LH 20 (Pharmacia, Uppsala) ;
'Riafluor' liquid scintillator (NEN Gmbh, Frankfurt am Main,
Germany).
Glassware : All glassware was treated overnight with chrom-
ate-sulphuric acid, rinsed in tap water and de-ionised water
and soaked overnight in de-ionised water before finally rin¬
sing with glass distilled water. Prior to use extraction
tubes (B14, capacity 15 ml), and 15 ml conical tubes for coll¬
ection of column eluate, were rinsed in redistilled methanol
and air dried. Polystyrene assay tubes (LP3) (Luckham Ltd.,
Burgess Hill, Sussex, U.K.) were used in all radioimmunoassay
procedures.

METHODS
12 5

I-labelled ligand : D-Norgestrel-3-(O-carboxymethyl)oxime
was prepared by the method of Arnold and James (13). D-Norg-
estrel 3-(O-carboxymethyl)oxime/[^]-iodohistamine conjug¬
ate was prepared by the method of Hunter et al (14) as modi¬
fied by Hillier and Read (15). Radioactivity was located on
a Berthold radiochromatogram scanner, eluted (11) and stored
in ethanol. Eluates were diluted with assay buffer (PBS) to
a concentration of 100,000 cpm/ml.
Antiserum : The assay utilises an antiserum prepared against
D-norgestrel-3-(O-carboxymethyl)imino-BSA. The antiserum was
used at a final dilution in PBS of 300,000.

Extraction of d-Norgestrel from Milk : Approximately 10,000
dpm d-[15,16-3h]-norgestrelin ethanol was added to b14 tubes
and dried under N2. Milk (1 ml) measured from well-mixed
samples was added to the tubes and extraction performed by
shaking with 10 ml freshly redistilled diethyl ether. After
extraction, the tubes were placed in a deep freeze at -18°c
for 20-30 min to freeze the lower aqueous phase and allow
the ether extract to be decanted. A second extraction was
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performed and the combined ether extracts evaporated to dry¬
ness under N2. The dry extract was redissolved in 0.5 ml of
iso-octane-benzene-methanol (70:20:10 v/v), the chromato¬
graphy elution solvent,(E.S).
Preparation of Sephadex LH 20 and column chromatography :

Sephadex LH 20 (1.5 g) was soaked overnight at room temp,
with 50 ml of E.S. and transferred to a glass column 20 cm
length and 0.9 cm int. dia. fitted with tap, glass sinter
(porosity 4) and 50 ml capacity reservoir. The column was
washed with 50 ml E.S. and the sample introduced with a 2 x
0.3 ml wash onto the column. The column was filled with E.S.
and the eluate, collected as a 5 ml aliquot after discarding
the first 14 ml, was dried at 40°C under N2.

The column was washed with a further 50 ml E.S. before
introducing the next sample. Three milk samples were usually
applied to the same column in turn, washing with 50 ml E.S.
between each respective application and collection of eluate.
Following this, the column was then treated with 10-15 ml
iso-octane-benzene-methanol (50:10:40 v/v), followed by an
overnight re-equilibration with E.S. before further use.

Radioimmunoassay : The dried column eluates were redissolved
in 500 (_l1 buffer (PBS) by standing for one hour at room temp,
with occasional mixing. Duplicate 0.1 ml aliquots were taken
to determine recovery by scintillation counting and for radio¬
immunoassay.

For the standard curve, 0, 5, 10, 15, 20 and 30 pg D-norg-
estrel/100 pi PBS were pipetted in triplicate, into plastic
disposable tubes. Dilute antiserum (50 pi) was added to all
tubes (except 'total' and 'blank' tubes which contained
150 pi PBS) followed by the addition to all tubes of 50 pi
diluted radioligand (5000 cpm). The tubes were mixed and in¬
cubated overnight at 4°C. Antibody bound ligand was then
separated from the free fraction by addition of 500 pi dextran-
coated charcoal suspension. Each tube was mixed and centri-
fuged for 10 min at 4°C. The 125j adsorbed by the charcoal
(cpm 'free') was then determined by direct counting on a gamma
counter. At least 5000 counts were collected from each tube
within 3 min.

Calculation : Standard curves were constructed by plotting
'free' radioactivity expressed as a % of 'blank' radioactiv¬
ity versus concentration of D-norgestrel. Unknowns were read
off the curve manually
If M = mass of D-norgestrel in pg/ml

X = mass of D-norgestrel read from standard curve
Y = cpm added to each milk sample
Z = mean cpm recovered (in 100 pi aliquot)

Then for each unknown ... XY c__ (*corrected for mass*M = ~7T~ X DUU
3

of [ H]D-norgestrel added for recovery purposes).
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RESULTS

Characteristics of the columns The reproducibility of the

gel is illustrated in Fig. 2 which depicts elution patterns
of milk extracts containing [^H]D-norgestrel for each of six
columns in routine use. The stability of the gel in organic
solvents allows repeated use of the columns.

4 S 12 20 24

ml Column eluate

Fig. 2 Reproducibility of Sephadex column w.r.t. D-norg-
estrel eluate volume. ^H-norgestrel was added in
increasing amounts to six milk samples (1 ml) (A-F)
and each extract chromatographed on the respective
column. Broken lines indicate fraction routinely
collected for assay (15-20 ml).

Separation of various steroids Several steroids, both syn¬

thetic and naturally occurring, were added to normal milk
samples, extracted and chromatographed, and elution patterns

determined. Fractions (5 ml) were collected and rechromato-

graphed on thin layer alumina pre-coated plastic sheets in
the solvent system, benzene-cyclohexane-ethanol (70:27:3
v/v). Cholesterol and progesterone were completely separa¬

ted from D-norgestrel and 17-hydroxyprogesterone showed only
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minimal overlap. However only partial resolution of

D-norgestrel from its dihydro- and tetrahydro-metabolites
was achieved. The radioimmunoassay of eluates of milk sam¬

ples from subjects receiving D-norgestrel may therefore mea¬

sure a small proportion of these metabolites in addition to

D-norgestrel. Table 1 list Rf values of D-norgestrel and
its metabolites in the thin layer system employed.

Table 1

Steroid Rf

5a-dihydro-NG 0.52
5|3-dihydro-NG 0.52
D-Norgestrel 0.44
3(3-hydroxy-5a-dihydro-NG 0.24
3a-hydroxy-5(3-dihydro-NG 0.18

Rf values of D-norgestrel and metabolites on
thin layer alumina pre-coated plastic sheets
in the solvent system, benzene-cyclohexane-
ethanol (70:27:3 v/v).

Cross-reactions of various steroids with anti-D-norgestrel-

3-BSA The antiserum was used in the assay at a final work¬

ing dilution of 1:300,000. Table 2 lists the cross-reactions
(16) of this antiserum with a variety of naturally occurring
and synthetic steroids. The data indicate a negligible de¬

gree of cross-reaction with progesterone and the other nat¬

urally occurring steroids examined. Of the synthetic ster¬

oids, a significant degree of cross-reaction was found for
the metabolites of D-norgestrel (21 and 28% for the 5(3- and

5a-dihydro derivatives and approximately 15% for each of the

respective tetrahydro metabolites.
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Table 2

355

Steroid
Cross Reaction

(%)

D-13(3-ethyl-17a-ethynyl-17(3-hydroxygon-
4-en-3-one (D-norgestrel) 100
D-13|3-ethyl-17a-ethynyl-17|3-hydroxygon-
4-en-3-one caproate < 0.05
13(3-ethyl-17a-ethynyl-17 |3-hydroxy-5a-
gonan-3-one 28
13|3-ethyl-17a-ethynyl-17|3-hydroxy-5|3 -
gonan-3-one 21
13(3-ethyl-17a-ethynyl-5a-gonane-3|3, 17(3-diol 17
13(3-ethyl-17a-ethynyl-5(3-gonane-3a, 17(3-diol 15
17a-ethynyl-17(3-hydroxy-4-estren-3-one 15
17a-ethynyl-17(3-acetoxy-4-estren-3-one <0.01
17(3-hydroxy-4-estren-3-one <0.1
testosterone <0.01
17|3-hydroxy-5a-androstan-3-one <0.01
progesterone <0.01
17a-hydroxy-4-pregnene-3,20-dione <0.01
estradiol <0.01

17a-ethynylestra-l, 3 , 5 (10) -triene-3,17(3-diol <0.03
cholesterol <0.001

Cross Reactions of Steroids in the system, anti-D-norg-
estrel-3-BSA/D-norgestrel-3-125j (antiserum final dilution
3 x 105).

0 5 10 15 20 30 40

D-Norgejtrel (pg)

Fig. 3 Typical Standard Curve. Each point represents mean
+ S.E.
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Standard curves, sensitivity and blank values A typical
standard curve is shown in Fig. 3 with a working range of
0-30 pg D-norgestrel. Curves with an extended working range

of 0-200 pg may be prepared by suitable dilution of anti¬
serum (1:60,000) and radioligand (10000 cpm/50 p,l) . That
column eluates are free of materials interfering in the end

point of the assay is shown in Fig. 4. A standard curve

produced with D-norgestrel in PBS is compared with that of

D-norgestrel in a PBS solution of dry residues of pooled
column eluates prepared from D-norgestrel free milk. Simi¬
lar results have been obtained with standard curves extending
over the limited working range of 0-30 pg.

o 25 50 100 !50 ?oo

Norgestrel (pg)

Fig. 4 • Eluates derived from D-norgestrel-free milk
o D-norgestrel standards in buffer. Only one
point (50 pg) can be distinguished.

The sensitivity of the standard curve allows accurate

measurement of 20 pg/ml. At the 95% confidence limit the

percentage 'free' corresponding to 5 pg was significantly
different from the percentage 'free' corresponding to 0 pg

in every standard curve. Sensitivity of the method calcu¬
lated from the expression ts/ (17) gives rise to a value
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of 13.4 pg/ml. Distilled water and a sample of normal milk
were routinely incorporated with each batch of test samples..
Blank values for both water and normal milk were indistin¬

guishable from zero.

Accuracy of the assay (Table 3), as estimated by the re¬

covery of 100 pg D-norgestrel, was 94+5 (S.D.) %. Satis¬

factory recoveries were also obtained following addition of
800 pg D-norgestrel. For the latter recovery experiment, a

standard curve of extended range (Fig. 4) was used employing
an antiserum dilution of 1:60,000 and radioligand of concent¬
ration 10000 cpm/tube. The mean recovery of [^H]D-norgestrel
was 63 +_ 8.3 (S.D.) % (n = 63) .

Table 3

Steroid Added Steroid measured % Recovery
(pg/ml) (pg/ml)

0 0 _

100 10 5 105
100 92 92
100 93 93
100 91 91
100 97 97
100 90 90
100 99 99
100 94 94
100 95 95
100 85 85

Mean 94+5 (S.D.) 94+5 (S.D.)

0 0 -

*800 796 99
800 809 101

Recovery of D-norgestrel added to normal human milk.
*Higher concentrations of D-norgestrel were assayed under con¬
ditions resulting in the standard curve illustrated in
Figure 4.

Analysis of milk samples of subjects receiving D-norqestrel

Milk samples were obtained from three patients, each receiv¬

ing 30 |i.g/day D-norgestrel. Collection of milk for control

purposes took place on the 7th day and 14th day following
parturition. D-Norgestrel was administered immediately foil-
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owing collection of the second control sample. Subsequent

sample collection took place at approximately fortnightly
intervals for 4 weeks in patients A and B, and for a further
2 weeks in patient C. The results of analysis of these sam¬

ples are given in Table 4.

Table 4

Subject and Duration D-Norgestrel
of treatment (pg/ml)

control 0
control 0

A
2 weeks 135(n=3)
4 weeks 53(n=2)

control 0

control 0
B

2 weeks 124(n=2)
4 weeks 0

control 0
control 0

C 2 weeks 92(n=2)
4 weeks 38 (n=4)
6 weeks

D-Norgestrel concentration in milk samples of patients receiv¬
ing 30 (xg/day D-norgestrel immediately following removal of
second control sample.

These results demonstrate that D-norgestrel can be de¬
tected and measured in milk 2 weeks following the daily admin¬
istration of the steroid. In subjects A and C, smaller but

significant concentrations were found at the end of four weeks

drug administration. No D-norgestrel could be detected in
the milk of subject B at this time.

In order to check specificity of the assay, three samples
were extracted and chromatographed on Sephadex LH-20 as des¬
cribed. Each column eluate was re-chromatographed on thin

layer chromatography and an eluate of the area corresponding
to that occupied by D-norgestrel was submitted to radioimmuno¬

assay. The results of these together with the original

assay values are given in Table 5.
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D-Norgestrel (pg/ml)

Sephadex LH 20
Sephadex LH 20 followed by

T.L.C.

135 121
92 70
38 37

Effect of additional chromatography (T.L.C.) of Sephadex
LH 20 eluates on the assay of D-norgestrel in human milk.

DISCUSSION

By comparison of the results obtained by column chromato¬

graphy with those achieved following additional chromatography

utilising a thin layer system, it is apparent that the method
described may not achieve complete specificity. Furthermore
the degree of cross reactivity of metabolites of D-norgestrel
with the antiserum used also tended to reduce specificity of
the assay.

These results clearly indicate however that D-norgestrel

may be excreted into the milk of lactating women receiving a

low dose of this steroid for contraceptive purposes. It is
of interest that a comparable finding was obtained by

Wigmenga and Van der Molen (3) following the administration
14

of a radioactivity labelled steroid contraceptive, [4- C]-
mestranol, to lactating women. These authors calculated
that approximately 300-600 pg mestranol/milk, (or its
metabolites) might be excreted during the four days follow¬

ing administration of a single one dose of 150 (ig steroid.
The close similarity between these findings and those pres¬

ented here is even more striking when consideration is taken
of the fact that relatively crude extracts were prepared for
determination of radioactivity. The excretion of such ster¬
oids or their metabolites in milk following administration

orally of radio-labelled contraceptive steroids has also
been reported by Laumas (5) .
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Such reports (3,4,5) suggest that the quantity of syn¬

thetic steroid, or metabolites excreted in milk may be meas¬

ured in terms of mg when extrapolated over a lactation per¬

iod of several months. These findings clearly demonstrate
the presence of a synthetic steroid in milk following oral

ingestion by lactating women. The significance of this

finding has as yet to be established.
In view of the fact that ingestion of contraception ster¬

oids may commence as early as two weeks following parturition,
it is of concern that the infant may be adversely affected by
the transfer of the steroids via the mother's milk.

Further work is necessary in order to define more closely
the excretion of D-norgestrel and its metabolites in milk and
their possible effects on lactation and the growing infant.
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TRIVIAL NAME OR
ABBREVIATION

D-norgestrel (NG)

5a-dihydro-NG

5(3-dihydro-NG

3(3-hydroxy-5a-dihydro-NG

3a-hydroxy-5(3-dihydro-NG

norethisterone

norethisterone acetate

testosterone
19-nor-testosterone
5a-dihydrotestosterone
progesterone
17-hydroxyprogesterone

estradiol

17a-ethynylestradiol

mestranol

cholesterol

SYSTEMATIC NAME

D-13(3-ethyl-17a-ethynyl-17|3-
hydroxy-gon-4-en-3-one
13(3 -ethyl-17a -ethynyl-17(3 -
hydroxy-5a-gonan-3-one
13 (3-e thy1 -17a-ethyny1-1713-
hydroxy-5(3-gonan-3-one
13 (3 —e thy1-17a-ethyny1-17 (3 -
hydroxy-5a-gonan-3|3-ol
13(3 -ethyl-I7a-ethynyl-17 (3 -
hydroxy-5(3-gonan-3a-ol
17a-ethynyl-17(3-hydroxy-4-
estren-3-one
17a-ethyny1-17 (3 -ace toxy-4-
estren-3-one
17|3-hydroxy-4-androsten-3-one
17|3-hydroxy-4-estren-3-one
17|3-hydroxy-5a-androstan-3-one
4-pregnene-3,20-dione
17a-hydroxy-4-pregnene-3,20-
dione
1,3,5 (10) -estratriene-3,17(3-
diol

17a-ethynylestra-l,3,5(10)-
triene-3-17|3-diol
17a-ethynylestra-l,3,5(10)-
tr iene-3 ,17 (3-diol, 3-methy1-
ether

5-cholesten-3|3-ol
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Plasma 170H-progesterone concentrations in
newborn infants

I. A. HUGHES, D. RIAD-FAHMY, AND K. GRIFFITHS

Tenovus Institute and Department of Child Health, Welsh National School ofMedicine, Cardiff

summary Plasma concentrations of 170H-progesterone were determined in 60 normal newborn
infants aged between 3 and 36 hours. Mean levels decreased rapidly during this time after removal of
the placental contribution of this steroid. A further 70 normal infants, studied between ages 2 and 7
days, showed a mean plasma 170H-progesterone concentration of 3-5 nmol/1 (1-2 ng/ml). By
comparison, plasma concentrations in untreated infants with congenital adrenal hyperplasia were
markedly raised. At 36 hours of age, there was an obvious difference between plasma levels of this
steroid in normal and affected infants. Determination of plasma 170H-progesterone concentrations
are valuable in the evaluation of disorders of sexual differentiation and electrolyte balance in new¬
born infants, provided due care is given to the timing of sample collections.

It is now well established that plasma concentrations
of 170H-progesterone are markedly raised in
untreated congenital adrenal hyperplasia (CAH) due
to C-21 hydroxylase enzyme deficiency (Barnes and
Atherden, 1972; Youssefnejadian and David, 1975;
Hughes and Winter, 1976). Consequently, requests
for measuring this steroid in plasma collected from
newborn infants with ambiguous genitalia are

increasing in frequency. The Supraregional Assay
Service Laboratory at the Tenovus Institute receives
numerous blood samples each week for determina¬
tion of plasma 170H-progesterone concentrations.
Many of these samples have been collected within the
first 48 hours of life at a time when, because of
placental 170H-progesterone production (Tulchinsky
and Simmer, 1972), plasma concentrations are raised
in normal newborn infants. There is a limited amount
of information on plasma concentrations of 170H-
progesterone during early life and on the time taken
for levels to decrease to values observed in later
infancy and childhood. This report gives data on
plasma 170H-progesterone concentrations in mixed
cord blood and in a group of normal newborn
infants studied during early postnatal life. The
results are compared with those found in untreated
newborn infants with CAH.

Tenovus Institute and Department of Child Health, Welsh
National School of Medicine, Cardiff
i. a. hughes, research fellow
d. riad-fahmy, principal biochemist
k. Griffiths, director, Tenovus Institute

Patients and methods

Mixed cord blood samples were obtained from 19
babies (10 boys and 9 girls) immediately after cord
clamping. Their gestational ages ranged from 37 to
41 weeks. Capillary blood was collected by heel prick
from 60 infants who were products of uneventful
term pregnancies. There were 32 boys and 28 girls,
whose postnatal ages ranged from 3 to 36 hours at
the time of sample collection. Maternal consent for
the study was obtained in each case. Plasma samples
collected from 70 infants up to 7 days' postnatal age
and sent to this laboratory were also available for
analysis. Several infants with CAH due to C-21
hydroxylase deficiency were studied during the first
week of life before starting steroid replacement
therapy. Their plasma 170H-progesterone con¬
centrations were compared with those determined
in normal infants.
Plasma 170H-progesterone was measured by

radioimmunoassay (RIA) using an antiserum kindly
donated by Dr D. L. Loriaux, NIH, Bethesda. The
sensitivity of the assay was 4 pg/tube using 200 pi
plasma. Apart from 11-deoxycortisol (3-3%) and
21-deoxycortisol (1-6%), the cross-reactivity of the
170H-progesterone antiserum with numerous other
steroids, including progesterone, was less than 0 • 1 %
The intra-assay coefficient of variation was ± 6 • 3%;
the inter-assay coefficient of variation was ±7*5%
(high pool) and 11-9% (low pool). All RIA data
processing was performed using the method of
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Rodbard and Hutt (1974) and quality controlled by
the method of Kemp et al. (1978). The mathematical
relationship between plasma concentration (Y) and
the age of the newborn infant (t) was reasonably
described by a power function of the form Y = AtB
within the time-span of sampling. The index of
determination was 0-72 and values of A and B
determined by least squares analysis ofdata contained
in Fig. 1, using a linear transformation of this
equation, were 151 and —0-906 respectively.

Results

Mean values for plasma 170H-progesterone concen¬
trations in mixed cord blood were 203 ±37-8 SD
nmol/1 (69 ± 12-9 ng/ml) for boys and 184 ± 34-5
SD nmol/1 (62-6 ±11-7 ng/ml) for girls. There was
no significant sex difference. The individual plasma

0 4 8 12 16 20 24 28 32 36
Age (hours)

Fig. 1 Plasma 170H-progesterone concentrations in
normal infants during the first 36 hours of life. The line
represents the mean plasma concentration of this
steroid in baby boys and girls.
Conversion: SI to traditional units—170H-progesterone:
1 nmol/I a* 0-31 ng/ml.

170H-progesterone concentrations for 60 newborn
infants in relation to postnatal age are shown in
Fig. 1. The line represents the mean plasma 170H-
progesterone concentration for the whole group of
infants, there being no significant difference between
mean concentrations in boys and girls. The mean
plasma 170H-progesterone concentration fell rapidly
after birth, from 45 nmol/1 (16 ng/ml) at 12 hours, to
8-5 nmol/1 (2-9 ng/ml) at 24 hours, and 6 nmol/1
(2 ng/ml) by 36 hours of age. This represents a 32-
fold decrease from the mean cord plasma 170H-
progesterone concentration. The pattern of plasma
170H-progesterone concentrations in normal infants
during the first week of life is shown in Fig. 2. Mean
levels reached a nadir ofabout 3 • 5 nmol/1 (1-2 ng/ml)
by 7 days of age. This contrasts with plasma 170H-
progesterone concentrations in untreated CAH
infants during the first 7 days of life. At 12 hours'
postnatal age, there was a wide difference between
plasma 170H-progesterone concentrations in normal
and CAH infants. By the 2nd day there was a 40-fold

2 3 4 5 6 7
Age (hours) Age (days)

Fig. 2 Plasma 170H-progesterone concentrations in
normal and CAH infants during the first 7 days of life.
The line represents the mean and the shaded area
encompasses the range ofplasma concentrations in
normal babies. Also shown are individual plasma
170H-progesterone concentrations determined in
untreated CAH infants. 4 represents a value of
2430 nmol/l (826 ngjml).
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difference in mean plasma 170H-progesterone
concentrations.

Discussion

This study confirms previous reports of a raised
cord plasma 170H-progesterone concentration
reflecting placental production of this steroid (Jenner
et al., 1970; Lippe et al., 1974; Winter et ah, 1976).
There are two recent studies which give data on
plasma 170H-progesterone concentrations during
the first 24 hours of life of newborn infants (Forest
and Cathiard, 1978; Sippell et al., 1978). Both report
the rapid fall in plasma levels within hours of birth,
reaching a nadir by about 5 to 7 days of age. The
results now reported confirm and extend this
observation in a larger group of infants also studied
during the first week of life. As measurement of
plasma 170H-progesterone is so valuable in the early
diagnosis of CAH, a comparison was made between
results of plasma 170H-progesterone determinations
in normal and CAH infants. The data clearly show
that, by 36 hours' postnatal age, there is a pro¬
nounced difference between the two groups.
Congenital adrenal hyperplasia is the most

common cause of ambiguous genitalia of the new¬
born (Hughes, 1977). In many instances, plasma
170H-progesterone measurements will also aid in
the assessment of other conditions. In addition, some
infants who are stressed—for example, due to
infection—have concentrations of plasma 170H-
progesterone up to 30 nmol/1 (10 ng/ml) at 5 to 7
days of age. However, plasma 170H-progesterone
concentrations exceed 200 nmol/1 (68 ng/ml) in
untreated CAH infants of this age.
Therefore, determination of plasma 170H-pro-

gesterone concentrations in the neonatal period can
be extremely useful for the differential diagnosis of
ambiguous genitalia, electrolyte disturbances, or for
the investigation of baby boys with a positive family
history for CAH (Hughes and Winter, 1977). It is
recommended that plasma samples should be
collected after 24 hours' postnatal age in order to
eliminate the placental influence on plasma 170H-
progesterone levels. The exact age of the infants, in
hours, at the time samples are collected should be
known.
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