ESTROGENIC REGULATION OF LEYDIG CELL DEVELOPMENT IN THE RAT

by
Russell Butler Myers

Submitted to the Faculty of the School of Graduate Studies
of the Medical College of Georgia In Partial Fulfillment
of the Requirements for the Degree of
Doctor of Philosophy
May, 1989

Estrogenic

Regulation of Leydig
in the Rat

Cell

Development

This dissertation is submitted by Russell Butler Myers
and has been examined and approved by an appointed committee
of the faculty of the School of Graduate Studies of the
Medical College of Georgia.
The signatures which appear below verify the fact that
all required changes have been incorporated and that the
dissertation has received final approval with reference to
content, form and accuracy of presentation.
This dissertation is therefore accepted in partial
fulfillment of the requirements for the degree of Doctor .of
Philosophy.

bate

ACKNOWLEGMENTS

I would like to express my deepest appreciation to the
following people:
To Dr. Tom Abney, my major advisor. This work was made
possible through his wisdom, guidance and confidence in me.
His support was unrelenting.
To my advisory committee, Dr. Virendra Mahesh, Dr. James
O'Conner, Dr. Susan Porterfield and Dr. Tom Rosenquist, for
their advice.
To Dr. Allen Castoff for his advice and assistance in
the histological studies.
To my fellow graduate students, especially Tony, Carla,
Darrell and Aruna for their friendship.
And finally to my parents whose love and support has
allowed me to fulfill my dreams.

iii

DEDICATION

This dissertation is dedicated to my loving wife
Barbara-Ann. Without her love, patience and assistance this
work would not have been possible.

iv

TAl}LE

QF

CONTENTS

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Animals and Treatments ..•.....•.•...........•........
Hormones and Chemicals ........•...•.......•...•......
Buffers and Solutions .............. ·..•••..•••.....•..
Isolation of Interstitial cells ......................·
.In Vitro Studies ...........•...............••........
.In Vj tro Studies (Primary Culture) ........•...•......
Steroid Radioimmunoassays .......•..........•....•.•..
Gonadotropin Radioimmunoassays ....•.••••.....••....•.
Estrogen Receptor Assay .........•.•.....•.•..••.•.••.
Protein Determinations .....•...•.....•....••.••••....
Histology (Light Microscopy) ...•....•...•...•.....•..
Histology (Electron Microscopy) ..........•...•••.....
Autoradiography .....•.•...••..•.••........•••...•....
Measurements of Radioactivity and Expression of
Data .....•...•••............•.•........••..•.......•

25
25
28
29
30
31
33
34
35
36
36
37
38
40

RESULTS . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

The Effects of Estradiol on Leydig Cell Function in
the Rat . • • . . . . . . . . • . . . . • . . . . • . . . . . • . . . • • . . . . . . . . • • . • 41

Characterization of Leydig Cell Regeneration in the
EDS Treated Rat .............•.•...•.........•.......
The Effects of Estradiol on the Process of Leydig
Cell Regeneration in the EDS-Treated Rat ...•.•......
The Effects of Estradiol on Cell Proliferation in
the EDS Treated Rat .......•..••.......•....•....•...
Estradiol Receptor Levels in the EDS Treated Rat .....

54
75
94
108

DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

The Effects of Estradiol on Leydig Cell Function in
the Rat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

Characterization of Leydig Cell Regeneration in the
EDS Treated Rat ........•....•.•........•..........•. 121
The Effects of Estradiol on the Process of Leydig
Cell Regeneration in the EDS-Treated Rat •.•.••...•.. 127
The Effects of Estradiol on Cell Proliferation in
the EDS-Treated Rat ..•...........•.................. 133
Estradiol Receptor Levels in the Testis of the EDS
Treated Rat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
SUMMARY .......•.....•....••...•......•.....•...•...••..•. 142

LITERATURE

CITED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

v

LIST

OF

FIGURES

Figure

1.
2.

3.

4

The Effect of Four Days Treatment with Increasing
Concentrations of LH (5, 10 or 25 ~g) with or
without EE2 (10 or 25 ~g/100 g BW) on the Capacity
of Isolated Interstitial Cells to Produce
Testosterone. . . . . . . . . . • • . . . . . • . . . . . . . . . . . • • . . . . .

45

Estradiol Binding Capacity of Cultured Rat Leydig
Ce~ls.

4.

5.

6 •.
7.

8.
9.

Page

Possible Steroidogenic Pathways from Pregnenolone
to Testosterone. . . . • • . . . . • . . . . . . • . . . . . . . . . • . . • . . .

.......................... .................

48

3H-Thymidine Incorporation in Interstitial Cells
Isolated from Hypophysectomized Rats Treated with
LH (10 ~g/rat), Estradiol (20 ~g/100 g BW) or a
Combination of the Two. • . . . . . . . . . . . . • . . . . . • . . . • . •

52

The Effect of Estradiol (100 ng/106 cells) or hCG
(10 miU) on 3H-Thymidine Incorporation in the
Interstitial Cells of Mature (A) or Immature (B)

Rats.............................................

53

The Effect of Various Doses of EDS on Testis
Weight. . • . . . . . . . • . . . . . . • . . . . . . . . . . . . . . • . . . • . . . . . .

55

The Effect of Various Doses of EDS on the hCG
Binding Capacity of Isolated Interstitial
Cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

57

Serum Gonadotropin Levels in the EDS-Treated
Rat. . . . . . . . . . . . . . . . • . . . . . . . . . . • . . . . . . . . . . . . • . . . . .

58

Temporal Changes in Testis Weight after EDS
Treatment. . . . . . . . . • . • . . . . . . . . . . . . . . . . . . . . . . . . . . . .

60

10. The Effect of EDS on the Number of Interstitial

Cells Isolated by Collagenase Dispersion.........
vi

61

11. Temporal· Changes in the hCG Binding Capacity of

Interstitial Cells Isolated from EDS Treated
Rats. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

62

12. Temporal Changes in Testosterone Production by

Interstitial Cells Isolated from EDS Treated
Rats. . . . . . . . . . . . . . . . . . . . • • . . . . . . • • . • . . . . . . • . . . . . .

64

13. Temporal Changes in Adiol Production by

.Interstitial Cells Isolated from EDS Treated
Rats. . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . .

65

14. Light micrograph of Control Testis...............

67

15. Light Micrograph of Testis Four Days Post-EDS

Treatment. . . . . . . . • . . . . . . . . •.. . . . . . . . • . . . . . . . • . . . . .

68

16. Light Micrograph of Testis 16 Days Post-EDS
··· Treatment . ... ~ ....•..

~·.

. . • . . . . . . . . . . .. . . . . • . . . . . . .

69

17 •. Light Micrograph of TesEis 24 Days Post-EDS

·Treatment. .. . . . . . .. . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .

70

18. Light Micrograph of Testis 30 Days Post-EDS

Treatment. . . . . . . . . . . . . . . . • • . . . . . . . . . . . . . . . . . • . . . .

71

19. Histological Analysis of Testicular Interstitial

Cells. . . . . . . . . . • • . . . . . . . • . . . . . . • . . • • . . . . . . . . . . . . .

72

20. Electron Micrograph of Leydig Cell from Control

Rat. . . . . . . . . . . . . . .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

74

21. Electron Micrograph of Leydig Cell Cluster from a

Rat 30 Days Post-EDS Treatment...................

76

22. The Effect of Estradiol on Testis Weight in the

EDS-Treated Rat. . . . . . . . . . . . . . • . . . . . . . . . . • . . . . . . . .

78

23. Light Micrograph of Testis from a Rat 30 Days

Post-EDS. . . . . . . . . . . . . . . . . • • . . . . . . . . . . . . . . . . . • • . . .

82

24. Light Micrograph of Testis from an Estradiol

Treated Rat 30 Days Post-EDS.....................

84

25. Electron Micrograph of Testis from an Estradiol

Treated Rat 30 Days Post-EDS.....................

85

26. The Effect of Estradiol on the Number of:

A. Total Interstitial Cells and B. Leydig Cells..

87

27. Schematic of Estradiol Treatment Protocols.......

88

vii

28. The Effect of Estradiol, Administered at Various
Periods after EDS-Treatment, on Leydig Cell
Development. . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . •

90

29. Light Micrograph of Testis from Rat Treated for a

Period of 10 Days with hCG (20 IU/day) and
Estradiol (25 Jlg/1 00 g BW) . . . . . . . . . . . • • . . . . . . . . . .

92

30. Light Micrograph of Testis from Rat Treated for a

Period of 24 Days with hCG (20 IU/day) and
Estradiol (25 Jlg/1 00 g BW) . . . . • . . • . • . . . . . . • • . . . . .

93

31. 3H-Thymidine Incorporation in Interstitial Cells
Isolated from EDS-Treated Rats...................

95

32. Percentage of Labeled Interstitial Cells Following
EDS Treatment. . . . . . . • . . . . . • • • . . . . . • . . . . . . . . . • . . . .

97

33. Schematic Drawing of 3H-Thymidine Treatment

Protocol. . . . . . . . .. . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . .
34. Percentage of Labeled Total Interstitial Cells,
Leydig Cells or Non-Leydig Cells Following 3HThymidine Treatment at Two Days Post-EDS.........

99

100

35. Percentage of Labeled Total Interstitial Cells,

Leydig Cells or Non-Leydig Cells Following 3HThymidine "(225 JlCI) Injection at Four Days PostEDS.....................................................

102

36. Percentage of Labeled Total Interstitial Cells,

Leydig Cells and Non-Leydig Cells Following 3HThymidine (225 J1Ci) Injection at Day 10 PostEDS. . . . . . . . . . • . . . . . . • . • . . . . . • • . . . . . . . . . . . • . . . . . . •

104

37. Percentage of Labeled Total Interstitial Cells,

Leydig Cells and Non-Leydig Cells Following 3HThymidine (225 JlCI) Injection at Day 20 PostEDS. . . . . . . . . . . . . . . • . . . . . • • . . . . . . . . . . . . . . . . . . . . . . .

105

38. The Estradiol Binding Capacity of Interstitial
Cells Isolated from EDS-Treated Rats.............

109

39. The Estradiol Binding Capacity of Rat Testes

Following EDS-Treatment..........................

viii

111

LIST

OF

TABLES

Page

Table
1.

2.
3.

4.

5.

6.

7.

Testosterone Production lh Vitro by
Interstitial Cells Isolated from
Hypophysectomized Rats Treated In Vivo with LH
(5, 10 or 25 ~g/injection) or EE2 (10 or 25
~g/100 g BW) •..••....•••.... .• ·.•••...••. . . . • • •

42

Leydig Cell Viability and Function in
Culture................... . • • • . . . . . . . . . • • . . . . .

47

The Effect of Estradiol on Leydig Cell
Testosterone Production in Culture............

50

The Effect of Estradiol Treatment on the
Testosterone Producing Capacity of Interstitial
Cells Isolated from EDS-Treated Rats..........

79

The Effect of Estradiol Treatment on the hCG
Binding Capacity of Interstitial Cells Isolated
from EDS-Treated Rats.........................

81

The Effect of Estradiol on the Number of
Labeled Interstitial Cells Per Interstitial

Area..........................................

107

The Dissociation Constant of the Cytosolic
Estradiol Receptor at Various Days After EDS
Treatment.....................................

112

ix

LIST

Adiol

OF

ABREVIATIONS

5a-androstane-3a, 17B-diol

AFP

alpha-fetoprotein

BW

body weight

cpm

counts per minute

db cAMP

dibutyryl adenosine 3'5' cyclic monophosphate

dpm

disintegrations per minute

E2

estradiol

EE2

ethynyl estradiol

EDS

ethylene dimethanesulphonate

fmol

femtomoles

FSH

follicle stimulating hormone

hCG

human chorionic gonadotropin

hr

hour (s)

Int

interstitial cells

kd

dissociation constant

kg

kilogram

LH

luteinizing hormone

M

molar

mg

milligram
X

pg

picogram

SEM

standard error of the mean

TCA

trichloroacetic acid

IJ.Ci

microcurie

Jlg

microgram

Jlffi

micron

xi

INTRODUCTION

..

The t'estis serves two major functions.

First, the

process of spermatogenesis occurs within the seminiferous
tubules which occupy 82% of the testis volume in the rat
(Mori and Christensen, 1980).

Spermatogenesis is regulated

by follicle stimulating hormone (FSH) secreted from the
anterior pituitary and by testosterone from the Leydig cells
(Greep et al., 1936; Ludwig, 1950).

The second function of

the testis is the production of androgens, the principal
androgen being testosterone.

In addition to regulating the

process of spermatogenesis as mentioned above, testosterone
is necessary for the development of the male reproductive
system as well as the external genitalia of the male (Jest,
1971) •

Tissue such as the seminal vesicle and prostate

(Wilson and French, 1976) are highly dependent on
testosterone for normal function.

Other tissues such as

brain and muscle (Snochowski et al., 1980) contain androgen
receptors although the role of testosterone in the regulation
of these tissues is not understood at this time.
Testosterone is produced by the Leydig cells which are
found clustered within the interstitial spaces of the testis.
These cells were first described by Leydig in 1859, however,
1
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because Leydig cells comprise only 2-3% of the testis volume
(Mori and Christensen, 1980), historically little interest
was focused on these cells.

In 1903, Bouin and Ancel

observed well developed intratubular tissue in the
undescended testis of cryptorchid animals.

It was noted that

although spermatogenesis was defective in these animals, many
exhibited masculine characteristics.

Thus, Bouin and Ancel

suggested that the Leydig cells were the site of androgen
production.

This finding was later supported by the

observation that Roentgen rays destroyed the spermatogenic
tissue of the testis, but had little effect on the morphology
of the interstitial tissue or on androgen production (Hooker,
1925) .
Leydig cells in most mammals, including man and rat,
exhibit many similar morphological characteristics.

The

nucleus of the Leydig cell is round to oval with a prominent
nucleolus and a thin rim of peripheral heterochromatin (Laws
et ai., 1985).

The cell body measures 14-21 microns in

diameter and is polygonal in shape (Bloom and Fawcett, 1961) .
The cytoplasm of the Leydig cell, like most steroid secreting
cells, contains an abundance of smooth

endop~asmic

reticulum

and mitochondria (Bloom and Fawcett, 1961; Mori and
Christensen, 1980) • . The cytoplasm of the fetal rat Leydig
cell contains numerous lipid droplets (Lording and de
Kretser, 1972) .

A scarcity of lipid droplets, however, are

3

observed in the adult generation of Leydig cells (Niemi and
Ikonen, 1963; Lording and de Kretser, 1972) .
Cholesterol is the substrate for androgen production by
the Leydig cell (Hall et al., 1969).

While cholesterol can

be synthesized from acetate within the cell (Savard et al.,
1965), the majority is obtained from high density
lipoproteins in the plasma (Anderson and Dietschy, 1978).
Cholesterol, a 27 carbon lipid is cleaved to· pregnenolone, a
21 carbon steroid, by the mitochondrial side chain cleavage
enzyme complex (Toren et al., 1964).

This conversion is the

rate limiting step of steroidogenesis- (Jeffcoat, 1975;
Simpson, 1979) .

Pregnenolone conversion to testosterone

takes place within the smooth endoplasmic reticulum of the
testis (Tamaoki, 1973) .

As shown in Figure 1, the conversion

of pregnenolone to testosterone requires five enzymatic
reactions: 3B-hydroxysteroid dehydrogenase, ~5-4 steroid
isomerization, 17a hydroxylation, Cl7-20 lyase and 17ahydroxysteroid dehydrogenase (Hall, 1970) •

The conversion

takes place via a ~4 or ~5 pathway depending upon the
species.

The ~4 pathway predominates in the rat testis

(Slaunwhite and Samuels, 1956; Lynn and Brown, 1958) •
The steroidogenic capacity of Leydig cells is regulated
by a multitude of factors.

It has been known for many years

that the pituitary is necessary for normal testis function
(Smith and Engle, 1927) .

Hypophysectomy results in a

Figure 1:
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decrease in the steroidogenic capacity of rat Leydig cells
although the immature rat appears to be more sensitive to
this operation (Purvis et al., 1980).

The studies of Ewing

and Zirkin (1983) and Ewing et al. (1983) demonstrated that
five days after hypophysectomy, there is a reduction in the
steroidogenic capacity of Leydig cells isolated from the
testis.

In addition, a reduction in the size and number of

Leydig cells was observed.

The treatment of these animals

with luteinizing hormone (LH)

(12

~g/day)

prevented both the

decrease in steroidogenesis and the reduction in size and
number of Leydig cells. ·These studies demonstrated that LH
is necessary for the maintenance and normal function of
Leydig cells in the mature rat.
Perhaps the best documented effect of LH on Leydig cell
function is an increase of steroidogenesis.

The enhancement

of steroidogenesis is initiated by the binding of LH to high
affinity receptors located on the plasma membranes of Leydig
cells (de Kretser et al., 1969; de Kretser et al., 1971).
Binding of LH to the receptor leads to the activation of
adenylate cyclase with a resultant increase in 3',5' cyclic
adenosine monophosphate (cAMP) production (Catt and Dufau,
1978) .

The increase in cAMP results in the subsequent

activation of cAMP-dependent protein kinase (Podesta et al.,
1978).

The final action in this cascade of events is the

activation of the cholesterol side chain cleavage enzyme

6

complex (Burnstein et al., 1975).

At this time the

mechanism· by which activation of the protein kinase results
in activation of the side chain cleavage enzyme is unknown.
It should be noted that calcium/phospholipid dependent
protein kinase may also be involved in the response to LH
(Lin, 1985) .

Studies have shown that maximal stimulation of

testosterone synthesis by LH in vitro is reduced by the
absence of calcium (Janzen et al., 1976).
In addition to the positive influence of LH on Leydig
cells, recent-evidence suggests that high doses of LH exert a
negative influence on Leydig cell function (Cigorraga et al.,
1978) .

This phenomenon, termed desensitization, results in a

down-regulation of LH receptor levels (Hsueh et al., 1976;
Hsueh et al., 1977) and an uncoupling of receptor-adenylate
cyclase (Hsueh et al., 1977).

In addition, LH induced

desensitization was shown to involve defects of the enzyme
!?a-hydroxylase and C17-20 lyase (Cigorraga et al., 1978).
The result of LH induced desensitization is a decreased
capacity to respond to further LH stimulation.

The

possibility that desensitization is solely a pharmacological
phenomena must be addressed.

However, several studies

suggest that elevated endogenous LH levels are capable of
inducing down regulation of LH receptors (Purvis et al.,
1977; Purvis et al., 1978).

Although further studies are

required to resolve this issue, these findings suggest that
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desensitization may represent a physiological response of the
testis to LH stimulation.
In recent years, other pituitary hormones have been
implicated in the regulation of Leydig cell function.
Several investigators have demonstrated that FSH increases
the steroidogenic capacity of Leydig cells (Odell et al.,
1973; Chen et al., 1977) .

In addition, ·FSH was shown to

increase the LH binding capacity of Leydig cells (Chen et
al., 1976).

Thus, it appears that FSH may act by modulating

the responsiveness of Leydig cells to other factors such as
LH.

Because the only testicular cells known to have FSH

receptors are Sertoli cells, it is believed that FSH acts
indirectly on Leydig cells by stimulating the secretion of
paracrine factors from the Sertoli cells of the tubules.
Prolactin and growth hormone both prevent, to some extent,
the loss_of LH receptors which occurs after hypophysectomy
(Payne and Zipf, 1978) .

The role of these factors in

regulating Leydig cell function remains unknown.
The possible role of paracrine factors in the regulation
of Leydig cell function has been examined in great detail in
recent years. 'The observations that LHRH is produced by the
Sertoli cell (Sharpe et al., 1981), LHRH receptors are
located within the Leydig cell (Sharpe and Fraser, 1980) and
LHRH exerts both positive and negative effects on Leydig cell
steroidogenesis (Lin, 1984) suggest that LHRH may be a
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paracrine regulator of Leydig cell function.

In addition,

the insulin like growth factors (IGF) have been identified as
possible ·paracrine regulators of Leydig .c.ell function (Lin et
al., 1986).

Finally, recent in vitro

stud~es

have

demonstrated the presence of unidentified protein factors
secreted from the tubules which stimulate Leydig cell
steroidogenesis (Parvinen et al., 1984; Janecki et al.,
1985) .

Thus, at this time it is known that numerous protein

and peptide factors exert a paracrine effect on Leydig ·Cells.
The role of these factors and the mechanisms by which they
act are unknown and insight into these areas must await
further investigation.
It is now widely accepted that steroid hormones also
exert modulatory actions on Leydig cell function.

Treatment

of 30 day old hypophysectomized male rats with testosterone
propionate was shown to markedly reduce the steroidogenic
response of Leydig cells to hCG (Purvis et al., 1979).

The

studies of Adashi and Hsueh (1981) demonstrated that a
synthetic agonist of testosterone, R1881, exerts an
inhibition on Leydig cell steroidogenesis in vitro.

This

effect is likely mediated via high affinity androgen
receptors located within the Leydig cells (Verhoeven, 1980) .
High affinity receptors for glucocorticoids have also been
identified in Leydig cells (Evain et al., 1976).

1n vitro

studies have demonstrated that glucocorticoids exert an
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inhibition on Leydig cell steroidogenesis by decreasing LH
stimulation of cAMP production and the activation of 17ahydroxylase (Welsh et al., 1982).

Although both steroids

mentioned above may play important roles in the regulation of
Leydig cell function, little work has been performed to
elucidate these roles.

The steroids which have received the

greatest attention in the regulation of Leydig cell function
are the estrogens.
It has been known for many years that estrogens,
exogenously administered to male animals, exert an inhibitory
effect on the male reproductive system.

In an extensive

series of experiments in 1932, Moore and Price demonstrated
that administration of estrogens resulted in the atrophy of·
the testis and the ventral prostate.

It was concluded in

most early studies that estrogenic inhibition of the male
reproductive system occurred via a negative feedback effect
of estrogens on pituitary gonadotropin secretion.

Recent

evidence, however, suggests that estrogens also directly
inhibit Leydig cell function.

Numerous studies suggest that

the estrogenic inhibition of Leydig cell steroidogenesis
occurs independently of the pituitary.

Several investigators

have demonstrated that exogenous,ly administered estrogens
decrease plasma testosterone levels before.a detectable
decrease in plasma LH (Chowdhury et al., 1974; Tcholakian et
al., 1974).

·,

'

Although the validity of these studies is now
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questioned due to the gonadotropin radioimmunoassay used,
direct inhibitory effects of estrogens on the Leydig cells of
both immature (Hsueh et al., 1978) and mature
hypophysectomized rats

(~~

and Abney, 1982) have been

shown.
Studies designed to demonstrate a direct effect of
estrogens on Leydig cell steroidogenesis in vitro have met
with little success.

Short term in vitro studies utilizing

cell suspensions have demonstrated'that estrogens inhibit LH
or hCG stimulation of testosterone (Bartke et al., 1977;
Moger, 1980b) but only at high pharmacological
concentrations.

The cell suspensions used in these studies

were viable for'only three to five hours, whereas in vivo
studies have demonstrated that estrogenic inhibition of
testicular steroidogenesis may require eight or more hours to
occur (Grotjan et al., 1978).

Thus, the in vitro model is

not suited for these types of studies.

The development in

recent years of a long-term Leydig cell culture (Hsueh, 1980;
Browning et al., 1983) provides a more appropriate model for
the study of estradiol action.

One group of investigators

(Nozu et al., 198lb) demonstrated an inhibition of hCG
stimulated testosterone production by cultured Leydig cells
previously exposured to estradiol for a period of 24 hours.
This system has limitations, however, in that rat Leydig
cells exhibit a marked reduction in testosterone synthesis as
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well as decreased LH binding capacity after three to five
days in culture (Mather et al., 1981; Browning et al., 1983;
Myers and Abney, 1988).

Thus, it is difficult to study the

inhibitory role of estradiol on Leydig cell steroidogenesis
in a system in which the enzymes necessary for
steroidogenesis are undergoing a rapid decrease in activity.
In 1969, the autoradiographic studies of Stumpf
demonstrated the presence of estrogen receptors within the
Leydig cells of the rat.

These findings were subsequently

confirmed by others (Chowdhury et al., 1974; Abney, 1976).
The testicular estrogen receptor, characterized as a high
affinity, low capacity binding site (Abney, 1976), is located
only in the interstitium (Mulder et al., 1974).

Treatment of

male rats with estradiol results in the translocation of
cytoplasmic receptors into the nucleus (Mulder et al., 1973).
In addition, the receptor exhibits a steroid specificity for
estradiol which is comparable to the uterine receptor (van
Beurden-Lamars et al., 1974).

These observations suggest

that the Leydig cell is a target of estrogen action.
The mechanism by which estrogens directly inhibit Leydig
cell steroidogenesis and the site of action are not clear at
this time.

Recent studies (Nozu et al., 198lb) have

demonstrated that estrogen treatment of male rats results in
the production by Leydig cells of a 27,000 Da molecular
weight testicular protein; the role of this protein remains
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unclear.

Several groups have suggested that estrogens

decrease the activities of specific Leydig cell enzymes.
initial work of Samuels et al.

The

(1964) indicated that

estradiol decreased the activity of 17a-hydroxylase, C17-20
lyase and 17B-hydroxysteroid dehydrogenase.

More recently,

the work of Brinkmann et al. (1980) again suggests that
estrogens inhibit 17a-hydroxylase and C17-20 lyase.

The

mechanism by which estrogens inhibit the activities of these
Leydig.cell
. .
.

en~ymes

is· unknown.

The work of Onada and Hall

(1981) demonstrated that high concentrations of estradiol
competitively inhibited the activity of Cl7-20 lyase from the
immature porcine testis.

These studies suggest that the

inhibitory effect of estradiol on steroidogenesis is not
mediated via the estrogen receptor.

Although the micromolar

concentrations of estradiol required for enzymatic inhibition
appear non-physiological, the investigators concluded that
these concentrations were in fact possible within the porcine
Leydig cell.

Thus, the investigators concluded that

estradiol may cornpetively inhibit Cl7-20 lyase activity of
the porcine Leydig cell under physiological conditions.
However, because it is questionable as to whether the
estradiol concentrations of lo-6 to lo-7 M are reached in the
rat Leydig cell (Brinkmann et al., 1982), it is generally
believed that the physiological response of rat Leydig cells
to estradiol is mediated via the estrogen receptor.

However,
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the involvment of the estrogen receptor must be questioned in
light of the studies of Damber et al. (1983) in which it was
demonstrated that tamoxifen, a potent antiestrogen, did not
block the inhibitory effect of estradiol on Leydig cell
steroidogenesis in the rat.

Further studies are required to

clearly define the site of estrogen action and the mechanism
by which it occurs.
The testis is now accepted as a site of estradiol
production.

Both the Leydig cell and the Sertoli cell have

been postulated as sites of testicular estrogen synthesis.
The site of estrogen synthesis in the testis of the rat
appears to be dependent upon the age of the animal.

The work

of Derington et al. (1978), demonstrated that the Sertoli
cells of 20 day old rats produced estrogens in culture and
that the production was stimulated by FSH whereas· LH had no
effect.

Therefore, in the

immatu~e

the site of estradiol synthesis.

rat, the Sertoli cell is

In contrast, FSH did not

stimulate the aromatase activity of Sertoli cells of 30 day
old rats.

In recent years, it has been demonstrated that

while the Sertoli cell produces a significant amount of
estradiol in immature rats, this role is assumed by the
Leydig cell in the mature rat.

In addition, the aromatase

activity of the Leydig cell in the mature rat is stimulated
by LH (Valladares and Payne, 1981) .

The physiological

relevance of this change in the site of estradiol synthesis
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during the maturation of the rat testis is not understood at
this time and awaits further investigation.
The observations of estrogen action and production
within the testis, as described in the preceding paragraphs,
suggest that estradiol may play a paracrine or autocrine role
in the regulation of Leydig cell function.

The increase in

aromatase activity after LH administration (Valladares and
Payne, 1981), coupled with the estrogenic inhibition of
several steroidogenic enzymes, indicate that estradiol may be
involved in the process of LH desensitization (Moger, 1980a) .
The work of Nozu et al. (198la) and Cigorraga et al.

(1980)

showed that tamoxifen, a potent antiestrogen, will block hCG
induced desensitization of the Leydig cell.

However, similar

experiments by other investigators (Hodgson et al., 1983;
Brinkmann et al., 1981) have not demonstrated an effect of
antiestrogens on the desensitization process.

In addition,

it was demonstrated that the time required for a
desensitizing dose of hCG to significantly reduce the
activity of C17-20 lyase is less than the time required for
estradiol to do the same (Brinkmann et al., 1982).

These

studies suggest that estradiol is probably not involved in
the mechanism of LH induced desensitization.
As described in the preceding paragraphs, much is known
about the function of mature Leydig cells and the factors
which regulate these cells.

Little is known, however, about

/
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the development of Leydig cells and the factors which
regulate this developmental process.

The testes arise as

ridge-like thickenings on the mesonephros of the developing
fetus (Patten and Carlson, 1974) .

These gonadal ridges

consist of a mesenchymal core covered by a layer of
mesothelium, known as the germinal epithelium (Patten and
Carlson, 1974).

The germinal epithelium projects into the

mesenchymal stroma to form the sex cords.

It is within the

sex cords that the primordial germ cells, which originate in
the yolk sac, come to rest (van Wagenen and Simpson, 1965) •
The sex cords eventually form the seminiferous tubules and
the primordial germ cells are the precursors of the mature
spermatozoa.

It is within the mesenchymal stroma, located

between the sex cords, that the Leydig cells originate.
In the fetal rat, Leydig cells are first histologically
identifiable at day 15 of gestation (Rosen-Runge and
Anderson, 1959) •

The production of androgens by these Leydig

cells is necessary for the development of the male
reproductive system.

Leydig cell numbers increase rapidly

through day 21, the day of parturition, and decrease in the
initial 10 days .after birth (Lording and de Kretser, 1972) .
During the third and fourth post-natal week, a second "adult"
population begins to develop (Rosen-Runge and Anderson, 1959;
Lording and de Kretser, 1972).

This second population, which

is the source of androgen production in the mature rat,
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increases in number through day 50-60, after which it remains
constant

It is generally believed that an equilibrium is

reached in the mature rat in which the rate of Leydig cell
development is equal to the rate of disappearance.

Several

other species, including man (Mancini et al., 1963), also
exhibit a biphasic pattern of Leydig cell development.
Concomitant with the increase in Leydig cell numbers
between days 20-30 there is an increase in the serum
concentration of androgens (Pahnk et al., 1975).

In

addition, there is an increase in the activity of the
following steroidogenic enzymes: ~5-4 isomerase, 3B
hydroxysteroid dehydrogenase, 17a.-hydroxylase and C17-20
lyase (Inano et al., 1967).

17B-hydroxysteroid

dehydrogenase, responsible for the conversion of
androstenedione to testosterone, develops somewhat slower but
reaches adult levels by day 60 (Inano and Tamaoki, 1966;
Inano et al., 1967).

Several studies have shown that the

principal androgen secreted between day 25 and 40 is 5a.androstane-3a., 17B-diol (Adiol)
Moger, 1977).

(Podesta and Rivarola, 1974;

The enzymes necessary for the production of

this steroid, Sa-reductase and 3a.-hydroxysteroid
oxioreductase, are known to be elevated in the immature rat
but low in the adult rat (van Nimmen et al., 1979; Peng et
al., 1979).

The role of Adiol in the developing rat is not

understood at this time.
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Leydig cells are believed to be derived from mesenchymal
precursor cells in both the rat and human (Mancini et al.,
1963) .

These precursor cells are characterized by a high

level of proliferation in the first days after birth (Neimi
and Kormano, 1964), whereas little mitotic activity is
observed in the Leydig cells of the mature rat (Mori and
Christensen, 1980) .

There is, however, evidence that Leydig

cells of the immature rat are capable of cell division
(Rosen-Runge and Anderson, 1959; Chemes et al., 1976).

Thus,

Leydig cell development is viewed as a period of precursor
cell division followed by a process of differentiation
whereby these cells acquire both the biochemical and
morphological characteristics of mature Leydig cells.
The regulation of Leydig cell ontogeny and development
in the rat testis is not understood at this time.

It is,

however, generally accepted that LH exerts a positive effect
on the growth and development of Leydig cells.

The studies

of Chemes et al. (1976) demonstrated that treatment of 21 day
old rats with 15 IU per day of hCG for a period of five days
resulted in a 3-fold increase in the number of Leydig cells.
In addition, a 2-fold increase in cells described by these
investigators as fibroblastic precursor cells was observed.
Perhaps the most interesting observation of this study was an
increase in the mitotic activity of the Leydig cells after
hCG treatment.

In later studies (Christensen and Peacock,
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1980), it was demonstrated that chronic treatment of rats
with hCG (100 IU/day) resulted in a 3-fold increase in the
number of histologically identifiable Leydig cells after a
period of three weeks.

These studies demonstrated that hCG

increases the number of Leydig cells in the testis of the
immature as well as mature rat.

It is not clear from these

studies what mechanism is involved in the increase in Leydig
cell numbers.
If increased cell divis;i.on i"s involved in the increase
in Leydig _cell number after LH or hCG injection, there should
be a co"ricomitant increase in 3H-thymidine incorporation.

It

was demonstrated (Saez et al., 1978) that the injection of
500 IU of hCG resulted in a 2-fold increase in 3H-thymidineincorporation in the isolated interstitial cells of 46 day
old rats.

More recently, Abney and Carswell (1985) showed

that daily injection of 100 IU of hCG resulted in an increase
in 3H-thymidine incorporation in the metrizamide gradient
purified Leydig cells of mature rats.

Incorporation was

enhanced at 48 and 120 hours post-injection.

The

significance of this biphasic effect is unknown, however,
these studies suggest that

increa~ed

cell division is

involved in the trophic effect of LH on Leydig cell number.
The cell type which undergoes division, however, was not
determined in these studies.

It seems unlikely that the

increase in cell numbers after hCG treatment is due to
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division of Leydig cells since division among Leydig cells is
rare.

This must be considered, however, because of the

increased mitotic activity of immature Leydig cells after hCG
treatment as reported by Chemes et al.,

(1976).

A second

possibility is that LH or hCG acts to increase the rates of
precursor cell division and the subsequent differentiation.
Studies have not been conducted, however, to determine if
precursor cells contain the LH or hCG receptor which would
make these cells responsive to LH/hCG.
Several lines of evidence suggest that estradiol may be
involved in the regulation of Leydig cell development.

The

studies of Dhar and Setty (1976) demonstrated an absence of
mature Leydig cells in the testes of 60 day old rats which
received a single injection of estradiol at 5 days of age.
This suggests that Leydig cell development in the immature
rat is inhibited by estradiol.

Saez et al. (1978)

demonstrated that treatment of mature rats with estradiol
i

benzoate for a period of two days resulted in a 50 percent
reduction in 3H-thymidine incorporation of isolated
interstitial cells.

When estradiol benzoate was injected

simultaneously with hCG, the steroid blocked the stimulatory
effect of hCG.

In later studies (Abney and Carswell, 1985),

in vivo estradiol treatment was shown to inhibit 3H-thymidine
incorporation in the isolated Leydig cells of both control
(non-treated) and hCG treated rats.
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An

interesting dilemma arises if estradiol is assumed to

exert an inhibitory effect on Leydig cell development.

The

fetal rat develops in an environment of high estrogen
content.

In addition, as mentioned previously, the Sertoli

cell ·of the immature rat produces a significant amount of
estradiol.

If estradiol inhibits development of the Leydig

cell, it does not seem likely that Leydig cell development
would occur considering the environment of the fetal or
neonatal rat.
The estradiol binding capacity of the fetal and immature
testis is low (Abney, 1976; Tsai-Morris et al., 1986) through
days 23-30 after which it. rapidly increases to adult levels
by day 50.

Furthermore, the studies of Tsai-Morris et al.

(1986) demonstrated that treatment of cultured fetal rat
Leydig cells with estradiol resulted in an increase in
estradiol binding capacity of these cells.

This suggests

that the estradiol receptor of the immature rat testis is
induced by estradiol.

However, the serum of the immature rat

contains high levels of alpha-fetoprotein (AFP), which is
capable of binding estradiol (Numez et al., 1974).

Studies

have demonstrated that as AFP levels decline between days 23
and 30, during which time a rapid increase in testicular
estradiol binding capacity occurs (Keel and Abney, 1987).
Because of the inverse relationship of these two estrogen
binding moieties, the possibility must be raised that AFP, by
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binding the estradiol present in the serum of the fetal or
neonatal rat, prevents the induction and thus appearance of
the testicular estrogen receptor.

Studies conducted to

question this hypothesis have been inconclusive due to
difficulties encountered in attempts to decrease serum AFP
levels (Keel and Abney, 1987).

AFP, serving in this

capacity, would provide a mechanism by which the interstitial
tissue and/or Leydig cells of the fetal and neonatal rat are
protected from the inhibitory effects of estrogens.
In recent years,an interesting model has been developed
for the study of Leydig cell development.

Ethylene

dimethanesulphonate (EDS) is a diester of methane sulfonic
acid.

Similar compounds such as propane dimethyl sulphonate

and butane dimethyl sulphonate are known to inhibit
spermatogenesis (Cooper and Jackson, 1970; deRooij and
Kramer, 1970; van Keuleu and de:Rooij, 1974).

More recently,

it was demonstrated that EDS results in the rapid and
specific destruction of rat Leydig cells (Molenaar et al.,
1985; Barlett et al., 1986; Morris et al., 1986).

Within 16

hours after injection of EDS, degeneration of Leydig cells
has been observed (Molenaar et al., 1985).
this destruction is unknown.

The mechanism of

Although EDS resulted in the

alkylation of numerous Leydig cell proteins'it had similar
effects in other cells (Rommerts and Hoogerbrugge, 1987) .

22
Thus, it is not possible to determine if the cytotoxic
actions of EDS are due to alkylation or some other mechanism.
Perhaps the most fascinating aspect of this model is the
observation that within 3 to 4 weeks after administration of
'

EDS, a regeneration of Leydig cells occurs (Kerr et al.,
1985) •

Although the mechanism by which this regeneration

occurs is unknown, several studies indicate that Leydig cells
originate from connective tissue within the interstitium of
the testis (Kerr et al., 1985; Jackson et al., 1986).

In

addition, there is an unconfirmed report of elevated
thymidine incorporation in the interstitium of the rat testis
in the initial two to four days post-EDS (Teerds et al.,
1988).

Therefore, it appears that the process of Leydig cell

regeneration in the EDS treated rat is similar to that which
occurs in the developing immature rat.

The regenerating

Leydig cells of the EDS treated rat contain numerous lipid
droplets which again suggest a similarity to the immature rat
Leydig cells (Kerr et al., 1987).
The EDS treated rat provides an excellent model for
studying the regulation of Leydig cell development in the
mature rat.

Several studies have shown that immediately

following EDS treatment, there is a 4-7 fold increase in
pituitary LH and FSH secretion (Kerr et al., 1987).
of Molenaar et al.

The work

(1986) showed that hypophysectomy prevents

the regeneration of Leydig cells in the EDS model.

Treatment
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with FSH did not reverse the effects of hypophysectomy.
Daily treatment with hCG (15 IU I day), however, resulted in
the regeneration of Leydig cells in the hypophysectomized EDS
treated rat.

These studies suggest that LH plays a vital

role in regulating the regeneration of Leydig cells in the
EDS model.

In addition, the possibility that paracrine

secretions from the seminiferous tubules or interstitial
cells may influence Leydig cell regeneration must be
addressed.

Furthermore, the EDS treated rat provides an

excellent model for examining the effect of estradiol on
Leydig cell development.
The studies described herein are an attempt to determine
if estradiol exerts an inhibitory effect on Leydig cell
development.

This investigator attempted to address this

question by:
1. determining the effect of estradiol on thymidine
incorporation in the interstitial tissue of the
hypophysectomized rat.
2. examining the effect of estradiol on thymidine
incorporation in cultured interstitial cells of
both the mature and immature rat.
3. developing and characterizing a model in which
Leydig cell proliferation and differentiation occur
at a rapid rate in the mature rat.
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4. using the above model to determine the effect of
estradiol on Leydig cell development.
The studies described herein further our knowledge of
Leydig cell ontogeny and estrogenic regulation of Leydig cell
function in the rat.

MATERIALS· AND
Animal.s

and

METHODS

Treatments

Sprague-Dawley male rats were used in all the
experiments outlined in these studies.

In studies in which

mature animals were used, treatments were begun at 60-70 days
of age.

Studies involving immature animals were initiated at

33 days of age.

Animals were housed in a 12 hour light:12

hour dark environment and were provided water and rat chow £d
libitum.

Hypophysectomized Sprague-Dawley rats were

purchased from Hormone Assay Labs in Chicago, IL.

•

These. .,

animals were shipped two days post-surgery and upon arrival
received fresh fruit daily and· 0.9% NaCl drinking water.
Hormone treatments were initiated 4-5 days post-surgery.
Estrogens were injected subcutaneously in 100
corn oil.
of saline.

~1

of Kodak

LH and hCG were injected subcutaneously in 100

Details of hormone treatments are described in

the appropriate Results sections.

EDS was diluted in a 1:3

mixture of DMSO and water and was administered as a single
intraperitoneal injection (100 mg/kg BW) .

Hormones

~1

and

Chemical.s

[1, 2, 6, 7-3H] testosterone (94 Ci/mMol), [2, 4, 6, 7-3H]
17B-estradiol (85-115 Ci/mMol) and [1,2-3H] androstanediol
25

26
(24 Ci/mMol) were purchased from New England Nuclear, Boston
MA.

Unlabeled testosterone, estradiol, ethynyl-estradiol and

androstanediol were purchased from Steraloids, Wilton, NH.
LH S-16 was obtained from the NIADDK.

hCG used for

stimulation of steroidogenesis in both in vivo and in vitro
studies was obtained from Rugby Laboratories (Rockville
Centre, NY) at an initial concentration of 10,000 IU/vial.
hCG (CR-121 and CR-125) supplied by NIADDK, was iodinated by
a modified method of Leiderberger and Reichert (1972) •

One

mCi of 125r-Na (Amersharn, Arlington Heights, IL.) was added

to 25

~g

of purified hCG in the presence of 10

T (Sigma, St. Louis, MO.).

~g

chloramine

The reaction was allowed to

proceed for 30 seconds on ice and was terminated by the
addition of 162

~g

sodium metabisulfate (Sigma Chemical) .

This reaction mixture was then loaded onto a 10 ml G-75
Sephadex column (Pharmacia, Piscataway, NJ) and was eluted
with phosphate buffered saline to separate the labeled hCG
from the free iodine.
preparation was 35-46
cpm/ng.

The specific activity of the
~Ci/~g

which is equivalent to 60,000

LH and FSH were iodinated in a similar manner as

described by Bolton (1977) .
Dibutyryl cyclic AMP [(N6o2-dibutyryl) adenosine 3'5'
cyclic monophosphoric acid]
Sigma.

(dbcAMP) was purchased from

Collagenase (187-210 U/mg) was purchased from Cooper
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Biomedical and dimethyl sulfoxide and Triton X-100 were
purchased from Sigma.
Ethylene dimethanesulphonate (EDS) was synthesized by
the method of Jackson and Jackson (1984) .

Ethylene glycol,

pyridine (Fisher Scientific, Fairlawn, NJ) and methane
sulfonyl chloride (Sigma, St. Louis, MOl were distilled prior
to use.

Briefly, 9.4 g of ethylene glycol was mixed with 45

ml of pyridine which was cooled to 5-10
water mixture.

0

C in a salt/ice

This temperature was maintained at 10°C and

34 g of methane sulfonyl chloride was added dropwise
(approximately 750 J.Ll/ minute) .to the first mixture, after
0

which the final mixture was allowed to reach 25 C.

This

mixture, containing EDS, was added with stirring to an acidice bath composed of 45 ml concentrated sulphuric acid poured
over approximately 800 ml crushed ice.

Stirring was

continued until an oily white precipitate formed.

This

precipitate was collected by suction filtration on a Whatman
40 filter paper washed with cold water and methanol.

The

white powder was air-dried and dissolved in a small volume of
cold chloroform (Fisher Scientific) •

Cold methanol was added

slowly until small crystals were formed.

The EDS was twice

crystallized from cold chloroform-methanol and the final
product was collected by filtration.

A final yield of 9-13 g

with a melting point of 45°C was obtained.
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Buffers

and

Solutions

Short term in vitro incubations for steroid production,
hCG or estradiol binding capacity determinations were
performed in a 1:1 mixture of Dulbecco's Modified Eagle's
Medium and Hams F-12 (DMEM/Fl2), both obtained from GIBCO
(Grand Island, NY) •

The buffer was supplemented with sodium

bicarbonate 1.2 g/1 and 15 mM HEPES (GIBCO).

A 95% 02:5% C02

mixture was then bubbled into the buffer for a period of 15
minutes after which the pH was adjusted to 7.4 with NaOH.
The DMEM/Fl2 buffer with the addition of 100 U of
penicillin/ml and 100

~g/ml

of streptomycin (GIBCO) was also

utilized for long term primary cultures of interstitial cells
and Leydig cells.

This buffer was sterilized by filtration

through a Gelman (Ann Arbor, Mil Aero 50A filter with a 0.2
~

pore size.

Radioimmunoassays were performed in phosphate

buffered saline (0.154 M NaCl, 0.039 M NaH2P04•H20, 0.061 M
Na2HP04) with 0.1% gelatin added.
was used for iodination of hCG.

Phosphate buffered saline
Estradiol receptor assay

were performed in TE buffer (0.01 M EDTA, 0.01 M Tris) with 5
mM sodium molybdate and 1 mM dithiothreitol.

The pH was

adjusted to 7.4 and the buffer was filtered through a
Millipore filter with a 0.45

~pore

size.

Cells were

removed from culture well by the addition of Moscona's saline
(0.068 M NaCl, 0.013 M KCl, 0,059 M NaHC03, 0.047 M glucose
and 1.8 x 10-4M NaH2P04·H20, pH 7.4) with 0.5% EDTA and 0.1%
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trypsin.

Cells in culture were lysed with 0.1 M KOH with

1.0% Triton-X for determination of hCG binding and 3Hthymidine incorporation.
Steroid radioimmunoassays were terminated by the
addition of 0.2 ml of dextran coated charcoal (0.625% Norit A
decolorizing charcoal and 0.0625% Dextran in distilled
water) .

Estradiol receptor assays were terminated by the

addition of 1.0 ml of dextran coated charcoal (0.3% Norit A
decolorizing charcoal and 0.03% dextran in TE buffer).

Iso1ation

of

Interstitia1

Ce11s

Animals were sacrificed by C02 asphyxiation or by
decapitation in experiments where blood collection was
required.

The testes were immediately placed in cold

DMEM/F12.

Testes were weighed and decapsulated.

Two testes

were placed in a tube containing 4 ml of DMEM/F12 with 1 mg
of collagenase.

Each tube was then placed in a Dubnoff

metabolic shaker (100 cycles per minute) for 20 minutes at
37°C.

The dispersed interstitial cells were separated from

the tubular sediment by filtration through several layers of
surgical gauze.

The interstitial cells were twice suspended

in DMEM/F12 and centrifuged at BOO x g for 10 minutes to

remove the collagenase.

The cell concentration was

determined by the use of a hemacytometer and appropriate
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dilutions were made for further purification or for the
various in vitro studies.
Cells were further purified by the use of Percell
(Pharmacia) gradients.

Briefly, the collagenase dispersed

cells were layered on a 20 ml 15-60% continuous Percoll
gradient and were centrifuged for 10 minutes at 3800 xg.
Fractions 11-16 (one ml per fraction) were collected and
combined.

Through previous studies utilizing 125!-labeled-

hCG binding and in vitro testosterone production, it was
determined that Leydig cells migrate in this region.

Cells

were rinsed once to remove Percell and were diluted to
appropriate concentrations •

.In. Vitro Studies
Interstitial cells (1 x 106 cells/ml) were placed in 12
x 75 mm tubes and incubated in a Dubnoff metabolic shaker for
short term (1-3 hours) studies.

Testosterone and Adiol

production were measured in the presence or absence of hCG
(10 miU) or dbcAMP (1 mM) after a period of 3 hours at 33°C.
The cells were frozen rapidly in a methanol:dry ice bath and
were stored at -20°C until radioimmunoassays were performed.
LH receptor levels were determined by the addition of
125r-labeled hCG at a concentration of 2-3 x 105 cpm/106
cells in the presence or absence of a 1000 fold excess of
unlabeled hCG.

After a 2 hour incubation, the cells were
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rinsed and centrifuged twice and the bound radioactivity was
determined.

Estrogen binding capacity was determined in 12 x

75 mm plastic tubes as follows: 3H-estradiol (2 x 105 cpm)
was added to 1 x 106 interstitial cells in the presence or
absence of a 1000-fold excess of unlabeled estradiol for a
period of 1 hour at 25°C.

The cells were rinsed twice to

remove unbound estrogen and the bottoms of the plastic tubes
were cut off and placed in scintillation vials.

Ten ml of

scintillation fluid/Triton-X-100 was added and, after
shaking, the vials were counted in a Beckman scintillation
counter.
3H-thyrnidine incorporation was determined by a modified
method of Abney and Carswell (1985).

Interstitial cells (l.x

106) in a 1 ml volume were added to 12 x 75 mm plastic tubes.
The cells were incubated for 2 hours at 33°C in the presence
of 5 ~Ci of 3H-thymidine.

Cold 10% trichloracetic acid (TCA,

1.5 ml) was added to precipitate the DNA.
~g)

Carrier DNA (100

was added and the tubes were placed on ice to facilitate

the precipitation.

The tubes were spun at 1800 x g and the

resultant pellets were rinsed twice.

The bottoms of the

tubes were cut off and the radioactivity was determined •

.!n. Vitro Studies

(Primary

Culture)

Interstitial cells and purified Leydig cells were plated
in 16 mm culture wells (Corning, NY) at concentrations

32
ranging from 0.2-1 x 106 ce11s/ml/well.

Cultures were

maintained at 37°C in a humidified atmosphere of. 5% C02 with
either 95% air, which is equivalent to 19% 02, or with 5%
02:90% N2.

The 02 tension was reduced by utilizing a Reming

Bioinstruments oxyredticer (model 311) .

The media were

replaced daily and spent media were subsequently analyzed for ·
testosterone by specific radioimmunoassay.
Cells were dissociated from the wells by the addition of
Moscona's saline containing 0.1% trypsin and 0.5% EDTA.

Cell

numbers were subsequently determined by the use of a Coulter
counter (Coulter Electronics, Hialeah, FL) and a
hemocytometer.
LH receptor levels were determined by the addition of
125r-labeled hCG at a concentration of 6-8 x 105 cpm/2.5 x
105 cells/well (15 x 10-9 M) in the presence or absence of a
1000-fold excess unlabeled hCG.

After a 3 hour incubation,

the cells were rinsed three times with cold buffer to remove
unbound hCG and the cells were lysed with a solution of 0.5 M
NaOH and 1.0% Triton-X-100.

The contents were transferred to

glass tubes for the determination of bound radioactivity in a
Beckman gamma counter.
Estrogen receptor levels were determined by the addition
of 3H-labeled estradiol at a·concentration of 2 x 106 cpm/2.0
x 105 cells/well in the presence or absence of a 1000-fold
excess of unlabeled estradiol for a period of 1 hour.

The
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cells were rinsed three times with cold buffer and were lysed
as previously described.

The contents were transferred to

scintillation vials, scintillation cocktail was added and the
samples were counted.
The incorporation of 3H-thymidine was determined as
follows:

Interstitial cells (1 x 106 cells/ml) were

incubated in the presence of 5 ~Ci of 3H-thymidine for a
period of 24 hours.

The cells were rinsed three times to

remove excess 3H-thymidine.

The cells were removed from the

plate as described previously.

The disrupted cells in 1 ml

were placed in 12 x 75 mm plastic test tubes on ice and 1.5
ml of cold 10% TCA was added.

The precipitation was carried

out for 30 minutes and the precipitate was rinsed twice with
cold 5% TCA.

The bottom fourth of the tubes were removed and

placed in scintillation vials.

Radioactivity was determined

on a Beckman scintillation counter.

Steroid

Radioimmunoassays

The antiserum to testosterone (x-181) was purchased from
Radioassay Systems Laboratories Inc. (Carson, CAl.

This

antibody exhibits a high affinity for testosterone and a low
affinity for other steroids including the Sa reduced
metabolites of testosterone (Keel and Abney, 1985).

This

antisera was used at a final dilution of 1:140,000.

The

antibody bound 50% of the 3H-testosterone (10,000 cpm/tube)
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at this dilution.
25-150 pg.

The linear range of the standard curve was

The 5a-androstane-3a,17B dial antibody was

provided by Dr. P.N. Rae of the Southwest Foundation for
Research and Education, San Antonio, TX.

This antisera has a

high affinity for Adiol and a low affinity for testosterone
(Keel and Abney, 1985).
dilution of 1:40,000.

This antisera was used a final
At this dilution, the antibody bound

50% of the 3H-Adiol (5,000 cpm/tube).
the standard curve was 44-700 pg.

The linear range of

Progesterone was also

measured by RIA using a highly specific antisera (D3)
prepared and characterized in this department as described by
Mills and Osteen (1977) .

D3 was used at a final

concentration of 1:35,000 which bound 50% of the 3Hprogesterone (10,000 cpm/tube).
curve was 20-300 pg.

The linear range of this

Because of the high affinities of the

antisera used in these studies, assays were performeddirectly on incubation media.

The assays were conducted at

4°C and were terminated by the addition of 0.2 ml of dextran
coated charcoal.

Gonadotropin

Radioimmunoassays

Concentrations of LH and FSH were determined by a
double-antibody radioimmunoassay as described by Rae and
Mahesh (1986).

The purified hormones (NIAMDD-rLH-S7),

(NIAMDD-rFSH-S11) and respective antibodies were obtained
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from NIAMDD.

The antisera were used at dilutions of 1:10,000

and 1:15,000, respectively.

The antibodies bound 25% of the.

labeled hormones at these concentrations.
antibody (goat antirabbit

.was purchased from

antiseru~)

Arnell Inc., Brooklyn, N,Y.

The second

The linear range of the standard

curve was 4-200 ng for LH and 8-512 ng for FSH.

Estrogen

Receptor

Assay

The estradiol binding capacity of whole testicular
cytosols was determined as follows:

decapsulated testes were

weighed, placed on ice and minced.

The resultant mince was

then diluted 1:5 (wt/vol) with TE buffer.

The tissue was

then homogenized in a Potter-Elvehjem glass-Teflon apparatus
with 8-10 strokes.

The resultant homogenate was centrifuged

at 17,000 x g at 4°C for 10 minutes.

The supernatant was

filtered through a single layer of gauze soaked with TE
buffer to remove the lipid layer.

The supernatant was spun

at 105,000 x g for 60 minutes in a Beckman L2-65B
ultracentrifuge and the cytosol was collected.

Aliquots of

cytosol were then added to five sets of tubes (performed in
triplicate) with increasing concentrations of 3a-estradiol.
A second set of tubes contained an additional 500-fold
concentration of unlabeled estradiol.
performed at 4°C for 18 hours.

The assay was

Separation of bound from free

estradiol was performed by the addition of 1 ml of dextran
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coated charcoal in TE buffer.

The supernatant, after

charcoal absorption, was then collected by centrifugation,
scintillation cocktail added and then counted in a Beckman
scintillation counter.

The data obtained in these studies

were analyzed by the method of Scatchard (1949) .

Protein

Determinations

Cytosols (200

~1)

were first precipitated with 0.3 M

perchloric acid to remove the Tris from the preparation.

The

precipitate was centrifuged (1000 x g) and the pellet was
solubilized in 1.0 ml of 0.1 M KOH.

The solubilized pellet

was then analyzed for protein concentration by the method of
Lowery et al. (1951) utilizing BSA as a standard.

Absorbance

was determined at 750 nm in a Coleman Jr. spectrophotometer.

Histology

(Light

Microscopy)

For light microscopic analysis, testicular tissue was
prepared as follows:

a testis was cut into 6-10 pieces and

fixed in Bouins solution for 24 hours.

The tissue was then

dehydrated through graded changes of ethanol (70% for 2 hr.,
95% for 2 hr., 100% for 2 hrs.).
xylenes for 12-18 hours.

The tissue was cleared in

Finally the tissue was placed in

paraplast (Monoject, St. Louis, MOl at 57°C in a vacuum oven
for 2 hours and was subsequently embedded.
sectioned at 7

~

for observation and at 5

Blocks were
~

for
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autoradiography.

The sections were then stained with

hematoxylin and eosin.
Total interstitial cells and Leydig cells per triangular
interstitial space were quantified.

Cells present only in

clearly defined triangular interstitial spaces surrounded by
three seminiferous tubules were counted, as previously
reported (Bergh, 1982) .

A minimum of 40 interstitial spaces

obtained from 10 fields per slide from each of four slides
·representing two animals were counted for each group.

Total

interstitial cells included all cells except vascular
endothelial cells and the cells of the blood contained
therein.

Leydig cells were identified by the presence of a

large oval nucleus with peripheral heterochromatin and a,
prominent nucleolus in addition to an abundance of
eosinophilic cytoplasm as earlier described (Lording and
deKretser, 1972; Mori and Christensen, 1980; Laws et al.,
1985) .

Histology

(Electron

Microscopy)

Morphological analysis using the electron microscope was
performed as follows:

testicular tissue was cut into small

pieces and fixed for 3 hours in Ito-Karnovsky fixative (0.1 M
cacodylic acid, 4.4 x 1o-3 M picric acid, 4.5 x 1o-3 M cac12,
4% glutaraldehyde, 4% paraformaldehyde) .

The tissue was

refrigerated overnight in Sorenson's phosphate buffer (0.066

38
M NaH2P04·H2o, 0.133 M Na2HP04•7H20, pH 7.2) diluted 1:1 with
distilled water.

Tissue was post-fixed in 1.0% osmium

tetroxide for two hours, dehydrated in graded changes of
ethanol (50% for 30 min., 70% for 30 min., 95% for 30 min,
100% for 30 min.) and transferred to propylene oxide.

The

tissue was gradually removed from propylene oxide and
embedded in an epon-araldite mixture.

The plastic mixture

was prepared as follows:
1) 5 ml

ar~ldite

casting resin 6005

2) 6 ml epon 812
3) 15 ml dodeceryl succinic anhydride
4) 1 drop of 2,4,6 tri (dimethylaminomethyl) phenol
per ml of above mixture.
The reagents above were obtained from Electron Microscopy
Sciences, Fort Washington, PA.
The blocks were sectioned at 80-100 nm using a Dupont
diamond knife on a Sorvall ultramicrotome.

Sections were

stained with 2% uranyl acetate for one hour and lead citrate
(lead citrate, Reynolds) for 3-5 minutes.

The sections were

viewed on a Philips 400 electron microscope.

Autoradiography

Two protocols were utilized for the injection of mature
rats with 3H-thymidine.

Protocol A: rats received an initial

intraperitoneal injection of 50 ~Ci of 3H-thymidine.

The
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rats received a second injection 90 minutes later and were
sacrificed 90 minutes after the second injection.

Thus, the

animals were exposed to 3H-thymidine for a period of three
hours.

Protocol B: the rats received three intraperitoneal

injections of 3H-thymidine (75 ~Ci/injection) •

The

injections were spaced at two hour intervals and half of the
animals were sacrificed two hours after the last injection.
These animals were exposed to 3H-thymidine for a total of six
hours.

The second half of the animals were sacrificed from 4

to 28 days after the last injection.
Testes obtained from 3H-thymidine treated rats were
fixed in Bouins and embedded in paraffin as described
previously.

The paraffin blocks were sectioned at 5

the sections were placed on slides.

and

~

The slides were

deparaffinized in xylenes and were hydrated in water.

In a

light-free dark room, the slides were dipped in Kodak
emulsion NBT2 (diluted 1:1 with water) at a temperature of 41
oc.

The slides were allowed to dry and were placed in a

light-tight box which contained desiccant.
kept at -20°C for a period of 5-6 weeks.

The slides were
Slides were

developed in a light-free darkroom as follows: the slides
were placed in Kodak developer D-19 (1 part D-19 and 2 parts
water) for four minutes, rinsed briefly in water and placed
in Kodak rapid fixer for two

minutes~

The slides were then

placed in water for 15-25 minutes and then stained with
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hematoxylin and eosin.

Counts were performed on a Leitz

microscope at 400-1000 x magnification.

Only cells which

demonstrated five or more grains above the nucleus were
counted as labeled cells.

Measurements

of Radioactivity and Expression of Data.

Compounds labeled with 3H (estradiol, progesterone,
testosterone and thymidine) were transferred to scintillation
vials and 5-10 ml of scintillation cocktail (5.5 g of Packard
Permablend I per liter of toluene) was added.

In experiments

in which pellets were counted in the bottom of plastic tubes,
triton X-100 (2:1 scintillation fluid to triton X-100) was
added to facilitate solubilization.

Radioactivity was

counted in a Beckffian L53801 or L55801.

Both of the counters

have a 58-60% conversion efficiency with respect to 3H.
Compounds labeled with 125I were counted in a Beckman Gamma
8000 counter.
Results presented here after represent the mean ±
standard error.

Statistical differences among multiple

experimental groups were analyzed by one-way analysis of
variance followed by a Newman-Kuels post-hoc test.

An

unpaired t-test was used to determine significant differences
between two groups.

RESULTS
The Effects
the

of Estradiol

on Leydig Ce11 Function

in

Rat.

Initial experiments were designed to investigate the
acute effects of estradiol on Leydig cell steroidogenic
capacity and cell development (i.e., cell division).

Mature

hypophysectomized rats were injected at intervals of 12 hours
for a period of 4 days with ovine LH (NIH-LH-516) "in saline,
EE2 in corn oil or a combinations of the two.
administered at a dose of 5, 10 or 25

~g/100 ~1

while EE2 was injected at a dose of 10 or 25
equivalent to 22.5 or 56.25

~g/100

~1

LH was
injection

~g/100

injection.

g BW,

On the

fifth day, 12 hours after the last injection, the animals
were sacrificed and interstitial cell suspensions were
prepared.
db cAMP

1n vitro groups included: basal, hCG (10 miU) and

( lmM) .

As shown in Table 1, interstitial cells isolated from
hypophysectomized rats receiving no treatment (controls) did
not produce detectable basal levels of testosterone in vitro.
Addition of 10 miU hCG or 1

~

dbcAMP, previously reported by

this laboratory (Keel and Abney, 1982) to maximally stimulate
testosterone production in vitro, yielded values of 2.0 ± 0.1
and 2.1 ± 0.15 ng/106 cells/ 3 hours, respectively.
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Table 1. Testosterone production in~ by interstitial cells isolated from
hypophysectomized rats treated in vivo with LH (5, 10 or 25 !J.Qiinjection) or EE 2
(1 0 or 25 IJ.Q/1 00 g BW).
Testosterone (ng/106 cells/3 hours)
In Vivo Treatment

·aasal"

hCG (10 miU)•

dbcAMP (1 mM)•

H)!gogh)lsectomized
Control
EE 2 , 10 !J.Q
EE2 , 25 !J.Q
LH, 5 j.I.Q
LH, 10 !J.Q
LH, 25 !J.Q

NOb
NOb
NOb
0.35 ± 0.28
0.60 ±0.20
0..50 ± 0.10

2.0 ± 0.10
0.9 ±0.15°
1.2± 0.10°
5.5±0.90°
9.1 ± 1.30°
6.4± 1.20°.

2.1 ±0.15
o.8 ± o.o8•
1.1 ±0.09°
5.5 ± 1.10°
9.4± 1.80°
6.6± 1.30°

Intact Control (n=6)

0.90 ± 0.08

4.5 ± 1.oo•

4.5±1.00°

The values represent the means± SEM of two experiments, expressed as ng testosterone
per 1o• cells per 3 hour incubation.
a denotes iD. ~treatment.
b denotes non-detectable levels in the RIA.
c denotes p<0.05 vs. apprqpriate controt
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further illustrated in Table 1, LH administration in vivo,
consequently resulted in measurable levels of basal
testosterone production in vitro.

Although the lowest basal

values were obtained with the 5

dose of LH in both, values

~g

for basal testosterone production were statistically
equivalent for all three doses of LH.

In addition, in vivo

treatment with LH resulted in a 12-14 fold enhancement above
the basal values of testosterone production in vitro in the
presence of either hCG or dbcAMP.

The greatest increase in

steroidogenic capacity in vitro was exhibited by the group
treated with 10

~g

LH in vivo and hCG or dbcAMP in vitro.

The highest dose of LH (25

~g)

resulted in increased

testosterone production in vitro which was lower than, but
not significantly different from, that observed with the 10
~g

dose.
Interstitial cells isolated from hypophysectomized

animals receiving EE2 at a concentration of either 10 or 25
~g/100

g BW produced no detectable levels of basal

testosterone in vitro.

In addition, in vivo treatment with

EE2 resulted in an approximate 50% decrease in the
responsiveness of isolated Leydig cells to either hCG or
dbcAMP in vitro as compared to non-EE2 treated controls.
statistical differences were observed in the inhibitory
effect of the two EE2 doses used.

No
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Figure 2A depicts the capacity of interstitial cells
isolated from rats treated with either 10 or 25

~g

EE2/100 g

BW and increasing concentrations of LH (5, 10 and 25
respond to hCG stimulation in vitro.

~g)

Treatment with 5

to

~g

of

LH alone resulted in a 3 fold increase of testosterone
secretion.
25

~g

However, simultaneous injection of either 10 or

EE2/100 g BW decreased the in vitro testosterone

production to a level that was not different from controls.
When 10

~g

LH was injected with the low dose of EE2, the

testosterone producing capacity of the cells in response to
hCG was not significantly different from rats treated with 10
~g

of LH alone.

However, simultaneous injection of 25

EE2/100 g BW with 10

~g

~g

LH significantly reduced Leydig cell

testosterone production in vitro.

By contrast, when 25

~g

of

LH was injected, neither dose of EE2 exhibited an inhibitory
effect on the steroidogenic capacity of the Leydig cells in
vitro.

Leydig cells from the above

in~

treatment groups

were also incubated in the presence of dbcAMP.

As

shown in

Figure 2B, response to dbcAMP was identical in each case to
that observed with hCG.

The results in Table 1 and Figure 2

therefore support the feasibility of using the
hypophysectomized animal model coupled with an in vitro
incubation system to investigate the inhibitory effects of
estrogens on both basal and gonadotropin-stimulated
steroidogenesis in the Leydig cell.

Figure

2:

The Effect

of Four· Days

Increasing

Concentrations

25 p.g)

with

p.g/100

g BW)

or without
on

the

Ce~ls

Interstitial

Treatment

of LH

EE2

with

(5,

10

or

(10 or 25

Capacity of Isolated

to

Produce

Testosterone.

Cells were incubated for three hours in the
presence of 10 miU hCG (A) or 1 mM dbcAMP (B).
The bars represent the mean ± SEM of two
experiments.

Each experiment was performed with

pooled interstitial cells isolated from three
rats per treatment group.

An asterisk denotes p<0.05 vs. group not treated

with EE2.
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Subsequent experiments were performed to characterize a
primary culture of Leydig cells so as to provide a system to
determine short-term (48-72 hours) effects of estrogens on
Leydig cell function.

Such a system would allow study of the

direct effects of estrogens on Leydig cells and might provide
insight into the site of estrogen action.

Percoll gradient

purified Leydig cells were placed in culture and the
following parameters were measured: cell number, hCG binding,
estradiol binding and steroid.production.

Cell number and

hCG binding were expressed as a percent of the cells
initially adhered after 3 hours in culture or the amount of
hCG binding observed after 3 hours in culture.

As shown in

Table 2, cell number remained relatively constant throughout
the first 96 hours of culture.

Although a slight decrease

was noted by 96 hours, the values were not significantly
different from controls.

In contrast, LH receptor levels, as

determined by 125I-labeled-hCG binding decreased dramatically
during the initial 24 hours and then fell to less than 1.0%
of controls by day four.

Basal and hCG-stimulated

testosterone production also declined rapidly after the
initial 24 hours of culture.
It was also deemed of importance to determine the levels
of estradiol receptors in cultured Leydig cells.

As shown in

Figure 3, estrogen .binding capacity, expressed as fmol/106
cells, did not change during the initial 24 hours after

Table 2. Leydig Cell Viability and Function in Culture

Hours of Culture

3 (control)
24
48
72
96

hCG-Binding
%of control

100.0 ± 17.0
31.7±4.2•
25.7±7.8•
11.3 ± 2.0•
<1.0"d

Cell Number
%of control

. 100.0 ± 8.0
91.5 ±2.5
92.0 ± 13.5
82.0 ± 17.5
75.0 ± 15.0

Testosterone Production (ng/ml/24 hr)
Basal

6.0± 1.0
3.5±0.5b
1.8±0.3b
1.0±0.4b

hCG Stimulated

-

I

28.0±6.0
12.0 ± 3.5c
6.5± 1.5c
3.8 ± 1.0c ·

Cells were cullured at an Initial concentration of 2.0 x 105 cells I mi.
Cell number is expressed as a percent of the cells initially adhered at 3 hr. of culture.
hCG binding is expressed as a percent of the 1251-hCG binding capacity observed at 3 hr. of culture.
The values represent the mean ± SEM of three experiments. Each experiment utilized pooled Leydig cells obtained from three to five rats.
• p<0.05 vs. control.
b p<0.05 vs. basal testosterone production at 24 hr of culture.
• p<0.05 vs. hCG stimulated testosterone production at 24 hr of culture.
nd binding not detectable.

....

....]

Figure 3:

Est;radio~

Leydig

Binding

Capacity

o:f

Cu~t;ured

Rat;

Ce~~s.

Cells (2.0 x 105/ml) were cultured for a period
of one hour with a 20 nM concentration of 3Hestradiol in the presence or absence of a 500fold molar concentration of unlabeled estradiol.
The values represent the mean ± SEM of two
experiments.

Each experiment was performed with

pooled Leydig cells isolated from three rats.
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plating.

There was, however, ·a 35-40% decrease in estradiol

binding capacity after 48-72 hours of plating.

This change

was not statistically significant.
Having shown that the estrogen receptor was present
throughout the first 72 hours of culture, studies were next
performed to determine the direct effects of estradiol on
testosterone production in culture.

Cells were cultured in

the absence or presence of 10 miU hCG with the addition of
increasing concentrations of estradiol (0.1 ng-100 ng,
equivalent to 3.5 x 1o-10 M to 3.5 x 10-7 M) for periods of
time from 24 to 72 hours

As shown in Table 3, neither basal

nor hCG-stimulated testosterone production were inhibited by
the concentrations of estradiol used.

Based on the data in.

these experiments and those of other investigators in recent
years, the role of estrogens in regulating testosterone
production remains equivocal.
Using similar experimental models and treatment schemes
described above, further studies were conducted to examine
the role of estrogens in Leydig cell development.

Initial

experiments were conducted to investigate the effects of in
vivo treatments with estradiol, LH or combinations of the two
on the in vitro incorporations of 3H-thymidine by isolated
interstitial cells.

The uses of the in vitro system allowed

for an extended 3H-thymidine pulse time.

Mature

hypophysectomized rats were treated twice daily with LH
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Table 3: The Effect of Estradiol on Leydig Cell Testosterone Production in Culture.
Hours of
Culture

Testosterone (ng/2 x 105 cells/24 hr)
0 (Control)
Basal

hCG

24

8.9 ± 1.0

32±3.5

48

2.5±0.5 15.4±3.0

72

1.3 ± 0.3

0.1 ng EE2

10 ng

E~

100 ng EE2

hCG

Basal

9.2±2.0

37±3.5

9.5±0.8

36.5±4.0 10.5±2.0 32.0±3.5

2.8±0.5

16±3.0

2.8 ±0.9

14.0±2.2

3.0±0.1

5.4± 0.6 1.3±0.4

5.3±1.0

1.8±0.3

Basal

4.0±0.35 1.4±0.1

hCG

Basal

hCG

15.4±3.0
4.0±0.35

Leydig cells were cuttured for periods of 24 to 72 hr. in the presence of ethinyl estradiol (0.1·1 00 ng)
and/or hCG (1 a miU).
The values are expressed as ng of testosterone/2 x 105 cells/24 hr.
The values represent the mean± SEM of two experiments. Each experiment utilized pooled Leydig
cells obtained from two to four rats.
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(10

~g/rat),

estradiol (25

~g/100

g BW) or a combination of

the two for a period of four days.

The animals were

sacrificed on the morning of the fifth day and interstitial
cells were isolated.

The cells were cultured for a period of

24 hours and 5 ~Ci of 3H-thymidine was added.

After an

additional 24 hours, 3H-thymidine incorporation was
determined as described in Materials and Methods.

LH

treatment resulted in a 2-2.5 fold increase in 3H-thymidine
incorporation as compared to control (Figure 4) .

Estradiol

treatment alone had no effect on 3H-thymidine incorporation.
Estradiol treatment did however block the enhancement of 3Hthymidine incorporation due to LH treatment.
The effect of estradiol treatment in vitro on
interstitial cell 3H-thymidine incorporation was
investigated.

Interstitial cells isolated from mature and

immature rats were plated and hCG (10 miU) and estradiol (100
ng) were added to the culture wells.

3H-thymidine was added

to the culture wells 24 hours prior to the determination of
incorporation.

After a 48 or 72 hour exposure to hCG, 3H-

thymidine incorporation was not effected in the cells
isolated from mature rats as illustrated in Figure SA.

In

addition, estradiol had no effect on 3H-thymidine
incorporation in these cells.

Cells isolated from immature

rats (33 days old) did exhibit a slight although
statistically insignificant increase in 3H-thymidine

Figure 4:

3s-Thy.midine
Cells

Isolated

Treated
f.Lg/100

Incorporation

with
g BW}

LH

:£rom
(10

or a

in

Interstitial

Hypophysectomized
f.Lg/rat},

Rats

Estradiol

Combination o:£ the

(25

Two.

The rats were treated twice daily for a period
of four days.

Interstitial cells were isolated

from the various treatment groups and plated at
a concentration of 1 x 106 cells/mi.
3H-thymidine (5.0 f.LCi) was added to the cells 24
hours after plating and incorporation was
determined 24 hours after the addition of the
radioisotope.
Each value represnets the mean ± SEM of
quadruplicate determinations.

Each group was

comprised of three rats.

* p<O.Ol vs. LH, ** p<O.Ol vs. control.
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Figure 5:

The

E:f:fect

or hCG

or Estradio~

(10 miU)

Incorporation
Mature

(A)

or

(100

ng/106

ce~~s)

on 3s-Thymidine

in

the

Interstitia~

Immature

{B)

Ce~~s

o:f

Rats.

Interstitial cells were plated at a
concentration of 1 x 106 cells/ml in the
presence of estradiol (100 ng/ml) or hCG (10
miU).
(5

Controls were not treated.

~Ci)

3n-thymidine

was added for a period of 24 hr.

TCA

precipitable 3n-thymidine incorporation was
determined as described in Materials and
Methods.

Each value represents the mean ± SEM

of two to three experiments.
Each experiment was performed with pooled
interstitial cells from three rats.

* p<O. 05 vs. basal.
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incorporation after exposure to hCG (Figure 5B) .
Incorporation was increased to values which were 130% and
115% of control values after 48 and 72 hours of exposure to
hCG.

ln vitro treatment with estradiol did however result in

a significant decrease in 3H-thymidine incorporation after 48
and 72 hours of exposure.

3H-thymidine incorporation was

decreased 60-70% as compared to controls at both of these
time points.

Thus estradiol treatment in vitro resulted in a

profound decrease in 3H-thymidine incorporation in the
interstitial cells isolated from immature rats, whereas
estradiol treatment had no effect on 3H-thymidine
incorporation in the interstitial cells of mature rats.

Charagterizatign

Eps

of

Leydig

Cell

Regeneration

in

the

Treated Rat.

The EDS-treated mature rat offers an excellent model for
studying Leydig cell development.

Studies were initially

conducted to determine the effects of various doses of EDS on
testis weight and the hCG binding capacity of isolated
interstitial cells.

Rats received a single injection of

either 1 mg, 10 mg or 100 mg EDS/kg BW and were sacrificed at
10 days post injection.

As shown in Figure 6, the 1 mg/kg BW

and 10 mg/kg BW doses of EDS had no effect on the testis
weight as compared to controls.

Treatment with 100 mg EDS/kg

BW, however, resulted in a decrease in testis weight from

Figure 6:

The Effect of Various Doses of EDS on
Testis

Weight.

Rats received a single injection of EDS (1 mg/kg
BW, 10 mg/kg BW or 100 mg/kg BW) and were
sacrificed 10 days post-treatment.

Controls

were not treated.
Each value represent the mean ± SEM of six
testes.

* p<O. 05 vs: non-treated control.
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control values of 1.80 to 1.2 g/testis.

In addition,

treatment of rats with either of the two lower doses of EDS
had no effect on the hCG binding capacity of isolated
interstitial cells (Figure 7) •

Treatment with 100 mg EDS/kg

BW resulted in a drastic reduction in the hCG binding
capacity of isolated interstitial cells to 14 ± 6% of
controls.

This dose was used in all subsequent studies.

Studies were performed to determine the temporal pattern
of Leydig cell regeneration with respect to gonadotropin
levels, testis weight, hCG binding, steroidogenesis and
histology.

Age matched controls were included for each of

the above mentioned parameters.

Because control did not

differ throughout the time course of these studies the values
were combined.

As shown in Figure SA, LH levels from control

rats were 45 ± 13 ng/ml.

LH levels increased by four days

after injection bf EDS.

A peak of LH was observed 16 days

post-EDS and the levels declined thereafter.

LH levels were

not significantly different from controls on day 30 post-EDS.
FSH levels rose rapidly after injection of EDS and were 2-3
fold higher than control values (480 ± 150 ng/ml) on days 2,
4 and 10 (Figure 8) •

In a pattern similar to LH secretion,

FSH secretion reached a peak at day 16 post-EDS and declined
thereafter.

FSH levels remained elevated, however, as

compared to controls throughout the duration of this study.

Figure 7:

Tbe Effect of Various Doses of EDS on tbe
bCG Binding Capacity of Isolated
Interstitial

Cells.

Rats received a single injection of EDS (1 mg/kg
BW, 10 mg/kg BW or 100 mg/kg BW) and were
sacrificed 10 days post-treatment.

Specific

binding was determined after the incubation of
isolated interstitial cells (1.0 x 106) with 2 x
105 cpm of 125I-labeled hCG in the presence or
absence of a 500-fold excess of unlabeled hCG.
Each value represents the mean ± SEM of two
experiments. Each experiment utilized pooled
interstitial cells obtained from four rats.

* p<0.01 vs. non-treated control.
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Figure 8:

Serum

Gonadotropin

Treated

Leve~s

in

the

EDS-

Rat.

Mature rats received a single injection of EDS
(100 mg/kg BW) and were sacrificed on the days
indicated.
~g/100

Rats which received estradiol (25

g BW) were injected daily.

not treated.

Controls were

LH (a) and FSH, (b) were measured

by radioimmunoassay.
The values represent the mean ± SEM of serum
levels from 2-4 rats.

* p<O. 05 vs. control.
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Two days after EDS treatment, testis weight did not
differ from that of control animals as shown in Figure 9.
However, by four days post-treatment, a significant decrease
in testis weight was observed.

Testis weight continued to

decline and reached a nadir at 16 days post-treatment
yielding a value of 0.96 ± 0.01 g.

Testis weight increased

after day 16 and was not different from control values 36
days post treatment. ·
The number of interstitial cells obtained per testis
following collagenase dispersion was determined utilizing a
hemacytometer.

As shown in Figure 10, control testis yielded

a value of 84 ± 14 x 106 cells/testis.

A significant

decrease was observed on day 2 post-EDS and a nadir of 30 ± 1
x 106 cells/testis was observed on day 16.

Interstitial cell

number began to increase by day 24 and was equivalent to
control values by 36 days post-EDS.
EDS treatment resulted in a rapid decrease in the hCG
binding capacity of isolated interstitial cells.

hCG binding

was reduced to 14 ± 10% of control values by two days posttreatment as shown in Figure 11.

hCG binding capacity

remained low during the initial 16 days post-EDS, ranging
between 7-16% of control values.

Binding began to increase

by day 24 post-EDS and was 62% of control by day 30.

At 40

days post-EDS, hCG binding capacity was equivalent to control
values.

Figure 9:

!Z'empora~

Changes

in

!Z'estis Weight

after EDS

!I'reat.ment.

Mature rats received a single injection of EDS
(100 mg/kg BW) and were sacrificed at the days
indicated.
Controls were not treated.

The values represent

the mean ± SEM from 8-12 testes.

* p<O.OS vs. non-treated controls.
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Figure 10:

The E:£:£ect o:£ EDS Treatment on the Number o:£

Interstitia~

Co~~agenase

Ce~~s

Iso~ated

by

Dispersion.

Mature rats received a single injection of EDS
(100 mg/kg BW) and were sacrificed on the days
indicated.

Controls were not treated.

Interstitial cells were prepared as described in
Methods.
The values represent the mean ± SEM of two
experiments.

Each experiment utilized pooled

interstitial cells obtained from four rats.

* p<0.05 vs. non-treated controls.
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Figure 11:

Tempora~

Changes

in

the hCG Binding

Capacity

o£

£rom

Treated Rats.

EDS

Interstitia~

Ce~~s

Iso~ated

Mature rats received a single injection of EDS

(100 mg/kg BW) and were sacrificed on the days
indicated.
Controls were not treated.

Specific binding was

determined after the incubation of isolated
interstitial cells (1 x 106 cells/ml) with 2 x
105 cpm of 125r-labeled hCG in the presence or
absence of a 500-fold excess of unlabeled hCG.
The values· represent the mean,± SEM of two
e~eriments.

Each

e~eriment

utilized pooled

interstitial cells obtained from four rats.

*

p<O.. 05 vs. non-treated controls.
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Assessment of interstitial cell testosterone production

in vitro revealed a similar pattern to that of hCG binding
(Figure 12).

Interstitial cells isolated from untreated

control rats produced basal testosterone levels of 0.90 ±
0.07 ng testosterone/ 106 cells/3 hours, whereas interstitial
cells isolated from EDS treated animals did not produce
detectable levels of testosterone on days 2,4 and 10 postEDS.

Low but detectable levels of testosterone were produced

on day 16 and.by day 24-post-EDS, testosterone production was
not different from control levels.

Treatment of interstitial

cells from control animals-with hCG or dbcAMP resulted in a
4.0 to 4.5 fold stimulation over basal levels.

As with basal

production, however, hCG and dbcAMP-stimulated testosterone
production was not detectable until day 16 post-EDS.

hCG and

dbcAMP-stimulated testosterone production 24 days post-EDS
was not different from controls.

Although not statistically

significant, stimulated testosterone production in vitro at
days 30 and 36 post-EDS treatment was actually higher than
that from the untreated controls.
It was also deemed of interest to measure the levels and
production pattern of Adiol.

Interstitial cells from control

animals produced no detectable levels of basal or stimulated
Adiol as shown in Figure 13.

In addition, no Adiol

production in vitro was detectable at days 2, 4, 10 and 16
post-EDS.

However, Adiol levels of 0.8-1.0 ng/106 cells/3

Figure 12:

Tempora~

by

Changes

Interstitia~

Treated

in

Testosterone

Ce~~s

Iso~ated

Production

:from EDS

Rats.

Mature rats received a single injection of EDS
(100 mg/kg BW) and were sacrificed on the days
indicated.

Controls. were not treated.

Interstitial cells were incubated in the
presence or absence of hCG (10 miU) or dbcAMP (1
mM) for a period of 3 hours at 33°C.

The values represent the mean ± SEM of two to
three experiments. Each experiment utilized
pooled interstitial cells obtained from four
rats.

* p<0.05 vs. non-treated controls.
ND denotes non-detectable levels.
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Figure

13:

Tempora~

Changes

Int:erst:it:ia~

Treat:ed

in

Ce~~s

Adio~

Production

Iso~at:ed

from

by

EDS

Rat:s.

Mature rats received a single injection of EDS
(100 mg/kg BW) and were sacrificed on the days
indicated.

Controls were not treated.

Interstitial cells were incubated in the
presence or absence of hCG (10 miU) or dbcAMP (1
mM) for a period of 3 hours at 33°C.

The values represent the mean ± SEM of two
experiments.

Each experiment utilized pooled

interstitial cells obtained from four rats.
ND denotes non-detectable levels.
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hours were measured on days 24 and 30 post-EDS.

Furthermore,

addition of hCG or dbcAMP resulted in a 3.5-5.5 fold
stimulation of Adiol production at days 24 and 30,
respectively.

hCG and dbcAMP-stimulated Adiol production

fell to low but detectable levels by 36 days post-EDS
treatment and remained low at 40 days post-EDS.
As shown in Figure 14, the interstitium of testes from
control rats contained typical Leydig cells.

The

interstitial tissue of rats four days post-EDS, however, were
devoid of Leydig cells (Figure 15) .

The seminiferous tubules

of these testes, however, contained numerous mature
spermatozoa and appeared functional.

At 16 days post-EDS

treatment, the testes remained devoid of Leydig cells (Figure
16) •

In addition, there was a considerable loss of germ

cells within the tubules at this time.

Histological

examination of testes 24 days post-EDS (Figure 17)
demonstrated the presence of large clusters of Leydig cells
within the interstitial spaces.

In addition to Leydig cells,

testes 30 days post-EDS contained tubules with maturing
spermatozoa (Figure 18) .
Histological analysis was performed to quantify
interstitial cell numbers after EDS treatment.

Cell counts

were expressed as cells_ per interstitial space as described
in Materials and Methods.

As shown in Figure 19A total

interstitial cells decreased from a value of 14.2 ± 1.6

Figure

14:

Light:

micrograph

Magnification
cells.

o:f

= 1400x.

Cont:ro~

'J!est:is.

Arrows indicate Leydig

Figure 15:

Light Micrograph · of Testis
EDS

Four Days

Treatment.

Magnification

= 1400x.

interstitial cells.

Note the lack of
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Figure 16:

Light:

Micrograph

of

Test: is

16 Days

Post:-EDS

Treatment:.

Magnification

= 1400x.

Leydig cells are absent

from the interstitium.
Note the tubular degeneration.
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Figure

17 :

Light

Micrograph

o:E

'J!estis

24

Days

Post-EDS

Treatment.

Leydig cells (arrow) are present in the
interstitium.
Several tubules remain atrophic. Magnification
1400x.
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Figure

18:

Light

Micrograph

o:£ Testis

30

Days

Ii?ost-EDS

Treatment.

Magnification

= 1400x.

Leydig cells (arrows)

are present in the interstitium.

Note the maturing spermatozoa present in the
tubules.

Figure

19:

Hist:o~ogic:a~

Ana~ysis

Int:arst:it:ia~

o£

!l'ast:ic:u~ar

ca~~s.

Mature rats received a single injection of EDS
(100 mg/kg BW) and were sacrificed on the days
indicated.

Controls were not treated.

Cells

were quantified as described in Methods.
A. Interstitial cells represent all cell types
within the interstitium except vascular
endothelial cells.
B. Non-Leydig cells represent all cell types
within the interstitium except vascular
endothelial cells and Leydig cells.

The values

represent the mean ± SEM of average counts
obtained from 2-4 animals.

**

p<O. 01,

*

p<O. 01 vs. appropriate controls.

nd denotes non-detectable.
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cells/interstitial space to a nadir of 5.6 ± 0.75
cells/interstitial space on day 4 post-EDS.

Interstitial

cell number increased to 8.0 ± 0.8 on day 10 and subsequently
displayed a gradual increase to values which were not
significantly different from control values at 24 days postEDS.

Leydig cell numbers decreased from control values of

6.0 ± 1 cells to 0.41 ± 0.2 on day 2 post-EDS.

Leydig cells

were absent from the testis from day 10 to day 16 post-EDS.
Leydig ce"lls were present in small numbers at 20 days postEDS, but increased·to values which were 62% of control by 24
days post-EDS.

The number of Leydig cells/intersitial space

were statistically equivalent to controls at 30 days post-EDS
treatment.
In addition, non-Leydig cells (interstitial cells which
were neither vascular endothelial nor Leydig cells) were also
quantified.

As shown in Figure 19B, non-Leydig cells

decreased slightly after EDS administration.
not statistically significant.

This drop was

The number of non-Leydig

cells gradually increased to control levels at days 16-20
post-EDS.
Electron

mic~oscopic

analyses were also performed to

verify the presence of regenerating Leydig cells in the
testes of EDS treated rats.

As shown in Figure 20, Leydig

cells with an abundance of mitochondria and round to oval
nuclei were present in the interstitia of control rats.

Figure 20:

E~ect;ron
Cont;ro~

Micrograph

of Leydig

Ce~~

from

Rat;.

Magnification

=

7200x.

A Leydig cell is

characterized by a round to oval nucleus with
nucleolus and peripheral heterochromatin.
cytoplasm contains numerous mitochondria.

The
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Electron microscopic analyses of testes at 24 and 30
days post-EDS treatment revealed the presence of Leydig cell
clusters.

As shown in Figure 21, Leydig cells present during

this period contained numerous lipid droplets.

The Effects
Regeneration

of Estradiol
in

the

EDS

on

the Process

of Leydig Cell

Model.

Daily treatment with estradiol prevented the post-EDS
rise in LH secretion (Figure 8) •

LH levels between days 2

and 30 post-EDS ranged between 30 and 75 ng/ml in the
estradiol treated rats.

These values did not differ

significantly (p<0.05) from controls.

Daily treatment with

estradiol prevented the rapid increase in FSH levels after
administration of EDS.

Although not significantly different

from controls values, serum FSH levels in estradiol treated
animals were 40-60% of control values on the days 2 through
30 post-EDS.

Estradiol treatment resulted in the significant

reduction of FSH levels -on days 30 and 36 post-EDS.
The effects of estradiol on Leydig cell development in
the EDS-treated rats were determined as follows; mature rats
received a single injection of EDS (100 mg//kg BW).

In

addition the rats were treated daily with estradiol (25
~g/100

g BW), LH (10

~g/day)

or a

combin~tion

of the two.

The animals were sacrificed at days 2, 4, 10, 16, 24, 30 and
36 post-EDS at which time testis weight, hCG binding capacity

Figure

21:

E~ectron

Micrograph

o£ Leydig

Ce~~

C~uster

£rom a Rat 30 Days E?ost-EDS Treatment.

Magnification

=

9000x.

Note the presence of

lipid droplets (arrow) in the cytoplasm.
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and testosterone production were examined.
histological studies were performed.

In addition,

In histological

studies, hCG (20 IU/day) was substitiuted for LH.
The effect of estradiol treatment on testis weight in
the EDS treated rat was examined (Figure 22) .
treated with estradiol (25

~g/lOOg

Rats were

BW) and/or LH (10

~g/day)

.

Testis weight in EDS/LH treated rats dropped to 0.99 ± 0.08 g
on day 16 post-EDS and returned to control levels by day 36.
It should be noted that LH treatment had no effect on testis
weight in the EDS model.

Treatment with estradiol/LH

resulted in a decrease in testis weight as compared to LH
treatment alone on days 10, 16, 24, 30 and 36 post-EDS.
Thus, animals treated with EDS/estradiol/LH did not display a
regeneration of testis weight as did the EDS/LH treated rats.
Interstitial cells isolated from EDS-treated rats did
not produce detectable levels of testosterone on days 2, 4
and 10 post-EDS (Table 4) .

Testosterone production increased

to 3.8 ± 0.85 ng/ml and 6.2 ± 0.05 ng/ml on days 24 and 30
post-EDS.

The interstitial cells of animals treated with

EDS/estradiol, however, did not produce detectable levels of
testosterone with exceptions at days 30 and 36 post-EDS at
which time very low levels were detected.

LH treatment had

little effect on testosterone production during the initial
24 days after EDS.

Although testosterone production from

interstitial cells isolated from EDS/LH treated rats was

Figure 22:

!Z'he Effect
the

or

Estradiol

EDS-!Z'reated

on

!Z'estis

Weight

Rat.

Rats received a single

inj~ction

of EDS (100

mg/kg BW) followed by daily treatment with
estradiol (25 J.Lg/100 g BW) .and/or LH· (10
J.Lg/day).

Controls were not treated.

The values represent the mean ± SEM of six to
eight testis weights

*

p<O.OS vs. LH treatment.
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Table 4. The Effect of Estradiol Treatment on the Testosterone Producing
Capacity of Interstitial Cells Isolated from EDS-Treated Rats.
Testosterone (ng/1 x 106 cells/3 hr)

DAYS AFTER
EDS

2
4
10
16
24
30
36

EDS

EDS/~

-

-

-

-

0.65±0.10
3.80 ±0.85
6.20 ±0.50
5.20 ± 1.30

-

-

0.25±0 .15a
0.32 ± 0 .19a

EDS/LH

EDS/LHIE2

-

-

1.20 ±0.60
4.00 ± 0.70
8.50 ±2;00 0.75 ± 0.10b
ND

ND

Rats received a single injection of EDS (100 mg/kg BW) followed by daily treatment wnh E2
(25 J.l.g/100 g BW/day) and/or LH (10 J.Lg/day).
Testosterone production was determined after a 3 hr. incubation in the presence of hCG
(10 miU) and expressed as ng/10 8 cells/3 hr. Control values= 4.2 ± 1.0 ng/108 cells/3hr.
The values represent the mean± SEM of two experiments. Each experiment utilized pooled
interstnial cells obtained from four rats per group.
- denotes non-detectable levels of testosterone.
• denotes significance (p<0.05) vs appropriate EDS values.
b denoted signnicance (P<0.05) vs appropriate EDS/LH values.
NO = not determined.
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higher than that from EDS only treated rats on day 30 postEDS, the effect was not significant.

Interstitial cells

isolated from EDS/LH/estradiol treated rats did not produce
detectable levels of testosterone with an exception at 30
days post-EDS.
The hCG binding capacity of isolated interstitial cells
was examined after EDS .and various hormonal treatments.

As

shown in Table 5, estradiol had no effect on the hCG binding
capacity during the initial 10 days post-EDS treatment.

The

recovery of hCG binding capacity was, however, reduced .on
days 24, 30 and 40 post-EDS when estradiol was administered
daily.

The interstitial cells of rats which were treated

daily with LH (10

~g/day)

also displayed the expected

decrease in hCG binding capacity following EDS treatment.
More important however was the observation that the recovery
of hCG binding capacity was inhibited in the EDS/LH/estradiol
treated rat.
Histological studies were performed in an attempt to
determine the presence or absence of Leydig cells within the
testis of the EDS treated rat following daily injections with
estradiol.

As shown in Figure 23, Leydig cell clusters were

observed within the interstitial spaces of hCG treated rats
30 days post-EDS.

The testes of rats which received

estradiol in addition to hCG did not contain cells which
could be identified as Leydig cells at 30 days post-EDS
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Table 5. The Effect of Estradiol Treatment on the hCG Binding Capacity of
Interstitial Cells Isolated from EDS-Treated Rats.
DAYS AFTER
EDS

2
4
10
16
24
30
40

..

hCG BINDING (% of Control)
'

EDS

14.0 ± 10.0
8.0±8.0
13.0
± 3.0
'
8.1 ±4.0
.. 26.0 ±4.0
62.0± 11.0
90.0 ±3.0

EDS/E2

13.0 ± 8.0
7.5±2.8
8.0 ±8.0
4.0 ± 1.5
?.0 ±2.oa. 21.0±6.oa
32.0 ±5.oa

EDS/LH

EDS/LH/E2

40.0± 12.0
22.0±8.0
3.7±0.9
6.6±2.0
21.0 ± 6.0
80.0± 10.0

24.0± 10.0
14.0 ± 5.0
2.7±0.8
3.4± 0.6
3.4±0.5b
19.0±5.0b

ND

ND

-

Rats received a single injection of EDS (1 00 mglkg BW) followed by daily treatment with E2
(25 Jlg/100 g BW/day) and/or LH (10 Jlg/day).
The values are expressed as percent of control and represent the mean± SEM of two to three
experiments. Each experiment utilized pooled interstitial cells obtained from four rats per
group. Control = 100 ± 24.
• denotes signHicance (p<0.05) vs appropriate EDS values.
• denoted signHicance (p<0.05) vs appropriate EDS/LH values.
ND = not determined.

Figure 23:

Light Micrograph
Days

o:£

~estis

:£rom a

Rat

Post-EDS.

The rats were treated with hCG (20 IU/day)
dai~y.

Leydig

ce~~s

(arrow) are present in the

interstitium. Magnification

=

1400x.
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(Figure 24).

The interstitium of these testes contained

elongate cells with scarity·cytoplasm and with nuclei which
stained dark with hematoxylin.

In addition, the tubules

ofthese animals remained atrophic.

Studies with electron

microscopy were conducted in an attempt to verify the lack of
Leydig cells within the testis of the EDS/estradiol treated
rat.

Sections were observed from the testis of 3-4 EDS-

treated rats which received hCG and estradiol daily.

As

shown in Figure 25, the interstitium of rats treated in this
manner did not contain identifiable Leydig cells at 30 days
post-EDS.

Several cell types were observed within the

testes; elongated cells with scanty cytoplasm, vacuolated
cells with characteristics of macrophages and cells with
numerous dark staining granules which were probably mast
cells.

A positive identification of the above mentioned

cells was not attempted since it is outside the scope of this
study.
To determine the effect of estradiol on total
interstitial cell and Leydig cell numbers, cell counts were
performed on 7

~

paraffin sections of rat testes at various

days after EDS treatment.

Cell counts were expressed as

cells per interstitial space

as described in methods.

Daily

treatment with hCG did not affect the pattern of degeneration
and regeneration of total interstitial cells in the EDS
treated rat (previously described in Figure 19) •

Treatment

Figure 24 :

Light Micrograph
Estradio~

Treated

or Testis
Rat

30

from

an

Days Post-EDS.

The rats were treated with hCG (20 IU/day) and
estradiol (25 j.lg/100 g BW) •

Magnification =

1400x.
The interstitium is devoid of Leydig cells.
Note the degenerative tubules.

Figure 25 :

E~ectron
Estradio~

of Testis

Micrograph
Treated

Rat

30

Days

from an
Post-EDS.

The rats were treated with hCG (20 IU/day) and
estradiol

(25·~g/100

g'BW).

A. Tubular wall and blood vessel.
were absent.

Leydig cells

Magnification·= 4400x.

B. Cells identified as mast cells were present.
Magnification

= 5000x.
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with hCG/estradiol did not affect the rapid decline in
interstitial cell numbers observed immediately after EDStreatment (Figure 26A) .

However, interstitial cell counts

were decreased 30-35% on days 24, 30 and 36 post-EDS in
animals receiving daily hCG/estradiol treatment as compared
to animals receiving hCG only.

Thus interstitial cell

numbers did not increase after 16 days post-EDS in the
hCG/estradiol treated rat.

Leydig cell numbers declined

immediately after EDS administration in the hCG treated group
(Figure 26B) •

In a pattern similar to that observed in rats

receiving EDS only, Leydig cell numbers increased rapidly
after day 16 and were not different from control values by
day 24 post-EDS and increased slowly thereafter.

Few Leydig

cells were observed, however, in rats treated with
estradiol/hCG during the regenerative phase (days

24~36)

of

the EDS model.
In the following series of experiments, EDS treated rats
received hCG or hCG/estradiol treatment for various periods
of time in an attempt to determine the onset of estrogen
sensitivity in these animals.

Treatment schemes are

illustrated in Figure 27 and are described briefly below.
Group A: daily hCG or hCG/estradiol treatment was initiated
at the time of EDS treatment and was terminated five days
latter.

Group B: treatment with hCG or hCG/estradiol was

initiated at 5 days post-EDS and was terminated at the time

Figure 26:

The

E:f:fect

A.

Tota~

B.

Leydig

o:f

Estradio~

Interstitia~

on the Number o:f.:

Ce~~s

and

Ce~~s.

The rats received a single injection of EDS (100
mg/kg BW) and were sacrificed on the days
indic:f,.ted]·!·~'.;The ra Es were treated daily with
1
·~
I''

.,

II

estradio,l : .::.'5.-ttg.d.:bo g BW) and/or hCG (20
IU/day).

Controls were not treated.

Cells were

quantified as described in Materials and
Methods.
The values represent the mean ± SEM of the
average counts obtained from two to four
animals.

* p<O.OS vs. appropriate hCG only values.
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of sacrifice on day 30.

Group C: treatment with hCG or

hCG/estradiol was begun 16 days post-EDS and was terminated
at the time of sacrifice on 30 days post-EDS.

In all groups,

animals which received hCG only served as controls.
Studies were conducted to quantify the number of
interstitial cells and Leydig cells present in the testis
after various periods of estradiol treatment as described
above.

As shown in Figure 28, treatment of rats with

estradiol during the initial 5 days following EDS treatment
did not affect the number of interstitial cells or Leydig
cells per interstitial space.

Treatment from 5 to 30 days

post-EDS with estradiol resulted in a decrease from the hCGtreated control value of 13.1 ± 1 interstitial cells per
space

to 8.5 ± 0.6 cells per space

treated rat.

in the hCG/estradiol

In addition, a dramatic decrease in Leydig

cells was observed in this group.

The reductions in

interstitial as well as Leydig cell numbers were significant
as compared to the quantity of cells in animals treated with
hCG only.

When estradiol/hCG treatment was begun at day 16

post-EDS, there was a slight but statistically insignificant
decrease in interstitial cell numbers observed at day 30.
Likewise, the number of visible Leydig cells was reduced from
a control value of 4.0 ± 0.6 to 2.5 ± 0.3 cells/space.
difference, however, was not statistically significant.
Thus, the results of these studies may be summarized as

The

Figure

28:

Tbe

of

Effect:

Various
Leydig

Est:radio~,

Periods
Ce~~

aft:er

Administered

EDS-Treat:ment:,

at:
on

Deve~opment:.

The rats received a single injection of EDS (100
mg/kg BW) and were sacrificed on the days
indicated.

The rats were treated daily with
I

estradiol (25 [.lg/100 g BW) and/or hCG (20
IU/day) for the following periods: A) 0-5 days
post-EDS, B) 5-30 days post-EDS and C) 16-30
days post-EDS.

All rats were sacrificed at 30

days post-EDS and cells were quantified as
described in Materials and Methods.

The values

represent the mean ± SEM of the average counts
obtained from two to four animals.

* p<0.05 vs. appropriate hCG-only values.
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follows; treatment of rats during the initial 5 days post-EDS
had no effect on the regeneration of interstitial cells and
Leydig cells.

Treatment of rats with estradiol during days

5-30 post-EDS blocked the regeneration of Leydig cells and
significantly reduced the number of interstitial cells.
Finally, when the onset of estradiol treatment was delayed
until 16 days post-EDS, there was a reduction in the number
of interstitial as well as Leydig cells although the
reduction was not statistically significant.
Studies were conducted irt which mature (non EDS-treated)
rats were treated with estradiol (25

~g/100

(20 IU/day) for a period of 10 or 24 days.

g BW) and/or hCG
hCG treatment had

no effect on the morphology of the interstitial cells. · In
addition, numerous Leydig cells were observed after treatment
with estradiol and hCG for a period of 10 days (Figure 29) .
After 24 days of constant treatment with estradiol and hCG,
however, few cells exhibiting the characteristics of Leydig
cells were present in the interstitium (Figure 30) .

In

addition, many of the Leydig cells which were present
displayed irregularly shaped nuclei and in some instances
indentations of the nuclei were obse·rved •.

Figure 29:
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Figure 30:
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The Effects

of Estradiol

EDS

Rat.

Treated

on

Cell

Proliferation

in

the

Rats were treated with a single injection of EDS
followed by daily treatment with LH or LH/estradiol.
Interstitial cells were isolated at various days post-EDS and
3H-thymidine incorporation was determined in short term (3
hours) in vitro incubations.

It should be noted that LH

treatment had no effect on thymidine incorporation in the EDS
treated rat on the days observed (data not shown) .

As shown

in Figure 31, 3a-thymidine incorporation of interstitial
cells 2 days post-EDS was four to five fold higher than that
observed in controls.

The level of 3a-thymidine

incorporation remained elevated through day 16 post-EDS and
then gradually declined to levels which were not
significantly different from cont.rols at 30 days post-EDS.
Estradiol treatment had no effect on 3H-thymidine
incorporation at days 2, 4 and 10 post-EDS.

3a-thymidine

was, however, reduced by 50% and 30% on days 16 and 24·postEDS respectively in the estradiol/LH treated group.

On day

30 post-EDS, estradiol treatment did not effect 3H-thymidine
incorporation.
Studies were conducted utilizing autoradiography in an
attempt to visualize the interstitial cells of EDS treated
rats which incorporated 3a-thymidine.

The rats in this study

were treated with a single injection of EDS followed by daily

Figure 31:

3s-Thymidine
Ce~~s

Incorporation

Iso~ated

in

Interstitia~

:£rom EDS-Treated Rats.

The rats were treated with estradiol (25
g BW) and/or LH (10
treated.

~g/day).

~g/100

Controls were not

3H-thymidine incorporation was

determined as described in Methods.
The values represent the mean ± SEM of
quadruplicate incubations.

* p<0.05 vs. appropriate LH only values.
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treatment with hCG or hCG/estradiol.

In addition, the rats

in this study received two injections of 3H-thymidine (50
~CI/injection)

and were sacrificed 90 minutes after the

second injection (3 hour exposure to 3H-thymidine) on days 2,
4, 16, 24 and 30 post-EDS.

The percentage of labeled cells

in the testicular interstitium of control animals was 1.0 ±
0.35% (Figure 32).

It should be noted that labeled Leydig

cells were never observed in controls.

The majority of the

labeled cells in the control testes were small, elongate
cells located in close proximity to the seminiferous tubules.
Identification of these cells was not attempted.

As shown in

Figure 32, the number of labeled interstitial cells was
significantly increased 10-15 fold over control values 2 days
post-EDS.

The number of labeled interstitial-cells decreased

rapidly by day 4 post-EDS ;nd then gradually thereafter.
There was no difference in the number of labeled interstitial
cells at day 16 post-EDS as compared to controls.

Although

many Leydig cells were visible at days 24 and 30 post-EDS,
none were observed with grains over the nucleus.

It should

be noted that hCG treatment did not effect the percentage of
labeled cells on all days examined (data not shown) .

Daily

injections of estradiol/hCG did not affect the number of
labeled cells observed at 2 days post-EDS.

The number of

labeled interstitial cells was decreased 30-60% in the
estradiol/hCG treated rats as compared to hCG only treated

Figure 32 :

Percentage

o:f

Ii'o~~owing

EDS

Labe~ed

Interstitia~

Ce~~s

Treatment.

The rats were treated with estradiol (25
g BW) and/or hCG (20 IU/day) .
treated.

~g/100

Controls were not

Rats received two injections of

thymidine (50

~Ci/injection)

.

3a-

Autoradiographic

studies were performed as described in

~aterials

and Methods. · The values represent the mean ±
SEM of counts from two to three rats.

*

p<0.05 vs. apropriate hCG treatment group.
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rats on days 4, 10, 16 and 24 post-EDS.

Only on day 16 post-

EDS, however, was the reduction in the number of labeled
cells significant as compared to hCG treated rats.
A second series of experiments (pulse label experiments)
were performed in an attempt to identify the period in which
cell proliferation involved in the regeneration of Leydig
cells occurs in the EDS-treated rat.

Rats were injected with

225 ~Ci of 3H~thymidine (3 injections of 75 ~Ci at two hour
intervals) at days 2, 4, 10 and 20 post-EDS.

One half of the

animals were sacrificed two hours after the third injection
and were thus exposed to 3H-thymidine for 6 hours.

The

remaining animals were sacrificed at 4 to 28 days after the
final injection.

This protocol is illustrated in Figure 33.

Labeled cells in these studies are grouped into 3 categories;
total interstitial cells, Leydig cells and non-Leydig cells.
Because of the lack of Leydig cells at days 2, 4 and 10 postEDS, total interstitial cells were equivalent to non-Leydig
cells on these days.

Likewise, because of the absence of

visible Leydig cells in the 24 and 30 day post-EDS estradiol
treated rats, again total interstitial cells and non-Leydig
cells were equivalent.

Two days post-EDS, 10.2 ± 1.0% of the

total interstitial cells were labeled (Figure 34) .

Daily

treatment with estradiol did not affect the number of labeled
cells at day 2.

When animals were injected at day 2 post-EDS

and sacrificed 28 days later, 8,4 ± 0.4% of the total

Figure 33:

Schematic Drawing or 3H-Thymidine

Treatment

Protocol.

·All rats received 225 J.LCi of 3H-thymidine
(three injections of 75 J.LCi given at two hour
intervals) .

Half the rats were sacrificed six

hours after the initial injection while the
remaining rats were sacrificed at intervals of 4
to 28 days after the injection of 3H-thymidine.
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interstitial cells were labeled.

It should be pointed out as

shown in Figure 19A that the number of total cells at 30 days
post-EDS was 2 fold higher than the number present at days 2
and 4 post-EDS.

Although many Leydig cells were visible at

30 days post-EDS, none were labeled.

Because of this, the

percentage of labeled non-Leydig cells (11.6%) was higher
than that of labeled total intersitial cells.

Treatment of

rats with estradiol resulted in a slight decrease in the·
number of labeled total interstitial cells as well as a 50%
reduction in labeled non-Leydig cells at 30 days post-EDS.
The differences observed at this point were not significant.
The percentage of labeled total interstitial cells
observed four days post-EDS (following a 6 hour exposure to
3H-thymidine) was 3.7 ± 1.2% (Figure 35).

Estradiol

treatment resulted in a 50-70% reduction in the number of
labeled cells.

However, because of the variation observed

among animals, this difference was not significant.

In

animals which were labeled at day 4 post-EDS and sacrificed
26 days latter, 3.4 ± 0.45% and 4.1 ± 1.0% of the total
interstitial cells and non-Leydig cells respectively were
labeled.

Again, no labeled Leydig cells were observed in

these animals.

Treatment with estradiol resulted in a 50-60%

reduction in the number of labeled cells observed at day 30
post-EDS (26 days post-3H-thymidine) which was not

Figure

35 :
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Post-EDS.

The rats were sacrificed six hours after the
initial injection 3H-thymidine or 26 days later
at 30 days post-EDS. Estradiol (25 J.lg/100 g BW)
was administered daily.
The values represent the mean ± SEM of counts
from two to three rats.
n

= no

visible Leydig cells.
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significant as compared to the EDS treated rats which did not
received estrogens.
The percentage of labeled interstitial cells was 2.25 ±
0.25 at 10 days post-EDS after a 6 hour exposure to 3Hthymidine (Figure 36) .

Treatment with estradiol resulted in

a slight by insignificant decrease in the number of cells
labeled.

Few labeled cells were observed at 24 days post-EDS

(14 days post-3H-thymidine) and again no labeled Leydig cells
were observed at this point.

Estradiol treatment resulted in

a 40% and 60% decrease in labeled total interstitial cells as
well as non-Leydig cells observed at day 24 but again the
differences were not significant due to variability among
animals.

The percentage of total interstitial cells which

were labeled at 20 days post-EDS (3.5 ± 0.3) was actually
higher than that observed. at 10 days post-EDS (Figure 37).
More importantly was the finding that the interstitium of
rats injected with 3H-thymidine at 20 days post-EDS contained
labeled Leydig cells.

Although few Leydig cells were visible

in the testis of these rats, 14.5 ± 1.0% of the Leydig cells
were labeled.

In addition, estradiol treatment resulted in a

significant decrease in the number of labeled total
interstitial cells as well as non-Leydig cells.

Furthermore,

Leydig cells were not observed in the estradiol treated rats
at this time.

At 24 days post-EDS (4 days post-3H-

thymidine), 5.6 ± 0.65% of the total interstitial cells were

Fiqure 36:
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The rats were sacrificed 6 hours after the
initial injection 3H-thymidine or 14 days later
at 24 days post-EDS.

Estradiol (25 Jl.g/100 g BW)

was administered daily.
The values represent the mean ± SEM of counts

from two to three rats.
n
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visible Leydig cells.
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labeled.

More specifically, 12.3 ± 2.8 and 4.4 ± 2.0% of the

Leydig cells and non-Leydig cells respectively were labeled
at 24 days post-EDS.

Estradiol treatment resulted in

decreased percentages of labeled total interstitial cells as
well as non-Leydig cells.
The number of labeled cells per interstitial space was
quantified as follows; the percentage of labeled cells was
multiplied by the average number of the respective cell type
found within the interstitial space

As shown in Table 6,

0.54 ± 0.06 cells /interstitial space

were labeled on day 2

post-EDS.

When animals were injected with 3H-thymidine on 2

days post-EDS and were sacrificed 28 days latter, 1.0 ± 0.08
cells /interstitial space were labeled.

Estrogen did not

affect the number of cells labeled following a 6 hour pulse
of 3H-thymidine on day 2 post-EDS.

There was, however, a

reduction in the number of cells labeled at day ·30 post-EDS
(28 days post-3H-thymidine) following constant estradiol
treatment.
however.

This reduction was not statistically significant,
The number of labeled interstitial cells following

a 6 hour pulse of 3H-thymidine was 0.24 ± 0.09
cell/interstitial space

on day 4 post-EDS.

This value

increased to 0.49 ± 0.08 cell/ interstitial space
animals were sacrificed at 30 days post-EDS.

if the

Estradiol

reduced the number of labeled cells observed at 4 and 30 days
post-EDS although the reduction was statistically significant
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Table 6. The Effect of Estradiol on the Number of Labeled
Interstitial Cells Per Interstitial Space.

Days Post-EDS

Cells Per Interstitial Space

Sacrifice

EDS•

EDS/E2

2b

2

0.54± 0.06°

0.65±0.05

2

30

1.00 ± 0.08

0.52±0.30

4

4

0.24±0.09

0.13 ± 0.03

4

30

0.49±0.08

0.13 ± 0.50*

10

10

0.18 ± 0.03

0.12±0.02

10

24

0.20 ± 0.04

0.08 ± 0.01*

20

20

0.35±0.03

0.14 ± 0.02*

24

0.67 ± 0.08.

3 H-Thymidine

20 ..
..

'

..

0:10 ± 0.02*

• Rats received a single injection of EDS (1 00 mg/kg BW). E,- treated rats received
a daily injection of E, (25 (.lg/100 g BW/day).
• Animals received 225 11Ci 3H-thymidine (intraperitoneally) on either days 2, 4, 10
o.r 20 and were sacrniced after either-6 hours on these same days or the days in
dicated.
.
,..
,
• The values represent the number of labeled interstitial cells per inter!ltitiallspace
and are expressed as mean± SEM of two to three determinations from two to
·
·
three rats. ' ,· .
* p<0.05 between EDS and EDS/E,.
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only at day 30.

When animals were injected with 3a-thymidine

(6 hour pulse) at 10 days post-EDS and sacrificed at this
time, the number of labeled cells (0.18 ± 0.03
cell/interstitial space) was not different from that observed
when the animals were sacrificed at 24 days post-EDS (14 days
post-3H-thymidine) •

Estradiol treatment resulted in a

significant reduction in the number of cells labeled on day
24 post-EDS (3H-thymidine administered at day 10 post-EDS) .
The number of labeled interstitial cells following a 6 hour
pulse of 3a-thymidine on day 20 post-EDS was 0.35 ± 0.03
cell/interstitial space.

When animals were injected with 3a-

thymidine at 20 days post-EDS and sacrificed at 24 days postEDS, 0.67 ± 0.08 cells/interstitial space were labeled.
Estradiol treatment resulted in a significant reduction in
the number of labeled cells observed on days 20 and 24 postEDS.

Estradiol.

Receptor Levels

in the

EDS

Treated Rat.

Studies were conducted to determine the estradiol
binding capacity of isolated interstitial cells as well as
whole testicular cytosols at various days after EDS
administration.

Interstitial cells were isolated from EDS

treated rats and were incubated with 3a-estradiol in the
presence of absence of unlabeled estradiol.

As shown in

Figure 38, estradiol binding capacity decreased to 40% of

'
...

Figure

38:

~he

Estradio~

Interstitia~
~rea ted

Binding Capacity of
Ce~~s

Iso~ated

:from

EDS-

Rats.

Specific binding was determined after incubation
of isolated interstitial cells (1.0 x 106) with

3H-~stradiol (2.0 x 105 cpm) in the presence or
absence of a 1000-fold excess of unlabeled
estradiol for a period of one hour at 25°C.
values represent the mean ± SEM of two
experiments.

Each experiment utilized pooled

interstitial cells obtained from two rats.

* p<O. 05 vs. control.
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control values at four days post-EDS.

'The estradiol binding

capacity increased slightly to 50% of control by 10 days
post-EDS and was not different from controls by 24 days postEDS.
Cytosols were prepared from the testes of rats at
various days after EDS treatment.

Estradiol binding assays

were performed as described in Materials and Methods.

The

data were analysed by the method of Scatchard (1949) .

As

shown in Figure 39A, the specific binding in the testes of
control animals was 10.8 ± 1.5 fmol/mg cytosol protein.

Four

days after EDS treatment, binding dropped to 3.5 ± 1 fmol/mg
cytosol protein, binding increased slightly to 5.5 ± 0.5
fmol/mg cytosol protein at 10 days post-EDS and thereafter
gradually increased to control levels by 30 days post-EDS.
Dissociation constants (Kd) were determined from the slopes
of the Scat chard plots.

As shown in Table 7., the Kd of

binding moieties did not change significantly after EDS
administration.
The estradiol binding capacity was also expressed as
fmol/testis (Figure 39B) .
calculated as follows;

Data expressed in this manner were

(estradiol bound/mg cytosol protein) x

(mg cytosol protein/g tissue) x (g tissue/testis) .

Estradiol

binding capacity of control testes was 342 ± 54 fmol/testis.
Binding capacity decreased to a value of 100 ± 21 fmol/testis
on day 4 post-EDS, remained at 30-35% of control values

Figure

39:

:rile

Est;radio~

:restes

Binding

Fo~~owing

Capacity o:£ Rat;

EDS-:I'reatment;.

Cytosols were produced. from testicular minces as
described in Materials and.Methods. Binding
assays .were. performed and the data were analysed
'
'
by Scatchard plots.

The binding is expressed as

fmol/mg cytosolic protein (A) and as fmol/testis
(B) .

Each point represents the mean ± SEM of

values obtained from two to three testes.

* p<O.OS vs. control.
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Table 7. The Dissociation Constant of the Cytosolic Estradiol
Receptor· at Various Days After -EDS Treatment.

Days Post-EDS'

Kd

x 10"10 M

0 (Control}

2.3±0.8

4

2.1 ± 0.4

10

1.9 ± 0.4

16

2.4±0.5

24

2.6 ± 0.8

30

3.5 ±0.8

40

2.1 ±0.4

Estradiol binding assays were performed on testicular cytosols at
various days after EDS-treatment. The binding affin~ies were
determined by Scatchard analysis.
The control value represents the mean± SEM of determinations
from six testes.
Values obtained from days 4·40 post·EDS represent the
means± SEM of determinations from two to three testes.

'=
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through day 16 post-EDS and then gradually rose to control
values by 40 days post-EDS.

DISCUSSION

The

Effects

the

Rat.

of

EStradiol· on

Leydig

Cell

Fungtion

in

Studies were designed to examine the acute (four days or
less) effect of estradiol on Leydig cell steroidogenesis of
the mature hypophysectomized rat.
were utilized in

th~

Hypophysectomized rats

in vivo studies to insure that all of

the effects of estradiol were not the result of decreased
pituitary LH secretion.

These data support earlier reports

(Melner and Abney, 1980; Bendeck and Pomerantz, 1984) that
estrogen administration in vivo results in a decreased
capacity of Leydig cells in vitro to produce testosterone.
Both doses of EE2 administered to rats in this study resulted
in a 50-60% inhibition of in vitro testosterone production.
The decreased steroidogenic capacity observed in the
hypophysectomized, estrogen treated rat suggests that
estrogens directly inhibit steroidogenesis at the level of
the testis.

The observations that dbcAMP and hCG-stimulated

testosterone production were inhibited to the same extent
suggest that the inhibitory effects of EE2 occurred at a
point distal to the production of cAMP.

These results agree

with the recent finding that estradiol induced inhibition of
114
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testicular androgen production in the rat is the result of
decreased activities of 17a-hydroxylase and C17-C20 lyase
(Brinkmann et al., 1982).
The data presented here demonstrate that in the mature
rat, estrogens decrease the capacity of Leydig cells to
produce testosterone but this inhibition can be overridden
when a maximally stimulating dose of LH is administered
simultaneously.

The mechanism by which high levels of LH

prevent or negate the inhibitory effects of EE2 is
perplexing.

As mentioned above, estrogens have been observed

to inhibit or decrease the activities of 17a-hydroxylase and
C17-C20 lyase.

By contrast, LH is believed to exert its

stimulatory effect on steroidogenesis primarily by increasing
the activity of the mitochondrial enzymes responsible for
side chain cleavage of cholesterol to pregnenolone (Rommerts
and Brinkmann, 1981) .

Thus, LH acts to increase the

concentration of pregnenolone which serves as a substrate for
subsequent androgen production.

Several investigators (Onoda

and Hall, 1981; Freeman, 1985) have shown that estrogen
inhibition of testicular
steroidogenesis is
.
. the. result of
direct competitive inhibition of several microsomal enzymes.
LH may act to increase the steroid substrate level to such an
extent as to prevent or negate the inhibitory action of EEz.
There is evidence which suggests that chronic exposure
to LH or hCG exerts stimulatory effects at sites other than
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side chain cleavage.

For example, the work of Shikita and

Hall (1967) demonstrated that hCG administration resulted in
a dramatic increase in the activities of !?a-hydroxylase and
C17-C20 lyase in the mature hypophysectomized rat.

It is

therefore conceivable that the protective effects of LH in
the present study were the result of increased activities of
one or more of these enzymes.
These studies demonstrate that estradiol acts directly
on the testis to inhibit steroidogenesis.

In addition, the

degree of inhibition is highly dependent upon the level of LH
in the rat.

These findings suggest that estradiol, like LH,

exerts a regulatory effect on Leydig cell function.
Initial characterization studies were performed to
monitor Leydig cell function in culture in an attempt to
determine if the cultured Leydig cell provides a feasible
model for studing the inhibitory effects of estradiol on
steroidogenesis.

The data presented in Table 2 demonstrated

that Leydig cell function with respect to hCG binding and
testosterone synthesis declined rapidly in the initial 24-48
hours in culture.

The decrease in these parameters was not

reflected by a concomitant decrease in cell number.

The

decrease in hCG binding and testosterone production is
unexplained at this time although the decreased
steroidogenesis appears to be partially due to the loss of
specific steroidogenic enzymes (Quinn and Payne, 1984; Myers
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and Abney, 1988).

Because the aim of the present studies

dealt with the effects of estradiol, it was deemed of
importance to examine the estradiol binding capacity of
cultured Leydig cells.

Unlike hCG binding, estradiol binding

remained relatively constant throughout the initial 72 hours
of culture.

Whether these cells remained responsive to

estradiol, during this period, is unknown.
Studies were conducted to determine the effect of
estradiol on in vitro testosterone production.

Estradiol

(ethinyl estradiol) concentrations used in these studies
varied from 0.1 to 100 ng/ml (3.4 x 1o-7 to 3.4 x 10-10 M)/2
x 105 cells.

Previous studies (Melner and Abney, 1980) have

demonstrated that intact rats exhibited a serum concentration
of estradiol of 35.9 pg/ml which is equivalent to 1.3 x 10-10
M.

The intragonadal concentrations .of. steroids may be much

higher than circulating plasma steroid concentrations (Onada
and Hall, 1981; Paz et al., 1982; Freeman, 1985).
reason, concentrations

For this

of estradiol ranging from that found

in the serum to levels 1000 fold higher were used in these
studies.

The lack of an effect on testosterone production

can be interpreted in several ways.

It is possible that

inhibitory effects of estradiol on Leydig cell
steroidogenesis may be mediated via cell types other than
Leydig cells.

The use of Percell gradients to further purify

the Leydig cell preparation may exclude these cells from the

··....
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preparation.

In addition, it is possible that the Leydig

cells in culture undergo changes which render the cell
insensitive to estradiol.

The decrease in the steroidogenic

capacity of cultured Leydig cells observed in this culture
may be the result of the decreased activity of the cytochrome
P-450 enzymes 17a-hydroxylase and Cl7-20 lyase (Quinn and
Payne, 1984; Myers and Abney, 1988).

Because estrogens are

believed to act in the Leydig cell by decreasing the activity
of these enzymes, it is possible that the decline in the
activities of these enzymes in culture masks the effects of
estradiol.
Studies were also designed to examine the effect of
estradiol treatment on interstitial cell 3H-thymidine
incorporation.

The use of a long term primary cell culture

system for examining 3H-thymidine incorporation offers
several advantages.

A culture system allows an extended

period of incubation with 3H-thymidine.

In studies of this

type, cells may be incubated with 3H-thymidine for periods of
24 hours or more whereas incubations utilizing cell
suspensions are typically performed for only two to three
hours.

This extended exposure to 3H-thymidine is important

in studies involving cells such as mature rat interstitial
cells in which the rate of proliferation is low.
Furthermore, the culture system allows one to examine the
direct effe·ct of various compounds or hormones on cellular
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function with the knowledge that the effect is not mediated
via other cells or tissues of the body outside the culture
system.

Studies which involved 3H-thymidine incorporation

were conducted with interstitial cells because the process of
Leydig cell purification utilizing Percell gradients may
exclude the precursor cells from the cell preparation.
Initial studies were conducted to determine the effects
of in vivo estradiol treatment on 3H-thymidine incorporation
in isolated interstitial cells.

The data presented in Figure

4 demonstrate that estrogen treatment of hypophysectomized
..
rats inhibited 3H-thymidine incorporation in the interstitial
cells of rats treated with LH, and agrees with the work of
several investigators (Saez et .al., 1978; Abney and Carswell,
1985) .

Estradiol treatment in vivo, however, did not exert

an effect on basal 3H-thymidine incorporation.

This differs

from the findings of Saez et al. (1978) and Abney and
Carswell (1985) in that both reported that estrogen treatment

in YiYQ resulted in inhibition of basal 3H-thymidine
incorporation in isolated rat interstitial cells.
investigators, however, used intact rats.

These

Hypophysectomy or

removal of LH may significantly reduce precursor cell
division to a level at which estrogenic inhibition is not
apparent.

The results of the present study demonstrate for

the first time that estradiol inhibits interstitial cell 3Hthymidine incorporation in the hypophysectomized rat.
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Subsequent studies were conducted to determine the
effect of estradiol treatment in vitro on interstitial cell
3H-thymidine incorporation.

3H-thymidine incorporation in

interstitial cells isolated from the mature rat was not
affected after a 48 or 72 hour exposure to estradiol.

The

3H-thymidine incorporation in isolated interstitial cells of
immature rats was significantly decreased after exposure to
estradiol.

There are several explanations for this age-

related sensitivity to estradiol.

The interstitial cells

which are capable of proliferation in the mature animals may
undergo a loss of function once placed in culture due to the
loss of various growth factors and paracrine secretions which
may be necessary for cellular growth and development.

It

seems likely, however, that the interstitial tissue of the
immature rat would also be dependent on the same factors.

A

second possibility is that the interstitial cells isolated
from the immature rat contain a higher proportion of cells
capable of proliferation.

At 33 days of age, Leydig cell

development is occurring at a rapid rate (Panhke et al.,
1975) •

Because of this, the testis may contain a higher

ratio of precursor cells to Leydig cells as compared to the
testis of the mature rat·.

Thus, estradiol inhibition of 3H-

thymidine incorporation may be apparent in the highly
proliferative interstitium of the immature rat and not so
apparent in the interstitium of the mature rat which exhibits
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little proliferation.

Furthermore, the interstitial cells of

the immature rat may be at a stage of development which is
highly sensitive to the inhibitory effects of estradiol.
Because testosterone production is considered the
predominant function of the Leydig cell, most studies
involving the effects of estrogens on testis function have
dealt with steroidogenesis.

The studies described above

demonstrate that estradiol inhibits Leydig cell
steroidogenesis, as well as interstitial cell DNA synthesis.
Whether the inhibition of these parameters occurs by a common
mechanism is unknown.

It is possible these effects represent

separate, distinct responses to estradiol.

On the other

hand, it is possible that estradiol affects Leydig cell
function in a manner that mediates a decrease in both of
these parameters.

Lastly, it is conceivable that the

decrease in 3H-thymidine incorporation is a consequence of
the decrease in testosterone production.

The focus of the

following studies is the regeneration of Leydig cells in the
EDS-treated mature rat model and the physiological role of
estradiol in regulating this developmental process.

Characterization of Levdig Cell
EDS

Regeneration

in the

Treated Rat.
Because cell proliferation and differentiation occur at

slow rates in the testicular interstitium of the mature rat,
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it is difficult to examine the effects of estradiol on the
process of Leydig cell development in mature animals.

For

this reason, subsequent studies were performed in the EDStreated rat.

Treatment of male rats with EDS results in the

rapid degeneration of Leydig cells followed by a phase of
Leydig cell development similar to that observed in the
immature rat (Kerr et al., 1987).

This model offers several

advantages over the use of the immature rat for similar
studies.

During sexual maturation, developmental changes

occur in many tissues of the body including the seminiferous
tubules.

The EDS-treated rat provides a model in which other

tissues of the body are static and fully differentiated.
Thus the results obtained in the EDS model may be interpreted
with the knowledge that simultaneous differentiation of other
tissues do not effect the results.

In addition, the serum of

the immature rat contains high levels of AFP (Numez et al.,
1974; Keel and Abney, 1987) which binds estradiol and would
thus hinder experiments designed to determine the effect of
estradiol on Leydig cell development in the immature rat.
EDS is not commercially available at this time and was
therefore synthesized in our laboratory.

Initial studies

were conducted to determine the dose of EDS required to
destroy Leydig cells.

Testis weight, which provides a

general measure of testicular damage, and hCG binding,
specific only to Leydig cells, (Mancini et al., 1967) were
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examined.

The significant decrease observed in testis weight

and hCG binding 10 days post-treatment with a dose of 100
mg/kg BW of EDS suggests a destruction of Leydig cells which
has been demonstrated by several investigators (Molenaar et
al., 1985; Edwards et al., 1987), using a 75-100 mg/kg BW
dose of EDS.

For this reason, the remaining studies were

performed using a 100 mg/kg BW dose of EDS.
Further studies were conducted to characterize the
temporal pattern of degeneration and regeneration of rat
Leydig cells after EDS treatment.

Both LH and FSH levels

rose rapidly after EDS treatment.

This is likely due to the

absence of testosterone which is known to exert an inhibitory
effect on pituitary secretion of these hormones in the male
(Mahesh et al., 1972).

The decrease in serum LH and FSH

observed between 16 and 24 days post-EDS reflects the
reappearance of serum testosterone.

FSH levels, unlike LH

levels, remained elevated through day 36 post-EDS of this
study.

This observation was also reported by others

(Bartlett et al., 1986; Jackson et al., 1986) and may
represent a divergence in the gonadal regulation of LH and
FSH secretion.
The decline in testis weight observed between days 2 and
16 post-EDS is due to a loss of the germinal epithelium
resulting from insufficient androgen production.

The

dramatic decrease in hCG binding capacity two days post-EDS
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illustrates the speed with which EDS acts.

The increase in

testicular weight and hCG binding observed at 24 days postEDS treatment suggest a regenerating growth of Leydig cells.
This was verified by histological studies which demonstrated
an absence of Leydig cells between 2 and 16 days post-EDS and
the subsequent reappearance of Leydig cell clusters within
the testicular interstitium at 24 days post-EDS treatment.
Histological quantification of total interstitial cells and
Leydig cells demonstrates a rapid decline in interstitial
cells immediately following EDS treatment and a gradual rise
between 4 and 30· days post-EDS treatment.

The immediate

decrease in interstitial cells is the result of the rapid
destruction of Leydig cells following EDS treatment.

The

number of interstitial cells increased gradually from day 4
through day 16 post-EDS in the absence of Leydig cells.
Whether this represents a proliferation of precursor cells
which subsequently differentiate into Leydig cells is
unknown.

The rise, however; in inters.titial cells which

occured after day 16 post-EDS occured concomitantly with an
increase in Leydig cell numbers.

This increase in cell

numbers may be the result of Leydig cell division which has
been shown to occur in the immature rat (Chemes et al., 1976;
Hardy et al, 1989) •

However, it is also possible that

proliferating precursor cells which rapidly differentiate
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into Leydig cells are responsible for the increase in cell
number observed during this period.
Comparison of the hCG binding data with the number of
histologically identifiable Leydig cells at day 24 post-EDS
indicates a discrepancy between these parameters.

hCG

binding capacity represented approximately 27% of the control
values while the number of Leydig cells was 60-70% of
controls.

This would suggest that the newly formed Leydig

cells may not be fully functional.

Basal, hCG and dbcAMP

stimulated testosterone production of interstitial cells
isolated from the testes of rat 24 days post-EDS, however,
were equivalent to control values.

Thus these Leydig cells

appear to be steroidogenically competent at 24 days post-EDS.
The results suggest that the LH receptor may be one of the
last components to be incorporated into the membrane
signalling system for gonadotropin stimulation.
One of the most interesting observations made in these
studies was the detectable production of Adiol by the
regenerating Leydig cells of the EDS treated rat.

The

dramatic but transient rise in Adiol production observed here
is very similar to the pattern observed in the immature rat
between days 20-40 (Podestra and Rivarola, 1974; Moger,
1977), a time when Leydig cell number reportedly increases
rapidly (Pahnke et al., 1975).

These data are the first to

demonstrate a striking similarity between the steroidogenic
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capacity of regenerating Leydig cells in the EDS-treated rat
and that of the immature.rat.

These studies demonstrate that

the production of Adiol represents a maturation process of
the developing Leydig cell.

The fact that the regeneration

of Leydig cells in the EDS-treated rat occurs under a
different endocrine milieu as compared to that of the
immature rat suggests that Adiol production represent an
intrinsic property of the developing Leydig cell.
Concerning the biological role, if any, for Adiol and
other Sa.-;z:-educed androgens, severa·l· investigators have .
suggested that· Adiol might be involved in the meiotic

division of spermatocytes in the immature testis (Yamada and
Matsumato, 1974; Podesta and Rivarola, 1974).

In fact, there·

is evidence to suggest that Sa.-reduced androgens can maintain
spermatogenesis in hypophysectomized rats (Ahmad et al.,
1973) •

Furthermore, Murano and Payne (1976) presented

evidence that Adiol at low concentrations stimulaltes 17Bhydroxysteroid dehydrogenase in the seminiferous tubule,
therby enhancing the conversion of androstenedione to
testosterone.

It is therefore possible that Adiol plays a

local modulatory role in the initial stages of
spermatogenesis in the immature animal.
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The Effects of Estradiol on the Process of Leydig Cell
Regeneration

in

the EDS-Treated Rat.

Initial studies were conducted to determine gonadotropin
levels in the EDS/estradiol treated rat.

Recent studies have

demonstrated the absence of Leydig cell development in the
testis of the hypophysectomized immature rat (Teerds et al.,
1988) and the hypophysectomized EDS treated rat (Molenaar et
al., 1986).

In both studies, it was demonstrated that Leydig

cell development did occur after treatment with LH or hCG.
Thus a requirement for LH in the development of Leydig cells
has been demonstrated.

Because of this .apparent requirement

for LH, the effect of estradiol treatment on gonadotropin
secretion was examined in these studies.

Although LH is

necessary for the regeneration of Leydig cells in the EDS
model, the level of LH required is unknown.

It-may be

assumed that the levels required to bring about regeneration
is equivalent to those required in the immature animal during
Leydig cell ontogeny.

Past studies which examined the

secretory pattern of LH in the maturing male rat have
produced contradictory results (Payne et al., 1976; Odell and
Swerdloff, 1975) .

Perhaps the most complete study is that of

Dehler and Wuttke (1975) in which it was demonstrated that LH
levels remained,relatively low with minor fluctuations
throughout the prepubertal period.

Thus, the extremely high

levels of LH observed in the EDS-treated rat are not present
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in the immature rat.

In the current studies, serum LH levels

in the EDS and estradiol treated rat were not different from
control intact rats.

Whether these levels (30-50 ng/ml) are

capable of modulating Leydig cell development in the EDStreated rat is unknown.

For this reason, EDS/estradiol

treated rats also received daily injections with either LH
(10

~g/day)

or hCG (20 IU/day) in order to maintain high

serum levels of these gonadotropins.
The continuous decline in testis weight observed in the
EDS-treated rat which received daily estradiol and LH is
likely due to a degeneration of the germinal epithelium of
these animals, attributable to the low levels of FSH and lack
of testosterone, both of which are required for normal
tubular function.

The lack of testosterone production by

isolated interstitial cells from the EDS/estradiol/LH treated
rat can be interpreted in several ways.

One explanation is

that Leydig cell regeneration occurred, however androgen
synthesis was inhibited by the high levels of estradiol.

On

the other hand, estradiol may have inhibited or blocked the
regenerative phase of Leydig cell development.

Thus,

testosterone production does not provide an adequate marker
for the presence of Leydig cells in this model.
hCG binding capacity provides and excellent marker of
Leydig cell regeneration because Leydig cells are the only
cell type within the testis which contains the LH receptor
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(Mancini, 1967) .

The low level of hCG binding observed in

the EDS/estradiol treated rat at days 24, 30 and 40 post
treatment, strongly suggest an inhibition of Leydig cell
development.

Furthermore, the low level of hCG binding

observed in the EDS/LH/estradiol treated rat at 24 and 30
days post-EDS suggests that the inhibitory action occurs in a
manner independent of the pituitary and very likely at the
testis.

An

interesting observation made in this study was

the increased hCG binding capacity observed at days 2 and 4
post-EDS in the EDS/LH treated rat as compared to the EDS
only treated rat.

This may represent a protective influence

of LH on the interstitium of the testis which has been
suggested (Jackson and Jackson, 1984), although it should be
noted that LH did not increase the hCG binding capacity after
day 4 post-EDS in these studies.
Several investigators have suggested that estrogen
treatment of humans (Huhtaniemi et al., 1980) and rats (Saez
et al., 1978) may decrease the ,LH binding capacity of the
testis.

Therefore, the possibility must be addressed that

estradiol blocks the reappearance of the LH receptor in the
EDS-treated rat with little effect on Leydig cell
regeneration.

Histological studies were performed in which

the absence of visible Leydig cells 1 at 24, 30 and 36 days
post-EDS in the hCG/estradiol treated rats demonstrates
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conclusively that.estradiol directly inhibits Leydig cell
development in the EDS-treated rat.
Histological quantification of interstitial cells and
Leydig cells provided valuable insight into the inhibitory
effect of estradiol on Leydig cell development.

Estradiol

did not affect the degeneration of Leydig cells in the EDS-

treated rat.

As mentioned above, the number of interstitial

cells in the hCG treated rat increased rapidly between 16 and
24 days post-EDS and this increase appears to be the result
of the rapid appearance of Leydig cells at 24 days post-EDS.
The testis of the estradiol treated rat did not display an
increase in interstitial cells at 24 to 36 days post-EDS nor
were Leydig cells present during this period.

It therefore

appears that estradiol specifically blocks the rapid phase of
Leydig cell development which is intitiated between days 16
and 24 post-EDS.

The lack of Leydig cells at this time

together with decreased total interstitial cell number
suggest that the estrogenic inhibition of Leydig cell
development occurs via decreased cell proliferation and not
via an inhibition of differentiation of cells already present
within the interstitium.

However, the possibility that

precursor cells develop to a certain stage and then undergo
estrogen induced cell death cannot be excluded.
It is interesting that while visible Leydig cells were
absent from the interstitium at days 30 and 36 post-EDS when
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rats were treated daily with estradiol, the hCG binding
capacity of isolated interstitial cells from EDS and
estradiol treated rats was 20 and 33% of control values at
days 30 and 40 post-EDS.

Therefore, it is possible that some

of the intersitial cells which did not display morphological
characteristics of Leydig cells contained LH/hCG receptors.
Whether these cells represent a Leydig precursor cell
arrested at some point in the process of differentiation is
not known.

These results must be interpreted with caution,

however, for the following reasons: collagenase dispersed
interstitial cells contain a substantial number of germ
cells.

Estradiol treatment in the presence or absence of

LH/hCG results in a drastic reduction in the number of germ
cells (based on histological observation) .

Thus, it is

likely that the collagenase dispersed interstitial cell
preparation from estradiol treated·rats contains a higher
proportion of true interstitial cells as compared to the rat
treated with EDS only.
Studies were performed in which estradiol treatment was
initiated and maintained for various periods between days 0
and 30 post-EDS.

Animals were sacrificed at day 30 post-EDS

at which time interstitial cells and Leydig cells were
quantified.

The lack of an estrogenic effect on the

subsequent appearance of Leydig cells observed when rats were
treated from 0 to 5 days post-EDS suggests that cells present
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at this time were insensitive to estrogen or that recovery
had occurred by day 30 post-EDS.

It is also conceivable that

events concerning Leydig cell development are not initiated
during this period.

The complete inhibition of Leydig cell

development which occurred when rats were treated with hCG
and estradiol between days 5 and 30 post-EDS demonstrated the
presence of estradiol sensitivity during this period.
Studies were also conducted to determine the effect of
estradiol when administered between day 16 and 30 post-EDS, a
period during which the rapid appearance of Leydig cells
occurs.

Although the number of interstitial cells and Leydig

cells were not significantly different from the appropriate
controls (rats treated with hCG duringcthe same period),
there appeared to be a partial inhibition of Leydig cell
development.

Therefore, estradiol treatment must be

initiated prior to 16 days post-EDS to block the reappearance
of Leydig cells.

These findings suggest that an event or

series of events, which are sensitive to the inhibitory
action of estradiol and are necessary for the development of
Leydig cells, occur between 5 and 16 days post-EDS .

Further

studies are required to accurately determine the onset of
estrogen sensitivity.
The decrease in visible Leydig cells in the mature (nonEDS treated) rat after prolonged exposure to estradiol is
perplexing.

It s~em unlikely that this effect is due to

133
decreased Leydig cell development since this process in the
mature animal is generally considered low.

Similar studies

performed in humans have demonstrated the absence of Leydig
cells after long term estradiol treatment (de la Balze et al,
1954; Schulze, 1988) .

It was suggested in these studies that

estradiol induced the dedifferentiation of Leydig cells.
Whether the decrease in visible Leydig cells as well as the
presence of atypical Leydig cells obserVed in the present
study are the result of a phase of dedifferentiation is
unknown.

However, it is conceivable that estradiol exerts an

effect on the differentiated Leydig cell as well as the
process of Leydig cell development.

The Effects of Estradiol on Cell Proliferation in the
EDS-Treated

Rat.

Initial studies conducted with isolated interstitial
cells demonstrated that estradiol treatment resulted in an
inhibition of TCA precipitable 3H-thymidine incorporation at
days 16 and 24 post-EDS treatment.

These findings are

interesting in light of the fact that this period is also
associated with the appearance of Leydig cells.

These

results are nevertheless difficult to interpret for several
reasons.

It is impossible to identify the cell type in these

preparations which incorporate 3H-thymidine.

This limitation

is compounded by the fact that collagenase dispersed
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interstitial cells are contaminated with germ cells which are
associated with a high rate of cell proliferation.

The use

of autoradiography therefore offers an advantage in that the
cells which incorporate 3H-thymidine can be visualized.

Rats

received multiple injections of 3H-thymidine in an attempt to
insure detectable labeling of nuclei in the autoradiographic
studies.

This treatment scheme was used in light of the

finding that 3H-thymidine is rapidly metabolized and cleared
from the body (Rubin et al., 1960).

In addition, studies

utilizing mice have demonstrated that very .little 3Hthymidine which is not incorporated into DNA is present in
tissue one hour after injection (Hughes et al., 1958).
Initial autoradiographic studies (3 hour pulse)
demonstrated few labeled cells within the testicular
interstitium of mature rats.

These observations confirm the

studies of others (Christensen and Peacock, 1980) which
suggest that few Leydig cells undergo division in the mature
rat.

The high number of labeled interstitial cells observed

following EDS treatment has also been reported by Teerds et
al.

(1988).

In

ad~ition,

these findings are similar to those

mentioned above in which TCA precipitable 3H-thymidine
incorporation was elevated after EDS administration.

The

identity of these cells was not determined in these studies.
Whether these cells represent the precursors of Leydig cells
as suggested (Teerds et al., 1988) is not known at present.
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It is interesting that the peak of 3H-thymidine
incorporation observed at two days post-EDS did not correlate
with an increase in interstit·ial cells on day 4 post-EDS.
Rather, a constant increase in interstitial cell number was
observed between days 4 and 30 post-EDS (Figure 19A) .

This

descrepancy may be the result of a combination of cell
proliferation and cell death occuring in the initial days
after EDS treatment.
The decrease in labeled cells observed after estradiol
treatment in these studies was not statistically significant
in most cases.

This was probably due, however, to the animal

variability observed in these studies.

The inhibitory effect

of estradiol observed in the presence of hCG suggests that ··
estradiol inhibition of cell proliferation occurs at a site
independent of the pituitary and very likely at the testis.
The mechanism of this inhibition is unknown, however, since
studies have not been conducted to determine the presence of
estradiol receptors in interstitial cells other than Leydig
cells.

An interesting observation in these studies was the

lack of an estrogenic effect on the elevated number of
labeled cells observed at 2 days post-EDS.

These findings

are similar to those previously described in Figure 28 which
demonstrated that estradiol treatment during the initial five
days post-EDS had no effect on Leydig cell development.
the initial events which occur after EDS treatment do not

Thus
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appear to be estrogen sensitive.

The possibility must again

be raised, however, that the initial events which occur
immediately after EDS treatment may not be involved in the
regeneration of Leydig cells.

It is possible that EDS

results in the destruction of interstitial cell types other
than Leydig cells.

This could be the result of a direct

action of EDS or the result of androgen deprivation.

Thus

the initial increase in cell proliferation between days 4 and
16 post-EDS may represent the replenishment of endothelial,
myoid or other connective tissue cells within the
interstitium.

This is supported by the previous observation

(Figure 19B) that the number of non-Leydig cells appeared to
decrease slightly immediately after EDS-treatment.

In

addition, it has been demonstrated that alkylating agents can
cause cellular damage with a resultant increase in 3Hthymidine incorporation (Lieberman et al., 1977).

Thus, it

is possible that a portion of the 3H-thymidine incorporation
that occurs immediately after EDS treatment is involved in
the repair of damaged DNA and is not involved in cell
proliferation.
Studies were conducted in an attempt to follow the
progression of interstitial cells which were labeled at
various periods after EDS administration.

The pulse label

studies demonstrated that treatment of rats with 3H-thymidine
on days 2,4 and 10 post-EDS did not result in labeled Leydig
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cells at days 24 and 30 post-EDS.

These studies suggest that

the cell proliferation which occurs at days 2, 4 and 10 postEDS is not associated with Leydig cell development.

However,

the possibility exists that cells which labeled during these
periods subsequently underwent numerous divisions and that
incorporated 3H-thymidine was diluted beyond the limits of
autoradiographic detection.

This is conceivable in view of

the fact that the quantity of precursor cells is unknown.

If

the number of precursor cells is extremely low, then a high
number of divisions would be required to bring about Leydig
cell regeneration.

It should be noted that when the number

of labeled cells is expressed per interstitial space

(Table

6), it becomes apparent that the labeled cells observed at
days 2 and 4 post-EDS underwent subsequent divisions before
day 30 post-EDS.
Perhaps one of the more interesting observations in
these studies was the high percentage of Leydig cells which
were labeled at 20 days post-EDS.

Leydig cells which labeled

at 20 days post-EDS·after a 6 hour exposure to 3H-thymidine
must be the result of Leydig cell division since it seems
unlikely that precursor cells would incorporated 3H-thymidine
undergo division and subsequently differentiate within 6
hours.

Although the percentage of labeled Leydig cells did

not increase in animals injected with 3H-thymidine at 20 days
post-EDS and sacrificed at 24, the number of Leydig cells
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increased 4-5 fold during this period.

Thus, the total

number of labeled Leydig cells increased 4-5 fold during this
period.

In addition, treatment of animals with 3H-thymidine

at 20 days post-EDS resulted in the labeling of numerous nonLeydig cells at 20 and 24 days post-EDS.

These cells may

represent precursor cells which subsequently differentiate
into labeled Leydig cells.

Because of this, it is not

possible to determine if the high number of Leydig cells
labeled at 24 days post-EDS aft~r injection of 3H-thymidine
at 20 days post-EDS was the result of Leydig cell division or
labeled precursor cell division.

Although 6 hour pulse

studies were not conducted at 24 days post-EDS, 3 hour pulse
studies at 24 days post-EDS revealed very few labeled cells,
none of which were Leydig cells.

Thus, the period of time in

which Leydig cells incorporate 3H-thymidine or undergo
division is short.

However, these studies indicated that a

relatively high proportion of the Leydig cells which appear
at 24 days post-EDS arise from divisions which occur during
the period of 20-24 days post-EDS.

This fact is

substantiated if one considers that 15% of the Leydig cells
present at 24 days post-EDS arose from divisions which
occurred during a six hour period on day 20 post-EDS.
Estradiol treatment in the pulse labeling studies, which
was not accompanied with LH or hCG, may be the result of a
direct action of estradiol or decreased LH production.
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However, in the studies conducted up to this point, the
estrogenic inhibition observed was not affected by the
presence of LH or hCG.

Animals treated with estradiol

exhibited decreased percentage and numbers of labeled cells
at 4 days post-EDS and thereafter.

The greatest effect of

estradiol was observed at 20 days post-EDS and during the 20
to 24 day labeling period.

This is due in part to the fact

that Leydig cells which were labeled to a high degree in the
EDS-treated rat were absent in the estradiol treated rat.
These studies thus demonstrated that the cell proliferation
which occured between days 20-24 post-EDS is extremely
sensitive to estradiol inhibition.

The in vitro studies

(Figure 31) also demonstrated a sensitivity to estradiol
between days 16 and 24 post-EDS treatment.

Estradiol
Treated

Receptor

Levels

in

the

Testis

of the EDS

Rat .

These studies were conducted to determine the estradiol
binding capacity of rat testes at various days after EDS
treatment in an attempt to gain insight into the mechanism by
which estradiol inhibits Leydig cell development.

Estradiol

binding capacity was determined by two different methods.
The data collected by these two methods, either whole cell
binding assays or cytosolic assays, indicated that estradiol
binding capacity decreased rapidly after administration of
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EDS.

The pattern of estradiol receptor reappearance,

however, was dependent upon the manner in which the data were
analyzed.

When the data were expressed as a percent of the

controls (equivalent to binding capacity per 1 x 106
interstitial cells from non-treated animals) or fmol/mg
cytosol protein, the values obtained at days 16 and 24 postEDS were elevated, possibly due to the loss of germinal
epithelium.

Testes at these points contain a high proportion

of interstitial tissue to tubular tissue.

Thus, it is more

appropriate to express the data as fmol/testis.

When

expressed in this manner, estradiol binding capacity on days
4 through 16 post-EDS decreased to values which were 30-35%
of control.

The binding capacity per testis increased

gradually thereafter to control values.
One of the most significant observations in these
studies was the demonstration of high affinity estrogen
receptors in the testis of rats at 4, 10 and 16 days postEDS.

The testes of rats during this period (4-16 days post-

EDS) were essentially devoid of Leydig cells.

Previous

studies (Stumpf, 1969; Mulder et al., 1974) have demonstrated
that the estrogen receptor of the testis is located only in
the interstitial tissue.

More recently, studies utilizing

purified preparations of Leydig cells (Nozou et al., 1981;
Lin et al. 1982) and Leydig tumor cells (Nozou et al. 1984)
have led to the conclusion that testicular estradiol
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receptors are located primarily in Leydig cells.

Thus, the

present studies demonstrated for the first time that
interstitial cells other

than Leydig cells contain estrogen

receptors.
The identity of the cell type which contains the
estrogen receptor is unknown.

It is possible that these

cells represent the precursor of Leydig cells.

Thus, the

estradiol receptor may represent a constituitive element of
the precursor cell; whereas, the LH/hCG receptor appears only
after subsequent differentiation.

The inhibitory action of

estradiol on Leydig cell development observed in these
studies may occur at the level of the estradiol sensitive
precursor cell.

This is certainly possible in light of the

fact that the inhibitory effects of estradiol were evident
only if rats were treated prior to day 16 post-EDS, a period
in which the testis was devoid of Leydig cells.

Thus,

estradiol may act directly at the level of the precursor cell
to block further differentiation and/or cell proliferation.
It is also possible that the estrogen receptors are located
in cells which are not precursors to Leydig cells.
may act on these cells to increase

Estradiol

paracrine factors which

consequently regulate Leydig cell function.

SUMMARY

The studies presented here were designed to determine if
estradiol exerts an effect on rat Leydig cell development.
These studies were conducted by: (1) examining the effect of
short term estradiol treatment on

Leydig cell

steroidogenesis and proliferation,

(2) developing and

characterizing a model in which Leydig cell development can
be studied in the mature rat and (3) investigating the effect
of estradiol on Leydig cell development in the EDS treated
rat.

A number of conclusions can be drawn from these

experiments which add to the current knowledge of the
hormonal regulation of Leydig cell development.

These

conclusions are:
1) Treatment of male hypophysectomized rats with
estradiol for a period of four days results in the decreased
capacity of isolated interstitial cells to produce
testosterone, as well as synthesize DNA.

Estradiol treatment

of cultured immature rat Leydig cells results in a decrease
in DNA synthesis after a period of 48 and 72 hours.
2) EDS treatment of male rats results in the rapid
disappearance of Leydig cells by four days post-EDS followed
by a period of regeneration in which Leydig cells are present
142
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at 24 days post-EDS.

A significant finding was the

production of Adiol by regenerating Leydig cells in the EDS
model.

Thus, the EDS treated rat provides an appropriate

model for studying hormonal regulation of Leydig cell
development.
3) Estradiol in the presence or absence of LH/hCG
inhibits the development of Leydig cells in the EDS treated
rat.

Subsequent studies demonstrated that an event or

process involved in Leydig cell development which occur
between days 5 and 16

post~EDS

is sensitive to the inhibitory

actions of estradiol.
4) DNA synthesis which is extremely elevated during the
first two to four days after EDS treatment, is probably not
directly associated with Leydig cell development.

Cell

proliferation which occurs between days 20 and 24 post-EDS is
at least partially responsible for the increase in Leydig
cells observed during this period.
inhibits cell proliferation at
thereafter.

~

Estradiol treatment

days post-EDS and

The inhibitory effect appears greatest, however,

during the period of 20-24 days post-EDS.
5) Estrogen receptors are present in the testis of EDS
treated rats which do not contain Leydig cells.

Thus

estradiol receptors are present in interstitial cells other
than Leydig cells, possibly in Leydig precursor cells.
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