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CHAPTER I 
INTRODUCTION 

Historical 
The role of the testis in human and animal reproductive biology 

has been recognized since the 15th century B.C. As indicated in the 
record of rock tablets from Assyria, male sexual offenders were 
castrated as punishment for their crimes (1). Castration of young 
males to provide eunuchs to guard harems was a custom in China, 
India, and North Africa (2). Those historical events indicate that the 
effects of castration on libido and reproductive capability were 
realized at that time. Exploitation of castration in domesticated 
animals was utilized as early as the Neolithic age (7000 B.C.) (3). 
Aristotle (400 B.C.) clearly described the anatomy and function of the 
testis and the effects of castration were well understood at that time 
(4). However, the mechanism of control of testicular function was 
unclear. In fact, nerves extending between the testis and 
reproductive organs were thought to regulate male characteristics (5). 

In 1771, Hunter observed that transplanted testes from a 
rooster to a hen induced male characteristics in the hen (5, 6). 
Berthold (1849), who performed what are considered to be the first 
endocrinological studies, transplanted testes into ectopic sites in 
castrated roosters (5-8). His experiments showed that ectopic testes 
prevented atrophy of the birds' combs and he concluded that the 
testes maintained male secondary sex characters through their action 
on the blood (5-8). 

In 1850, Franz Von Leydig described interstitial cells between 
the seminiferous tubules in the testes of several mammals and later 
workers speculated on the possible function of these cells (9). The 
earliest evidence for an endocrine role of Leydig cells was 
documented by Bouin and Ancel (1903), who illustrated that the 
germinative part of the testis disappeared after the ligation of vas 
deferentia and only one thin layer of Sertoli cells remained in the 
seminiferous tubules. However, the interstitial cells and secondary 
sex characteristics did not change after vasoligation (5, 10). McGee, 
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Junk and Domm (1928) demonstrated that extracts of testis promoted 
growth of the comb in capons and this effect was used as an 
important assay for male sex hormone (5). That the injection of 
extracts of testis reversed the atrophy and cytological regression of 
the prostate and seminal vesicles was shown by Moore (1928) (11) 
and Moore et al. (1930) (12). 

The endocrine control of the testes by the pituitary was 
demonstrated by Smith et al. (1927) and Creep et al. (1936, 1937) 
who observed that pituitary implantation or administration of 
pituitary extracts restored both the Leydig cells and seminiferous 
epithelium after hypophysectomy (13-15). In 1931, luteinizing 
hormone (LH) and follicle stimulating hormone (FSH) were 
fractionated from pituitary extracts by Fevold, Hisaw and Leonard 
(16). The action of LH upon interstitial tissue and the subsequent 
enlargement in tubules and accessory glands of male reproduction 
was first demonstrated by Creep, Fevold and Hisaw in 1936 (14). 
Because of the action of this protein on the interstitial cells of the 
testes, it was first called interstitial cell stimulating hormone (ICSH). 
In 1936, Nelson illustrated that testosterone could maintain 
qualitatively normal spermatogenesis in hypophysectomized adult 
rats and confirmed that LH stimulates testis interstitial cells to 
release testosterone essential for gametogenesis (17). 

The transformation of labeled progesterone into testosterone by 
Leydig cells was demonstrated by Christensen and Mason in 1965 
(18). With the techniques for cell separation (18) and various studies 
of the enzymes for steroidogenesis in gonads (19), a great deal more 
knowledge concerning Leydig cell function has been compiled since 
then. 

The Leydig Cell 
Testosterone and spermatozoa are the two main products of 

testis. Spermatogenesis takes place within seminiferous tubules, 
whereas testosterone is produced by the Leydig cells located singly or 
in groups within the interstitial compartment between the 
seminiferous tubules. These two different morphological and 
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physiological compartments are separated by the blood-testis barrier 
formed by the tight junctions between adjancent Sertoli cells inside 
the tubule (20). Many other cell types are also found in these 
compartments. Macrophages, master cells, fibroblasts, nerve and 
endothelial cells are found in the interstitial space and Sertoli cells, 
germ cells and peritubular cells are found within seminiferous 
tubules. Leydig cells are surrounded by fibroblasts, macrophages and 
connective tissue. Cell-cell interaction between Leydig cells and other 
testicular cell types through autocrine, paracrine and juxtacrine 
mechanisms have been illustrated (21-23). Intimate contact between 
cells in the interstitial compartment evidenced by interdigitation 
between Leydig cells and macrophages have been documented (19, 
23, 24), and may indicate a regulatory function of macrophages on 
Leydig cells (23). 

The Leydig cell is a polyhedral cell from 15 to 20 |im in 
diameter. The nucleus of the Leydig cell often lies eccentrically and 
contains prominent nucleoli (25, 26). In the cytoplasm of Leydig cells, 
where the main steps of steroidogenesis occur, there is an abundance 
of smooth endoplasmic reticulum typical of steroidogenic cells (25, 
26). Mitochondria are also abundant organelles in Leydig cells with 
tubules and internal cristae configurations common to cells that 
secrete steroids (25, 26). Glycogen, lipid droplets and crystals can also 
be found in the cytoplasm of Leydig cells. Glycogen particles are 
distributed throughout the cytoplasm (25, 26). Reinke crystals are the 
main form of crystals in the Leydig cells but the function of those 
crystals is unknown (25, 26). It has been suggested that the increase 
of lipid droplets, crystals and vacuoles in the cytoplasm of Leydig 
cells is a sequence of degenerative changes that occurs with aging (25, 

26). 
Because of some of the unique similarities to neurons, some 

investigators have advanced the notion that Leydig cells are 
derivatives of neural cells (27, 28). The presence of pro
opiomelanocortin (POMC)-derived peptides in rat Leydig cells, 
substance P (SP)-like immunoreactivity in human Leydig cells (29), 
the detection of TGF-a (30), the in vitro release of serotonin and 

3 



corticotropin-releasing hormone (CRH) in rat Leydig cells (31), and 
the expression of neural cell adhesion molecules in mouse Leydig cells 
(28) are examples that Leydig cells have neuron-like characteristics. 
Also, Leydig cells lack mitotic activity as do nerve cells. Thus, it has 
been suggested that the Leydig cell is a representative of the diffuse 
neuroendocrine system (27). 

Steroidogenesis 
As described above, testosterone is the primary steroid product 

of Leydig cells and the pathway of testosterone synthesis has been 
studied in detail (32-34). Testosterone is released from Leydig cells 
under the predominant control of LH (see Figure 1). LH binds to the 
LH/CG receptor to induce the dissociation of a subunit of Gs protein 
from p and X subunits (35, 36). Gsa then activates adenylate cyclase 
converting ATP to cyclic AMP (36, 37). cAMP binds to protein kinase 
A (PKA) resulting in the dissociation of catalytic and binding subunits 
of PKA (38). The active catalytic subunit of PKA then phosphorylates 
certain cytoplasmic proteins, which, in turn, will increase 
transportation rate of cholesterol into the inner mitochondria 
membrane. Within the mitochondria, cleavage of the sterol side-chain 
of cholesterol is catalyzed by the cytochrome P450 side-chain 
cleavage enzyme (P450scc) to transform cholesterol into 
pregnenolone. Pregnenolone is then delivered to the smooth 
endoplasmic reticulum (SER) and is converted into testosterone. 
Depending on the species, this conversion can occur via progesterone, 
17a-OH progesterone and androstenedione through A^ intermediates 
or via 17a-hydroxypregnenolone, dehydroepiandrosterone and 
androstenediol as A^ intermediates by the actions of enzymes, 3p-
hydroxysteroid dehydrogenase, 17a-hydroxylase, 17,20-desmolase 
and 17p-dehydrogenase (34, 39). Testosterone can be synthesized de 
novo from acetate or directly from cholesterol taken up by the Leydig 
cells (40). 



LH 
or 

hCG 

R =receptor 

Gs =G protein stimulatory alpha subunit 

Gi =G protein inhibitory alpha subunit 

A.C. =adenylate cyclase 

(+) =stimulation 

(-) =inhibition 

cAMP 
Phosphodiesterase 

Protein kinase A 

i proteins (phosphorylation) 

Cholesterol ^ t^ 

A 1 7 OH Pregenenolone 
i (A 5) 

Dehydroepiandrosterone 

\ 

\ Androstenediol 

Progesterone 
j (A 4) 

1 7 OH Progesterone 

I 

\ 

Testosterone Androstenedione 
/ 

Figure 1 
The intracellular steps of LH or hCG stimulated steroidogenesis 
in Leydig cells. 



It was widely thought that the rate-limiting step of 
steroidogenesis is side-chain cleavage of cholesterol by the P450scc 
enzyme in the mitochondria of steroidogenic tissues (41). However, 
many studies have shown that hormone stimulated steroidogenesis is 
blocked if protein synthesis is inhibited (42-44), whereas the activity 
of P450scc is unaffected (45). If the activity of P450scc is inhibited 
by aminoglutethimide (AG) in cells treated with trophic ligand, 
cholesterol will accumulate in the inner mitochodrial membrane and 
steroid synthesis is blocked. However, this accumulation of cholesterol 
in the inner mitochodrial membrane in cells treated with AG is 
inhibited in the presence of cycloheximide. Thus, since in cells 
stimulated with the trophic ligand, the transfer of cholesterol into the 
mitochondria is blocked with cycloheximide, it was concluded that 
protein synthesis was required for cholesterol transport to the inner 
membrane of mitochondria (45). Because of these observations, many 
investigators have tried to isolate this newly synthesized protein (46-
55). A hypothesis has been discussed and accepted stating that the 
transport of cholesterol into mitochondria is more rate-limiting than 
P450scc (56-59). The identification and characterization of a 30-kDa 
mitochondria peptide (StAR; steroidogenic acute regulatory protein) 
that is acutely and specifically regulated by LH has brought forth the 
suggestion that this protein may participate in the delivery of 
cholesterol from cytoplasm into mitochondria (58, 59). In fact, a 
recent paper in Science (60) has revealed that the mutated or 
nonfunctional StAR impairs steroidogenesis in adrenal and gonadal 
tissues with congenital lipoid adrenal hyperplasia patients, an 
autosomal recessive disorder. This report illustrates the importance of 
StAR in normal adrenal and gonadal steroidogenesis. 

Regulation of Steroidogenesis 
The requirement of androgen for spermatogenesis (61, 62) and 

for the development and maintenance of the male sexual accessory 
organs and behaviors is well established (63). LH is the primary 
stimulator of Leydig cell steroidogenesis and is released from the 
pituitary in a pulsatile pattern. In most situations, testosterone levels 
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reflect this pattern of LH release; however, there are local factors 
found or produced in testis that can also influence Leydig cell 
testosterone secretion (21, 22, 64, 65). 

LH is the predominant hormone that controls testosterone 
production in Leydig cells (66). However, numerous studies have 
indicated that steroidogenesis is also modulated by local substances in 
the testis. These substances include: 

(i) cytokines and growth factors, e.g., epidermal growth factor 
(EGF) (67), insulin-like growth factor-I (IGF-I) (68), fibroblast growth 
factor (FGF) (69), transforming growth factor (TGF) (70, 71), 
interleukin-1 (72-75), interleukin-2 (76), platelet derived growth 
factor (PDGF) (77) and tumor necrosis factor (TNF) (78); 

(ii) steroid hormones, e.g., estradiol (79, 80), androgen (81, 82) 
and glucocorticoid (83-85); 

(iii) regulatory peptides, e.g., p-endorphin (86-88), angiotensin 
II (89), arginine-vasopressin and oxytocin (90), prolactin (91), growth 
hormone (68, 91), inhibin and activin (92), endothelin (93), follicle-
stimulating hormone (FSH) (94), atrial natriuretic factor (ANF), brain 
natriuretic peptide (BNP) and C-lype natriuretic peptide (CNP) (95), 
and insulin (70); 

(iv) other factors, e.g., ethanol (96), restraint stress (97, 98), 
serotonin and melatonin (99-101), nicotine and cotinine (102, 103), 
catecholamine (nicotine, isoproterenol) (103, 104) and retinol and 
retinoic acid (105); 

Some of these factors are actually produced and released by 
other testicular cells that can affect Leydig cell testosterone 
production through juxtacrine and paracrine routes. Locally produced 
substances include cytokines (72-75, 78, 106, 107) and POMC-derived 
peptides such as endorphin and adrenocorticotropin hormone (108) 
by macrophages; inhibin (109), interleukin (110), estrogen (111), 
TGFa(112), TGFP (113), IGF-I (114, 115) and LHRH-like substance 
(65, 116, 117) by Sertoli cells; TGFa(112), TGFp (113) and IGF-I (118) 
by peritubular cells; neural products by peripheral autonomic 
neurons (95, 103) and endothelin (93) by endothelium of blood 
vessels. In addition, autocrine and paracrine effects within Leydig 
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cells themselves have been described involving POMC peptides (86, 
87, 108, 119), serotonin (100, 101), inhibin (120), IGF-I (118), 
estrogen (80), androgen (81, 82) and GHRH (121). 

Many studies have described how these factors affect 
steroidogenesis. The three primary sites where these factors are 
known to influence steroidogenesis are on the LH receptor (75, 78, 83, 
91, 122, 123), through signal transduction pathways (65, 84, 85, 89, 
104, 116, 121, 124) and on enzymes in the steroidogenic pathway 
(67, 71-73, 76, 77, 79, 82, 84, 85, 95-99, 103, 125). These effects are: 

(a) prolactin and growth hormone can prevent loss of testicular 
LH receptor in rat Leydig cells after hypophysectomy (91); 
glucocorticoid (83) and EGF can decrease LH receptor numbers; 
interleukin-1 (75) and TNF (78) decrease LH binding to its receptor, 
whereas IGF-1 and hGH (122, 123) enhance the binding of LH to its 
receptor (see Table 1 for summarization of these effects); 

(b) regarding signal tranduction pathways, Cortisol (85), 
catecholamine (isoproterenol) (104), LHRH (116) and GHRH (121) all 
increase the formation of cyclic-AMP, whereas other studies have 
shown that glucocorticoid (84) and angiotension II (inhibit adenylate 
cyclase) (89) decrease the formation of cyclic-AMP. LHRH (116), 
endothelin (93) and nicotine and cotinine (102) affect calcium 
channels or intracellular calcium content of the Leydig cells. The 
inhibitory effect of high levels of TGF (71) is between cyclic AMP 
formation and P-450scc enzyme. 

(c) LHRH (125), ANF, BNP and CNP (95) increase side-chain 
cleavage enzyme (P-450scc) activity whereas glucocorticoid decreases 
P450SCC activity and gene expression; restraint stress (98), PDGF (77), 
ethanol (96) and testosterone can decrease 3p-hydroxysteroid 
dehydrogenase activity, but EGF (67) and low levels of TGF-P (71) 
increases 3p-hydroxysteroid dehydrogenase activity; restraint stress 
(97), interleukin-1 (72, 73), interleukin-2 (76), estradiol (79, 80) and 
testosterone all result in the inhibition of the conversion of 17a-OH 
progesterone to androstenedione by reducing the activity of 

8 



Table 1 

Factors 
Cytokines & Growth 
BGF 

IGF-I 
FGF 
TGF (low dose) 
TGF (high dose) 
Interleukin-1 

Interleukin-2 
PDGF 
TNF-a 

Steroid Hormones: 
Estradiol 
Androgen 
Glucocorticoid 

Regulatory Peptides 
p-Endorphin 
Angiotensin II 
AVP and Oxytocin 
Prolactin 
GH 
Activin 
Inhibin 
Endothelin 
FSH 
Insulin 
ANF, BNP & CNP 

Effect on 
Steroidogenesis 
Factors: 

+ w/ hCG 

+ w/ hCG 
+ w/ hCG 
+ w/ hCG 

Site of 
Action 

3P-HSD & 
Mitochondria 

(68, : 

3P-HSD 
- w/ hCG Between AC & P450scc 
- w/ hCG 

- or + 
- w/ hCG 
- w/ hCG 
- w/ hCG 

- w/ hCG 
- w/ hCG 
- w/ hCG 

+ w/ hCG 

-

LH Receptor & 
Mitochondria 
17,20-desmolase 
17,20-desmolase 
3P-HSD 
LH Receptor & 
Mitochondria 

17,20-desmolase 
17a-hydroxylase 
17a-hydroxylase, 
cAMP formation & 
LH Receptor 
cAMP formation & 
17,20-desmolase 

+ w/ or w/o hCG AC 
+ or - w/ hCG 
4-

+ w/ hCG 
- w/ hCG 
reverse activin 
+ 
+ w/ hCG 
+ w/ hCG 
-1-

LH Receptor 
LH Receptor 
LH Signal coupling 

effect 
Calcium channel 

P450SCC 

Reference 

(67) 
122, 123) 

(69) 
(71) 

(70, 71) 

(74, 75) 
(72, 73) 

(76) 
(77) 

(78) 

(79, 80) 
(81, 82) 

(83, 84) 

(85) 

(86, 87) 
(89) 
(90) 
(91) 

(68, 91) 
(92) 
(92) 
(93) 
(94) 
(70) 
(95) 



Table 1. Continued 

Factors 
Other Factors: 
Ethanol 
Restraint Stress 

Serotonin 
Melatonin 

Nicotine & Cotinine 

Catecholamine 
Retinol & 
Retinoic acid 

Effect on 
Steroidogenesis 

-

-

-

-

-

- w/ LH 
- w/ hCG 
- w/ hCG 

+ 
- w/ LH 

Hypothalamic Peptides 
LHRH 

GHRH 

+ w/ hCG 
+ 
+ w/ or no hCG 
+ or - w/ LH 
+ w/ hCG 

Site of 
Action 

3p-HSD+17p-HSD 
17,20-desmolase 
3P-HSD 
17a-hydroxylase 
17a-hydroxylase 
17P-HSD 
Calcium content 
17a-hydroxylase 
17a-hydroxylase 

cAMP formation 
P450SCC 
Calcium channel 
cAMP formation 
LH Signal coupling 

Reference 

& 

(103, 

(65 

(96) 
(97) 
(98) 
(99) 

(99) 
(102) 
(103) 

104) 

(105) 
(105) 

(116) 
(125) 
(126) 

, 124) 
ri2n 

"+"=stimulation 
"-"=inhibition 
P450scc=P450 side chain cleavage enzyme 
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17,20-desmolase; however, Cortisol (85) increases the activity of 
17,20-desmolase. Androgen (82), glucocorticoid (84), nicotine (103), 
serotonin and melatonin (99) all decrease 17a-hydroxylase activity; 
melatonin (99) and ethanol (96) decrease 17p-hydroxysteroid 
dehydrogenase activity. EGF (67) increases the availability of 
cholesterol substrate in the mitochondria, but TNF (78) and 
interleukin-I (75) decrease the availability of cholesterol substrate in 
the mitochondria. 

Two peptides originally purified from hypothalamic tissue, 
luteinizing hormone releasing hormone (LHRH) (65, 116, 124-126) 
and growth hormone releasing hormone (GHRH) (121), are also made 
by cells in the testis and have local regulatory effects on Leydig cell 
testosterone production. Corticotropin-releasing hormone (CRH) is 
another hypothalamic peptide found in the testis which has 
demonstrated effects on Leydig cells (127, 128) and is the subject of 
this investigation. 

Corticotropin-Releasing Hormone 
Although hypothalamic regulation for all pituitary hormones 

had been suspected, corticotropin-releasing hormone (CRH) was the 
first hypothalamic releasing factor for which there was direct 
evidence. In 1955, two groups of investigators, Guillemin and 
Rosenberg (129) and Saffran and Schally (130), showed that 
hypothalamic tissue could induce the release of ACTH from pituitary 
cells in vitro. The presence in hypothalamic extracts of vasopressin, 
oxytosin, angiotensin II and catecholamines, substances that can 
weakly stimulate adrenocorticotropic hormone (ACTH) release and act 
in synergy with CRH, complicated the isolation and purification of 
CRH. The primary structure of CRH was determined from material 
isolated and sequenced from ovine hypothalamus in 1981 by Vale et 
al. (131). This was the final chapter in a frustrating search for the 
hypothalamic factor sought by many investigators after the 
prediction by Geoffrey Harris in 1948 (132), that stress-induced 
activation of the central nervous system is transduced from a neural 
into a humoral signal in the hypothalamus. Since the isolation and 
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sequence determination of CRH, scientists have unequivocally 
demonstrated that CRH is the neural transducer of most of the 
physiological responses to stress (131, 133). 

Corticotropin-releasing hormone (CRH) is a 41 amino acid 
straight chain peptide (131) that, during stress, is released from 
neurons in the paraventricular nucleus and regulates pituitary 
secretion of ACTH and pro-opiomelanocortin-derived peptides (134, 
135). The sequence of CRH in mammals is highly conserved between 
different mammalian species. Rat CRH (136) is identical to human CRH 
as deduced from genomic DNA sequences (137). Rat/human CRH is 
different from ovine CRH by seven residues (137). Urotensin I and 
sauvagine, proteins that contain ACTH-releasing ability in fish and 
amphibians, respectively, are highly similar to mammalian CRH (138, 
139). The carboxyl terminus of CRH is critical for biological activity 
and the minimal sequence of amino acid that retains full activity is 
15-41 (140). The sequences of ovine and human/rat CRH are 
illustrated as follows: 

Ovine: 
H-Ser-G/n-Glu-Pro-Pro-Ile-Ser-Leu-Asp-Leu-Thr-Phe-His-Leu-Leu-
Arg-Glu-Val-Leu-Glu-Met-r;2r-Ly5-Ala-y45/7-Gln-Leu-Ala-Gln-Gln-
Ala-His-Ser-Asn-Arg-Lys-Leu-Lew-i45/7-Ile-y4/a-NH2. 

Human/rat: 
H-Ser-G/M-Glu-Pro-Pro-Ile-Ser-Leu-Asp-Leu-Thr-Phe-His-Leu-Leu-
Arg-Glu-Val-Leu-Glu-Met-y4/a-i4r^-Ala-G/M-Gln-Leu-Ala-Gln-Gln-
Ala-His-Ser-Asn-Arg-Lys-Leu-M^r-G/M-Ile-//e-NH2. 

(Italicized amino acids indicate the differences between ovine and 
human/rat CRH [141]). 

Immunoreactive and/or bioactive CRH can also be found outside 
of the central nervous system, such as in hypophyseal portal blood 
(142), in peripheral plasma (142-145), in the gastrointestinal tract 
(colon, liver, pancreas, stomach and duodenum) (146-149), adrenal 
medulla (149), lung (149), cerebrospinal fluid (150), neoplastic tissue 
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(151) and ovary (152-154), in the placenta (155), and CRH is highly 
elevated in human maternal plasma during the third trimester of 
pregnancy (156, 157), 

The CRH receptor and/or CRH binding have been detected not 
only in the central nervous system (158-161) but also in peripheral 
tissues such as the ovary (152-154), spleen (primarily in splenic 
macrophages) (162, 163), myometrium (164), wound/inflammatory 
sites (165), human peripheral blood mononuclear cells (166), human 
blood immunocytes (167), human small cell lung carcinoma cells 
(168), human and rat erythrocytes (169), and in the adrenal, prostate, 
spleen, liver, kidney and testis (170). CRH activates the cAMP signal 
transduction pathway in peripheral tissues (164, 170) consistent with 
CRH action in the central nervous system (171, 172). Moreover, a 
CRH-binding protein has been found in human plasma and is widely 
distributed in the brain of the rat. This binding protein has been 
purified and sequenced (173-175). All of these lines of evidence 
indicate that CRH may play an important physiological role in various 
peripheral tissues. In fact, CRH and IL-1 have been considered as 
neurotransmitters/neuromodulators that can bidirectionally 
communicate between the central neural and immune systems and 
between neuroendocrine and immune systems during stress and 
infection (176-179). 

However, the possible involvement of endogenous CRH as a 
mediator of stress-induced inhibition of reproductive functions has 
been suggested because of the close anatomical proximity of GnRH-
and CRH-secreting neurons (180). Also, the observations that CRH can 
inhibit in vitro release of GnRH, the primary secretagogue for LH, 
from isolated median eminence and mediobasal hypothalamus (181), 
and the observation that central administration of the CRH antagonist, 
a-helical CRH9-41, reversed the inhibitory action of stress on the 
pulsatile pattern of LH release is further evidence of this involvement 
(133). Moreover, immunoreactive CRH and binding of CRH have been 
found in gonads (31, 127, 128, 152-154), which suggest that CRH may 
have a regulatory function on reproduction at the level of the gonad. 

13 



Corticotropin-Releasing Hormone in Testis 
CRH has been found in the testis of several mammalian species 

by immunohistochemistry and radioimmunoassay (127, 128). 
Although there is no direct evidence that stress activates local CRH 
release in the testis, immunoreactive CRH is released from rat Leydig 
cells in response to LH stimulation in vitro (182, 183). It is also 
known that CRH reduces the in vitro hCG-stimulated testosterone 
production by rat Leydig cells probably through the action of the 
inositol trisphosphate pathway to inhibit adenylate cyclase activity 
(31, 183, 184). Therefore, a direct effect of CRH on Leydig cells could 
explain the suppression of testosterone observed in response to stress 
when LH levels are normal in primates and rats (97, 98, 185, 186). 

In rhesus macaques, in response to restraint stress, plasma LH 
levels are initially suppressed along with decreased levels of serum 
testosterone. However, after some animals were returned to their 
home cage, the LH levels returned to normal while testosterone levels 
remained low (185). Restraint stress also reduced plasma testosterone 
levels without changing LH levels in the rat (97, 98, 186). In the 
studies on the macaque referred to above, LH levels were measured 
with an interstitial cell bioassay (187) which consists of a crude 
preparation of testicular cells from B6D2 Fl mice 42-55 days old. If 
the putative factor responsible for a direct inhibitory effect on Leydig 
cells was present in serum from the stressed animals, it could have 
influenced the Leydig cell response to LH in the bioassay and thereby 
prevented accurate estimation of LH. The findings of the present 
study arose serendipitously from preliminary studies designed to test 
this hypothesis. In those preliminary studies, we tested the effects of 
various hormones known to be elevated during stress such as CRH, 
glucocorticoids and POMC-derivative peptides, and found that CRH 
had a stimulatory influence on testosterone production by mouse 
Leydig cells present in the testicular cell preparation (188). Since it 
has been previously reported that CRH has an inhibitory rather than 
stimulatory effect on rat Leydig cells (182-184), we began the 
present studies to determine if mouse Leydig cells respond 
differently to CRH than do rat Leydig cells and if so, to determine the 
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mechanisms of action of CRH. Because a variety of cell types known to 

be involved in paracrine inleraclions with Leydig cells (21-23) exist 

in the crude preparation used for the LH bioassay, we conducted 

studies in both purified mouse Leydig cells and in a mouse cell line 

derived from a Leydig cell tumor (MA-10 cells). Purified rat Leydig 

cells as well as a rat Leydig tumor cell line, R2C cells, were also used 

to collate the differences. 
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CHAPTER II 
MATERIALS AND METHODS 

Chemicals 
Waymouth's MB 752/1 medium, horse serum, fetal bovine 

serum, Dulbecco's phosphate-buffered saline without calcium or 
magnesium (PBS-), Dulbecco's phosphate-buffered saline containing 
calcium or magnesium (PBS+), Gentamicin sulfate, lyophilized trypsin-
EDTA, Ml99 with Hank's salt medium and Hanks' balanced salt 
solution were purchased from Gibco (Grand Island, NY). Tissue grade 
sodium bicarbonate, bovine serum albumin (BSA), HEPES, M199 with 
EBSS and glutamate, Percoll density gradient medium, nicotinamide, 
P-nicotinamide adenosine dinucleotide (NAD), 

dehydroepiandrosterone, nitroblue tetrazolium (NBT), forskolin, 
Cortisol, corticosterone, aldosterone, p-endorphin, 8 Bromo-cAMP, 
dibutryl-cAMP (db-cAMP), 22R-OH cholesterol, pregnenolone, 
progesterone, testosterone, cycloheximide, carbonyl cyanide m-
chlorophenylhydrazone (mCCCP), actinomycin-D, 4p-phorbol-12-
myristate-13-acetate (PMA), isobutyl-1-methylxanthine (MIX) and 
Coomassie blue G-250 were purchased from Sigma Chemical Co. (St. 
Louis, MO). Collagenase was purchased from Worthington Biochem Co. 
(Freehold, NJ). hCG (CR 127; 14900 lU/mg) was obtained from the 
NICHHD. Rat/human CRH and CRH antagonist, a-helical CRH9.41, were 
purchased from Bachem Co. (Torrance, CA). { 1 , 2 , 6 , 7 - 3 H ( N ) } -

progesterone, -testosterone and l25i_Xyr human/rat CRH were 
purchased from DuPont-New England Nuclear. Antisera to 
testosterone and progesterone were obtained from Holly Hills 
Biologicals Co. (Hillsboro, OR). cAMP assay kit was purchased from 
Amersham International (Arlington Heights, IL). 

Animals 
Male mice (B6D2 Fl), 49-55 days old, were purchased from 

Jackson Laboratory (Bar Harbor, ME) and male Spraque Dawley rats, 
50-55 days old, were purchased from SASCO (Omaha, NE). Animals 
were housed 3/cage under 14 h light and 10 h darkness at 22oC. Food 
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and water were provided ad libitum. Animals were kept a minimum 
of one week before they were used. 

Preparation of Levdig Cells 
Three different preparations of mouse Leydig cells were used 

for these experiments including (i) testicular cell suspension, (ii) 
interstitial cells and (iii) purified Leydig cells. Animals were killed by 
cervical dislocation and the testes were removed and decapsulated in 
medium 199 containing 4 mM NaHC03, 25 mM HEPES, 0.06 g 
penicillin, 0.05 g streptomycin and 0.2% BSA, pH 7.35. 

(i) Testicular cell suspension: the testes were then minced with 
scissors and cells were dispersed mechanically through a Pasteur 
pipette. Approximately 1-2% of the cells in this preparation are 
Leydig cells. These cells are the typical preparation used in our 
bioassay for LH and were used in the initial experiments to 
determined the effects of Cortisol, corticosterone, aldosterone and CRH 
on steroidogenesis. 

(ii) Interstitial cells: after decapsulation, the testes were then 
incubated in a shaking water-bath (120 cycles/min) at 37^0 in 
medium 199 containing 1% BSA and 100 units/ml collagenase (Type 
II, Worthington) for 10 min. After incubation, cold medium 199 was 
added to stop the action of collagenase. Seminiferous tubules were 
separated from cells by gravity sedimentation. The cells were then 
collected by centrifugation (300 x g for 6 min) and then resuspended 
in 2 ml medium 199 containing 0.1% BSA. This suspension, which 
does not contain seminiferous tubules and is composed of interstitial 
cells, contains 20-30% Leydig cells. Interstitial cell preparations were 
used to determined the effect of CRH on steroidogenesis. 

(iii) Purified Leydig cells: the interstitial cell preparation 
described above was layered onto a Percoll gradient and then 
centrifuged at 800 x g at 4^0 for 20 min. The gradient, which was 
preformed by centrifugation at 25,000 x g for 30 min, contained 10 
ml of isotonic Percoll solution and 15 ml medium 199 for mouse or 
16.5 ml of isotonic Percoll solution and 11.5 ml medium 199 for rat 
plus 0.1% BSA and 25 mM HEPES (189-191). One ml fractions of both 
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gradients were collected from the top. Mouse Leydig cells were 
mainly distributed from fraction 23 to 25 (Figure 2). However, two 
populations of rat Leydig cells with different densities were found 
(Figure 2). The denser Leydig cells were distributed from fractions 19 
to 27 and the less dense Leydig cells spanned fractions 7 to 18. The 
total number of cells and the percentage of 36-hydroxysteroid 
dehydrogenase positive cells were determined (192) in these 
different Leydig cell preparations. Cells were maintained at 37^0 in a 
humidified environment containing 95% air and 5% CO2 for all of the 
following experiments. 

Approximately 5x10^ cells/100 îl medium 199 were plated 
into each well of 96 well plates. After 2 h, cells were washed twice 
with medium without any serum and then treated with or without 
various doses of agents or hCG and/or CRH. Cells were then incubated 
for an additional 120 min. At the end of the incubation, the media 
were withdrawn and testosterone levels were determined by 
radioimmunoassay (193). 

For experiments to determine cAMP production, approximately 
5x10^ cells were added to 35 mm diameter tissue culture dishes in 
0.5 ml medium 199. After 2 h, the medium was removed and the 
cells were treated with or without various doses of hCG and/or CRH 
for an additional period of time. At the end of the incubation, the 
medium was removed and the cells were assayed for intracellular 
cAMP (for detail see section "Intracellular cAMP Binding Assay"). 

Cell Culture 
The MA-10 cell line used in these experiments was a generous 

gift from Dr. Mario Ascoli (University of Iowa, Iowa City, lA) and was 
maintained using standard techniques (194). This well-studied mouse 
Leydig tumor cell line produces progesterone as the major steroid in 
response to both trophic hormone (LH and hCG) and to cAMP analogs 
(194). Cells were routinely grown and subcultured in 75 mm2 tissue 
culture-flask or 100x20 mm tissue culture dishes in Waymouth's 
medium supplemented with 13.3 mM sodium bicarbonate, 23.8 mM 
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HEPES buffer, 4ml gentamycin sulfate (10 mg/ml) and 15% heat 
inactivated horse serum. 

In experiments examining steroidogenesis, 5x10^ cells/100 ul 
medium 199 were plated in each well of 96 well plates and for 
experiments analyzing intracellular cAMP levels, lxl06 cells/0.5 ml 
medium 199 were plated in 35x10 mm tissue culture dishes. Cells 
were grown for 24 h in Waymouth's medium containing 15% horse 
serum. After this time, medium was removed, cells were washed 
twice with PBS+ and Waymouth's medium lacking serum but with 
desired concentrations of different steroids or hormones was added to 
the cells for specific times. Cells were maintained in a humidified 
atmosphere containing 95% air and 5% C02 at 37oC. At the end of the 
treatment period, the medium was removed and progesterone was 
measured by radioimmunoassay (195). The cells were solubilized 
with 0.01% SDS and analyzed for protein content by the methods of 
Bradford (196, 197) with Coomasie Blue reagent and BSA as a 
standard. 

R2C cells, a rat Leydig tumor cell line that constitutively 
produces progesterone (198, 199), were also used for a comparison 
with MA-10 cells. R2C cells were maintained and treated the same as 
MA-10 cells with the exception that the medium used also contained 
7.5% fetal bovine serum in addition to 15% horse serum (198, 199). 

3p-Hydroxysteroid Dehydrogenase Staining 
Cells were washed once with PBS after media were withdrawn 

for RIA, then 1% formaldehyde in PBS was added for one minute for 
fixation. After the formaldehyde was removed, cells were washed one 
more time with PBS and then were incubated for 30 minutes in 31^C 
water bath with 0.7 M phosphate buffer (pH 7.4) containing 1 mg/ml 
nicotinamide, 6 mg/ml NAD, 100 |ig/ml dehydro-epiandrosterone 
(288 mg DHEA in 100 ml acetone), and 1.5 mg/ml nitro blue 
tetrazolium (192). At the end of incubation, cells were 
rinsed with PBS and 1% formaldehyde was added for preservation. 
Cells stained purple were identified as Leydig cells. 
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Protein Svnthesis Detection (Actinomycin-D 
and Cvcloheximide Treatments) and the 

Treatments of mCCCP and PMA in 
MA-10 or Mouse Leydig Cells 

MA-10 or mouse primary Leydig cells in separate wells were 
incubated with different concentrations of cycloheximide (a protein 
synthesis inhibitor) for 5 minutes and then treated with maximal 
doses of hCG or 0.1 îM CRH, or were incubated with actinomycin-D (a 
transcription inhibitor), mCCCP (a substance that can block the 
transfer of polypeptides into the mitochondrial matrix and inner 
membrane) (200, 201), PMA (phorbol ester-protein kinase C 
activator) and maximal doses of hCG or 0.1 p.M CRH at same time. 
After 2 h of incubation, media were withdrawn and assayed for 
progesterone (MA-10) or testosterone (primary Leydig cells). 

Radioimmunoassav (RIA) 
Testosterone level in media from Leydig cells and progesterone 

level in media from MA-10 cells were determined by 
radioimmunoassay essentially as described previously (193). Media 
from cultures with different hormone treatments were collected and 
diluted with medium to fall in the standard curves for the respective 
assays. Twenty-five îl of diluted sample was withdrawn to a glass 
tube and 100 \i\ of testosterone or progesterone antiserum and 100 
1̂ of ^H-testosterone or ^H-progesterone were added. Equilibrium 

reaction occurred at room temperature for 2 hours and was stopped 
by putting the tubes in ice. Charcoal was added and incubated for 15 
minutes at 4^C and then centrifuged for 10 minutes to spin down the 
charcoal bound with free ^H-steroids. The supernatant was poured 
into 3 ml of scintillation fluid and samples were counted in P-counter 

for 2 minutes. 

Intracellular cAMP Binding Assay 
For the determination of intracellular cAMP, cells were scraped 

from the dish in acidic ethanol (0.01 N HCl in absolute ethanol) 
directly after removal of the medium (202) and assayed for cAMP 
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with a cAMP assay kit (Amersham). In brief, the acidic ethanol 
containing cAMP was placed on ice and dried down with air flow. The 
dry sample was resuspended with Tris EDTA buffer (pH 7.5 with 4 
mM EDTA) to fit the standard curve. Fifty t̂l of diluted sample was 
added with 50 îl ^ H - C A M P and 100 \i\ of cAMP binding protein and 
incubated for 2 hours on ice. After the incubation, charcoal (100 |il) 
was added to each sample and 2 minutes after addition of charcoal to 
the last sample, the tubes were centrifuged at 12,000 G for 3 minutes. 
Two hundred îl of the supernatant from each tube was placed in a 
scintillation vial with 3 ml scintillation fluid and counted in a p-
counter for 2 minutes. 

CRH Binding Studies 
MA-10 cells were grown as described above. About 50,000 cells 

were seeded into each well of a 96 well plate and incubated for 24 
hours. Thereafter, the medium was removed and cells were washed 
two limes with PBS. Desired concentrations of l^Sj.Xyr human/rat 
CRH without or with 0.5 îM cold CRH in reaction buffer (PBS, 10 mM 
MgCl2, 2 mM EGTA, 0.15 mM bacitracin and 0.15% (wt/vol) BSA, pH 
7.0) (168) were added to cells. The final volume of the reaction mix 
was 50 jil. After various incubation times, each well was washed five 
times with 160 îl of iced-cold Hanks' balanced salt solution. NaOH 
(160 1̂ of 0.5 N) was then added to each well to dissolve the cells 
(184). Bound 1-^I-Tyr human/rat CRH was counted in a gamma 
counter at approximately 90% efficiency. The bound radioactivity in 
wells without cells was less than 0.5% of the total counts added. Total 
binding to total count added is about 2-5%. 

Total protein amount of MA-10 cells in each well was 
determined by the methods of Bradford (196, 197) with Coomasie 
Blue reagent and BSA as a standard. 

Optimal Time Course for Equilibrium Binding 
Total binding of CRH to intact MA-10 cells was determined by 

adding 0.2 nM l^Sj.jyr human/rat CRH in 50 fil incubation buffer at 
370c for 0, 5, 15, 30, 60 and 120 minutes. Non-specific binding was 
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determined by adding 0.2 nM 125i-Tyr human/rat CRH with 0.5 îM 
unlabeled human/rat CRH. 

CRH Binding Saturation Assay 
The reaction occurred in 50 îl binding buffer with intact MA-

10 cells containing 0.02 nM to 2 nM 125i.Tyr human/rat CRH without 
(total binding) or with (non-specific binding) 0.5 |iM unlabeled CRH 
for 30 minutes at 37^0. The reaction was terminated by aspirating the 
reaction buffer. Total counts, total binding and non-specific binding 
were analyzed by the nonlinear squares curve-fitting program (203) 
for Scatchard analysis. Specific binding of 40% or more was used for 
analysis. 

Statistics 
Each data point represents the mean±SEM. Statistically 

significant differences between treatments and controls were 
determined by one-way ANOVA and Fisher-PLSD multiple 
comparison. Each experiment was repeated two or three times with 
triplicates in steroidogenesis assays and duplicates in cAMP assays. 
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CHAPTER III 
RESULTS 

Effects of Cortisol. Corticosterone and Aldosterone 
on Steroidogenesis in Mouse Testicular Cells 

Figure 3 and Figure 4 demonstrate that 6 h pre-treatment with 
50 ng/ml and 500 ng/ml of Cortisol or corticosterone can inhibit LH or 
cAMP stimulated steroidogenesis in mouse testicular cells. 
Aldosterone, a mineralocorticoid, used as a control had no effect on 
LH or cAMP stimulated steroidogenesis in these cells (Fig. 5). 
Pretreatment with Cortisol or corticosterone for 3 or 6 h had an 
inhibitory effect on basal level of steroidogenesis in mouse testicular 
cells (Fig. 3 and Fig. 4). These results are consistent with other reports 
showing inhibitory effects of glucocorticoids on steroidogenesis in 
rodent Leydig cells. 

Effect of CRH on Steroidogenesis in Mouse 
Testicular and Interstitial Cells 

In initial experiments with CRH treatment in mouse testicular 
cell suspensions with only 1-2% of Leydig cells, 100 nM of CRH 
elicited a 2-fold increase of testosterone production compared to 
control and lower concentration of CRH (Fig. 6). This finding was 
unexpected and provoked the additional experiments. 

To more firmly establish this observation of the stimulatory 
effect of CRH on steroidogenesis, crude mouse interstitial cell 
preparations containing 20-30% Leydig cells were treated with 
different doses of CRH. Figure 7 illustrates that CRH alone stimulated 
testosterone release in a dose-dependent manner. The lowest dose of 
CRH that stimulated testosterone release was 10 nM. However, CRH 
was less effective than a maximal dose of hCG (2 ng/ml) in 
stimulating crude mouse interstitial cells. 

Rffect of CRH on Steroidogenesis in MA-10 
Leydig Tumor Cells 

Exposure of mouse Leydig tumor cells (MA-10 cells) to CRH (10 
nM and 100 nM) for 2 h increased progesterone production 15-35 
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Figure 3 
The effect of 3 or 6 hours pre-treatment with Cortisol on 
testosterone production by testicular cell suspension. 
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Figure 4 
The effect of 3 or 6 hours pre-treatment with corticosterone 
on testosterone production by testicular cell suspension. 
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Figure 5 
The effect of 3 or 6 hours pre-treatment with aldosterone 
on testosterone production by testicular cell suspension. 
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fold (Fig. 8), supporting the notion that CRH has a direct effect on 
Leydig cell function. Surprisingly, CRH also stimulated additional 
progesterone secretion in MA-10 cells treated with a maximal dose of 
hCG. 

As a comparison to CRH, cells were also treated with 6-
endorphin, a peptide of approximately the same molecular weight 
that is also found in the testis and known to be released by Leydig 
cells. B-endorphin had no effect on either basal or hCG stimulated 
steroidogenesis (Fig. 8). 

Figure 9 shows the dose-dependent relationship of progesterone 
production in MA-10 cell stimulated with CRH or hCG. Steroidogenesis 
was activated by as little as 10 nM CRH and the maximal response 
was observed at a dose of 100p,M. CRH stimulated progesterone 
production to a greater extent than the maximal dose of hCG. 

Effect of CRH on MA-10 Cell Intracellular 
cAMP Production 

In previous experiments, we observed that MA-10 cells 
"rounded up" and became spherical in response to LH/CG or cAMP 
analogs. This same phenomenon was observed after CRH treatment. 
Thus, it is possible that CRH may stimulate steroidogenesis in MA-10 
cells through activation of the cAMP pathway. To examine this 
possibility, MA-10 cells were treated with CRH or CRH plus hCG and 
intracellular cAMP and progesterone production were measured. 

Figure 10 demonstrates the dose-response of intracellular cAMP 
accumulation stimulated by CRH or CRH plus hCG. As was observed 
with stimulation of progesterone secretion, 10 nM of CRH increased 
intracellular cAMP levels with the maximal increase in cAMP being 
observed with l̂ iM CRH. With doses higher than 1 nM, CRH 
stimulated additional cAMP production over that observed with a 
maximal dose of hCG. 

The temporal relationship between intracellular cAMP and 
progesterone response to CRH and to hCG was different (Fig. 11) in 
that maximal intracellular cAMP response to l̂ iM CRH was 
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observed within 5 min and progesterone production with l|iM CRH 

increased more rapidly than after stimulation with hCG (Fig. 11 A). In 

contrast to the response observed with CRH, 35 nM hCG stimulated 

maximal intracellular cAMP at 30 min and progesterone production 

significantly increased after 30 min (Fig. IIB). Both the cAMP and the 

progesterone responses occurred sooner with CRH than with hCG. 

Purification of Primary Mouse Leydig Cells 
with Percoll Gradient Centrifugation 

After 20 minutes centrifugation at 800 G, primary mouse 

Leydig cells were found between fractions 22 to 26 (Fig. 2). 

Percentages of Leydig cells in different fractions were determined by 

biochemical staining of 3p-hydroxysteroid dehydrogenase activity as 

described in methods. The highest purity of Leydig cells occurred in 

fraction 24 and was about 89.3% (Fig. 12). There are about 86.8% and 

79.4% in fractions 23 and 25, respectively (Fig. 12). hCG stimulated 

testosterone production was examined and fractions 23 to 25 showed 

the best responses (Fig. 12). Also, the number of Leydig cells were 

higher in fractions 23 to 25 compared to other fractions (Fig. 12). 

Effect of CRH on Steroidogenesis in Mouse 
Leydig Cells 

To further characterize the physiological significance of the 

observations made in MA-10 cells, primary cultures of mouse Leydig 

cells were prepared and then treated with hCG or CRH. Leydig cells 

represented 80-90% of the cells in the interstitial cell preparation 

after purification as determined by 36-hydroxysteroid 

dehydrogenase staining. 

As demonstrated in Figure 13, 100 nM CRH alone increased 

testosterone production 15-fold. 6-endorphin and BSA had no effect 

on testosterone production in Leydig cells, whereas hCG stimulated 

testosterone production 2-3 fold higher than that seen with CRH. The 

steroidogenic response to CRH in purified mouse Leydig cells is 

comparable to the response observed in crude mouse interstitial cells. 

Comparisons of testosterone production between hCG alone and CRH 
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plus hCG treatments showed that the testosterone secretion obtained 

with a maximal dose of hCG could not be increased further by CRH. 

This is different from the increased accumulation of intracellular 

cAMP and progesterone in response to CRH plus hCG in MA-10 cells. 

Figure 14 illustrates dose-response curves of testosterone 

production in mouse Leydig cells stimulated by CRH alone or by CRH 

in the presence of a maximal dose of hCG. As little as 1 nM CRH 

increased testosterone production with maximal testosterone 

production observed at 100 nM CRH. The lowest concentration of CRH 

(1 nM) that stimulated steroidogenesis is 10-fold less than that 

observed in crude mouse interstitial cells and MA-10 cells. CRH 

concentrations from 10 pM to IjiM did not stimulate additional 

testosterone production in purified mouse Leydig cells concurrently 

stimulated with a maximal dose of hCG. 

Effect of CRH on Intracellular cAMP in 
Mouse Leydig Cells 

Since both progesterone production and intracellular cAMP 

levels increased after CRH treatment in MA-10 cells, experiments 

were performed to determine the effect of CRH on intracellular cAMP 

levels in purified mouse Leydig cells. Figure 15 demonstrates the 

dose-response of intracellular cAMP accumulation stimulated by CRH 

or CRH plus hCG. As was observed with stimulation of testosterone 

secretion, 10 nM of CRH increased intracellular cAMP levels with the 

maximal cAMP response observed with l|iM CRH. Varying doses of 

CRH did not result in higher intracellular cAMP production than was 

observed even with a submaximal dose of hCG. Notice that the cAMP 

response to CRH was much lower than was the response to hCG. 

The temporal relationship between intracellular cAMP and 

testosterone response to CRH and to hCG is illustrated in Figure 16. 

Maximal intracellular cAMP response to IjiM CRH was observed 

within 5 min and testosterone production stimulated with l|iM CRH 

also significantly increased after 5 min (Fig. 16A). In contrast to CRH. 

3.5 nM (maximal dose) hCG stimulated maximal intracellular cAMP at 
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30 min and testosterone production increased significantly after 15 

min (Fig. 16B). 

The Effects of CRH Antagonist (a-helical CRH9.41) 
on CRH-induced Steroidogenesis in MA-10 Cells 

and Purified Primary Mouse Leydig Cells 

Figure 17 shows a dose-dependent inhibition of CRH stimulated 

steroid production by a CRH antagonist in both primary mouse Leydig 

cells and MA-10 cells. The effect of CRH antagonist in blocking CRH 

action was significant at 100 pM in purified Leydig cells and 1 nM in 

MA-10 cells. However, the CRH antagonist has no inhibitory effect on 

hCG-stimulated steroidogenesis in mouse Leydig cells and MA-10 

cells (Fig. 18). 

Purification of Primary Rat Leydig Cells with 
Percoll Gradient Centrifugation 

After centrifugation, two populations of primary rat Leydig cells 

appeared in Percoll gradients (Fig. 2). Leydig cells in different 

fractions were determined by biochemical staining of 3(3-

hydroxysteroid dehydrogenase activity as described in methods. 

Leydig cells that distribute among fraction 7 to 18 are less dense 

compared to the cells in fractions 19-30 (Fig. 19). Because there are 

many Leydig cells between fraction 7 to 13, significant testosterone 

production occurs after incubation of cells in this region, especially 

from fraction 9 and 10. However, the purity of Leydig cells in those 

fractions is only about 60%. Fewer numbers of Leydig cells can be 

found in higher density fractions, but less testosterone was produced 

in fractions 21 to 24 and 27 to 28 by these denser Leydig cells 

compared to less dense cells. Although Leydig cell purity among these 

fractions is higher, 83% in fractions 23 and 24, than in less denser 

region, because there are fewer cells, the amount of testosterone 

production in response to maximal hCG stimulation is lower than in 

less denser region. 
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CRH Effects in Rat Levdig Cells and R2C 
Rat Leydig Tumor Cells 

In an attempt to reconcile the present findings with those 

showing an inhibition of testosterone production by CRH in the rat, 

the response of rat Leydig cells purified by Percoll gradient 

centrifugation was investigated. Various doses of CRH had no effect on 

either basal or hCG stimulated testosterone production in two 

different fractions of rat Leydig cells (Fig. 20). 

Figure 21 shows that 0.5 jiM CRH did not stimulate production 

of intracellular cAMP in purified rat Leydig cells. Also, CRH did not 

affect hCG stimulated intracellular cAMP production. Figure 21 

demonstrates again that CRH had no effect on either basal or hCG 

stimulated testosterone production in rat Leydig cells. 

R2C rat Leydig tumor cells constitutitively produce 

progesterone without LH or hCG stimulation. Progesterone production 

in these cells was not changed with various doses of CRH treatment 

(Fig. 22). 

The effects of hCG, CRH or hCG plus CRH in steroidogenesis and 

intracellular cAMP production in MA-10, mouse and rat Leydig cells 

are summarized in Table 2. 

The Effect of Forskolin. db-cAMP. 22R-OH 
Cholesterol and Pregnenolone on CRH 

Stimulated Steroidogenesis in MA-
10 Cells and Mouse Leydig Cells 

Figure 23 illustrates that 0.1 |iM CRH did not induce additional 

progesterone production in MA-10 cells with maximal doses of 

forskolin (stimulates adenylate cyclase), db-cAMP (stimulates protein 

kinase A), 22R-OH cholesterol (substrate for P450scc) or 

pregnenolone (substrate for 3p-HSD). 

Similar results were found in purified mouse Leydig cells as in 

MA-10 cells. Testosterone production by 6-7 week old mouse Leydig 

cells stimulated with maximal doses of db-cAMP or pregnenolone was 

not enhanced by CRH (Fig. 24). However, in cells treated with the 

maximal dose of 22R-OH cholesterol, CRH did stimulate 1.5-fold more 

testosterone. 
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Table 2 
The effects of hCG, CRH or hCG plus CRH on steroidogenesis and 
intracellular cAMP production in MA-10, mouse and rat Leydig cells. 

Leydig 
Cells 

MA-10 
Mouse 
Rat 

hCG 

Steroid 

+ 
+ 
-\-

cAMP 

+ 
-1-

-1-

CRH 

Steroid 

-1-

-1-

/ 

cAMP 

+ 
+ 
/ 

hCG+CRH 

Steroid 

-l-l-
o o 

o o 

cAMP 

++ 
oo 

o o 

"+"=stimulation 
"/"=no effect 
"oo"=CRH did not induce more steroid or cAMP production with 

maximal stimulation of hCG. 
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Figure 23 
The effects of CRH on progesterone production in MA-10 cells 
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The effects of CRH on steroidogenesis together with maximal 

treatments of forskolin, db-cAMP, 22R-OH cholesterol and 

pregnenolone in MA-10 cells and mouse Leydig cells are summarized 

in Table 3. 

The Effect of Cycloheximide. Actinomycin D 
and mCCCP on hCG or CRH Stimulated 

Steroidogenesis in MA-10 Cells 
and Mouse Leydig Cells 

Cycloheximide, a protein synthesis inhibitor, blocked the 

stimulatory effect of hCG and CRH on steroidogenesis both in MA-10 

cells (Fig. 25) and in primary mouse Leydig cells (Fig. 26). 

Steroidogenesis was completely blocked by cycloheximide in the mM 

range in mouse Leydig cells and in the fiM range in MA-10 cells. 

Figure 27 shows that progesterone production stimulated by 

hCG or CRH was reduced 70-80% by a transcriptional inhibitor, 

actinomycin-D (100 |ig/ml). However, the same dose of actinomycin-

D that was effective in MA-10 cells did not have the same inhibitory 

effect on hCG or CRH stimulated testosterone production in purified 

mouse Leydig cells (Fig. 28). Testosterone production stimulated with 

hCG or CRH were reduced only 28-40% by actinomycin-D in mouse 

Leydig cells. 
Progesterone production stimulated by hCG or CRH in MA-10 

cells could be decreased 80% and 83%, respectively, by 20 fiM of 

mCCCP, a substance that disrupt the electrochemical potential across 

the inner membrane and block the transfer of mitochondrial 

polypeptides into the matrix and inner membrane (Fig. 29). The same 

dosage of mCCCP also reversed testosterone production stimulated by 

hCG or CRH in purified mouse Leydig cells (Fig. 30). In fact, mCCCP 

reduced testosterone below basal level in mouse Leydig cells. 

Comparison of the inhibitory effect of mCCCP and actinomycin-D 

in steroid production stimulated with hCG or CRH in both cell types 

reveals that actinomycin-D is less effective than mCCCP. 

The effect of CRH antagonist, actinomycin-D, cycloheximide, 

mCCCP and PMA in steroidogenesis stimulated with hCG or CRH in 

MA-10 cells and mouse Leydig cells are summarized in Table 4. 
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Table 3 
The effect of CRH antagonist, actinomycin-D, cycloheximide, mCCCP 
and PMA in steroidogenesis stimulated with hCG or CRH for 2 hours in 
MA-10 cells and mouse Leydig cells. 

STEROIDOGENESIS 

MA-10 Cells Mouse Leydig cells 

Treatments hCG CRH hCG CRH 

CRH antagonist / (0%) - (70%) / (0%) - (80%) 

Actinomycin-D - (72%) - (75%) - (28%) - (42%) 

Cycloheximide - (75%) - (90%) - (99%) - (97%) 

mCCCP - (78%) - (84%) - (99%) - (97%) 

PMA - (75%) - (65%) - (0%) - (50%) 

"/"=:no effect 
"-"=inhibition 
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Table 4 
The effects of maximal treatments of forskolin, db-cAMP, 22R-OH 
cholesterol and pregnenolone on CRH stimulated steroidogenesis in 
MA-10 cells and mouse Leydig cells. 

STEROIDOGENESIS 

MA-10 Cell Mouse Leydig cell 

Treatments Without CRH<->With CRH Without CRH<->With CRH 

hCG / 

Forskolin 

db-cAMP 

/ 

/ / 

22R-OH 
Cholesterol 

Pregenolone 

/ 

/ 

+ 

I 

" + "=stimulation 
'7"=no effect 
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Figure 25 
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Figure 29 
The effect of 20 uM mCCCP on progesterone production in 
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The effect of 20 uM mCCCP on testosterone production in 
purified mouse Leydig cells stimulated with hCG (10 ng/ml) 
or CRH (0.1 uM). 
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The Effect of PMA on Steroidogenesis 
Stimulated with hCG or CRH in MA-

10 Cells and Mouse Leydig Cells 
Figure 31 demonstrates that PMA (2.5 |ig/ml=4 jiM), the 

tumor-promoting phorbol ester that stimulates phospholipid-
sensifive Ca2+-dependent protein kinase (protein kinase C), inhibited 
the production of progesterone in MA-10 cells treated with hCG or 
CRH. Progesterone production stimulated by hCG and by CRH was 
reduced by PMA to 66% and 75% of control, respectively. However, 
2.5 |ig/ml PMA did not affect testosterone production stimulated by 
hCG in purified mouse Leydig cells (Fig. 32). The same dosage of PMA 
did reduce the production of testosterone stimulated by 0.1 uM CRH 
by about 50%. 

CRH Binding Studies 

Figure 33 shows the time course association of 0.2 nM l -^ i .^yr 

rat/human CRH to intact MA-10 cells at 37oC. Total binding, non

specific binding (binding in the presence of 0.5 [iM cold CRH) and 

specific binding (total binding minus non-specific binding) are 

illustrated as a function of time. The specific binding of labeled CRH to 

intact MA-10 cells reached steady state in 30 minutes at 31^C. 

The saturation curve of the binding of l^^i.jyj- rat/human CRH 

to intact MA-10 cells as a function of increasing ligand concentration 

from 0.02 nM to 2 nM is shown in Figure 34. Even at 2 nM, saturation 

of CRH binding to MA-10 intact cellswas not achieved. In limited 

studies with 4 nM ^25i_Xyi- rat/human CRH, saturation was still not be 

reached. Therefore, Scatchard analysis cannot be accomplished with 

these conditions. 
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Figure 31 
The effect of PMA (2.5 ug/ml) on progesterone production 
in MA-10 cells stimulated with hCG (100 ng/ml) or CRH 
(0.1 uM). 
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Figure 32 
The effect of PMA on testosterone production stimulated 
in purified mouse Leydig cells with hCG (10 ng/ml) or CRH 
(0.1 uM). 
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Figure 33 
Time course of CRH binding to intact MA-10 cells at 37 C. 
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Figure 34 
CRH binding to intact MA-10 cells at 37 C for 30 minutes. 
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CHAPTER IV 

DISCUSSION 

In previous studies in male primates, restraint stress resulted 

in continued inhibition of testosterone secretion after circulating LH 

levels, suppressed during stress, returned to normal (185). The 

present study in Leydig cells arose from attempts to determine if 

substances in the serum from stressed monkey could have influenced 

the Leydig cell response to LH in the bioassay used to measure LH 

(mouse testicular cell suspension) and thereby could explain this 

inhibtion in testosterone secretion. As potential candidates for this 

suppression, we examined glucocorticoids, POMC-derivative peptides 

and CRH, substances known to be elevated in plasma during stress. 

These results illustrate that testosterone production stimulated with 

LH or db-cAMP in mouse testicular cell suspension was inhibited by 

6, but not by 3 hours pre-treatment with glucocorticoids. These 

results are consistent with other reports showing that glucocorticoids 

can inhibit testicular steroid production (83, 204). 

Unexpectedly, we found that CRH stimulated testosterone 

production in testicular cell suspensions that were used in the LH 

bioassay. To repeat and extend this observation, a mouse interstitial 

cell preparation enriched in Leydig cells (20-30%) was treated with 

CRH. The stimulatory effect of CRH on testosterone production was 

also observed in this preparation. Since an inhibitory effect of CRH on 

hCG-stimulated testosterone production in rat Leydig cells has been 

described (182-184), additional studies in mouse primary Leydig 

cells and mouse tumor Leydig cells were conducted to determine the 

mechanism of the stimulatory effect of CRH in mouse Leydig cells. 

The results of the present study show that CRH stimulates 

intracellular cAMP accumulation and steroidogenesis in mouse Leydig 

cells in a dose- and time-dependent manner. The action of CRH on 

Leydig cells is at least in part specific since albumin and 6-endorphin 

had no effect on steroidogenesis. Consistent stimulatory effects in 

both MA-10 cells and purified mouse Leydig cells suggests that CRH 

acts directly on Leydig cells rather than through other cell types. That 
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the CRH antagonist, a-helical CRH9.41, reversed the stimulatory effect 

of CRH on mouse Leydig cell testosterone and MA-10 cell 

progesterone production indicates there are binding sites for CRH on 

both cell types. 

It is of interest that there is a different range of CRH 

concentrations that can elicit responses in progesterone and 

intracellular cAMP production in MA-10 cells. Progesterone 

production stimulated by CRH increased up to lOOfiM compared to a 

maximal response of intracellular cAMP production observed at IfiM 

CRH. However, the concentrations of CRH that are effective in 

stimulating testosterone and intracellular cAMP production are 

parallel in purified mouse Leydig cells. These results suggest that 

more than one class of CRH binding sites may exist on MA-10 cells 

and that CRH in high concentration induces progesterone production 

independent of the cAMP pathway. It is possible that CRH activates 

MA-10 cells through up-regulation of CRH receptor number, hCG 

receptor number, G protein coupling or adenylate cyclase activity, any 

of which would then increase the rate-limiting step in 

steroidogenesis. 

The observations in MA-10 cells, that progesterone and 

intracellular cAMP are stimulated more by CRH plus hCG than by a 

maximal dose of hCG alone suggests that CRH and hCG use different 

mechanisms to activate steroidogenesis. Interestingly, exogenous 

cAMP also stimulated more progesterone production with maximal 

dose of hCG in MA-10 cells similar to the effects of CRH and hCG (data 

not shown). Moreover, the phorbol ester, PMA, inhibited 

steroidogenesis stimulated with CRH in mouse Leydig cells, but 

testosterone production stimulated by hCG was not affected by PMA. 

This observation again indicates that CRH and hCG might use different 

cAMP pathways to activate steroidogenesis in mouse Leydig cells. 

Therefore, the cAMP pathway activated by CRH, but not the one 

activated by hCG, can be regulated by PKC signal pathway in mouse 

Leydig cells. 
It is not clear how different are the cAMP signal transduction 

pathways for hCG or CRH stimulated steroidogenesis between primary 
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mouse Leydig cells and MA-10 cells. At least 7 different isoforms o\ 

adenylate cyclase (205) and more isoforms of beta and gamma G-

proteins (206-208) have been found. Different combinations of G-

proteins, after the interaction with distinct receptors, may activate 

miscellaneous responses, through adenylate cyclase isoforms with 

different level of cAMP production (207, 209, 210), phospholipid 

hydrolysis (207, 208), retinal phosphodiesterase (206), or ion 

channels (206, 211). It is possible that, in MA-10 cells, hCG and CRH 

associate with different receptors that couple to independent 

adenylate cyclase isoforms through different isoform G-proteins. 

Studies have shown that cAMP production can be synergistically 

stimulated by two different ligands through different adenylate 

cyclase isoforms. Examples of this are prostagladins E enhanced 

adenylate cyclase cAMP formation stimulated with forskolin through 

two EP3 subtype receptors with different efficiencies (212), and 

phorbol ester potentiated isoproterenol-stimulated cAMP production 

on type VII adenylate cyclase (205). Therefore, that the additive 

effect of progesterone and intracellular cAMP production by hCG and 

CRH occurred in MA-10 cells is not unusual. Also, it is possible that 

same LH/CG receptors in tumor and primary mouse Leydig cells 

couple to different combination of G-protein isoforms and/or 

adenylate cyclase isoforms. This might explain the observation that 

steroidogenesis stimulated by hCG in MA-10 cells, but not in primary 

mouse Leydig cells, through cAMP signal transduction was affected 

by PMA stimulated PKC pathway. 

The observation that CRH caused additional accumulation of 

cAMP and progesterone in MA-10 cells treated with a maximal dose 

of hCG was not found in normal mouse Leydig cells. Several 

possibilities may explain this observation. First, it has been shown 

that only 350 CRH receptors per cell are found in normal rat Leydig 

cells (184) whereas 10,000-20,000 LH/CG receptors per cell are found 

in both MA-10 cells and normal rat Leydig cells (194, 213, 214). If 

the same relationships of these receptors exist in mouse Leydig cells. 

production of intracellular cAMP and testosterone stimulated by CRH 

may not be significant compared with maximal hCG stimulation. 
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Second, since primary cultures of mouse Leydig cells are 

approximately 80-90% pure, it is possible that other cell types 

influence the way Leydig cells respond to CRH. Finally, several studies 

have shown differences in the steroid produced in MA-10 cells and 

normal mouse Leydig cells (40, 194, 215, 216). The ability of CRH to 

stimulate additional steroid production over that by hCG observed in 

MA-10 cells but not in purified mouse Leydig cells may be another 

difference in these transformed cells. It is also possible that the 

genetic difference between MA-10 cells that originated from C57BL/6 

mice and Leydig cells from B6D2 Fl hybrid (C57BL/6 x DBA2) mice 

may account for some of the difference observed between these cell 

types in this study. 

It is established that CRH activates the cAMP pathway in brain 

(172, 217), pituitary (171, 218) and other organs (170, 219). The 

present results in mouse Leydig cells are consistent with those 

studies. However, these observations in mouse Leydig cells are 

different from the studies in rat Leydig cells. Dufau and colleagues 

have shown that CRH acts through a specific receptor to activate 

protein kinase C, probably through the inositol trisphosphate pathway 

(31, 182-184). Subsequent inhibition of the catalytic site of adenylate 

cyclase results in decreased testosterone production. Consistent with 

their results, our studies in rat Leydig cells indicate that CRH alone 

does not stimulate intracellular cAMP and steroidogenesis. However, 

the reported inhibitory effects of CRH on hCG-stimulated testosterone 

production in the rat (31, 182-184) were not found in our laboratory 

except when high doses of CRH (1)LIM and higher) were used and then 

only inconsistently. One possible reason for this discrepancy is that 

rat Leydig cell preparations used in our experiments were enriched 

utilizing Percoll gradient centrifugation rather than elutriation as 

used in studies by Dufau et al. (182-184). Nonetheless, it should be 

noted that in addition to the lack of inhibition in enriched rat Leydig 

cells, CRH did not reduce constitutive progesterone production in the 

rat R2C Leydig tumor cells. 

Other investigators have also found differences between mouse 

and rat Leydig cells. For example, cyclic AMP has no effect on the 
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level of LH binding sites or internalization of LH receptor in rat 

Leydig cells but down-regulates the LH receptor in mouse Leydig 

cells (220, 221). Second, testosterone release in response to LH pulses 

is very different between the rat and mouse (222, 223). Third, LHRH 

agonists enhance hCG-stimulated steroidogenesis in rat Leydig cells 

but not in mouse Leydig cells (124). Fourth, acute immobilization 

stress induces different corticoadrenal and gonadal responses in rats 

and mice (224). Finally, different responses of Leydig cells to 

glucocorticoids and catecholamines have been reported between 

species (85, 204, 225-227). Therefore, when other responses are 

considered, the observation that CRH has different actions in Leydig 

cells from rats and mice is not without precedent. 

The different effects of CRH on Leydig cells in mice and rats 

may also involve different signal transduction pathways and different 

receptor subtypes. It has been shown that one ligand can bind to 

different receptor subtypes to activate different cellular functions 

(228-230). Two forms of CRH receptors have been found in human 

brain (231, 232), and have different functions when expressed in 

COS-7 cells (232). It is possible that mice and rats have different 

forms of CRH receptors on Leydig cells which couple to different 

signal pathways and have opposite actions on steroidogenesis. Also, 

different isoforms of G proteins that couple to different signal 

pathways with different actions by the same ligand have been 

described (233). Different isoforms of G proteins may exist between 

rat and mouse Leydig cells allowing CRH to have different actions in 

these two species. 

Increased protein synthesis stimulated by treatment with 

adrenocorticotrophin, gonadotrophin or cAMP has been shown in 

adrenal cortex, corpus luteum and Leydig cells (43, 44. 46, 53, 54, 

234). Protein synthesis also appears to be important for the acute 

CRH-induced steroidogenesis since cycloheximide inhibited 

steroidogenesis in MA-10 and in primary mouse Leydig cells. As has 

been observed for hCG, the present results indicate that rapid protein 

synthesis is required for steroidogenesis stimulated by CRH in mouse 

Leydig cells. That the 2 hours of treatment with the transcription 
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inhibitor, actinomycin-D, decreased CRH or hCG stimulatory elfects on 

steroidogenesis in both Leydig cell types further confirmed that 

transcription as well as protein synthesis is necessary for the ongoing 

stimulatory effect of CRH on mouse Leydig cells. 

Expression of a 30 kd mitochondrial peptide induced by hCG, LH 

or cAMP analogs, and involved in the acute regulation of 

steroidogenesis has been shown in MA-10 cells (199, 235-237) and 

other steroidogenic cells (60). CRH also stimulated this 30 kd 

mitochondrial peptide expression in MA-10 cells (Dr. Stocco, personal 

communication). This finding illustrates that CRH activates the cAMP 

signal transduction pathway, similar to that observed for hCG and LH, 

to stimulate the steroidogenic acute regulatory protein (StAR) peptide 

expression for steroidogenesis. Moreover, the observation that in 

mouse Leydig cells and MA-10 cells, steroidogenesis stimulated with 

CRH is inhibited by mCCCP is consistent with the notion that a newly 

synthesized mitochondrial peptide is involved in CRH-stimulated 

steroidogenesis. 

Surprisingly, mCCCP reduced the amount of testosterone 

production stimulated by hCG and CRH below basal level in mouse 

Leydig cells, but not in MA-10 cells. One possible explanation for this 

observation is that the mitochondrial peptide stimulated by hCG or 

CRH for steroidogenesis is produced in low amounts in mouse Leydig 

cells compared to MA-10 cells. Therefore, mouse Leydig cells appear 

to be more sensitive to the inhibitory effects of mCCCP on 

steroidogenesis than MA-10 cells. Another possibility is that primary 

cells might be more sensitive to the toxic effects of mCCCP than tumor 

cells. This possibility remains to be investigated. 

The inhibitory effect of actinomycin-D on steroidogenesis 

stimulated with hCG or CRH in both cell types is not as effective as 

mCCCP. One explanation for this observation is that messenger RNA 

for new protein synthesis exists in the cells before the treatment of 

trophic ligand and actinomycin-D. Thus, limited protein synthesis and 

steroidogenesis can still occur in the early period time even with 

actinomycin-D treatment. On the other hand, mCCCP blocks the 
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transfer of protein into mitochondria and prevents steroidogenesis 

even with new protein synthesis stimulated by hCG or CRH. 

Actinomycin-D had a more profound inhibitory effect within 2 

hours of treatment with hCG or CRH in MA-10 cells than in mouse 

Leydig cells. It is possible that basal expression of new protein may 

play a role in this difference. Low levels of testosterone are produced 

in Leydig cells indicating that mRNA is present and peptide is 

expressed at basal level. Since almost no basal progesterone is 

produced by MA-10 cells, one could reasonably infer that a key 

component of the steroidogenic pathway, such as a peptide, was 

absent. Actinomycin-D treatment would immediately inhibit the 

transcription of new mRNA after stimulation with hCG or CRH and 

since little or no peptide is present, steroidogenesis would not occur 

in these cells. This could explain why actinomycin-D is more effective 

in inhibiting acute steroidogenesis in MA-10 cells than in primary 

Leydig cells. 

To examine if CRH exerts a direct action at sites along the 

steroidogenic pathway in MA-10 and mouse Leydig cells, maximal 

doses of forskolin (stimulation of adenylate cyclase), db-cAMP 

(stimulation of protein kinase A), 22R-OH cholesterol (substrate for 

P450scc) or pregnenolone (substrate for 3p-HSD) were added to cells 

without or with the treatment of CRH. Results showed that CRH has no 

direct effect at adenylate cyclase, PKA, P450scc or 3p-HSD in the 

signal transduction and steroidogenic pathway in MA-10 cells. 

However, the activity of P450 side chain cleavage enzyme in mouse 

Leydig cells was slightly enhanced by CRH. This indicates that CRH not 

only activates the cAMP signal pathway to induce protein express for 

steroidogenesis but may also exert a direct action on P450scc enzyme 

in mouse Leydig cells. At present, we have no explanation for this 

result. Further studies with Cholera toxin and Pertussis toxin without 

or with CRH treatment are crucial to examine the effect of CRH on Gs-

or Gi-protein. 

Studies for characterization of the CRH receptor in MA-10 cells 

have been initiated. Cell membrane preparations of MA-10 cells were 

used originally, but a problem was encountered that forced us to 
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abandon this approach. The problem was that there was high non

specific 125i.xyr-rat/human CRH (l^Sj.cRH) binding that was not 

resolved with different ionic strengths of reaction buffer, with 

different types of filters, with different washing buffers or with 

different volumes of washing buffer. Therefore, intact MA-10 cells 

were used to conduct the studies presented here. Temperature and 

time course studies of l25i_CRH binding to intact MA-10 cells were 

conducted. There was low binding of l25i_CRH to intact MA-10 cells at 

40and 22^0 but significant binding was observed at 37^0. reached 

steady state within 30 minutes and maintained the steady state for as 

long as 4 hours. Saturation experiments were then attempted for 

Scatchard analysis to determine the affinity constant and capacity of 

CRH receptor in MA-10 cells. However, saturation was not reached 

with 2 nM I ^ S I . C R H after 9 separate experiments. Even with 4 nM 

125I-CRH, saturation was not observed. Since progesterone production 

in response to CRH showed a plateau with 10 to 100 |iM, it is possible 

that saturation could be reached with higher concentrations of CRH. 

However, because of the cost of the labeled CRH, it is not presently 

economically feasible to determine the saturation of I ^ S J . ^ R H binding 

to MA-10 cells. 

Several studies have shown that the Kd for CRH binding is 

below the nM range (0.2-0.75x10-9) (158, 161, 162, 168, 172, 184), 

and saturation can be achieved with less than 2 nM I - ^ I . ^ R H in 

membrane preparations or in intact cells of various tissues (158, 161. 

162, 168, 172, 184). However, two reports, one in ovarian tissue 

(152) and one in COS-7 cells with CRH receptor cDNA expression 

(232), demonstrated that the Kd values of CRH binding are from 6 nM 

to 20 nM. It is possible that CRH receptor in MA-10 cells might have 

the similarity to ovary CRH receptor in Kd value. It is also possible 

that CRH may induce the release of proteins in MA-10 cells such as 

CRH binding protein (173, 238-240) or other proteins that might 

interfere the binding of CRH to the receptor in MA-10 cells. 

Since the present data show that the stimulatory effect of CRH, 

but not of hCG. on steroidogenesis in MA-10 and mouse Leydig cells 

can be reversed by a structural antagonist to CRH. it is logical to 
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suspect that there are specific binding sites for CRH on both cell types. 

Moreover, although saturation could not be reached with 4 nM CRH in 

MA-10 cells, results in this binding study suggest that there is at least 

one class of high affinity CRH receptors in MA-10 cells. The present 

results could be explained if there were an additional low 

affinity/high capacity receptor or non-specific receptors not saturable 

by 4 nM CRH. 

Demonstration of CRH peptide in testis (127, 128), in vitro 

release of CRH by Leydig cells and the in vitro effect of CRH on Leydig 

cells (31, 182-184), including this study (188), all indicate the 

possibility of local CRH regulation of steroidogenesis in testis. 

However, an in vivo physiological role for CRH in testis is still not 

established. Other investigators (142) have shown that the 

concentrations of immunoactive CRH can be as high as 27.5±6.8 nM in 

peripheral plasma, 104.9+9 nM in hypophyseal portal blood in 

pentobarbital-anesthetized male rat and pM range in human 

peripheral plasma (143-145). It is possible that another sources of 

CRH such as that from central nervous system might affect testicular 

cell function in physiological conditions. It has been shown that the 

half life of CRH in plasma is 11.6 to 46.5 minutes (240-242), so it is 

possible that CRH from central sources can reach the testis to regulate 

Leydig cell function under natural physiological condition. 

The observation that there is a CRH binding protein in plasma 

(173, 238-240) further complicates the analysis of CRH function. 

Although CRH can affect Leydig cell function in vitro, the in vivo 

physiological function of CRH remains to be established. 

In addition to the direct effect on Leydig cell steroidogenesis, 

CRH can modulate other factors that influence steroidogenesis. CRH 

can regulate cytokine release in cultured human peripheral blood 

mononuclear cells (166) and CRH receptors have been found in 

macrophages of the spleen (162, 163). Macrophages also exist in the 

testis closely associated with Leydig cells and interdigitations 

between these two cell types have been found (23). It is possible that 

macrophages in the testis also express CRH receptor, and the function 

of testicular macrophages can be regulated by CRH. Thus, CRH might 
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indirectly regulate steroidogenesis of Leydig cells through a paracrine 

route. Another possibility is that CRH may act on Leydig cells through 

digitation or paracrine route to affect the function of testicular 

macrophage. The relationship between testicular macrophage and 

Leydig cells by CRH remains to be elucidated. 

The in vitro stimulatory effect of CRH on mouse Leydig cells 

gives no real clues to the role of this interaction in feral mice. 

Althought many in vitro and animal studies (97, 243-246) illustrate 

that stress can suppress reproductive function, the influence of stress 

on reproduction in the feral population is not established. Wild mice 

exist as prey at the bottom of predation hierarchy and are also 

subjected to strong peer competition. It is possible that CRH has 

evolved to become a paracrine or autocrine factor to activate mouse 

Leydig cell functions as well as to stimulate physiological responses to 

stress. Further investigation of the in vivo physiological actions of CRH 

in mouse and rat Leydig cells will be necessary to ascertain the role 

of this peptide, if any, in Leydig cell function. 
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CHAPTER V 

SUMMARY 

Testosterone production stimulated with LH or db-cAMP in 

mouse testicular cell suspension was inhibited by 6 hours pre-

treatment of glucocorticoids, but not by mineralocorticoids. After the 

initial observations that CRH stimulates testosterone production in 

mouse testicular cell suspension and in enriched interstitial cells, 

further studies have demonstrated that: 

1. CRH stimulates MA-10 mouse Leydig tumor cells and purified 
primary mouse Leydig cells to produce intracellular cAMP and 
progesterone or testosterone, respectively, in a dose-dependent 
relationship. 

2. CRH and hCG both activate MA-10 cells to produce progesterone 
and intracellular cAMP in an additive manner. However, this 
additive phenonmenon is not found in mouse Leydig cells. 

3. The time of maximal intracellular cAMP production after CRH 
stimulation is similar in primary mouse Leydig cells and MA-
10 cells. 

4. CRH stimulates steroidogenesis in mouse Leydig cells through 

cAMP signal pathway different from the inhibitory effect 

previously observed in rat Leydig cells. 

5. CRH antagonist, a-helical CRH9_4i, reversed the stimulatory effect 

of CRH on steroidogenesis in both MA-10 and in primary mouse 

Leydig cells. However, CRH antagonist did not affect 

steroidogenesis stimulated with hCG in either cell type. 

6. CRH stimulated steroidogenesis in both cell types involved protein 

synthesis since actinomycin-D (a transcription inhibitor) and 

cycloheximide (a protein synthesis inhibitor) both reduced 

steroid production stimulated with CRH or hCG. 

7. CRH induced the expression of a 30 kd mitochondrial peptide 

(StAR) in MA-10 cells, and mCCCP abolished CRH and hCG 

stimulatory effects on steroid production in both cell types. 

8. Activation of PKC signal pathway (treatment with the phorbol 

ester, PMA) inhibited CRH stimulated steroidogenesis in both 
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cell types. However, there is no effect of PMA on hCG 

stimulated testosterone production in mouse Leydig cells. 

9. CRH had no direct stimulatory effect on adenylate cyclase, protein 

kinase A, P450scc and 3P-HSD in MA-10 cells. Also, CRH had no 

direct stimulatory effect on PKA and 3p-HSD in primary mouse 

Leydig cells. However, the activity of 3P-HSD was increased by 

CRH in mouse Leydig cell. 

In conclusion, our findings provide evidence that: 

1. CRH stimulates steroidogenesis in MA-10 and primary mouse 

Leydig cells through cAMP signal transduction pathway. 

2. The stimulatory effect of CRH on mouse Leydig cells is direct. 

3. The stimulatory effect of CRH on steroidogenesis in mouse Leydig 

cells involved protein synthesis including the formation of StAR 

30 kd mitochondrial peptide. 

4. The regulation of steroidogenesis by CRH is different between 

primary mouse Leydig cells and MA-10 Leydig tumor cells. 

5. CRH has different actions in mouse and rat Leydig cells. 

6. CRH associated with CRH binding sites in MA-10 and primary 

mouse Leydig cells to stimulate steroidogenesis. 
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