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Summary--In this paper the effects of growth factors on the differentiated function of pig 
Leydig cells and other steroidogenic cells are reviewed. Two types of action have been 
observed, i.e. positive or negative acute effects on testosterone secretion, and long-term trophic 
effects on hCG receptor and responsiveness to hCG. Among the growth factors, insulin-like 
growth factor I (IGF-I) and transforming growth factor fl (TGFfl-1) are of particular interest. 
IGF-I is required for the maintenance and probably the expression of differentiated functions 
of several steroidogenic cells, including the Leydig cells. TGFfl-1 has effects opposite to IGF-I 
on Leydig cell functions. When considering effects of growth factors on Leydig cells, caution 
should be taken in extrapolating results obtained in one species to another. 

INTRODUCTION 

Steroid production by Leydig cells is mainly 
under the control of gonadotropins. The 
interaction of  LH/hCG with its receptors, 
which contain the seven transmembrane do- 
mains[ l ,2] ,  typical of  membrane receptors 
coupled to guanine triphosphate (GTP) binding 
proteins, initiates a sequence of events at the 
membrane level, followed by intracellular modi- 
fications which are involved in the steroidogenic 
and trophic effects of  the hormone [3]. Among 
the processes in the plasma membrane which 
follow the binding of  the hormones, are hor- 
mone induced guanyl nucleotide binding and 
adenylate cyclase activation [4]. In addition to 
this well established transducing system, recent 
data suggest that physiological levels of LH 
might also activate a transducing system that 
does not involve cAMP, and lead to mobiliz- 
ation of  Ca 2+ from intracellular stores and/or 
opening of the plasma membrane Ca z+ chan- 
nels [5]. However, the physiological role of these 
pathways on Leydig cells to agents which acti- 
vate protein kinase C and/or increase intracellular 
Ca 2+, is very small compared to the responses 
induced by LH/hCG or cAMP derivatives [6]. 

Many in vivo and in v i t ro  studies have demon- 
strated that the steroidogenic responsiveness of 
Leydig cells to acute stimulation by LH/hCG 
can be modulated not only by this hormone [3] 
but also by the long-term action of many 
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other peptide and non-peptide hormones, in- 
cluding FSH [7, 8], prolactin and growth hor- 
mone [9, 10], insulin [11, 12], insulin-like growth 
factor I (IGF-I)[12-14], transforming growth 
factor fl (TGFfl)[15, 16], epidermal growth fac- 
tor (EGF) [17, 18], interleukin-1 [19], fibroblast 
growth factor[20], glucocorticoids[21], estro- 
gens[22] and androgens[23]. However, the 
interpretation of the above results is some- 
times difficult for two reasons: firstly, some of 
these results were obtained in vivo, but given 
the multiple cell-to-cell interactions in the 
testis [24-27], it is not clear whether the in- 
creased or decreased steroidogenic capacity ob- 
served following the administration of any of  
these hormones is due to a direct effect on 
Leydig cells or whether the effect is mediated by 
another cell type; secondly, most of the data 
concerning the regulation of  Leydig cell func- 
tion have been observed in the rat, but some of 
the results obtained in this model were not 
confirmed in other mammals [28]. 

To study the acute and chronic effects of  any 
factor on Leydig cell steroidogenesis and in 
order to overcome the difficulties involved in 
interpreting the in vivo data, it would seem 
necessary to work with purified preparations of 
Leydig cells cultured in a chemically defined 
medium. The MA-10 cell line established from 
a mouse Leydig cell tumor [29] has several 
characteristics of  Leydig cells and has been of 
great value for the study of  several membrane- 
bound receptors and their coupling to intra- 
cellular effectors, as well as for the investigation 
of  the long-term effects of some factors, includ- 
ing EG F  [17, 30, 31]. However, the main steroid 
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secreted by this cell line is progesterone rather lOO. 

than testosterone and therefore some of the 
results derived from this cell line can not be ~ _;" 
extrapolated to normal Leydig cells. Primary ago 
culture of rat or mouse Leydig cells have been o o -~ 
used by many groups [32-36]. Although these =. ~ so 

~-d b 
O models have been useful to study the acute and ~ 

short-term response of Leydig cells to several 
factors, the long-term effects are more difficult o 
to investigate since the cells lose most of their 
hCG receptors and some of the enzymes in- 
volved in steroidogenesis within the first days - 80 
of culture. In contrast, immature pig Leydig z 

a tn 

cell cultures in a chemically defined medium ~ = o o " 
keep most of their specific function for several _" ~, 
days [28, 37]. ~: ~ 30 

In this review, we will concentrate mainly on 
the effects of several growth factors on the ~ ~ 
maintenance of pig Leydig cell differentiated 
functions, in particular on the ability of these 
cells to respond to acute stimulation with 
LH/hCG. We will also briefly review the effects 
of these and other growth factors on the differ- 
entiated function of other steroidogenic cells. 

EFFECTS OF IGF-I 

Immature pig Leydig cells cultured in 
F12/DME medium supplemented with insulin 
(5/tg/ml) and transferrin (10#g/ml) maintain 
for several days their specific functions. After 4 
days in culture they contain about 50,000 
sites/cell of high affinity hCG binding sites 
(kd--~ 3 + 0.8 x 10-1° M). Acute stimulation 
with this hormone produces in a dose-depen- 
dent manner an increased cAMP production 
with an E D s 0 - 7 x  10-~°M, suggesting that 
most hCG binding sites need to be occupied to 
induce maximal cAMP production (Fig. 1). In 
contrast, the EDs0 for the steroidogenic re- 
sponse was about 1 order of magnitude lower. 
Adult pig Leydig cells produce high amounts 
of several steroids, including testosterone, 
dehydroepiandrosterone sulfate (DHAS), 5~- 
androsterone and estrogens, mainly as estrone 
sulfate (EIS) [38]. Immature cultured pig Leydig 
cells produce equivalent amounts of testoster- 
one and DHAS but lower amounts of EIS 
(Fig. 1). It must be pointed out that in both 
adult [39] and immature pig testes [20, 40], most 
of the aromatase activity of the testis is located 
in Leydig cells, and that in both hCG markedly 
enhanced this activity. 

When immature pig Leydig cells were cul- 
tured in the same medium without insulin, they 
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Fig. l. Acute effects of hCG on Leydig cells. Top: Displace- 
ment of 125I-hCG bound by hCG (O) and hCG-induced 
cAMP production (,), Bottom: hCG-induced testosterone 

(O); EtS (A) and DHAS (O) production. 

lost within 3 to 4 days hCG receptors and hCG 
responsiveness (Table 1). However, at these high 
concentrations, insulin might exert its effects 
through its own receptors and/or through 
IGF-I receptors, since pig Leydig cells contain 
both[13,41] and since IGF-I receptors are 
known to bind and respond to high insulin 
concentrations [42, 43]. As shown in Table 1, 
treatment of insulin-deprived cells with either 
insulin at micromolar concentrations or IGF-I 
at nanomolar concentrations, restored both 
hCG receptors and the cAMP and testosterone 
response to this hormone. Insulin at nanomolar 
concentrations was less active. Moreover, no 
additive effect was observed when cells were 
treated with both insulin (5 #g/ml) and IGF-I 
(50 ng/ml). It must be emphasized that none 
of these peptides has any effect on the basal 
production of cAMP or testosterone. 

Treatment of pig Leydig cells with increasing 
concentrations of IGF-I produced two opposite 
effects: down-regulation of its own receptors 
and up-regulation of hCG receptors (Fig. 2, 
top). Half-maximal and maximal effects were 
observed at about 10 -9 M and 10 -8 M, respect- 
ively. At maximal concentrations, there was a 
50% decrease of its own receptors and a 3-fold 
increase of hCG receptors. It is interesting to 
note that hCG regulates positively the IGF-I 



Growth factors and Leydig cells 

Table 1. Effects of insulin and IGF-I on Leydig cell function 
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cAMP 
125I-hCG bound (pmol/1 h/106 cells) 

Pretreatment (cpm x 103/10 ° cells) Basal hCG Basal hCG 

Testosterone 
(ng/4 h/106 cells) 

Control 18_+1 0.4_+0.02 14_+0.9 0.6_+0.04 11_+2 
+ insulin (50 ng/ml) 44 _+ 3 a 0.5 _+ 0.03 44 +__ 4 ~ 0.8 _+ 0.06 35 _+ 3" 
+insulin (5#g/ml) 112_+8" 0.5_+0.04 102+_6 a 0.9-+0.04 9 8 _ 6  a 
+ IGF-I (50ng/ml) 132-+4" 0.4_+0.03 99-+8' 1.1 _+0.07 108+8 a 
+insulin (5#g/ml) 134_+8 a 0.5__.0.03 102-+7' 1.1-+0.08 112-1-8 a 

+ IGF-I (50 ng) 
Insulin continuously 129 _+ 7 a 0.6 _+ 0.04 100 + 8 a 1.0 _+ 0.07 109 + 7" 

Leydig ceils were cultured for two days in medium without insulin. Then the medium was replaced by fresh 
medium without (control) or with the indicated concentrations of insulin or IGF-I. The peptides were 
added daily and the incubation continued for 3 additional days. "Insulin continuously" refers to cells 
cultured all the time with insulin (5 #g/ml). At the end of the experiment, the medium was removed and 
the binding of ~25I-hCG and the production of cAMP and testosterone in the absence (basal) or presence 
of hCG (10 9 M) were measured. Results are the mean + SD of 4 cultures. 

ap < 0.01 compared to control. 

receptors in both pig[13] and rat[44] Leydig 
cells. Moreover, IGF-I pretreatment enhanced 
the cAMP and testosterone responses to hCG 
(Fig. 2, bottom). Similar effects of IGF-I on the 
steroidogenic capacity of cultured rat Leydig 
cells have been reported [14, 45]. 

The enhanced steroidogenic response to hCG 
of IGF-I pretreated Leydig cells was not only 
due to an increase of hCG receptor number but 
also to an improvement of several steps of the 
steroidogenic pathway. First, testosterone re- 
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Fig. 2. Effects of  IGF-I  on Leydig cells. Cells were treated 
with the indicated concentration of  IGF-I for 2 days• At the 
end of  the experiment the number  of  hCG ( 0 )  and IGF-I 
(*) receptors (top) and the acute cAM P  (*) and testosterone 
( 0 )  responses (bottom) to hC G (I0 -s  M) were measured. 

sponse, but not cAMP response, to forskolin 
was higher in IGF-I treated cells than in control 
cells (Fig. 3). Second, the amount of preg- 
nenolone produced by IGF-I pretreated cells in 
the presence of hCG and inhibitors of preg- 
nenolone metabolism was higher than in control 
cells. Third, the conversion of exogenous preg- 
nenolone (Fig. 3) or 22(R)-hydroxycholesterol 
to testosterone but not to EIS (Table 2) was 
enhanced by IGF-I pretreatment. These results 
suggest that IGF-I enhanced the availability of 
cholesterol for steroidogenesis and/or the ac- 
tivity of the cholesterol side-chain cleavage and 
also the activity of some enzyme(s) involved in 
the conversion of pregnenolone to testosterone, 
but has no effect on Leydig cell aromatase 
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Fig. 3. Inhibition of  IGF-I  effects on Leydig cells by 
anti-IGF-I antibodies. Cells were cultured for 2 days in the 
presence of IGF-I and/or anti-IGF-I antibodies. Then the 
medium was removed and the cAMP and testosterone 
responses to forskolin and hCG as well as the conversion of  

pregnenolone to testosterone were measured. 
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Table 2 

Testosterone (ng/h/106 cells) EIS (ng/4 h/106 cells) 

22(R)OH- 22(R)OH- 
hCG cholesterol hCG cholesterol 

Control 48 ± 4 401 ± 20 0.42 ± 0.01 0.57 ± 0.01 
IGF-I 154± 11 840 ± 34 0.62-t-0.02 0.88_+0.03 

Cells were incubated for 2 days in the absence or presence of IGF- 
1 (50 ng/ml). Then the cells were incubated for 4 h in the presence 
ofhCG (10 9 M) or 22(R)-hydroxycholesterol (5 x 10 -5 M) and 
the amounts of testosterone and E~S measured. 

activity. The specificity of the differentiating 
effects of IGF-I on Leydig cell functions was 
proven by the fact that their effects were blunted 
when Leydig cells were treated simultaneously 
with IGF-I and an anti-IGF-I antibody (Fig. 3). 

The interest of the effects of IGF-I on Leydig 
cell differentiated functions is strengthened by 
the fact that Sertoli and Leydig cells from both 
the rat [46-48] and pig [49, 50] produced IGF-I 
and that this production was stimulated by FSH 
and hCG, respectively, but not by hGH (Table 
3). In addition, the production of IGF-I by the 
coculture of Leydig and Sertoli cells in the 
presence of FGF, hCG and/or FSH was higher 
than the addition of the IGF-I secreted by each 
cell type alone (Table 3). 

The trophic differentiating effects of 
IGF-I have also been observed with other 
steroidogenic cells: granulosa and adrenal cells. 
Granulosa cells from both swine and rat contain 
specific IGF-I receptors [51, 52] and this peptide 
at nanomolar concentrations exerts potent and 
specific differentiating effects on granulosa cell 
steroidogenesis[52, 53] and potentiates the 
effect of FSH on rat granulosa LH receptors 
and steroidogenic responsiveness to this hor- 
mone [51, 54, 55]. Similarly, bovine adrenal cells 
also contain specific IGF-I receptors[56, 57] 
and this peptide at nanomolar concentrations 
increases the number of angiotensin II- and 
ACTH-receptors[56, 58] and the steroido- 

Table 3. Effect of hGH, bFGF, hCG and/or FSH on IGF-I secretion 
by Leydig cells and Sertoli cells cultured alone or together 

IGF-I (ng/48 h/well) 

Leydig Sertoli Leydig + Sertoli 

Control 7.5 ± 1.2 10.1 ± 1.4 16.8 ± 2.5 
hGH (5#g/ml) 7 .8± l.l 9.8+ 1.1 17.2 ±2.1 
bFGF (20 ng/ml) 14.2 ± 1.2 a 22.3 ± 1.9 ~ 47.8 ± 3.2 ~'b 
hCG (10-9M) 18.4 ± 2.1 a 9.4 ± 1.2 45.8 ± 3.1 a'b 
hFSH (200 ng/ml) 7.2 ± 1.3 18.5 ± 2.2 a 33.4 ± 2.7 "b 
hCG + hFSH 17.1 ± 2.4 a 16.8_+1.2 ~ 53.8 ± 3.4 ~'b 

Leydig cells (0.38-0.41 x 106 cells) and Sertoli cells (0.78~).81 x 106 
cells) were cultured alone or together in complete medium for 2 
days. The medium was removed and replaced by fresh medium 
in the absence or presence of the indicated factors and cultured 
for 2 additional days. Then the medium was removed and its 
IGF-I content measured. The results are the mean + SEM of 3-4 
experiments, each done in triplicate. 

' P  < 0.05 vs control of the same column. 
bp < 0.05 VS the addition of Leydig and Sertoli cells. 

Table 4. Effects of hGH and IGF-I treatments of Snell dwarf mice 
(dw/dw) on plasma testosterone and testicular hCG receptors 

(m _+ SEM) 

dw/dw 

Saline GH IGF-I 

Plasma testosterone, basal 0.21, 0.17 ' 0.19, 0.18 ~ 0.18, 0.19 a 
(ng/ml) 

Plasma testosterone hCG 7.9 ± 2.1 32.1 + 2.1 b 25.2 + 2.5 b 
(ng/ml) (n = 13) (n = 10) (n = 11) 

hCG bound (fmol/testes) 2.5 + 0.2 6.6 ± 0.4 b 5.6 + 0.3 b 
(fmol/g testis) 89 ± 7 120 + 7 b 133 + 7 b 

(n = 10) (n = 8) (n = 8) 

Snell dwarf mice 6 to 7-weeks-old were treated 3 times daily for 6 
days with either saline, hGH (1.5 #g/g of body wt) or human 
IGF-I (1 #g/g of body wt). At the end of the experiment some 
animals received saline whereas others received 10 IU of hCG 
and the animals were sacrificed 2 h later. 

aValues of 2 pools of 2 animals each, 
bp < 0.001 compared to saline treated animals. 

genic capacity of both bovine [56] and ovine [59] 
adrenocortical cells. Moreover, both granu- 
losa [60, 61a, 61b] and bovine adrenal [62] cells 
produce IGF-I and this production is stimulated 
by the specific hormones for each cell, but not 
by GH. 

Further evidence of the crucial role of IGF-I 
on Leydig cell maturation and steroidogenic 
capacity was obtained by recent in vivo studies 
showing that a 7 day treatment of growth 
hormone-deficient Snell dwarf mice with hGH 
or IGF-I, not only increased body weight [63] 
but also produced a marked increase in hCG 
receptors and in the steroidogenic responsive- 
ness to this hormone (Table 4). Since the 
stimulatory effects of IGF-I on Leydig cell 
maturation were similar to those produced by 
hGH, it is very likely that the effects of hGH on 
Leydig cell maturation were mediated by IGF-I. 

Taken together, the above results indicate 
that IGF-I is required for the maintenance and 
probably for the expression of several specific 
functions of steroidogenic cells. Thus, in ad- 
dition to its endocrine GH-dependent action, 
IGF-I might play an important paracrine/ 
autocrine role in these processes. The results 
also suggest the key role of IGF-I in the ex- 
pression and maintenance of cell differentiation, 
in addition to its well-known role in cell growth. 

T R A N S F O R M I N G  G R O W T H  F A C T O R  ~ ( T G F ~ )  

TGFfl, a peptide first identified by its ability 
to cause phenotype transformation of rat fibro- 
blasts [64], has been shown to have multifunc- 
tional properties since it can either stimulate or 
inhibit differentiation of many cells [65]. The 
potential role of TGFfl on gonadal function as 
well as its secretion by the gonads has been 
suspected on account of the striking similarities 
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in the sequence and the subunit organization 
between TGFfl [66] and the other peptides se- 
creted by granulosa cells and Sertoli cells, i.e. 
inhibin [67, 68], activin [69] and anti-miillerian 
hormone [70, 71]. 

In contrast to IGF-I, TGFfl is a potent 
inhibitor of differentiated functions of pig [15], 
rat [16] and mouse [72] Leydig cells. Pig Leydig 
cells contain specific TGFfl receptors of high 
affinity (kd~6___0.2x 10-HM) and low ca- 
pacity (Fig. 4). When added to primary cultures 
of pig Leydig cells, TGFfl reduced the number 
of hCG receptors, without affecting the binding 
affinity and decreased the hCG-induced cAMP 
and testosterone production[15]. The effects 
were dose-dependent with an EDs0 - 4 × 1012 M 
(Fig. 4). The decreased responsiveness to hCG 
of TGFfl pretreated cells was due to a decrease 
of the maximal response without modification 
of the EDs0. In both pig [15] and rat [16] Leydig 
cells, TGFfl pretreatment also reduced the 
steroidogenic response to cAMP derivatives. 
Moreover, TGFfl decreased the expected 
forskolin-induced cAMP and testosterone pro- 
duction, in both the presence and absence of 
hCG, and actually enhanced the conversion of 
pregnenolone to testosterone. This peptide, 
therefore, appeared to be acting at multiple 
points in the steroidogenic pathway of Leydig 
cells. Similarly, TGFfl is a potent inhibitor of 
both bovine [73-76] and ovine [77-79] adrenal 
fasciculata cells. Both cell types contain TGFfl 

receptors[76, 77] which, at least in bovine, 
are regulated by ACTH. TGFfl treatment of 
adrenal cells reduced angiotensin[74] and 
ACTH [78] receptors and the steroidogenic re- 
sponsiveness to both hormones. The reduced 
steroidogenic responsiveness of TGFfl treated 
cells was related not only to a modification of 
membrane receptors, but also to an impairment 
of several steps of the steroidogenic pathway, 
in particular a reduction in the activity of the 
17~-hydroxylase [73, 77], as well as in P450 17~ 
enzyme content and mRNA expression [77, 79]. 

In contrast to these inhibitory effects of 
TGFfl on Leydig and adrenocortical cells, this 
peptide has a positive effect on granulosa cell 
differentiation [80-84]. Although TGFfl alone 
has no effect, it potentiates FSH-stimulated LH 
receptor induction[81, 82], progesterone and 
inhibin secretion [82, 84] and aromatase 
activity [80, 85]. 

A potential paracrine/autocrine role of TGFfl 
on the regulation of the steroidogenesis of the 
three tissues, adrenal, testis and ovary, is in- 
ferred by the fact that this peptide is produced 
by the three tissues. Pig Sertoli cells contain 
TGFfl mRNA [86] which is negatively regulated 
by FSH (Fig. 5). Moreover, these cells secrete a 
TGFfl-like peptide, most of it in a latent form, 
and this secretion is decreased by FSH ([86] and 
unpublished data). Similarly, pig Leydig cells 
also contain TGFfl mRNA, which is decreased 
by hCG treatment (Fig. 5). Moreover, in the rat, 
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0.2 ,  

Fig. 5. Upper panel: Northern blot analysis of total RNA 
isolated from pig Sertoli cells and Leydig cells cultured in 
the absence ( - )  or presence (+) of FSH or hCG. The blots 
were hybridized with TGFfl and glyceraldehyde-3-phos- 
phate dehydrogenase (GAPDH) probes. Lower panel: 
Graphic representation of the ratios TGF#/GADPH of the 

data. 

both Sertoli cells and peritubular cells contain 
TGFfl  mRNA and secrete a TGFfl-like pep- 
tide [87]. Secretion of  a TGFfl-like peptide by 
rat thecal and granulosa cells [88, 89] as well as 
by bovine thecal cells [88] has also been re- 
ported. Again, most of it is secreted in a latent 
form. Finally, bovine fasciculata cells contain 
TGFfl mRNA (unpublished data), but as in the 
ovary no study has been performed to study 
its regulation. Despite the fact that the above 
results demonstrate that TGFfl is produced by 
these steroidogenic tissues, further studies are 
required before any clear-cut conclusion can be 
drawn concerning its paracrine/autocrine role, 
in particular we need to know not only to 
determine how this secretion is regulated, but 
also how the latent form can be activated. 

EFFECTS OF EGF ON LEYDIG CELLS 

The effects of  EGF on Leydig cell function 
have been studied using several models: a mouse 
Leydig tumor cell line [17, 29-31], fresh isolated 
rat and mouse Leydig cells [18] and cultured rat 
interstitial cells [18, 90, 91]. In the mouse Leydig 
tumor cells, EGF  acutely stimulates progester- 
one production by about 10-fold, without 

affecting cAMP levels, and potentiates the 
steroidogenic effects of submaximal concen- 
trations of hCG and cAMP analogues[17]. 
However, the steroidogenic effect of  EGF was 
about 100-fold lower than that produced by 
maximal concentrations of hCG. After 2 days 
treatment, EGF produced a dose-dependent 
diminution of  hCG receptor and hCG-induced 
steroidogenic responsiveness which is related 
mainly to the receptor loss [30]. In freshly pre- 
pared rat Leydig cells, EG F  alone produced a 
2- to 3-fold increase in C19- and C21-steroid 
production which was several times lower than 
that produced by maximal concentrations of  
LH[18]. Moreover, stimulation of cells with 
both LH and EGF produced a small increase in 
C21-steroid output, but had no effect on C19- 
steroid secretion. In cultured interstitial cells, 
EGF alone produced a slight stimulation of  
C19- and C21-steroid secretion [18], but it inhib- 
ited the stimulatory effect of  hCG[18, 90,91]. 
Under any one of  these experimental con- 
ditions, EGF modified cAMP production [18]. 

The acute and the long-term effects of EGF 
on pig Leydig cells are summarized in Table 5. 
EGF had no effect on cAMP production but 
stimulated testosterone production by about 
2-fold. However, this stimulation was about 10 
times lower than that produced by hCG. Treat- 
ment of cells for 2 days with EG F  produced a 
dose-dependent decrease of hCG receptor num- 
ber and a decreased cAMP response to maximal 
concentrations of hCG. Nevertheless, the effects 
on hCG-induced testosterone and E]S pro- 
duction were negligible. Moreover, EGF was 
unable to block the stimulatory effects of  hCG 
on Leydig cell aromatase activity (data not 
shown). 

Taken together, the above results indicate 
that EGF has a small acute steroidogenic action 
on Leydig cells, which is exerted through a 
cAMP-independent pathway, and a long-term 
inhibitory effect on hCG receptors, which in the 
mouse Leydig tumor cells [30] but not in pig 
Leydig cells, was associated with a decreased 
steroidogenic response to this hormone. In 
the rat, the impaired testosterone output of 
interstitial cells pretreated with EGF seems to 
be mainly related to a decreased activity of  the 
17at-hydroxylase/17-20-1yase [18, 90, 91]. How 
these small effects of  EGF on Leydig cell func- 
tion can be related to its in v i vo  stimulatory 
effects on the meiotic phase of  spermato- 
genesis [92] is unknown. The recent demon- 
stration that rat Sertoli cells and peritubular 
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Late effects 

Acute effects 1251.hC G hCG (10 8 M) 

EGF ng/ml cAMP Testosterone binding cAMP Testosterone E~S 

0 100 100 100 100 100 100 
1 98_+ 5 134_+8 88 + 6  93_+ 2 108 + 8 103 + 2 
5 1 0 1 + 4  187+ 15 6 4 + 3  80_+4 112_+9 109-+41 

10 1 0 4 + 6  1 9 7 + 2 4  56+_4 7 2 + 2  1 2 4 + 8  1 0 3 + 6  
50 9 5 _  8 2 5 4 _  18 49 + 3 65_+ 5 113 +_ 6 96 + 6 

h C G  10 -9 M 2300 + 210 1550 +_ 140 19 + 1 24 + 7 41 + 2 980 + 40 

Leydig cells were incubated with the indicated concentrations of EGF and the acute effects on cAMP and 
testosterone production measured. The incubation was continued for 24 h and the binding of 125I-hCG and 
the cAMP (30 min), testosterone and E~S (4 h) responses to this hormone (late effects) were measured. The 
results, expressed as percent of control cells, are the mean +__ SEM of 3-5 experiments. 

cells secrete TGFcc but not EGF [93] might 
indicate a paracrine role of TGFcc acting 
through EGF receptors. 

E F F E C T S  O F  O T H E R  G R O W T H  F A C T O R S  

Basic fibroblast growth factor (bFGF) is a 
potent mitogen for a wide variety of mesoderm- 
and neuroectoderm-derived cells [94]. In ad- 
dition, bFGF has now been repeatedly shown to 
exert profound regulatory effects on cell differ- 
entiation [94]. The potential role of bFGF on 
testicular cells has been studied using Sertoli 
and Leydig cells prepared from immature pig 
testis. FGF treatment of pig Sertoli cells not 
only stimulates cell proliferation but also the 
specific function of these cells, i.e. FSH receptor 
number and the responsiveness to this hor- 
mone [95]. In addition, bFGF is a potent stimu- 
lator of Sertoli cell IGF-I secretion (Table 3). 
The main effect of bFGF on pig Leydig cell 
steroidogenesis is to induce aromatase ac- 
tivity [20]. In addition, bFGF alone produced 
a small increase in testosterone production 
(Table 6), but after 48 h treatment reduced hCG 
receptor number and the steroidogenic response 
to this hormone ([20] and Table 5). These 
inhibitory effects of bFGF on hCG-induced 
androgen production have also been observed in 
cultured rat ovarian cells [96]. Moreover, bFGF 
is able to stimulate the secretion of IGF-I by pig 
Leydig cells (Table 3). Since bFGF has been 
isolated from bovine testis [97] and since both 

Sertoli and Leydig cells contain bFGF mRNA 
(unpublished data) a potential role of this factor 
in testicular function can be supposed. How- 
ever, due to the lack of a signal peptide, bFGF 
cannot be secreted in a soluble form, but only 
in association with some components of the 
extracellular matrix. Therefore, if bFGF has a 
paracrine/autocrine role it should be released 
from the extracellular matrix that, in the testis, 
is mainly formed by the secretory products of 
Sertoli and peritubular myoid cells [98]. 

Another factor which is able to modify Ley- 
dig cell steroidogenesis is interleukin-lfl [19, 99]. 
This factor, either alone or in the presence of 
low concentrations of LH, stimulates the pro- 
duction of C19- and C21-steroids by cultured 
rat Leydig cells but, in the presence of maxi- 
mally effective doses of LH, interleukin-lfl 
inhibits C19-steroid production by inhibition of 
the 17,20-desmolase [19]. However, the poten- 
tial role of this factor in vivo is unlikely, since the 
testis contains only interleukin-l~ [100] and this 
factor has no effect on Leydig cells [19]. 

Many other peptide factors have been re- 
ported to modulate positively or negatively the 
steroidogenic responsiveness of rat interstitial 
cells. Among them, are vasopressin[101], 
corticotropin-releasing factor [102], atrial natri- 
uretic factor [103] and angiotensin [104]. In ad- 
dition to their potential endocrine role, some of 
the above factors could play a paracrine role, 
since some of them are produced locally in the 
testis. The acute and long-term effects of LHRH 

Table 6. Effects of F G F  on Leydig cells 

hCG stimulation 
(ng/106 cells/48 h) (ng/106 cells/4 h) 

Pretreatment Testosterone EIS Testosterone E~S 

Control 3 +_ 0.2 5 +_ 0.3 60 + 3 1.3 + 0.2 
F G F  (10 ng/ml) 6 _+ 0.3 14 _+ 0.8 42 _+ 4 15 _+ 2 
hCG (10-1° M) 120_+ l0 50_+4 48_+4 13+_2 

Leydig cells were cultured for 48 h in the absence or presence of F G F  or hCG. At 
the end of the incubation, the amounts of testosterone and E~S were measured. 
Then the cells were incubated in fresh medium containing hCG (10 -8 M) and the 
a mo unt s  of testosterone and EIS were measured. 
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on rat Leydig cells have been extensively ana- 
lysed [105]. However, this peptide is devoid of 
effects on Leydig cells of  other species. Species 
specificity has also been found concerning the 
acute steroidogenic effects of ACTH on per- 
fused testis: rabbit and guinea pig, but not 
rat, hamster or dog testes secrete testosterone 
in response to ACTH [106]. Conflicting results 
have been reported concerning the effects of 
inhibin and activin on rat Leydig cells: one 
group [107] reported that LH-induced testoster- 
one production by cultured interstitial cells was 
potentiated by inhibin and inhibited by activin, 
whereas another group[108] did not observe 
any effect of these peptides on basal or hCG- 
stimulated testosterone secretion. 

CONCLUDING REMARKS 

This paper has reviewed the data concerning 
the effects of several growth factors on Leydig 
cell functions. Two types of action have been 
observed (1) Acute effects on testosterone se- 
cretion, which can be either positive or negative. 
Although the stimulatory effects reach the level 
of significance, they are many times lower than 
those induced by LH/hCG, and in most cases 
the effects of  the factors are not additive to those 
of LH/hCG. The acute inhibitory action is more 
pronounced in the absence than in the presence 
of LH/hCG. (2) Long-term trophic effects on 
hCG receptor and hCG responsiveness. Again, 
these effects can be positive or negative. In 
general, these trophic actions which involve the 
expression and/or the maintenance of  several 
specific functions of Leydig cells, and therefore 
the sensitivity and the capacity to respond to 
LH/hCG, are more clear-cut than the acute 
effects. Among the growth factors, two appear 
to be more relevant. IGF-I  is required for the 
maintenance and probably the expression of  
differentiated function of several steroidogenic 
cells, including Leydig cells. Both experimental 
and clinical data suggest that GH is required 
for normal Leydig cell function. Thus, in 
humans, isolated GH deficiency[109, 110] or 
GH resistance, as in the case of  Laron 
dwarfism Ill  1], are associated with delayed 
puberty and poor response to exogenous 
hCG [110-113] which, in the case of GH defi- 
ciency, is very often improved following treat- 
ment with GH [109, 110, 112]. Since exogenous 
IGF-I as well as GH are able to improve the 
steroidogenic response of Leydig cells to hCG in 

GH-deficient Snell dwarf mice [63], it is very 
likely that the effects of G H  are mediated 
through IGF-I. Thus, under physiological con- 
ditions, the GH-dependent IGF-I  endocrine 
secretion adds its effects to speed up the testicu- 
lar maturation process and participates in the 
normal timing of  puberty. In contrast, in situ- 
ations of persistent G H  deficiency, as in Laron 
dwarfism due to an abnormal GH receptor [114] 
or in Snell dwarf mice with genetic GH defi- 
ciency [115], the local production of IGF-I  regu- 
lated by gonadotropins, but not by GH, might 
be sufficient to induce an almost complete, 
although very delayed, development of  testicu- 
lar growth and function. The second factor is 
TGFfl-1 which has effects opposite to IGF-I  on 
Leydig cell functions. Although the regulation 
of the secretion of this factor by testicular cells 
remains to be clarified, it appears that the 
TGFfl-I  mRNA content of  Leydig and Sertoli 
cells is regulated negatively by LH-hCG and 
FSH, respectively. Thus, in the absence of 
gonadotropins the secretion of  IGF-I  is de- 
creased whereas the secretion of  TGFfl-1 is 
probably increased, and therefore the ex- 
pression of  Leydig cell differentiated function is 
blocked. The contrary happens in the presence 
of gonadotropins. 

For  the other growth factors, the review has 
highlighted the species specificity, in particular 
some of the effects observed in the rat model 
are not observed in other species. Thus, some 
caution should be taken before the results 
observed in one species are extrapolated to 
other mammals. This is not only true for testis, 
but also for many other tissues, as has been 
discussed recently [116]. 

REFERENCES 

1. Loosfelt H., Misrahi M., Atger M., Salesse R., Tu Vu 
Hai-Luu Thi M., Jolivet A., Guiochon-Mantel A., 
Sar S., Jallal B., Garnier J. and Milgrom E.: Cloning 
and sequencing of porcine LH-hCG receptor cDNA 
variants lacking transmembrane domain. Science 245 
(1989) 525-528. 

2. McFarland K. C., Sprengel R., Phillips H. S., K6hler 
M., Rosenblit N., Nikolics K., Segaloff D. L. and 
Seeburg P. H.: Lutropin-choriogonadotropin receptor: 
an unusual member of the G protein-coupled receptor 
family. Science 245 (1989) 494-499. 

3. Saez J. M. and Benahmed M.: Testicular receptors for 
gonadotropins prolactin and LHRH: role of these 
hormones on Leydig cell functions. In Polypeptide 
Hormone Receptors (Edited by B. I. Posner). Marcel 
Dekker, New York (1985) pp. 507-522. 

4. Dufau M. L.: Endocrine regulation and communicat- 
ing functions of the Leydig cells. A. Rev. Physiol. 50 
(1988) 483-508. 



Growth factors 

5. Cooke B. A.: Is cyclic AMP an obligatory second 
messenger for luteinizing hormone? Molec. Cell. 
Endocr. 69 (1990) CI1-C15. 

6. Bernier M., Clerget M., Berthelon M. C. and Saez 
J. M.: Stimulatory and inhibitory effects of protein 
kinase C activation and calcium ionophore on 
cultured pig Leydig cells. Eur. J. Biochem. 163 (1987) 
181-188. 

7. Odell W. D. and Swerdloff R. S.: Etiologies of sexual 
maturation: a model system based on the sexually 
maturating rat. Recent. Prog. Horm. Res. 32 (1976) 
245-288. 

8. Kerr J. B. and Sharpe R. M.: Follicle-stimulating 
hormone induction of Leydig cell maturation. Endo- 
crinology 116 (1985) 2592-2604. 

9. Zipf W. B., Payne A. H. and Kelch R. P.: Prolactin, 
growth hormone and LH in the maintenance of tes- 
ticular LH receptors. Endocrinology 103 (1978) 
595-600. 

10. Bartke A., Hafiez A. A., Bex F. J. and Dalterio S.: 
Hormonal interactions in regulation of androgen 
secretion. Biol. Reprod. 18 (1978) 44-54. 

l 1. Charreau E. H., Calvo J. C., Tesone M., De Souza 
Valle L. B. and Baranao J. L.: Insulin regulation of 
Leydig cells luteinizing hormone receptors. J. Biol. 
Chem. 253 (1978) 2504-2506. 

12. Bernier M., Chatelain P. G., Mather J. P. and Saez 
J. M.: Regulation of gonadotropin responsiveness, and 
cell multiplication by somatomedin-C and insulin in 
cultured pig Leydig cells. J. Cell. Physiol. 129 (1986) 
257-263. 

13. Perrard-Sapori M. H., Chatelain P. G., Jaillard C. 
and Saez J. M.: Characterization and regulation of 
somatomedin-C/insulin-like growth factor I (Sm-C/ 
IGF-I) receptors on cultured pig Leydig cells. Effects 
of Sm-C/IGF-I on luteotropin receptor and steroido- 
genesis. Eur. J. Biochem. 165 (1987) 209-214. 

14. Lin T., Haskell J., Vinson N. and Terracio L.: Charac- 
terization of insulin and insulin-like growth factor I 
receptors of purified Leydig cells and their role in 
steroidogenesis in primary culture: a comparative 
study. Endocrinology 119 (1986) 1641-1647. 

15. Avallet O., Vigier M., Perrard-Sapori M. H. and Saez 
J. M.: Transforming growth factor fl inhibits Leydig 
cell function. Biochem. Biophys. Res. Commun. 146 
(1987) 575-581. 

16. Lin T., Blaisdell J. and Haskell J. F.: Transforming 
growth factor-fl inhibits Leydig cell steroidogenesis in 
primary culture. Biochem. Biophys. Res. Commun. 146 
(1987) 387-394. 

17. Ascoli M., Euffa J. and Segaloff D. L.: Epidermal 
growth factor activates steroid biosynthesis in cultured 
Leydig tumor cells without affecting the levels of 
cAMP and potentiates the activation of steroid bio- 
synthesis by chorionic gonadotropin and cAMP. 
J. Biol. Chem. 262 (1987) 9196-9203. 

18. Verhoeven G. and Cailleau J.: Stimulatory effects of 
epidermal growth factor on steroidogenesis in Leydig 
cells. Molec. Cell. Endocr. 47 (1986) 99-106. 

19. Verhoeven G., CaiUeau J., Van Damme J. and 
Billian A.: Interleukin-I stimulates steroidogenesis in 
cultured rat Leydig cells. Molec. Cell. Endocr. 57 
(1988) 51-60. 

20. Raeside J., Berthelon M. C., Sanchez P. and Saez 
J. M.: Stimulation of aromatase activity in immature 
porcine Leydig cells by fibroblast growth factor. Bio- 
chem. Biophys. Res. Commun. 151 (1988) 163-169. 

21. Saez J. M., Morera A. M., Haour F. and Evain D.: 
Effects of in vivo administration of dexamethasone, 
corticotropin and human chorionic gonadotropin on 
steroidogenesis and protein and DNA synthesis of 
testicular interstitial cells in prepuberal rats. Endocrin- 
ology I01 (1977) 1256-1263. 

and Leydig cells 461 

22. Van der Molen H. J., Brinkmann A. O., de Jong F. H. 
and Rommerts F. F. G.: Testicular androgens. 
J. Endocr. 89 (1981) 33P-46P. 

23. Adashi E. Y. and Hsueh A. J. W.: Autoregulation of 
androgen production in a primary culture of rat 
testicular cells. Nature 293 (1981) 737-739. 

24. Sharpe R. M.: Local control of testicular function. 
Q. J. Exp. Physiol. 68 (1983) 265-282. 

25. Parvinen M.: Regulation of the seminiferous epi- 
thelium. Endocr. Res. 3 (1982) 404-417. 

26. Saez J. M., Perrard-Sapori M. H., Chatelain P. G., 
Tabone E. and Rivarola M. A.: Paracrine regulation 
of testicular function. J. Steroid Biochem. 27 (1987) 
317-329. 

27. Suez J. M., Avallet O., Naville D., Perrard-Sapori 
M. H. and Chatelain P. G.: Sertoli-Leydig cell com- 
munications. Ann. N. Y. Acad. Sci. 564 (1989) 210-231. 

28. Suez J. M., Benahmed M., Reventos J., Bommelaer 
M. C., Mombrial C. and Haour F.: Hormone regu- 
lation of pig Leydig cells in culture. J. Steroid 
Biochem. 19 (1983) 375-384. 

29. Ascoli M.: Characterization of several clonal lines of 
cultured Leydig tumor cells: gonadotropin receptors 
and steroidogenic responses. Endocrinology 10g (1981) 
88-95. 

30. Ascoli M.: Regulation of gonadotropin receptors and 
gonadotropin responses in a clonal strain of Leydig 
tumor cells by epidermal growth factor. J. Biol. Chem. 
256 (1981) 179-183. 

31. Ascoli M. and Segaloff D. L.: Regulation of the 
differentiated functions of Leydig tumor cells by 
epidermal growth factor. Ann. N. Y. Acad. Sci. 564 
(1989) 99-115. 

32. Hsueh A, J. W.: Gonadotropin stimulation of testos- 
terone production in primary culture of adult rat testis 
cells. Biochem. Biophys. Res. Commun. 97 (1980) 
506-512. 

33. Mather J. P., Suez J. M. and Haour F.: Primary 
cultures of Leydig cells from rat, mouse and pig 
advantages of porcine cells for the study of gonado- 
tropin regulation of Leydig cell function. Steroids 38 
(1981) 35-44. 

34. Nozu K., Dehejia A., Zawistowich L., Catt K. J. 
and Dufau M.L.: Gonadotropin-induced receptor 
regulation and steroidogenic lesions in cultured Leydig 
cells. Induction of specific protein synthesis by 
chorionic gonadotropin and estradiol. J. Biol. Chem. 
256 (1981) 12875-12882. 

35. Verhoeven G., Koninck P. and de Moor P.: Androgen 
and progestogen production in cultured interstitial 
ceils derived from immature rat testis. J. Steroid 
Biochem. 17 (1982) 319-330. 

36. Hunter M. G., Sullivan M. H. F., Dix C. J., Aldred 
L. F. and Cooke B. A.: Stimulation and inhibition by 
LHRH analogues of cultured rat Leydig cell function 
and lack of effect on mouse Leydig cells. Molec. Cell. 
Endocr. 27 (1982) 31-44. 

37. Mather J. P., Saez J. M. and Haour F.: Regulation 
of gonadotropin receptors and steroidogenesis in 
cultured porcine Leydig cells. Endocrinology 110 (1982) 
933-940, 

38. Claus R. and Hoffmann B.: Oestrogens, compared to 
other steroids of testicular origin, in blood plasma of 
boars. Acta Endocr. 94 (1980) 404-411. 

39. Raeside J. I. and Lobb D. K.: Metabolism of an- 
drostenedione by Sertoli cell enriched preparations and 
purified Leydig cells from boar testes in relation to 
estrogen formation. J. Steroid Biochem. 20 (1984) 
1267-1272. 

40. Saez J. M., Sanchez P., Berthelon M. C. and Avallet 
O.: Regulation of pig Leydig cell aromatase activity by 
gonadotropins and Sertoli ceils. Biol. Reprod. 41 (1989) 
813-820. 



462 O. AVALLET et al. 

41. Saez J. M., Chatelain P. G., Perrard-Sapori M. H., 
Jaillard C. and Naville D.: Differentiating effects 
of somatomedin-C/insulin-like growth factor I and 
insulin on Leydig and Sertoli cells function. Reprod. 
Nutr. Dev. 28 (1988) 989-1008. 

42. Froeseh E. A., Schmid C. H., Schwauder J. and Zapf 
J.: Actions of insulin-like growth factors. A. Rev. 
Physiol. 47 (1985) 443-468. 

43. Rechler M. M. and Nissley S. P.: The nature and 
regulation of the receptors for insulin-like growth 
factors. A. Rev. Physiol. 47 (1985) 425-442. 

44. Lin T., Blaisdell J. and Haskell J. F.: Hormonal 
regulation of type I insulin-like growth factors recep- 
tors of Leydig cells in hypophysectomized rats. Endo- 
crinology 123 (1988) 134 139. 

45. Kasson B. G. and Hsueh A. J. W.: Insulin-like growth 
factor-I augments gonadotropin-stimulated androgen 
biosynthesis by cultured rat testicular cells. Molec. 
Cell. Endocr. 52 (1987) 27-34. 

46. Ritzen E. M.: Chemical messengers between Sertoli 
cells and neighbouring cells. J. Steroid Biochem. 19 
(1983) 499-504. 

47. Smith E. P., Svoboda M. E., Van Wyk J. J., 
Kierszenbaum A. L. and Tres L. L.: Partial character- 
ization of a somatomedin-like peptide from medium of 
cultured rat Sertoli cells. Endocrinology 120 (1987) 
186-193. 

48. Cailleau J., Vermeire S. and Verhoeven G.: Indepen- 
dent control of the production of insulin-like growth 
factor I and its binding protein by cultured testicular 
cell. Molec. Cell Endocr. 69 (1990) 79 89. 

49. Chatelain P. G., Naville D. and Saez J. M.: 
Somatomedin-C/insulin-like growth factor I-like 
material secreted by porcine Sertoli cells in vitro: 
characterization and regulation. Biochem. Biophys. 
Res. Commun. 146 (1987) 1009-1017. 

50. Naville D., Chatelain P. G., Avallet O. and Saez J. M.: 
Control of production of insulin-like growth factor I 
by pig Leydig and Sertoli cells cultured alone or 
together. Cell-cell interactions. Molec. Cell. Endocr. 70 
(1990) 217-224. 

51. Adashi E. Y., Resnick L. E., Svoboda M. E. and Van 
Wyk J. J.: Follicle-stimulating hormone enhances 
somatomedin-C binding to cultured granulosa cells. 
J. Biol. Chem. 261 (1986) 3923-3926. 

52. Veldhuis J. D. and Furlanetto R. W.: Trophic actions 
of human somatomedin-C/insulin-like growth factor I 
on ovarian cells. In vitro studies with swine granulosa 
cells. Endocrinology 116 (1985) 1235-1242. 

53. Veldhuis J. D. and Rodgers R. J.: Mechanism sub- 
serving the steroidogenic synergism between follicle- 
stimulating hormone and insulin-like growth factor 
I (somatomedin-C). J. Biol. Chem. 262 (1987) 
7658-7664. 

54. Adashi E. Y., Resnick L. E., D'Ercole R. J., Svoboda 
M. E. and Van Wyk J. J.: Insulin-like growth factors 
as intraovarian regulators of granulosa cell growth and 
function. Endocrine. Rev. 6 (1985) 400-420. 

55. Carson R. S., Zhang Z., Hutchinson L. A., Herington 
A. C. and Findlay J. K.: Growth factors in ovarian 
function. J. Reprod. Fert. 85 (1989) 735-746. 

56. Penhoat A., Chatelain P. G., Jaillard C. and Saez 
J. M.: Characterization of somatomedin-C/insulin- 
like growth factor I and insulin receptors on cultured 
bovine adrenal fasciculata cells: role of these peptides 
on adrenal cell function. Endocrinology 122 (1988) 
2518-2526. 

57. Louveau I., Penhoat A. and Saez J. M.: Regulation of 
IGF-I receptors by corticotropin and angiotensin-II in 
cultured bovine adrenocortical cells. Biochem. Biophys. 
Res. Commun. 163 (1989) 32-36. 

58. Penhoat A., Jaillard C. and Saez J. M.: Synergistic 
effects of ACTH and insulin-like growth factor I on 

ACTH receptor and ACTH responsiveness in cultured 
bovine adrenocortical cells. Biochem. Biophys. Res. 
Commun. 165 (1989) 355-359. 

59. Naaman E., Chatelain P. G., Saez J. M. and Durand 
Ph.: In vitro effects of insulin and insulin-like growth 
factor I on the multiplication and adrenocorticotropin 
responsiveness of fetal adrenal cells. Biol. Reprod. 40 
(1989) 570-577. 

60. Hsu C. J. and Hammond J. M.: Gonadotropins and 
estradiol stimulate immunoreactive insulin-like growth 
factor-I production by porcine granulosa cells in vitro. 
Endocrinology 120 (1987) 1987-2007. 

61a. Hernandez E. R., Roberts C. T., LeRoith D. and 
Adashi E. Y.: Rat ovarian insulin like growth factor I 
(IGF-I) gene expression is granulosa cell-selective: 
Y-untranslated mRNA variant representation and 
hormonal regulation. Endocrinology 125 (1989) 
572-574. 

6lb. Mondschein J. S. and Hammond J. M.: Growth 
factors regulate immunoreactive insulin-like growth 
factor I production by cultured porcine granulosa cells. 
Endocrinology 123 (1988) 463-468. 

62. Penhoat A., Naville D., Jaillard C., Chatelain P. C. 
and Saez J. M.: Hormonal regulation of insulin-like 
growth factor I secretion by bovine adrenal cells. 
J. BioL Chem. 264 (1989) 6858-6862. 

63. Chatelain P., Sanchez P. and Saez J. M.: Growth 
hormone (GH) and insulin-like growth factor I 
(IGF-I) treatment enhance GH-deficient Snell dwarf 
mice testicular steroidogenesis by increasing hCG 
receptors and responsiveness. 72nd A. Meet. Endocr. 
Soc., Atlanta (1990) Abstr. 1343. 

64. De Larco J. E. and Todardo G. J.: Growth factors 
from murine sarcoma virus transformed cells. Proc. 
Natn. Acad. Sci. U.S.A. 75 (1978) 4001-4005. 

65. Sporn M. B., Roberts A. B., Wakefield L. M. and 
Assoian R. K.: Transforming growth factor fl: biologi- 
cal function and clinical structures. Science 233 (1985) 
532-534. 

66. Derynck R., Jarrett J. A., Chen E. Y., Eaton D. H., 
Bell J. R., Assoian R. K., Roberts A. B., Sporn M. B. 
and Goeddel D. V.: Human transforming growth 
factor fl complementary DNA sequences and ex- 
pression in normal and transformed cells. Nature 316 
(1985) 701-705. 

67. Mason A., Hayflick J. S., Ling N., Esch F., Ueno N., 
Ying S. Y., Guillemin R., Niall H. and Seeburg P. H.: 
Complementary DNA sequences of ovarian follicular 
fluid inhibin show precursor structure and homology 
with transforming growth factor ft. Nature 318 (1985) 
659-663. 

68. Mayo K. E., Cerelli G. M., Spiess J., Rivier J., 
Rosenfeld M. G., Evans R. M. and Vale W.: Inhibin 
A-subunit cDNA from porcine ovary and human 
placenta. Proc. Natn. Acad. Sci. U.S.A. 83 (1986) 
5849-4853. 

69. Ling N., Ying S. Y., Ueno N., Shimasaki S., Esch F., 
Hotta M. and Guillemin R.: Pituitary FSH is released 
by a heterodimer of the fl-subunit from the two forms 
of inhibin. Nature 321 (1986) 779-782. 

70. Cate R. L., Mattalino R. J., Hession C., Tizard R., 
Farber N. M., Cheung A., Ninfa E. G., Frey A. Z., 
Gash D. J., Chow E. P., Fisher R. A., Bertunis J. M., 
MacLaughlin D. T. and Donahoe P. K.: Isolation of 
the bovine and human genes for Mfillerian inhibiting 
substance and expression of human gene in animal 
cells. Cell 45 (1986) 685-698. 

71. Picard J. Y., Bernarous R., Guerrier D., Josso N. and 
Kahn A.: Cloning and expression of cDNA for anti- 
mfillerian hormone. Proc. Nam. Acad. Sci. U.S.A. 83 
(1986) 5464-5468. 

72. Van Bebakar N. M., Honour J. W., Foster D., Liu 
Y. L. and Jacobs H. S.: Regulation of testicular 



Growth factors and Leydig cells 463 

function by insulin and transforming growth factor. 
Steroids 55 (1990) 266-270. 

73. Feige J. J., Cochet C. and Chambaz E. M.: Type fl 
transforming growth factor is a potent modulator of 
differentiated adrenocortical cell functions. Biochem. 
Biophys. Res. Commun. 139 (1986) 693-700. 

74. Feige J. J., Cochet C., Rainey W. E., Modani C. 
and Chambaz E. M.: Type l/ transforming growth 
factor affects adrenocortical cell-differentiated func- 
tions. J. Biol. Chem. 262 (1987) 13491-13494. 

75, Hotta M. and Baird A.: The inhibition of low 
density lipoprotein metabolism by transforming 
growth factor l/mediates its effects on steroidogenesis 
in bovine adrenocortical cells. Endocrinology 121 
(1987) 150-154. 

76. Cochet C., Feige J. J. and Chambaz E. M.: Bovine 
adrenocortical cells exhibit high atfinity transforming 
growth factor l/ receptors which are regulated by 
adrenocorticotropin. J. Biol. Chem. 263 (1988) 
5707-5713. 

77. Rainey W. E., Viard I., Mason J. I., Cochet C., 
Chambaz E. M. and Saez J. M.: Effect of transforming 
growth factor beta on ovine adrenocortical cells. 
Molec. Cell Endocr. 60 (1988) 189-198. 

78. Rainey W. E., Viard I. and Saez J. M.: Transforming 
growth factor l / treatment decreases ACTH receptors 
on ovine adrenocortical cells. J. Biol. Chem. 264 (1989) 
21474-21477. 

79. Rainey W. E., Naville D., Saez J. M., Carr B. R., Byrd 
W., Magness R. R. and Mason J. I.: Transforming 
growth factor beta inhibits steroid 17~t-hydroxylase 
cytochrome P-450 gene expression in ovine adrenocor- 
tical cells. Endocrinology 127 (1990) 1910-1915. 

80. Ying S. T., Becker A., Ling N., Ueno N. and Guillemin 
R.: Inhibin and beta type transforming growth factor 
(TGFl/) have opposite modulating effects on the fol- 
licle stimulating hormone (FSH)-induced aromatase 
activity of cultured rat granulosa cells. Biochem. Bio- 
phys. Res. Commun. 136 (1986) 969-975. 

81. Knecht M., Feng P. and Catt K. L.: Transforming 
growth factor-beta regulates the expression of luteiniz- 
ing hormone receptors in ovarian granulosa cells. 
Biochem. Biophys. Res. Commun. 139 (1986) 800-807. 

82. Dodson W. C. and Schornberg D. W.: The effect of 
transforming growth factor-beta on follicle-stimulat- 
ing hormone-induced differentiation of cultured rat 
granulosa. Endocrinology 120 (1987) 512-516. 

83. Hutchinson L. A., Findlay J. K., de Vos F. L. and 
Robertson D. M.: Effects of bovine inhibin, trans- 
forming growth factor-beta and bovine activin-A on 
granulosa cell differentiation. Biochem. Biophys. Res. 
Commun. 146 (1987) 1405-1412. 

84. Zhang Z., Findlay J. K., Carson R. S., Herington 
A. C. H. and Burger H. G.: Transforming growth 
factor l/enhances basal and FSH stimulated inhibin 
production by rat granulosa cells in vitro. Molec. Cell. 
Endocr. 58 (1988) 161-166. 

85. Adashi E. Y., Resnick C. E., Hernandez E. R., May 
J. V., Purchio A. F. and Twardzik D. R.: Ovarian 
transforming growth factor-l/(TGF-l/): cellular site(s) 
and mechanism(s) of action. Molec. Cell. Endocr. 61 
(1989) 247-256. 

86. Avallet O., Perrard-Sapori M. H., Vigier M., Skalli M. 
and Saez J. M.: Comparison of the effects of trans- 
forming growth factor l / and  porcine Sertoli cell con- 
ditioned medium on porcine Leydig cell function. In 
Molecular and Cellular Endocrinology of  the Testis 
(Edited by B. A. Cooke and R. M. Sharpe). Raven 
Press, New York (1988) pp. 319-324. 

87. Skinner M. K. and Moses H. L.: Transforming growth 
factor l/gene expression and action in the seminiferous 
tubule: peritubular cell-Sertoli and cell interactions. 
Molec. Endocr. 3 (1989) 625-634. 

88. Skinner M. K., Keski-Oja J., Osteen K. G. and Moses 
H. L.: Ovarian thecal cells produce transforming 
growth factor-fl which can regulate granulosa cell 
growth. Endocrinology 121 (1987) 786-792. 

89. Kim I. C. and Schomberg D. W.: The production of 
transforming growth factor fl activity by rat granulosa 
cell cultures. Endocrinology 124 (1989) 1345-1351. 

90. Hsueh A. J. W., Welsh T. H. and Jones P. R. C.: 
Inhibition of ovarian and testicular steroidogenesis by 
epidermal growth factor. Endocrinology 1118 (1981) 
2002-2004. 

91. Welsh T. H. and Hsueh A. J. W.: Mechanism of 
the inhibitory action of epidermal growth factor on 
testicular androgen biosynthesis in vitro. Endocrinology 
110 (1982) 1498-1506. 

92. Tsutsumi O., Kurachi H. and Oka T.: A physiological 
role of epidermal growth factor in male reproductive 
function. Science 233 (1986) 975-977. 

93. Skinner M. K., Takacs K. and Coffey R. J.: Trans- 
forming growth factor-a gene expression and action in 
the seminiferous tubule: peritubular cell-Sertoli cell 
interactions. Endocrinology 124 (1989) 845-854. 

94. Gospodarowicz D., Ferrera N., Schweigerer C. and 
Neufeld G.: Structural characterization and biological 
functions of fibroblast growth factor. Endocrine. Rev. 
8 (1987) 95-113. 

95. Jaillard C., Chatelain P. G. and Saez J. M.: In vitro 
regulation of pig Sertoli cell growth and function. 
Effects of fibroblast growth factor and somatomedin- 
C. Biol. Reprod. 37 (1987) 665-674. 

96. Hurwitz A., Hernandez E. R., Resnick C. E., Packman 
J. N., Payne D. N. and Adashi E. Y.: Basic fibro- 
blast growth factor inhibits gonadotropin-supported 
ovarian androgen biosynthesis: mechanism(s) and 
site(s) of action. Endocrinology 126 (1990) 3089-3095. 

97. Ueno N., Baird A., Ling N. and Guillemin R.: Iso- 
lation and partial characterization of basic fibroblast 
growth factor from bovine testis. Molec. Cell. Endocr. 
49 (1987) 189-194. 

98. Skinner M. K., Tung P. S. and Fritz I. B.: Cooperativ- 
ity between Sertoli cells and testicular peritubular ceils 
in the production and disposition of extracellular 
matrix components. J. Cell Biol. 100 (1985) 1941-1947. 

99. Calkins J. H., Sigel M. M., Nankin H. R. and Lin T.: 
Interleukin-1 inhibits Leydig cell steroidogenesis in 
primary culture. Endocrinology 123 (1988) 1605-1610. 

100. Soder O., Syed V., P611/inen P., Gustafsson K., Gran- 
holm K., Khan S., Arver S., Holts M., Von Euler M. 
and Ritzen M.: Testicular interleukin-l-like factor. In 
Molecular and Cellular Endocrinology of  the Testis 
(Edited by B, A. Cooke and R. M. Sharpe). Serono 
Symposia, Raven Press, New York, Vol. 50 (1988) 
pp. 325-332. 

101. Kasson B. G., Adashi E. Y. and Hsueh A. J. W.: 
Arginine vasopressin in the testis. An intragonadal 
peptide control system. Endocrine. Rev. 7 (1986) 
156-158. 

102. Ulisse S., Fabri A. and Dufau M. L.: Corticotropin- 
releasing factor receptors and actions in rat Leydig 
cells. J. Biol. Chem. 264 (1989) 2156 2163. 

103. Pandey K. N., Inagani T. and Misono K. S.: Atrial 
natriuretic factor receptor on cultured Leydig tumor 
cells: ligand binding and photoaffinity labeling. 
Biochemistry 25 (1986) 8467-8472. 

104. Khanum A. and Dufau M. L.: Angiotensin II recep- 
tors and inhibitory actions in Leydig ceils. J. Biol. 
Chem. 263 (1988) 5070-5074. 

105. Sharpe R. M.: Intratesticular factors controlling 
testicular function. Biol. Reprod. 30 (1984) 29-49. 

106. Juniewicz P. E., Keeney D. S. and Ewing L. L.: Effect 
of adrenocorficotropin and other proopiomelanocortin- 
derived peptides on testosterone secretion by the in vitro 
perfused testis. Endocrinology 122 (1988) 891-898. 



464 O. AVALLET et aL 

107. Hsueh A. J. W., Dahl K. D., Vaughan J., Tucker E., 
Rivier J., Bardin C. W. and Vale W.: Heterodimers 
and homodimers of inhibin subunits have different 
paracrine action in the modulation of luteinizing hor- 
mone-stimulated androgen biosynthesis. Proc. Natn. 
Acad. Sci. U.S.A. 84 (1987) 5082-5086. 

108. de Kretser D. M. and Robertson D. M.: The isolation 
and physiology of inhibin and related proteins. Biol. 
Reprod. 40 (1989) 33-47. 

109. Sheikholislan B. M. and Stempfel R. S.: Hereditary 
isolated somatotropin deficiency: effects of human 
growth hormone administration. Pediatrics 49 (1972) 
362-374. 

110. Kulin H. E., Samdjlike E., Santen R. and Santner S.: 
The effects of growth hormone on the Leydig cell 
response to chorionic gonadotropin in boys with hypo- 
pituitarism. Clin. Endocr. 45 (1981) 468-472. 

111. Laron Z.: Laron-type dwarfism (hereditary 
somatomedin deficiency). A review. Adv. Int. Med. 
Pediat. 51 (1984) 117-140. 

112. Rivarola M. A., Heinrich J. J., Podesta E. J., 
Chondjnik M. F. and Bergada C.: Testicular 
function in hypopituitarism. Pediat. Res. 6 (1972) 
634-641. 

113. Tanner J. M. and Whitehouse R. H.: A note on the 
bone age at which patients with true isolated hormone 
deficiency enter puberty. J. Clin. Endocr. Metab. 41 
(1975) 788-790. 

114. Amselem S., Duquesnoy P., Attree O., Novelli G., 
Bousniwa S., Postel-Vinay M. C. and Goossens M.: 
Laron dwarfism and mutations of the growth hor- 
mone-receptor gene. New Engl. J. Med. 321 (1989) 
989-995. 

115. Van Buul-Offers S.: Hormonal and other inherited 
growth disturbances in mice with special reference to 
the Snell dwarf mouse. A review. Acta Endocr. 103 
Suppl. 258 (1983) 1-47. 

116. Funder J. W.: E pluribus unum. Molec. Cell. Endocr. 
72 (1990) C49-C51. 


