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Abstract. The Leydig cells, responsible for testicular androgen production, have two 
growth phases during the life-span of mammals. The fetal population appears during 
fetal life and is responsible for the androgen-induced differentiation of the male genitalia. 
The fetal Leydig cells disappear after birth, and the other population, the adult Leydig 
cells, appears during puberty and persists for the whole adult life. The fetal Leydig cells, 
evidently due to the intrauterine endocrine milieu and their special functional require- 
ments in genital differentiation, differ both morphologically and functionally from the 
adult population. The purpose of this review is to elucidate the special features of the 
mammalian fetal Leydig cell population, which presents an intriguing experimental model 
for studies of function and regulation of steroidogenic cells. [P.S.E.B.M. 1992, Vol201] 

he Leydig cells, responsible for androgen produc- 
tion, appear in the testis during the embryonic T period. Their active androgen production starts 

early and is essential for normal masculine differentia- 
tion (Fig. l). Fetal testicular activity continues until the 
neonatal period and is followed by hormonal quies- 
cence, which is characteristic of the prepubertal testis. 
The second phase of testicular endocrine activity starts 
at puberty and continues throughout life. Two distinct 
populations, or growth phases, of Leydig cells are re- 
sponsible for the fetal-neonatal and adult periods of 
testicular steroidogenesis. The former growth phase is 
called the fetal and the latter the adult Leydig cell 
population. They differ in a number of features, such 
as morphology, hormone production, tropic and para- 
crine regulation, and physiological functions. Such dif- 
ferences are expected, and physiologically meaningful, 
considering the dissimilar hormonal milieus where the 
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two cell populations function, i.e., in utero and ex utero. 
Moreover, testicular androgens have very different 
physiological functions in the fetus and the adult. In 
the fetus, androgens are responsible for morphogenesis, 
whereas in the adult, they function more in the main- 
tenance of male sexual characteristics. 

Characteristic and unique for the fetal Leydig cells, 
in comparison to those in the adult, are the continuous 
structural and functional changes from their first ap- 
pearance toward the end of their presence in the neo- 
natal testis. After birth, the fetal-type Leydig cells con- 
tinue their function until they are gradually replaced 
by the adult type of Leydig cells at approximately the 
onset of puberty (1). The structural features of the fetal 
and adult Leydig cells at the electron-microscopic level 
are generally similar, but their functional behavior is 
considerably different, possibly even more than we 
know at the present. 

Recognition of these special features may help us 
to better understand the ontogeny of male reproductive 
functions and the pathogenesis of their disturbances. In 
this review, we focused primarily on two mammalian 
species, the human and the rodent (rat or mouse), and 
have attempted to draw general conclusions on fetal 
Leydig cells from these two models. 
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Origin, Differentiation, and Morphology of the Fetal 
Leydig Cells 

The gonad as a whole, aside from the germ cells, is 
a direct local outgrowth from the mesonephros. The 
Leydig cells, as all other somatic cells of the gonads, are 
thus subspecialized derivatives of the nephrogenic cord 
which arises from the paraxial mesoderm. The differ- 
entiation of the mammalian interstitial Leydig cells 
starts after the basic histological differentiation of the 
testis into its main components (Figs. 2 and 3): the 
epithelial testicular cords and the interstitium (2-5). 
From this sequence of events, one can conclude that 
the Leydig cells develop from undifferentiated intersti- 
tial mesenchymal cells, and that they have no role in 
the formation of the testicular cords, i.e., in the primary 
sexual differentiation of the gonads. Their main func- 
tion before puberty is the endocrine regulation (through 
production of androgenic steroids) of masculine differ- 
entiation of the extragonadal genital organs and sex- 
related functions (Fig. 1). 

The human fetal Leydig cell precursors become 
discernible among the undifferentiated mesenchymal 
cells during the eighth week of fetal age, i.e., the tenth 
week of gestation (3). In some of the mesenchymal 
cells, the nucleus starts to grow in size. The amount of 
the cytoplasm increases by addition of mitochondria, 
granular endoplasmic reticulum, lipid droplets, and 
particularly agranular endoplasmic reticulum, but not 
of Reinke crystals, which have been observed only in 
adult cells (Figs. 4 and 5). The cells first become elon- 
gated and finally polygonal and reach a diameter of 
about 20 pm. The triggering factor for Leydig cell 
differentiation is not known. The testis determining 
factor (Fig. 1) is currently thought only to regulate 
Sertoli cell differentiation and the organization of tes- 
ticular cords (6, 7). 

In the human, the functional maturation of the 
Leydig cells (see below) proceeds in concert with the 
morphological differentiation, as indicated by the ap- 
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Figure 1. Schematic drawing of developmental and regulatory rela- 
tionships in prenatal sexual differentiation of male mammals. The 
indifferent stages are in the top row of boxes. Their development is 
depicted by thick vertical arrows into the cells within the testis box 
and organs in the ovals, both in the bottom row. The role of Leydig 
and other cells and factors in the differentiation of the reproductive 
system is indicated by thin horizontal arrows starting from their origin 
and pointing at their target processes in each case. TDF, testis 
determining factor. 

pearance of the histochemical reaction of the 3P-hy- 
droxysteroid dehydrogenase enzyme at the age of 8 
weeks (8). After initiation of differentiation in Leydig 
cells, their number correlates with the plasma human 
chorionic gonadotropin (hCG) concentration (9). At 
this time, they are also stimulated in vitro by hCG (10, 
11). 

A few cells often get attached to each other and 
form clusters like those in Fig. 3. By the 14th week of 
gestation in the human, tightly apposed Leydig cells fill 
up the interstitial space, with only occasional mesen- 
chymal cells dispersed between the dominating Leydig 
cells (Fig. 4). During the next week, they reach their 
relative maximum of 48 x lo6 cells/pair of testes and 
occupy 50% of the cross-sectional area of the testis (3, 
8, 12). The Leydig cells are connected by gap junctions 
( 13), which means that they are electrically coupled 
and molecules of less than 1000 mol wt can pass freely 
from cell to cell. The functional significance of these 
connections is not yet understood. Another inexplicable 
finding is the occurrence of basement membrane seg- 
ments (Fig. 6) around the Leydig cells in some species 
( 14). 

The undifferentiated mesenchymal cells in the tes- 
ticular interstitium (Fig. 4) also give rise to the peritu- 
bular myoid cells, lymphatic and vascular endothelial 
cells, and macrophages (Fig. 1). The last type of cell 
differentiates between 14 and 18 weeks of fetal age (1 6- 
20 weeks of gestation) (15) and thus probably has no 
role in the differentiation of Leydig cells. The macro- 
phages react with antibodies to myelomonocytic cells 
and probably differentiate within the testis (15). Mac- 
rophages are sometimes seen in contact with fetal Ley- 
dig cells during the maturity and involution phases and 
may have regulatory interactions. However, they do not 
seem to actively phagocytose degenerating Leydig cells. 

The relative number of Leydig cells starts to de- 
crease around the age of 16 weeks because of the fast 
growth of the testis, even though their absolute number 
remains constant until about the 24th week (8, 12). 
During the remainder of the fetal period, the absolute 
number of Leydig cells decreases progressively to 18 X 
1 O6 cells/pair of testes just before birth (1 2). The reduc- 
tion of the Leydig cell population takes place by degen- 
eration and complete destruction of some cells (Fig. 7) 
and by a 50% reduction in the volume of the remaining 
cells (3, 12). This process coincides with and parallels 
the decrease in plasma hCG concentration (1 6), but 
whether these two phenomena have a causal relation- 
ship is not known. The Leydig cells present in the 
human fetal testis can thus be divided into three differ- 
ent phases: the differentiation phase (fetal ages 8-14 
weeks), the fetal maturity phase (14- 18 weeks), and the 
involution phase (18-38 weeks) (3). A simple and teleo- 
logical explanation for the Leydig cell involution is that 
the physiological demand for androgens is lower during 
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Figure 2. Undifferentiated mesenchymal cells in the early interstitium (I) between two organizing testicular cords (T). The cell (U) on the left 
may have started its differentiation into a Leydig cell because its cytoplasm has slightly enlarged. Electron micrograph of human embryo at the 
age of 6 weeks (original magnification ~8300). 

the second half of pregnancy, after differentiation of 
the male genital organs. This regulatory behavior is 
analogous to that observed in adult seasonally breeding 
animals. 

In the rat, the Leydig cells start to develop in the 
late fetal period (at about three fourths of the way 
through the prenatal period). In the human, this occurs 
at about one fifth of the way through the prenatal 
period. The cytodifferentiation from undifferentiated 
mesenchymal cells proceeds quickly between embry- 
onic-fetal (F) Days 15 and 17 through similar stages as 
described before for human Leydig cells (2, 17-20). 
Functional maturation probably precedes the structural 
differentiation, as suggested by the presence of 3p- 
hydroxysteroid dehydrogenase enzyme activity by the 
age of Day F 15 (2 1). Testicular steroidogenesis, as well 
as gonadotropin responsiveness in the Leydig cell, cor- 
responds with ultrastructural development (see below). 

The relative number of Leydig cells in both the 
fetal rat and human testis changes with respect to time. 
However, the profile of numerical change is quite dif- 

ferent between the species (8, 12, 22). In the rat, the 
absolute number of Leydig cells (260 x lo3 per pair of 
testes) reaches an acme at Day F 19.5. In the human, 
two peaks are seen. The first peak occurs at 13-16 
weeks (48 x lo6 cells), and a second at the age of 3 
months postpartum (8, 12,22). If only the fetal type of 
Leydig cell is considered in the rat, there is also a second 
peak in total number that occurs at about 14 days of 
postnatal life. This peak is obscured, however, because 
the decline in number is masked by the concomitant 
increase in the number of adult-type Leydig cells. These 
appear in the rat relatively earlier than in the human 
(1). The absolute numbers reported for Leydig cells are 
in fairly good agreement and vary in number per pair 
of testes from 50 x lo3 at the age of Day F 17 (23) 
through 376 x lo3 (24) on Day F 19 , 260 x lo3 (22) 
on Day F 19.5, to a final count of 160 and 180 x lo3 
( 1, 23) on Days F 20 and F 2 1, respectively. 

The fetal Leydig cells in the rat do not form large 
confluent regions like those in the human. They remain 
as individual cells for a longer duration, but toward the 
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Figure 3. Leydig cells (L) in the interstitium (I) between the pleomorphic testicular cords (T), which consist of Sertoli cells and Occasional 
spermatogonia (S). Some of the Leydig cells are organized in small clusters (e.g., (L) bottom, middle of the figure). There are also remaining 
undifferentiated mesenchymal cells (U). Light micrograph of pig embryo at the age of 30 days (original magnification x680). 

end of pregnancy, the form irregularly outlined groups 
(14). The differentiating Leydig cells have small patches 
of ultrastructurally and immunocytochemically identi- 
fiable basement membrane (Fig. 6), which increases in 
area with advancing cell differentiation (14). The ad- 
dition of L-azetidine 2-carboxylic acid, a proline com- 
petitor, into the medium of organ culture of differen- 
tiating testes inhibits differentiation of Leydig cells and 
their steroidogenic function (25). This inhibition was 
prevented by addition of an excess of proline into the 
medium. These findings suggest that the extracellular 
matrix has a role in Leydig cell differentiation, perhaps 
related to their grouping into epithelial-like glandular 
islets. This also adds laminin, collagen type IV, and 
other basement membrane components to the list of 
Leydig cell products. Other hints to unknown, but 
probably important, properties of the Leydig cell sur- 
face are offered by the observations of specific nonim- 
munological binding of adult mouse Leydig cells to 
lymphocytes and macrophages (26, 27). The cells of the 
latter type appear in the rat testicular interstitium at 
Day F 19 (28). Macrophages are known to produce 
several regulatory factors, which may have local regu- 
latory effects on Leydig cells (28). 

The regulation of Leydig cell differentiation and 
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steroid biosynthesis is apparently under the control of 
pituitary gonadotropins throughout life. As an unphys- 
iological experiment, caffeine administration to the 
mother decreased the number of rat fetal Leydig cells 
and their testosterone biosynthesis (29), and may offer 
new insight into the mechanisms regulating the prolif- 
eration of these cells. In organ culture, fetal calf serum 
has been found to prevent the formation of testicular 
cords, but not the structural and functional differentia- 
tion of Leydig cells (30). This suggests that Leydig cell 
differentiation does not depend on normal histological 
organization of the Sertoli cells, but may still be related 
to their function factors, which, like anti-mullerian 
hormone, may remain intact. 

The presently available reports on various other 
mammals (pig, mouse, guinea pig, hamster, rabbit, and 
monkey) show that the differentiating fetal Leydig cells 
are basically similar endocrine cells with steroid-synthe- 
sizing ultrastructural characteristics and functional 
properties. There is, however, great variation in the 
timing and relative lengths of the different stages of the 
Leydig cell development until full maturity is reached 
after puberty. 
Early Stages of Testicular Steroidogenic Activity 

Steroidogenesis in fetal Leydig cells starts as soon 
as these cells have differentiated morphologically. In 



Figure 4. The basic structural and functional components of the fetal testicular interstitium at the time of its endocrinologically most active 
phase. The Leydig cells (L) are large, and the cytoplasm is filled with abundant agranular endoplasmic reticulum (E), which occupies all the 
space between the mitochondria (M), small stacks of granular endoplasmic reticulum (G), and other organelles. Next to the blood vessel (V), 
there are few undifferentiated mesenchymal cells (U). On the right, there is a small segment of the testicular cord which consists of Sertoli cells 
and is sealed toward the interstitium (I) by a continuous basement membrane (8). Electron micrograph of the testis of a human fetus at the 
age of 15 weeks (original magnification ~7600). 

the human, this takes place at the fetal age of 8 weeks 
(3). Intrauterine androgen production reaches its max- 
imum during Weeks 12-14 (Fig. 8). Thereafter, there 
is a steep decline in steroidogenesis toward the end of 
gestation. A short peak of reactivation occurs between 
Months 1-3 postpartum, until the quiescent prepuber- 
tal period of steroidogenesis is attained after about 6 
months of age (Fig. 8) (for reviews, see Refs. 16, 31, 
and 32). Although the physiological function of the 
fetal testosterone peak in male genital differentiation is 
clear, the postnatal elevation in circulating testosterone 
obviously represents an adaptational phenomenon due 
to the increased capacity of plasma sex-steroid-binding 
proteins (33, 34). The androgen levels in the fetal testis 
and circulation parallel the proportion of Leydig cells 
in the testis tissue (see above). The next phase of testic- 
ular steroidogenesis, through activity of the adult pop- 
ulation of Leydig cells, starts at puberty and continues 
for the rest of life. 

In the rat, the differentiation of Leydig cells starts 
at fetal age 15.5-16.5 days (20), and the onset of testos- 
terone synthesis occurs simultaneously (Figs. 8 and 9) 
(35, 36). It rises sharply during subsequent days and 
attains its maximum on days F 18.5-19.5 (22, 37). 
Although testicular testosterone content stays relatively 

stable for the rest of gestation (and the first postnatal 
days), its concentration shows a clear decline (22). The 
decline in testicular steroidogenesis continues after 
birth until the age of about 15 days, after which it stays 
low until about 30 days of age (Figs. 8 and 10) (22). 
Although the Leydig cell concentration of testis tissue 
increases about 4-fold between 15 and 30 days, no 
concomitant increase in steroidogenesis is seen. This 
indicates that the new generation of Leydig cells initially 
has very low steroidogenic activity. Androgen produc- 
tion in the pubertal rat testis is rapidly reactivated 
around Day 40 of life, and 5a-reduced androgens pre- 
dominate the steroid profile at this age (38). As the 
Leydig cells mature, the capacity for 5a-reduction di- 
minishes (38). This steroidogenic phase is due to the 
adult population of Leydig cells, and therefore is be- 
yond the scope of this review. 

Development of Hypothalamic-Pituitary-Testicular 
Interactions 

It is required for the onset of gonadotropin action 
in the testis that the pituitary gland initiate gonadotro- 
pin synthesis and secretion, and the testis must have 
functional gonadotropin receptors. Furthermore, hy- 
pothalamic control of gonadotropin secretion must be 

FETAL LEYDIG CELLS 129 



Figure 5. High magnification of Leydig cell cytoplasm comprising the working organelles of steroid synthesis: tubularly organized agranular 
endoplasmic reticulum (E), mitochondria with lamellar cristae (M), and lipid droplets (F). Electron micrograph of the testis of a human fetus at 
the age of 15 weeks (original magnification ~61,000). 

functional. Although gonadal feedback to the hypotha- 
lamic-pituitary level is an essential part of this system 
in the adult, it may be the last link to develop in the 
fetal period (39, 40). The initial source of gonadotropic 
stimulus in some species (e.g., the rat) is the fetal 
pituitary, whereas in others (e.g., the human), it is 
chorionic gonadotropin. 

The gonadotropin-releasing hormone (GnRH)-se- 
creting neurons originate in the medial olfactory plac- 
ode and enter the forebrain with the nervus terminalis 
(4 1-43). This migration is needed before hypothalamic 
control of gonadotropin secretion through GnRH is 
possible. It occurs in the mouse between Days F 12 and 
F 15. In the rat, GnRH is first identifiable at the ventral 
olfactory bulb on Day F 15 (44), and it may initially 
reach the pituitary by diffusion, since the mature portal 
system connecting the GnRH axons in the median 
eminence of the hypothalamus with the pituitary gland 
does not develop until Days F 20-F 21 (43). Most 

studies agree that the fetal rat gonadotropes are differ- 
entiated on Day F 16, which is the first day of appear- 
ance of luteinizing hormone (LH) in the anterior pitui- 
tary (reviewed recently in Ref. 44). However, when 
assessed by the presence of GnRH receptors, the gona- 
dotropes are detectable as early as Day F 13 (44). 

LH, secreted by the fetal pituitary gland, appears 
in the circulation of the rat on Day F 17 (45). This 
takes place after the initiation of testicular testosterone 
synthesis, and appearance of LH receptors on Day F 
15.5 (Fig. 9) (35, 37). Thus, the onset of LH secretion 
precedes the steepest increase of testicular steroidogen- 
esis and LH receptor content on Day F 18 (37). It 
seems, therefore, that pituitary LH synthesis and testic- 
ular steroidogenesis are initiated independently of the 
reactive tropic stimuli. Once the secretion of LH is 
established, a major increase occurs in the amount of 
testicular LH receptors and testosterone production. 
Gonadal feedback to the hypothalamic-pituitary level 
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Figure 6. lmmunocytochemical localization of laminin-containing 
patches (6) as black precipitation on the surface of a Leydig cell (L). 
There is no reaction on the nucleus (N), mitochondria (M), or else- 
where in the cytoplasm. The patches (B) also contain collagen type 
IV and other basement membrane components, and they are seen 
as lamina densa in conventional electron microscopy. Electron micro- 
graph with mild fixation and no background staining. Rat fetus at the 
age of 17 days (original magnification x5800) (courtesy of Dr. Teijo 
Kuopio). 

is apparently the last link to develop in the hypotha- 
lamic-pituitary-gonadal circuit (39). 

The mechanism that induces LH receptors in the 
developing gonad is still unknown. Since this appears 
slightly before LH can be measured in the circulation, 
Day F 15.5 (Fig. 9) versus Day F 17 (45), LH itself 
cannot be the initial stimulus, although it maintains its 
own receptors in the adult gonad (46-48). Furthermore, 
it is difficult to envision a mechanism of action for LH 
before its receptors are present. The role of FSH, al- 
though clear in the adult (46-48), is also unlikely in the 
fetal induction of LH receptors, since they seem to 
appear in the testis several days before pituitary follicle- 
stimulating hormone (FSH) secretion can be detected 
(45). The role of prolactin, also an active inductor of 
LH receptors in the adult gonad (46-48), is unlikely for 
the same reason. The secretion of this pituitary hor- 
mone does not start until the last days (F 19-21) of 
gestation (45, 49). 

When studying the ontogeny of LH receptors and 

LH responsiveness in the neonatal rat ovary, the expres- 
sion of truncated versions of LH receptor mRNA was 
found to precede that of the full-size message by at least 
10 days (50). Hence, the LH receptor gene may be 
constitutively expressed in the mesonephric cells des- 
tined to become target cells of LH long before their 
actual differentiation starts. The LH receptor may then 
be switched on by a change in the alternative splicing 
pattern of the cognate mRNA. Whether the same ap- 
plies to the fetal testis is still unknown. Thus, instead 
of being a transcription factor, the putative inducer of 
the LH receptor may have its main action on alternative 
splicing or translation of the constitutively expressed 
LH receptor mRNA. 

In the human, the development of the anterior 
pituitary starts between Weeks 4 and 5 of fetal life (for 
a review, see Ref. 51). As in the rat, the development 
of the hypothalamic-pituitary connections occurs later. 
The median eminence is discernible by Week 9 and 
GnRH is first detectable in human fetal hypothalamus 
by Weeks 9 and 10 of gestation (16), but the hypothal- 
amohypohysial vascular system is not functional until 
Week 12. Because of the missing vascular connections, 
GnRH may initially reach the pituitary by diffusion. 
LH and FSH appear in the pituitary by Week 10, and 
their secretion starts by Weeks 11 and 12 (16, 51, 52). 
Hence, there is a close temporal relationship between 
the onset on GnRH synthesis and that of LH and FSH 
also in the human. 

In the human fetus, gonadotropins attain the max- 
imum levels by Week 16, when the levels in women 
are as high as in castrated adults (16). In early studies, 
human fetal gonadotropin secretion was extensively 
studied using aborted material (16, 52). Very recently, 
these earlier findings were confirmed with normal hu- 
man fetal blood samples obtained during cordocentesis, 
and measured using the novel ultrasensitive immuno- 
metric assay methods (53). 

There is an interesting sex difference in human 
fetal gonadotropin levels. The levels in female fetuses 
are in the postmenopausal adult range, but in the male, 
the LH and FSH levels stay considerably lower (5 1- 
53). At this time, the testes are actively producing 
androgens and inhibin/activin peptides (see below), but 
the ovaries are still inactive. Hence, at this age, the fetal 
testis, but not the fetal ovary, participates in the negative 
feedback control of the pituitary. The decline of gonad- 
otropins occurs in both sexes during the latter half of 
gestation. Since the ovaries still remain endocrinologi- 
cally inactive, this has been interpreted to mean that 
the fetal hypothalamic-pituitary level has started re- 
sponding to the high circulating levels of placental 
estrogens (and progesterone). 

A third gonadotropin, i.e., placental hCG, must be 
taken into account in human fetal development. hCG 
attains its peak levels around Week 12 of fetal age, and 
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Figure 7. Leydig cells (L) in testicular interstitium at various stages of degeneration. The nuclei (N) are condensed into abnormal shapes and 
are undergoing lysis. The tubular agranular endoplasmic reticulum has transformed into vesicles (E) and the mitochondria1 cristae (M) are 
destroyed. Undifferentiated mesenchymal cells (U) remain present between the Leydig cells. Electron micrograph of the human fetus at the age 
of 23 weeks (original magnification ~5000). 

declines to a nadir at 20 weeks (16). It is a potential 
stimulator of the fetal testes. In fact, the highest levels 
of fetal testicular steroidogenesis correlate much more 
closely with the peak of hCG in fetal circulation than 
with the levels of fetal pituitary gonadotropins (16, 53). 

There is a considerably body of information indi- 
cating that hCG is responsible for human fetal testicular 
steroidogenesis during the intrauterine peak of testicu- 
lar activity. We, as well as others, have shown that fetal 
testes contain LH receptors and that hCG is able to 
stimulate fetal testicular steroidogenesis ( 1 1, 54-59). 
An example of such an experiment is shown in Figure 
11. However, Word et al. (60) recently were unable to 
show such hCG stimulation, and concluded that fetal 
testicular steroidogenesis is autonomous and not re- 
sponsive to gonadotropins. The reason for the discrep- 
ant findings is not readily apparent. Our initial -studies 
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( 1  1) were camed out using quarters of fetal testes. One 
pair of quarters was incubated in the absence, and the 
three remaining pairs in the presence, of three concen- 
trations of hCG. A clear 2- to 4-fold stimulation of 
testosterone formation was observed in these incuba- 
tions using a physiological range of hCG concentrations 
found in fetal circulation (16). The same finding was 
made subsequently by perifusing fetal testes with a piece 
of human placenta (56). The release of hCG and pro- 
gesterone from the placenta was documented, and there 
was a clear testicular testosterone response. Similar 
stimulation by hCG was demonstrated in human fetal 
testicular cultures (58, 59). It seems feasible that testic- 
ular steroidogenesis is initiated without gonadotropic 
stimulation, as shown by Wilson et al. (61) in the rabbit 
testis. However, the bulk of information available in- 
dicates that the peak of the synthesis of testosterone by 
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the fetal testes is under gonadotropic stimulation (32, 
62). In the rat, the tropic stimulus originates from the 
fetal pituitary, in the human it is hCG. 

Special Characteristics of Fetal Testicular 
Steroidogenesis 

The steroidogenic capacity of the fetal Leydig cells 
is clearly higher than that of the adult cells. We have 
shown this both by measuring the amount of endoge- 
nous steroids in testis tissue per number of Leydig cells 
and by assessing the steroidogenic capacity of the Ley- 
dig cells in vitro (22, 63). The adult Leydig cells are 
under negative modulation by a number of hormonal 
or paracrine influences (see Ref. 64). The high steroid 
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Figure 10. (A) Percentage of interstitial tissue in the rat testis (volume 
density) between 2 and 60 days of age. Each point represents the 
mean f SE of measurements from six tissue preparations. (B) hCG- 
stimulated (3 lU/rnl) testosterone production in a 3-hr incubation by 
decapsulated testes of rats aged 2-60 days. Each bar represents 
the mean f SE of data from five testes (63). 
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Figure 11. hCG-stimulated testosterone production by slices of tes- 
tis tissue from a human midterm fetus. Each point is the mean of two 
incubations (1 1). 
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production of the fetal cells may be due to the absence 
of many of these negative influences. 

In the fetal rat testis, steroidogenesis per Leydig cell 
is most abundant on Days F 17 and 18, but it clearly 
declines toward the end ofgestation (22,63). The reason 
for the decline is not apparent, and its time range is 
obviously too narrow to be explained by the appearance 
of new steroidogenically less active Leydig cells. 
Decreasing gonadotropic stimulation at the end of ges- 
tation is not an explanation either, since, in fact, cir- 
culating LH levels increase during the last days of 
gestation (65, 66). The fetal testis can probably use 
extratesticular steroids (from placenta, mother, and/or 
other fetal tissues) as substrates for its androgen pro- 
duction. The pronounced drop in maternal serum pro- 
gesterone levels during the last days of gestation (67) 
may, therefore, be the explanation for the apparent 
decrease of androgen production before birth, since 
fewer substrates are available for testicular steroid con- 
versions. 

The second decline in testicular steroid concentra- 
tions during the first 2 weeks of life can be explained 
by the decrease in total number of Leydig cells, since 
the steroid concentration per Leydig cells does not 
change markedly at the same time (22) (Fig. 10). The 
postnatal nadir is around day 15 postpartum, which 
also represents the nadir of the proportion of testicular 
Leydig cells. When steroidogenesis is reactivated after 
this age, the steroid concentration per Leydig cell stays 
much lower than in utero for the rest of life (Fig. 10). 
The difference in steroidogenesis in favor of the fetal 
population of Leydig cells is even greater if the steroi- 
dogenic capacity in vitro, instead of endogenous con- 
tent, is compared (63). 

Concerning the quality of testicular steroidogene- 
sis, one apparent difference between the fetal and adult 
Leydig cells is the low aromatase activity of the former 
(68, 69). The implications of this feature for the special 
functional characteristics of the fetal testis will be dis- 
cussed below. Another qualitative difference is the very 
low 5a-reductase activity of the rat fetal testis (35, 70, 
71). The physiological significance of this finding, if 
any, remains open. Both aromatase and 5a-reductase 
are especially active in the immature testis, where the 
Sertoli cell is the preferential site of these conversions 
(38, 72). 

Human testicular testosterone synthesis is activated 
between Weeks 8 and 12 by fetal life, and it attains its 
maximum between Weeks 12 and 14 (73, 74). Since a 
considerable amount of 5-ene steroids are produced 
before the period of increased testosterone production, 
the increase evidently occurs through activation of the 
3P-hydroxysteroid dehydrogenase enzyme. The drop in 
fetal testicular steroidogenesis between Weeks 16 and 
20 is mainly due to a decrease of the 17-hydroxylase/ 
17-20-lyase cytochrome P-450 activity. Fetal testicular 

testosterone concentration bears a close temporal cor- 
relation with the gene expression of the cholesterol side 
chain cleavage and 17-hydroxylase/ 17-20-lyase cyto- 
chrome P-450 enzymes in this organ (75). 

When concentrations of the endogenous steroids 
are compared between fetal and adult human testes, 
several differences are evident (74, 76-78). The 3-fold 
higher concentration of testosterone in fetal testes may 
be due to the higher volume density of Leydig cells in 
the fetal testis, but the fetal testis seems to contain 
clearly higher levels of two other 3-keto-4-ene steroids, 
progesterone and androstenedione. In contrast, the con- 
tents of several steroid sulfate conjugates, especially 
those with the 3P-hydroxy-5-ene structure, are higher 
in the adult testis. A short peak of endogenous estradiol, 
around Week 12 of gestation, was also found in fetal 
testes (74), but this hormone may be trapped by the 
tissue from circulation, since the aromatase activity of 
the human fetal testis is very low (59). This is in contrast 
to the important role of testes as a source of estrogens 
in the adult male (79). 

Another pathway of intratesticular testosterone 
metabolism to 5a-dihydrotestosterone seems to be 
equally active in the fetal and adult human testis (80), 
which is in contrast to the rat, in which testicular 5a- 
reductase activity is low in the fetus and neonate (see 
above). 5a-Dihydrotestosterone has been proposed to 
play a role in the regulation of spermatogenesis, but its 
physiological role in the fetal testis is still open. 

Special Characteristics of Fetal Leydig Cell 
Responses to Gonadotropins 

The rat fetal Leydig cells respond to LH stimulation 
with increased CAMP production and increased steroi- 
dogenesis from Day F 15.5 onward (35, 37, 63, 81). In 
addition to stimulation, adult rat testes display inhibi- 
tory responses to high doses of LH or hCG (46, 82). 
This is due to a loss of the homologous receptors (i.e,, 
LH receptor down-regulation) and blockade of steroi- 
dogenesis either at the cholesterol side chain cleavage 
step (early lesion) or at the 17-hydroxylase/ 17-20 lyase 
step (late lesion). When a down-regulating dose of hCG 
was given to neonatal rats (83), or when fetal Leydig 
cells were challenged with a high concentration of LH 
in culture (81), no signs of either LH receptor down- 
regulation or the steroidogenesis lesions were seen. In- 
stead, both the Leydig cell LH receptor levels and the 
steroidogenic capacity increased (Figs. 12 and 13). The 
pattern of the fetal-type up-regulation of LH receptors 
and steroidogenesis after LH/hCG treatment gradually 
shifts to the adult-type inhibition as the fetal Leydig 
cells are replaced by the adult population in the pre- 
pubertal animal (83). The difference between the fetal 
and adult Leydig cells is seen both at the LH receptor 
mRNA and receptor protein level (84). Likewise, the 
negative heterologous regulation of lactogen receptors 

134 FETAL LEYDIG CELLS 



150 t 
100 

50 

0 

I Rats 1 
&---? 

Aduit Rats 
I 

- e / '  

/l Aduit Rats 

0 2 4 6 8 10 12 14 

Days After hCG Injection 

200 .B 

A 
BOO I,,,:, T I  NEONATE 

Days After hCG Injection 

-__ 5-Day-Old Rots ;4001 0 L *ill 1 l;ii iiii bp 
100 y 200 - 3 9 

2 
0 

- 0  0 1 2 3  0 1 2 3  

D 
0 Adult Rota e 

600 8 
Y 

s 
5 400 

200 

0 
0 1 2 3  

D a y  After hCC Injection 

Flgure 12. (A) Available LH receptors, monitored by ['251]iodo-hCG 
binding, in the testis tissue of neonatal (5-day-old) and adult rats after 
subcutaneous injection of 600 IU/kg of hCG. (8) In vitro testosterone 
formation by decapsulated testes of rats similarly treated with hCG, 
before (0) and 1, 2, and 3 days after the injection. The open bars 
represent basal testosterone production and the closed bars repre- 
sent production in the presence of 3 lU/ml of hCG. Each group 
represents measurements from five animals (63). 

by LH/hCG, apparent in the adult testis, is missing in 
the fetal-neonatal testis (85). 

Although the molecular mechanisms behind the 
functional differences are still unknown, several expla- 
nations are available. The gonadotropin-induced block- 
age of androgen formation in the adult Leydig cells 
appears to be an estrogen-mediated phenomqon (68, 
69). The fetal-neonatal population of Leydig cells does 
not respond to estrogen-induced inhibition of steroi- 
dogenesis (83, 84). The circulating fetal estrogen levels 
may also be neutralized by a-fetoprotein, at least in 
rodents (83). Furthermore, estrogen production, aro- 
matase activity, and estrogen receptors are unmeasur- 
able or very low in the fetal Leydig cells (68, 69, 82, 
83). Both develop gradually as the fetal Leydig cells are 
replaced by the adult population during the postnatal 
development. In the adult testis, estrogen then triggers, 
through its receptor, an intratesticular feedback loop 

Days After hCG Injection 

Figure 13. Testicular concentrations of mRNA for (A) 17-hydroxyl- 
ase/l7-20 lyasecytochrome P-450 lyase and the (B) LH receptor 
before (0) and up to 3 days after a 600 IU/kg injection of hCG in 
neonatal (5-day-old) and adult rats. ADU, arbitrary densitometric units. 
Each pair is the mean k SE of measurements from five to 12 animals. 

P c 0.05; ** P c 0.01 as compared with 0-day level (84). 

that leads to impaired activity, especially of the 17- 
hydroxylase/ 17-20-lyase cytochrome P-450 enzyme, 
and the blockade of androgen production (82). A sim- 
ilar response can be induced in the fetal Leydig cells 
only after prolonged culture with estrogen (68, 69). 

This functional difference between the fetal and 
adult Leydig cells makes sense physiologically. If the 
fetal Leydig cells were inhibited by high gonadotropin 
levels and estrogens as effectively as the respective adult 
cells, they probably could not produce the high-level 
androgen synthesis that is vital for male-type sexual 
differentiation. The fetal circulation has high levels of 
estrogens, progestins, and hCG of placental origin. 
These concentrations are so high that similar levels 
would probably be inhibitory in adult circulation. 

The LH-induced down-regulation of LH receptors 
is partly due to increased internalization and degrada- 
tion of the receptor and partly due to suppressed expres- 
sion of the LH receptor gene (87). The absence of this 
phenomenon in the fetal Leydig cells is at least partly 
due to the absence of suppression of LH receptor 
mRNA expression. We showed recently that the sup- 
pressed gene expression of the LH receptor mRNA is 
not observed in the neonatal testis after hCG treatment 
(84). Whether the internalization of LH/hCG receptor 
complexes is also different from that of the adult Leydig 
cells is not known. 
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Very little is known about the biochemical mech- 
anisms responsible for the high steroidogenic capacity 
of the fetal Leydig cells and for the apparent resistance 
to a number of negative regulatory effects encountered 
in the adult cells. It is possible that there are some 
endocrine or paracrine factors in fetal circulation or 
testis that inhibit the mechanisms responsible for the 
inhibitory effects. It is also possible that the inhibiting 
mechanisms are not functional in the fetal testis, but 
are a result of specific activation during the postnatal 
development. It is tempting to speculate that mecha- 
nisms as basic as the various components of the trans- 
membrane signal transduction system appear gradually, 
and the fetal-type function of the Leydig cells is a result 
of insuficient maturation of this system. Even the 
mRNA of the fetal Leydig cell LH receptors may be 
regulated by different promoter sequences that are not 
under the regulatory influences involved in receptor 
down-regulation. The multiple mRNA species of LH 
receptor and likelihood of multiple translation initia- 
tion sites of the gene speak for this possibility (88). 

There is some evidence that the signal transduction 
system involved in suppression of CAMP production is 
not functional in the fetal Leydig cells (89). Warren 
(90) recently observed that the inhibitory guanine nu- 
cleotide-binding regulatory protein-mediated inhibition 
of testosterone production is not functional in animals 
younger than 23 days. We have now extended these 
observations to younger animals and found that the 
appearance of the effect of the inhibitory guanine nu- 
cleotide-binding regulatory protein on testicular steroi- 
dogenesis is absent in the fetal Leydig cells. It appears 
concomitantly with the transition of the fetal to adult 
Leydig cell dominance around Days 10- 1 5 postpartum 
(91). Whether this is related to the absence of LH 
receptor down-regulation and the steroidogenic lesions 
is not yet known. 

In conclusion, it seems that many mechanisms 
negatively modulating testosterone synthesis are absent 
in the fetal Leydig cells. In contrast, the adult cells are 
protected from excessive gonadotropin stimulation and 
androgen synthesis by a multitude of inhibitory mod- 
ulation mechanisms. In the fetus, the importance of 
active androgen synthesis is known, but we do not 
know why the adult is so effectively protected from too 
active androgen production. 

Paracrine Regulation of Fetal Leydig Cells 
As in the adult, it is obvious that gonadotropins do 

not provide the only exogenous signal regulating the 
fetal Leydig cells. The paracrine/autocrine regulation 
of Leydig cell function in the adult has recently received 
considerable attention (64, 92). Given the special en- 
docrine milieu of the fetal period, it is also obvious that 
the paracrine modulation of Leydig cells may have its 
specific fetal-type features. Our current knowledge 

about these aspects of the fetal Leydig cell function is 
even sparser than our knowledge of the role of gonad- 
otropins. The role of different growth factors as 
paracrine modulators of adult testicular function was 
recently studied extensively, but the developmental 
aspects of this regulation are still almost totally un- 
known. However, unlike the gonadotropin regulation, 
no clear picture is yet available on the special features 
of the autocrine and paracrine regulation of the fetal 
Leydig cells. 

The recent cloning of anti-mullerian hormone 
(AMH) has greatly advanced our knowledge of this 
Sertoli cell-derived fetal hormone. AMH has a para- 
crine role in inducing mullerian duct regression in the 
male embryo. In addition, some other findings suggest 
that it may also play a role within the testis, and also 
in the Leydig cells. In this regard, the finding that AMH 
is an aromatase inhibitor in the fetal ovary (93) is of 
particular interest. Since aromatase activity is very low 
in fetal Leydig cells (see above), it is possible that AMH, 
coming from Sertoli cells, has an inhibitory effect on 
aromatase activity of the fetal Leydig cells. AMH arrests 
meiosis in adult murine oocytes (94), and an analogous 
function in the inhibition of spermatogenesis in the 
fetal testis has been proposed. Furthermore, AMH may 
synergize with testosterone in supporting testicular de- 
scent (95). 

Both adult and fetal Leydig cells produce opioid 
peptides (96). Although no features specific to the fetal 
Leydig cells are known in the production or action of 
these peptides, they may have a special role during the 
early stages of development. Leydig cell @-endorphin 
production is stimulated by LH (97), and in the adult, 
it inhibits a number of Sertoli cell functions (96). In 
the fetus and neonate, the paracrine effect of @-endor- 
phin may be to contribute to the quiescent state of the 
testis before the onset of sexual maturation. Both stim- 
ulatory and inhibitory effects of other opioid peptides 
have been shown in fetal-neonatal Leydig cells (96, 98). 
Interestingly, @-endorphin suppresses the FSH-stimu- 
lated proliferation of isolated neonatal Sertoli cells (99) 
and may, therefore, be one of the paracrine factors 
contributing to the neonatal determination of the Ser- 
toli cell pool size. This effect is distinctive to the fetal- 
neonatal period, since the proliferation of Sertoli cells 
ceases at 10-20 days of age (99). 

Inhibins are another groups of paracrine factors 
produced both by fetal and adult testes. Inhibin peptides 
are produced both by the Leydig and Sertoli cells (loo), 
and hence the Leydig cells can be both the origin and 
target of the inhibin-mediated paracrine (or autocrine) 
regulation. The role of inhibin seems to be greatly 
dependent upon the developmental stage (100). There- 
fore, we can expect that in Leydig cells, the inhibins 
have specific functions that are different from those in 
the adult. 
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Although the role of inhibin and activin in the 
function of the fetal Leydig cells has not been addressed, 
we can make some conclusions from the existing data 
on the presence and effects of these peptides and their 
cognate mRNA in the developing rat testis. Only the 
a-subunit is consistently expressed in the interstitial 
(Leydig) cells from Day F 14 fetuses (101). The PA 
subunit seems to be transiently expressed in the Leydig 
cells between birth and Day 30 of life (102-104), and 
Lee ef al. ( 105) have demonstrated activin-like activity 
in spent media of cultured Leydig cells from 17-day- 
old rats. The PB-subunit message was demonstrated 
over the interstitial cells (104). Although the roles of 
inhibin and activin in the development of the embry- 
onic testis are apparent, there is no direct evidence of 
biologically active activin or inhibin production by the 
fetal Leydig cells. Only production of a-subunit by these 
cells has been documented. More information is avail- 
able on the function of the fetal Leydig cells as a target 
of inhibin and activin action. Activin inhibits (106- 
108), and inhibin stimulates ( 106) LH-dependent ste- 
roidogenesis of adult Leydig cells and Leydig cell lines 
in culture. The same has been shown in the neonatal 
rat testis (106), which suggests that the paracrine mod- 
ulation is already functional in the fetal Leydig cells, 
but it is not known whether the fetal cells differ in this 
respect from the adult ones. 

Two studies have addressed the presence of inhibin 
peptides in the primate fetal gonad (109, 1 10). It seems 
that inhibin a-subunit is present in the midterm human 
fetal Leydig and Sertoli cells, whereas both @-subunits 
are present only in interstitial (Leydig) cells. With de- 
velopment, as inferred from observation on late gesta- 
tion rhesus monkey fetuses, a-subunit expression was 
shifted only to the tubules, and only the PB-subunit was 
present in both the tubules and interstitium. Thus, there 
is a shift in the subunit localization within the testis 
during embryonic development. These changes also 
suggest a shift in the function of the inhibin peptides 
within the testis during development, but additional 
details remain obscure. We also do not know about the 
functional correlates of inhibin, activin, and the fetal 
Leydig cell. 

There are several observations suggesting the pres- 
ence and age-specific effects of several growth factors 
in the fetal Leydig cells. Transforming growth factor-cu 
is present in the 1-day-old rat Leydig cells, where it may 
be involved in the autocnne regulation of Leydig cells 
or may act as a paracrine regulator of growth and 
differentiation of the seminiferous tubules ( 1  1 1). Since 
this growth factor is similarly located in the adult testis 
(1 1 l) ,  is not known whether this fetal form of epidermal 
growth factor has any special functions during the early 
stages of testicular development. Hansson et af. ( 1  12) 
showed recently that all cells of the neonatal rat testis 
contained insulin-like growth factor- 1 immunoreactiv- 

ity, whereas only the spermatogenic cells of the adult 
testis were immunopositive. Again, this finding suggests 
a special autocrine/paracrine action of insulin-like 
growth factor- 1 in the developing testis. 

There are several other examples of differential 
effects of growth factors and paracrine effectors on fetal 
and adult Leydig cell function. Androgens and gluco- 
corticoids are inhibitory to LH-dependent steroidogen- 
esis of adult Leydig cells, but not of the fetal cells (1 13). 
Antidiuretic hormone inhibits the same function in 
neonatal and adult cells, but not in the fetus (90, 113). 
The effects of tumor necrosis factor and interleukin 1 
are different (1 14). Since these agents are mitogenic to 
normal adult cells and inhibitory to rapidly dividing 
malignant cells, these actions appear to parallel their 
effects on Leydig cells, i.e., stimulation of adult and 
inhibition of the rapidly dividing fetal Leydig cells. Both 
suppress testosterone production by the fetal Leydig 
cells in culture rather than augment it, as they do for 
adult testis cells. In contrast, the effects of GnRH (acute 
stimulation and long-term inhibition) and corticotro- 
pin-releasing factor (inhibition) on Leydig cell steroi- 
dogenesis seem to be similar in the fetus and adult ( 1 15, 
116). The neonatal or immature testis is frequently 
used as a model in studies of Leydig cell function, but 
such results should not be directly extrapolated to the 
adult situation. The effects may be closely dependent 
upon the nature of the cell population studied, whether 
fetal, immature, or adult. 

Concluding Remarks 
The fetal period represents a very active period of 

testicular endocrine function. A specific fetal-type pop- 
ulation of Leydig cells is responsible for this activity. 
The functions of testosterone in the fetus are important, 
although very different from those observed in the 
adult. These activities also occur in an endocrinological 
environment that is very different from that of the 
adult. For these reasons, it is expected that the structural 
and functional features of the fetal Leydig cells have 
numerous special characteristics in comparison to the 
adult. Constant morphological and functional changes 
are typical of these cells during fetal life, a feature that 
differentiates them from the constant adult population 
of Leydig cells. The functional activity of the fetal 
Leydig cells clearly precedes their morphological mat- 
uration. Characterizing the special features of Leydig 
cells, and contrasting them with the respective events 
in the adult Leydig cells, provides us with an alternative 
perspective in attempts to unravel the functional fea- 
tures of steroidogenic cells. 

Our own studies summarized here were supported by research 
contracts from The Academy of Finland, The Finnish Life and 
Pension Insurance Companies, and by a grant from The Sigrid 

FETAL LEYDIG CELLS 137 



Jusklius Foundation. The authors are grateful to Dr. D. W. Warren 
for valuable comments on the manuscript. 

1. Kuopio T, Tapanainen J, Pelliniemi U, Huhtaniemi I. Devel- 
opmental stages of fetal-type Leydig cells in prepubertal rats. 
Development 107:2 13-220, 1989. 

2. Narbaitz R, Adler R. Submicroscopical aspects in the differen- 
tiation of rat fetal Leydig cells. Acta Physiol Latinoam 4:286- 
291, 1967. 

3. Pelliniemi U, Niemi M. Fine structure of the human foetal 
testis. I. The interstitial tissue. Z Zellforsch 99:507-522, 1969. 

4. Pelliniemi U, Lauteala L. Development of sexual dimorphism 
in the embryonic gonad. Hum Genet 58:64-67, 198 1. 

5. Pelliniemi U. Sexual differentiation of the pig gonad. Arch 
Anat Microsc Morphol Exp 74:76-80, 1985. 

6. McLaren A. What makes a man a man? Nature 346:216-217, 
1990. 

7. McLaren A. Sex determination-The making of male mice. 
Nature 351:96, 199 1. 

8. Niemi M, Ikonen M, Hervonen A. Histochemistry and fine 
structure of the interstitial tissue in the human foetal testis. In: 
Wolstenholme GEW, OConnor M, Eds. Ciba Foundation Col- 
loquia on Endocrinology: Endocrinology of the Testis. London: 
J & A Churchill, London, Vol 16: pp31-55, 1967. 

9. Zondek LH, Zondek T. Fetal hilar cells and Leydig cells in early 
pregnancy. Biol Neonate 30: 193- 199, 1975. 

10. Kellokumpu-Lehtinen P, Pelliniemi U. Hormonal regulation 
of differentiation of human fetal prostate and Leydig cells in 
vitro. Folia Histochem Cytobiol 26:113-1 18, 1988. 

11. Huhtaniemi IT, Korenbrot CC, Jaffe RB. hCG binding and 
stimulation of testosterone biosynthesis in the human fetal 
testis. J Clin Endocrinol Metab 44:963-967, 1977. 

12. Codesal J, Regadera J, Nistal M, Regaderasejas J, Paniagua R. 
Involution of human fetal Leydig cells-An immunohistochem- 
ical, ultrastructural and quantitative study. J Anat 172: 103- 
114, 1990. 

13. Nagano T, Suzuki F. Freeze-fracture observations on the inter- 
cellular junctions of Sertoli cells and of Leydig cells in the 
human testis. Cell Tissue Res 166:37-48, 1976. 

14. Kuopio T, Paranko J, Pelliniemi U. Basement membrane and 
epithelial features of fetal-type Leydig cells in rat and human 
testis. Differentiation 40: 198-206, 1989. 

15. Dechelotte P, Chassagne J, Labbe A, Afane M, Scheye T, de 
Laguillaumie B, Boucher D. Ultrastructural and immunohis- 
tochemical evidence of in situ differentiation of mononuclear 
phagocyte system cells in the interstitium of human fetal testis. 
Early Hum Dev 20:25-36, 1989. 

16. Reyes FI, Winter JSD, Faiman C. Endocrinology of the fetal 
testis. In: Burger H, de Kretser D, Eds. The Testis, (2nd ed). 
New York: Raven Press, ppl19-142, 1989. 

17. Roosen-Runge EC, Anderson D. The development of the inter- 
stitial cells in the testis of the albino rat. Acta Anat 37: 125-137, 
1959. 

18. Merchant-Larios H. The onset of testicular differentiation in 
the rat: An ultrastructural study. Am J Anat 1453 19-330, 1975. 

19. Lording DW, de Kretser DM. Comparative ultrastructural and 
histochemical studies of the interstitial cells of the rat testis 
during fetal and postnatal development. J Reprod Fertil29:26 1- 
269, 1972. 

20. Magre S ,  Jost A. The initial phases of testicular organogenesis 
in the rat. An electron microscopy study. Arch Anat Microsc 

2 1. Niemi M, Ikonen M. Steroid-3P-01-dehydrogenase activity in 

22. Tapanainen J, Kuopio T, Pelliniemi U, Huhtaniemi I. Rat 

69~297-3 18, 1980. 

foetal Leydig’s cells. Nature 189:592-593, 196 1. 

testicular endogenous steroids and number of Leydig cells be- 
tween the fetal period and sexual maturity. Biol Reprod 

23. Kerr JB, Knell CM. The fate of fetal Leydig cells during the 
development of the fetal and postnatal rat testis. Development 

24. Hardy MP, Zirkin BR, Ewing LL. Kinetic studies on the devel- 
opment of the adult population of Leydig cells in testes of the 
pubertal rat. Endocrinology 124:762-770, 1989. 

25. Jost A, Perlman S, Valentino 0, Castanier M, Scholler R, Magre 
S. Experimental control of the differentiation of Leydig cells in 
the rat fetal testis. Proc Natl Acad Sci USA 858094-8097, 
1988. 

26. Born W, Wekerle H. Selective, immunologically nonspecific 
adherence of lymphoid and myeloid cells to Leydig cells. Eur J 
Cell Biol 2576-8 1, 198 1. 

27. Rivenson A, Ohmori T, Hamazaki M, Madden R. Cell surface 
recognition: Spontaneous identification mouse Leydig cells by 
lymphocytes, macrophages and eosinophils. Cell Mol Biol 

28. Hutson JC. Changes in the concentration and size of testicular 
macrophages during development. Biol Reprod 43:885-890, 
1990. 

29. Pollard I, Williamson S ,  Magre S. Influence of caffeine admin- 
istration during pregnancy on the early differentiation of fetal 
rat ovaries and testes. J Dev Physiol 13:59-65, 1990. 

30. Patsavoudi E, Magre S, Castanier M, Scholler R, Jost A. Dis- 
sociation between testicular morphogenesis and functional dif- 
ferentiation of Leydig cells. J Endocrinol 105235-238, 1985. 

31. Forest MG, de Peretti E, Bertrand J. Hypothalamic-pituitary- 
gonadal relationships in man from birth to puberty. Clin En- 
docrinol5551-569, 1976. 

32. Huhtaniemi IT, Warren DW. Ontogeny of pituitary-gonadal 
interactions. Recent advances and controversies. Trends En- 
docrinol Metab 1:356-362, 1990. 

33. Huhtaniemi I, Dunkel L, Perheentupa J. The transient increase 
in postnatal testicular activity is not revealed by longitudinal 
measurements of salivary testosterone. Pediatr Res 20: 1324- 
1327, 1986. 

34. Bolton NJ, Tapanainen J, Koivisto M, Vihko R. Circulating 
sex hormone-binding globulin and testosterone in newborns 
and infants. Clin Endocrinol31:201-207, 1989. 

35. Warren DW, Haltmeyer GC, Eik-Nes KB. Synthesis and me- 
tabolism of testosterone in the fetal rat testis. Biol Reprod 7:94- 
99, 1972. 

36. Warren DW, Haltmeyer G, Eik-Nes KB. The effect of gonado- 
tropins on the fetal and neonatal rat testis. Endocrinology 

37. Warren DW, Huhtaniemi IT, Tapanainen J, Dufau ML, Catt 
KJ. Ontogeny of gonadotropin receptors in the fetal and neo- 
natal rat testis. Endocrinology 114:470-476, 1984. 

38. Rommerts FFG, van der Molen HJ. Testicular steroidogenesis. 
In: Burger H, de Kretser DM, Eds. The Testis (2nd ed). New 
York: Raven Press, pp303-328, 1989. 

39. Pakarinen P, Huhtaniemi I. Gonadal and sex steroid feedback 
regulation of gonadotrophin mRNA levels and secretion in 
neonatal male and female rats. J Mol Endocrinol 3:139-144, 
1989. 

40. Picon R, Habert R. A sensitive bioassay for luteinizing hor- 
mone-like activity applied to systemic plasma of foetal rats. 
Acta Endocrinol97: 176- 180, 198 1. 

41. Schwanzel-Fukuda M, Pfaff DW. Origin of luteinizing hor- 
mone-releasing hormone neurons. Nature 338: 16 1-164, 1989. 

42. Wray S, Grant P, Gainer H. Evidence that cells expressing 
luteinizing hormone-releasing hormone mRNA in the mouse 
are derived from progenitor cells in the olfactory placode. Proc 
Natl Acad Sci USA 86:8132-8136, 1989. 

31~1027-1035, 1984. 

103~535-544, 1988. 

21:49-56, 1981. 

96:1226-1229, 1975. 

138 FETAL LEYDIG CELLS 



43. Jennes L. Prenatal development of the gonadotropin-releasing 
hormone containing systems in rat brain. Brain Res 48:97- 108, 
1989. 

44. Jennes L. Prenatal development of gonadotropin-releasing hor- 
mone receptors in the rat anterior pituitary. Endocrinology 

45. Aubert ML, Begeot M, Winiger BP, Morel G, Sizonenko PC, 
Dubois PM. Ontogeny of hypothalamic luteinizing hormone- 
releasing hormone (GnRH) and pituitary GnRH receptors in 
fetal and neonatal rats. Endocrinology 116:1565-1576, 1985. 

46. Catt KJ, Harwood JP, Clayton RN, Davies TF, Chan V, Kati- 
kineni M, Nozu K, Dufau ML. Regulation of peptide hormone 
receptors and gonadal steroidogenesis. Recent Prog Horm Res 

47. Segaloff DL, Wang H, Richards JS. Hormonal regulation of 
luteinizing hormone/chorionic gonadotropin receptor mRNA 
in rat ovarian cells during development and luteinization. Mol 
Endocrinol4:1856-1885, 1990. 

48. Piquette GN, LaPolt PS, Oikawa M, Hsueh AJW. Regulation 
of luteinizing hormone receptor messenger ribonucleic acid 
levels by gonadotropins, growth factors, and gonadotropin- 
releasing hormone in cultured rat granulosa cells. Endocrinol- 

49. Hooghe-Peters EL, Belayew A, Herregodts P, Velkeniers B, 
Smets G, Martial JA, Vanhaeist L. Discrepancy between pro- 
lactin (PRL) messenger ribonucleic acid and PRL' content in 
rat pituitary cell: Possible role of dopamine. Mol Endocrinol 

50. Sokka T, Hamaliiinen T, Huhtaniemi I. Functional LH receptor 
appears in the neonatal rat ovary after changes in the alternative 
splicing pattern of the LH receptor mRNA. Endocrinology 

5 1. Mulchaney JJ, DiBlasio AM, Martin MC, Blumenfeld Z, Jaffe 
RB. Hormone production and peptide regulation of the human 
fetal pituitary gland. Endocr Rev 8:406-425, 1987. 

52. Kaplan SL, Grumbach MM, Aubert ML. The ontogenesis of 
pituitary hormones and hypothalamic factors in the human 
fetus: Maturation of central nervous system regulation of ante- 
rior pituitary function. Recent Prog Horm Res 32:161-243, 
1976. 

53. beck-Peccoz P, Padmanabhan V, Baggiani AM, Cortelazzi D, 
Buscaglia M, Medri G, Marconi AM, Pardi G, Beitins IZ. 
Maturation of hypothalamic-pituitary-gonadal function in nor- 
mal human fetuses: Circulating levels of gonadotropins, their 
a-subunit and free testosterone, and discrepancy between im- 
munological and biological activities of circulating follicle-stim- 
ulating hormone. J Clin Endocrinol Metab 73:525-532, 1991. 

54. Abramovich DR, Baker TG, Neal P. Effect of human chorionic 
gonadotropin on testosterone secretion by the foetal human 
testis in organ culture. J Endocnnol60: 179- 185, 1974. 

55. Ahluwalia B, Williams J, Verma P. In vitro testosterone biosyn- 
thesis in the human fetal testis: 11. Stimulation by cyclic AMP 
and human chorionic gonadotropin (hCG). Endocrinology 

56. Huhtaniemi I, Lautala P. Stimulation of steroidogenesis in 
human fetal testes by the placenta during perifusion. J Steroid 
Biochem 10: 109- 1 13, 1979. 

57. Molsbeny RL, Cam BR, Mendelson CR, Simpson ER. Human 
chorionic gonadotropin binding to human fetal testes as a 
function of gestational age. J Clin Endocrinol Metab 55791- 
794, 1982. 

58. Leinonen P, Jaffe RB. Leydig cell desensitization by human 
chorionic gonadotropin does not occur in the human fetal testis. 
J Clin Endocrinol Metab 61:234-238, 1985. 

59. Tapanainen J, Voutilainen R, Jaffe RB. Low aromatase activity 
and expression in human fetal testes. J Steroid Biochem 33:7- 
11, 1989. 

126:942-947, 1990. 

36:557-622, 1980. 

ogy 128:2449-2456, 1991. 

2 1  163-1 168, 1988. 

130:1738-1740, 1992. 

951411-1415, 1974. 

60. Word RA, George FW, Wilson JD, Carr BR. Testosterone 
synthesis and adenylate cyclase activity in the early human fetal 
testis appear to be independent of human chorionic gonadotro- 
pin control. J Clin Endocrinol Metab 69:204-208, 1989. 

6 1. Wilson JD, George FW, Griffin JE. The hormonal control of 
sexual development. Science 211:1278-1284, 1991. 

62. Rabinovici J, Jaffe RB. Development and regulation of growth 
and differentiated function in human and subhuman primate 
gonads. Endocr Rev 11532-537, 1990. 

63. Huhtaniemi IT, Nozu K, Warren DW, Dufau ML, Catt KJ. 
Acquisition of regulatory mechanisms for gonadotropin recep- 
tors and steroidogenesis in the maturing rat testis. Endocrinol- 

64. Risbridger GP, de Kretser DM. Paracrine regulation of the 
testis. In: Burger H, de Kretser D, Eds. The Testis (2nd ed). 
New York: Raven Press, pp255-268, 1989. 

65. Slob AK, Ooms MP, Vreeburg JTM. Prenatal and early post- 
natal sex differences in plasma and gonadal testosterone and 
plasma luteinizing hormone in female and male rats. J Endo- 
crinol87:81-87, 1990. 

66. Picon R, Habert R. A sensitive bioassay for luteinizing-hormone 
like activity applied to systemic plasma of foetal rats. Acta 
Endocrinol97: 176- 1 80, 198 1. 

67. Tapanainen J, Penttinen J, Huhtaniemi I. Effect of progesterone 
treatment on the development and function of neonatal rat 
adrenals and testes. Biol Neonate 36:290-297, 1979. 

68. Tsai-Moms C-H, Knox G, Luna S, Dufau ML. Acquisition of 
estradiol-mediated regulatory mechanism of steroidogenesis in 
cultured fetal rat Leydig cells. J Biol Chem 261:3471-3474, 
1986. 

69. Tsai-Moms C-H, Know GF, Dufau ML. Gonadotropin induc- 
tion of a regulatory mechanism of steroidogenesis in fetal Leydig 
cell cultures. J Steroid Biochem 29:285-291, 1988. 

70. Corpdchot C, Baulieu E-E, Robe1 P. Testosterone, dihydrotes- 
tosterone and androstanediols in plasma, testes and prostates of 
rats during development. Acta Endocrinol96:127-135, 1981. 

7 1. Murono EP. Differential regulation of steroidogenic enzymes 
metabolizing testosterone or dihydrotestosterone by human 
chorionic gonadotropin in cultured rat neonatal interstitial cells. 
Acta Endocrinol 122:289-295, 1990. 

72. Folman Y, Ahmad N, Sowell JG, Eik-Nes KB. Formation in 
vitro of 5a-dihydrotestosterone and other 5a-reduced metabo- 
lites of SH-testosterone by the seminiferous tubules and inter- 
stitial tissue from immature and mature rat testes. Endocrinol- 

73. Siiteri PK, Wilson JD. Testosterone formation and metabolism 
during male sexual differentiation in the human embryo. J Clin 
Endocrinol Metab 38: 1 13- 125, 1974. 

74. Tapanainen J, Kellokumpu-Lehtinen P, Pelliniemi LJ, Huht- 
aniemi I. Age-related changes in endogenous steroids of human 
fetal testis during early and midpregnancy. J Clin Endocrinol 
Metab 52:98-102, 1981. 

75. Voutilainen R, Miller WL. Developmental expression of genes 
for the steroidogenic enzymes P45Oscc (20,22-desmolase, 
P450c17 (17-hydroxylase/17,20 lyase), and P450c21 (21-hy- 
droxylase) in the human fetus. J Clin Endocrinol Metab 

76. Huhtaniemi I, Ikonen M, Vihko R. Presence of testosterone 
and other neutral steroids in human fetal testes. Biochem Bio- 
phys Res Commun 38:7 15-720, 1970. 

77. Ruokonen A, Laatikainen T, Laitinen EA, Vihko R. Free and 
sulfate-conjugated neutral steroids in human testis tissue. Bio- 
chemistry 11:1411-1416, 1972. 

78. Leinonen P, Ruokonen A, Kontturi M, Vihko R. Effects of 
estrogen treatment on human testicular unconjugated steroid 
and steroid sulfate production in vivo. J Clin Endocrinol Metab 

ogy 111:1711-1720, 1982. 

ogy 92:41-47, 1983. 

63:1145-1150, 1986. 

53~569-573, 1981. 

FETAL LEYDIG CELLS 139 



79. 

80. 

81. 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

91. 

92. 

93. 

94. 

95. 

96. 

97. 

98. 

McDonald PC, Madden JD, Brenner PF, Wilson JD, Siiteri PK. 
Origin of estrogen in normal men and women with testicular 
feminization. J Clin Endocrinol Metab 49:905-916, 1979. 
George FW, Carr BR, Noble JF, Wilson JD. 5a-Reduced an- 
drogens in the human fetal testis. J Clin Endocrinol Metab 

Warren DW, Dufau ML, Catt KJ. Hormonal regulation of 
gonadotropin receptors and steroidogenesis in cultured fetal rat 
testes. Science 218:375-377, 1982. 
Dufau ML. Endocrine regulation and communicating functions 
of the Leydig cell. Annu Rev Physiol50:483-508, 1988. 
Huhtaniemi IT, Warren DW, Catt KJ. Functional maturation 
of rat testis Leydig cells. Ann NY Acad Sci 438:283-303, 1984. 
Pakarinen P, Vihko KK, Voutilainen R, Huhtaniemi I. Differ- 
ential response of luteinizing hormone receptor and steroido- 
genic enzyme gene expression to human chorionic gonadotro- 
pin stimulation in the neonatal and adult rat testes. Endocri- 
nology 127:2469-2474, 1990. 
Huhtaniemi I, Warren DW, Catt KJ. Development of heterol- 
ogous down-regulation of lactogen receptors in the rat testes. 
Mol Cell Endocrinol 29:287-294, 1983. 
Huhtaniemi IT, Warren DW, Catt KJ. Regulation of infant and 
developing rat testicular gonadotropin and prolactin receptors 
and steroidogenesis by treatments with human chorionic go- 
nadotropin, gonadotropin-releasing hormone analogs, bromo- 
criptine, prolactin and estrogen. Biol Reprod 32:72 1-732, 1985. 
Wang H, Segaloff DL, Ascoli M. Lutropin/choriogonadotropin 
down-regulates its receptor by both receptor-mediated endocy- 
tosis and CAMP-dependent reduction in receptor mRNA. J Biol 
Chem 266:780-785, 1991. 
Huhtaniemi IT, Eskola V, Pakarinen P, Matikainen T, Sprengel 
R. The murine LH and FSH receptor genes: Transcription 
initiation sites, putative promoter sequences and promoter ac- 
tivity. Mol Cell Endocrinol (in press). 
Warren DW. Development of transmembrane signaling in the 
fetal rat Leydig cell. J Androl 10:487-491, 1989. 
Warren DW. Development of the inhibitory guanine nucleo- 
tide-binding regulatory protein in the rat testis. Biol Reprod 

Eskola V, Huhtaniemi I ,  Warren DW. Ontogeny of the inhibi- 
tory guanine nucleotide binding regulatory protein (Gi) in the 
rat testis. In: Abstracts of the Endocrine Society annual meeting, 
San Antonio, TX, No. 1476. 
Bellve AR, Zheng W. Growth factors as autocrine and paracrine 
modulators of male gonadal function. J Reprod Fertil8577 1- 
793, 1989. 
Vigier B, Forest MG, Eychenne B, BCzard J, Gamgou 0, Robe1 
P, Josso N. Anti-Mullenan hormone produces endocrine sex 
reversal of fetal ovaries. Proc Natl Acad Sci USA 86:3684- 
3688, 1989. 
Takahashi M, Koide SS, Donahue PK. Miillenan inhibiting 
substance as oocyte meiosis inhibitor. Mol Cell Endocrinol 

Hutson JM, Donahue PK. The control of testicular descent. 
Endocr Rev 7:270-283, 1986. 
Bardin CW, Chen C-LC, Moms PL, Gerendai I, Boitani C, 
Liotta AS, Margioris A, Kriger DT. Proopiomelanocortinde- 
rived peptides in testis, ovary, and tissues of reproduction. 
Recent Prog Horm Res 43:l-28, 1987. 
Fabbri A, Knox G, Buczko E, Dufau ML. @-Endorphin pro- 
duction by the fetal Leydig cell: Regulation and implications 
for paracrine control of Sertoli cell function. Endocrinology 

Gerendai I, Nemeskeri A, Csernus V. Intratesticular injection 

64~628-630, 1987. 

40: 1208-12 14, 1989. 

47~225-234, 1986. 

122~749-755, 1988. 

of [D-Met2 Pro’lenkephalinamide suppresses testosterone secre- 
tion of the testis of immature rat. Regul Pept 27: 107-1 15, 1990. 

99. Orth JM, Boehm R. Endorphin suppresses FSH-stimulated 
proliferation of isolated neonatal Sertoli cells by a pertussis 
toxin-sensitive mechanism. Anat Rec 226:320-327, 1990. 

100. Robertson DM, McLachlan RI, Burger HG, de Kretser DM. 
Inhibin and inhibin-related proteins in the male: In: Burger H, 
de Kretser DM, Eds. The Testis (2nd ed). New York: Raven 
Press, pp231-254, 1989. 

101. Roberts VJ, Sawchenko PE, Vale W. Expression of inhibin/ 
activin subunit messenger ribonucleic acids during rat embry- 
ogenesis. Endocrinology 128:3122-3 129, 1991. 

102. Meunier H, Rivier C, Evans RM, Vale W. Gonadal and extra- 
gonadal expression of inhibin a, @A and @B subunits in various 
tissues predicts diverse function. Proc Natl Acad Sci USA 

103. Shaha C, Moms PL, Chen C-LC, Vale W, Bardin CW. Immu- 
nostainable inhibin subunits are in multiple types of testicular 
cells. Endocrinology 125: 194 1- 1950, 1988. 

104. Roberts V, Meunier H, Sawchenko PE, Vale W. Differential 
production and regulation of inhibin subunits in rat testicular 
cell types. Endocrinology 1252350-2359, 1989. 

105. Lee W, Mason AJ, Schwall R, Szonyi E, Mather JP. Secretion 
of activin by interstitial cells in the testis. Science 243:396-398, 
1989. 

106. Hsueh AJW, Dahl KD, Vaughan J, Tucker E, Rivier J, Bardin 
CW, Vale W. Heterodimers and homodimers of inhibin sub- 
units have different paracrine action in the modulation of 
luteinizing hormone-stimulated androgen biosynthesis. Proc 
Natl Acad Sci USA 84:5082-5086, 1987. 

107. Lin T, Calkins JH, Moms PL, Vale W, Bardin CW. Regulation 
of Leydig cell function in primary culture by inhibin and activin. 
Endocrinology 1252134-2140, 1989. 

108. Gonzalez-Machon C, Vale W. Activin-A, inhibin and trans- 
forming growth factor-@ modulate growth of two gonadal cell 
lines. Endocrinology 1251666-1672, 1989. 

109. Voutilainen R, Eramaa M, Ritvos 0. Hormonally regulated 
inhibin gene expression in human fetal and adult adrenals. J 
Clin Endocrinol Metab 73:1026-1030, 1991. 

110. Rabinovici J, Goldsmith PC, Robert VJ, Vaughan J, Vale W, 
Jaffe RB. Localization and secretion of inhibin/activin subunits 
in the human and subhuman primate fetal gonads. J Clin 
Endocrinol Metab 73:1141-1149, 1991. 

1 1  1. Teerds KJ, Rommerts FFG, Domngton JH. Immunohisto- 
chemical detection of transforming growth factor-a in Leydig 
cells during the development of the rat testis. Mol Cell Endo- 
crino169:Rl-R6, 1990. 

112. Hansson H-A, Billig H, Isgaard J.  Insulin-like growth factor I 
in the developing and mature rat testis: Immunohistochemical 
aspects. Biol Reprod 40:1231-1328, 1989. 

113. Meidan R, Lim P, McAllister JM, Hsueh AJW. Hormonal 
regulation of androgen biosynthesis by primary cultures of testis 
cells from neonatal rats. Endocrinology 116:2473-2482, 1985. 

114. Warren D, Pasupuleti V, Platler B, Lu Y, Horton R. Tumor 
necrosis factor and interleukin- 1 inhibit testosterone secretion 
in cultured fetal rat testis cells but stimulate testosterone pro- 
duction in adult rat testis cells. In: Abstracts of the Endocrine 
Society annual meeting, Seattle: no. 1159, June 1989. 

1 15. Huhtaniemi I, Catt KJ, Clayton RN. Newborn and immature 
rat testes contain gonadotropin-releasing hormone (GnRH) re- 
ceptors, and their testosterone production is stimulated by a 
GnRH agonist in vitro. Mol Cell Endocrinol40:41-44, 1985. 

116. Ulisse S, Fabbn A, Dufau ML. Corticotropin-releasing factor 
receptors and actions in Leydig cells. J Biol Chem 246:2156- 
2163, 1989. 

85~247-251, 1988. 

140 FETAL LEYDIG CELLS 


