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ABSTRACT
Inhibins, activins, and follistatins are all believed to play roles in
the regulation of FSH secretion by the pituitary and in the paracrine
regulation of testis function. Previous studies have resulted in conflicting data on the pattern of expression of the inhibin/activin subunits, and little information on expression of follistatin during fetal/
neonatal life. We have made use of new, highly specific monoclonal
antibodies and fixed tissue sections from fetal, neonatal, and adult
rats, and limited amounts of fetal and neonatal human testis, to
undertake a detailed immunocytochemical study of the pattern of
expression of these regulatory proteins.
In the rat, positive immunostaining for the a-subunit of inhibin (a)
was first detectable on day 14.5 post coitum (p.c.), the first day on
which the testis could be morphologically distinguished from the
ovary. During fetal life, the a-immunostaining was most prominent
in the fetal Leydig cells. In Sertoli cells, a-immunostaining was
slightly stronger on days 14.5 and 15.5 p.c. compared with 16.5–20.5.
After birth, a-immunostaining remained intense in fetal Leydig cells
but declined following their replacement with their adult-type counterparts; in contrast, a-subunit increased in Sertoli cells immediately
after birth. Immunostaining with antibodies specific to bB-subunit
showed a similar pattern to that of the a-subunit, except that positive
immunostaining was first detectable on day 16.5 p.c., 2 days later

than immunostaining for the a-subunit. The pattern of bB-immunostaining in postnatal samples paralleled that of the a-subunit. Immunostaining using antibodies against the bA-subunit did not produce any significant reaction product in any sample. Follistatin was
undetectable in the fetal rat testis but appeared in the Leydig cells
immediately after birth and its expression remained intense throughout postnatal development and in adult testis. No evidence was obtained for expression of either the inhibin/activin subunits or follistatin in the germ cells, peritubular myoid cells, or other interstitial cells
in any of the sections examined. In the human fetal testis, both a- and
bB-subunits were immunodetectable at 16, 18, and 24 weeks gestation in Sertoli and Leydig cells, with stronger immunostaining in
Sertoli cells at 24 weeks. Postnatally at 4 months, immunoexpression
of the bB-subunit was no longer detectable, whereas the a-immunostaining became weaker but was still present in both Sertoli and
Leydig cells. No positive immunostaining for bA-subunit or follistatin
was detectable at any time point studied.
In conclusion, we have shown that, in the rat testis, the majority
of inhibin a-subunit and inhibin/activin bB-subunit is immunolocalized to the fetal-type Leydig cells during fetal/neonatal life but, following birth, immunoexpression in the Sertoli cells of both subunits
increases markedly while follistatin is immunodetectable only postnatally. (Endocrinology 138: 2136 –2147, 1997)

I

subunits of inhibin/activin have been localized in the immature and adult testis but little is known about the pattern
of expression and function of these peptides in the fetal and
neonatal gonads (8 –10) .
In the adult testis, inhibin is mainly synthesized by Sertoli
cells with small amounts produced also in the Leydig cells
(9 –11). Previous reports have described a similar pattern of
expression in the fetal and neonatal testis; however, in the
limited data presented the immunostaining in Leydig cells
appeared to be more prominent in immature animals than in
adults (9, 10). A similar pattern of expression has also been
reported for the primate (rhesus monkey and human) testis
(8). In the rat, studies have indicated that immunodetectable
levels of the inhibin/activin subunits as well as their mRNA
levels in the testis vary greatly with age (9, 10). Specific
measurement of the levels of inhibin in circulation have
usually been based on assays that appear not to distinguish
between dimeric (active) inhibin and free a-subunit (12), a
problem which has now been resolved by the development
of highly specific monoclonal antibodies that have been selected to recognize only the bioactive inhibin dimers (13).
Results using these assays have indicated that the physio-

NHIBINS and activins are structurally related dimeric gonadal proteins with the ability to alter FSH secretion from
pituitary glands (1, 2). Inhibin selectively suppresses FSH
secretion (2), whereas activin can stimulate FSH release (3).
Inhibins are composed of an a-subunit and one of the two
similar, but distinct b-subunits (bA and bB). Activins are
dimers of two b-subunits and the three possible activin
dimers have been designated, activin A (bA/bA), activin B
(bA/bB), and activin AB (bA/bB) (2). Apart from their action
on FSH secretion, the inhibins and activins have been shown
to exert paracrine/autocrine effects within the gonads (4, 5)
and other tissues (6) and have been proposed to have important paracrine function(s) during fetal development (7).
The proteins and messenger RNAs (mRNAs) of the three
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logically important form of inhibin in the male is inhibin B
(14). Immunocytochemical data generated using polyclonal
antisera to inhibin/activin peptides now merits revaluation.
Follistatins are a group of proteins reported to have the
ability to suppress FSH secretion, but which are structurally
unrelated to inhibins. So far, nine different-sized follistatin
proteins have been described, all derived from a single gene
by alternative splicing of its mRNA or posttranslational modifications (15). Studies by Kogawa and Nakamura and their
colleagues (16, 17) have shown that follistatins bind to the
activins and to lesser extent to inhibins (18). The role of the
follistatins are not as yet completely elucidated, but the available data suggest that they may function primarily as regulators of activin bioavailability rather than as simple carrier
molecules (19, 20). Follistatins are reported to be expressed
both in the pituitary gland (16) and in the adult testis (21) but
not in the fetal testis (22).
In the present study, we have used fixed tissue sections to
undertake immunolocalization with new highly specific
monoclonal antibodies raised against each of the inhibin/
activin subunits and follistatin to study the ontogeny and
cellular localization of the inhibin/activin subunits and follistatin in fetal testis from rat and human and to compare this
to the postnatal rat testis. The results obtained have demonstrated that, in the rat, the majority of inhibin/activin is
immunolocalized to the Leydig cells during fetal life, but,
after birth, immunoexpression in the Sertoli cells becomes
more significant. We believe this is the first detailed study
describing the pattern of expression of immunodetectable
inhibin/activin subunits and follistatin during fetal and
neonatal life.
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were obtained from fetuses or fetal testis on days 13.5 p.c. to day 20.5 p.c.
and postnatal testes from rats aged 3, 7, 16, 18, 27, and 90 (adult) days;
in adults, testes were recovered following perfusion fixation via the
dorsal aorta as described previously (23). Sections from at least three
different animals were examined at each age.
Human fetal and postnatal testes were obtained from an archive
collection at the Human Genetics Unit, Western General Hospital, Edinburgh, UK, and were derived from routine autopsies performed between 1990 and 1993. Testes from fetuses of 16, 18, and 24 (n 5 2) weeks
gestation and testes from 4-month-old neonates (n 5 2) had been fixed
in neutral buffered formaldehyde and were processed as above.

Immunocytochemistry
Sections (5 microns) were mounted on slides coated with 3-aminopropyl triethoxy-silane (TESPA; Sigma Chemical Co., St. Louis, MO)
and dried overnight at 50 C. Before incubation with primary antibody,
sections were dewaxed, rehydrated, in graded ethanols, washed in water
and TBS (0.05 m Tris-HCl pH 7.4, 0.85% NaCl) following by blocking
endogenous peroxidase by incubating the section for 30 min in 1% H2O2
in TBS. Sections were subjected to antigen retrieval (25) by microwaving
in 0.01 m citrate buffer (pH 6.0) on full power for 20 min, and thereafter
left standing for 20 min without disturbance. Sections were then washed
for 5 min in TBS and blocked using normal rabbit serum (Dako, High
Wycombe, Buckinghamshire, UK) diluted 1:5 in TBS. Purified monoclonal antibodies directed against a-subunit [(26), code 173/9K] were
used at a concentration of 2 mg/ml and antibodies directed against the
bB-subunit, which had a 1% cross-reaction with bA-subunit, [(27), code
12/13] at a concentration of 0.12 mg/ml. Monoclonal antibodies specific
for the bA-subunit [(28), code E4] were used at a range of concentrations
between 0.74 and 37 mg/ml. Antibodies directed against recombinant
FS-288 follistatin (code 17/2; Evans and Groome, unpublished) were
used at a concentration of 70 mg/ml; this antibody will recognize follistatin even when bound to activin (L. R. Evans, unpublished). The
immunostaining procedure was similar with all antibodies that were
diluted in TBS containing normal rabbit serum (5:1, vol/vol) before
incubation on sections under plastic coverslips overnight at 4 C. The
following day coverslips were removed, sections washed twice in TBS
(5 min each wash), incubated for 30 min with biotinylated rabbit antimouse immunoglobulins (Dako) diluted 1:500 in TBS and then washed
again in TBS (2 3 5 min). For detection of bound antibodies, sections
were first incubated with avidin-biotin complex conjugated with horseradish peroxidase for 30 min and washed twice in TBS (5 min each).
Colour reaction product was developed by incubating sections in a
mixture of 0.05% (wt/vol) 3,39-diaminobenzidine tetra-hydrochloride
(DAB, Sigma) in 0.05 m Tris-HCl, pH 7.4, and 0.01% hydrogen peroxide.
After 5–15 min, sections were washed in distilled water, counterstained
with hematoxylin, dehydrated in graded ethanols, cleared in xylene and
coverslipped using Pertex mounting medium (CellPath plc, Hemel
Hempstead, UK). Specificity of the antibodies was controlled by using
normal mouse serum instead of primary antibodies and by preabsorbing
the antibodies with the corresponding peptide.

Materials and Methods
Animals, treatments, and tissue recovery
Adult female rats were placed in individual cages with male rats and
checked for the presence of copulatory plugs each morning. The day
when the plug was found was taken as day 0.5 post coitum (p.c.).
Pregnant females were killed on different days of pregnancy by inhalation of carbon dioxide and subsequent cervical dislocation. Fetuses
were examined under a dissecting microscope and the testes recovered.
Fetal testes were immersion fixed in Bouin’s solution for 1–2 h, and
whole fetuses and postnatal testes were immersion fixed in Bouin’s
solution for 5– 6 h before processing into paraffin wax (23). Fetal age was
confirmed by morphological examination of the fetuses (24). Tissues

TABLE 1. Summary of the intensity of immunopositive staining for inhibin a and bB-subunits and follistatin in the fetal and postnatal
rat testis
Age

Fetal (days p.c.)

Postnatal (days)

14.5

15.5

16.5

17.5

20.5

3–7

16 –27

adult

a-subunit
Sertoli cells
Leydig cells

1
1

1
11

6
111

6
111

6
111

11
111a

111b
1/11

111b
1/11

bB-subunit
Sertoli cells
Leydig cells

2
2

2
2

1
11

6
111

6
111

1
111a

1/11b
1

111b
1

Follistatin
Sertoli cells
Leydig cells

2
2

2
2

2
2

2
2

2
2

6
111a

6
111

6
111

No positive signal was obtained using antibodies directed against the b A subunit.
a
Clumps of fetal Leydig cells that persist after birth until about day 9.
b
Stage dependent.
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FIG. 1. Inhibin a-subunit was first detected on day 14.5 p.c. (a). Immunostaining was present in both interstitial (arrow) and Sertoli cells
(arrowhead). As pregnancy proceeded (b, day 15.5; c, day 17.5; d, day 20.5), the immunostaining remained intense in the fetal Leydig cells but
became almost undetectable in Sertoli cells. No immunopositive staining was detected in the fetal ovaries at any time point studied or on control
sections of testis incubated with normal mouse serum. Magnification, 3300.
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Coimmunolocalization of inhibin-a and 3b-HSD

Expression of bB-subunit

To detect inhibin a-subunit and the steroidogenic enzyme 3b-hydroxysteroid dehydrogenase (3b-HSD) simultaneously in one section,
double fluorescent immunostaining was performed. Antibodies raised
in rabbits, against human 3b-HSD (29), were kindly donated by Professor Ian Mason (University of Edinburgh, Edinburgh, UK). Tissue
sections were blocked with normal goat serum and incubated with the
mixture of both primary antibodies (anti 3b-HSD was used at a dilution
of 1:1000 and anti a-inhibin at a dilution of 1:500) overnight at 4 C.
Incubation with primary antibodies was followed by two washes in TBS
and incubation with a mixture of fluorescent secondary antibodies (goat
antimouse FITC conjugated and goat antirabbit TRITC conjugated, both
from Sigma) at a dilution of 1:20 for 1 h at room temperature. Sections
were washed again three times in TBS and coverslipped using glycerol
gelatin and examined under UV light.

Immunocytochemistry with antibodies directed against
the bB-subunit resulted in detection of positive immunostaining in the fetal Leydig cells on day 16.5 (11, Fig. 4a)
but not on days 14.5 or 15.5 p.c. Immunostaining in the
Leydig cells remained intense throughout fetal life (111,
Fig. 4, b and c). Like that for the a-subunit, immunoexpression of the bB-subunit remained intense postnatally in
the fetal type-Leydig cells but became much weaker once
these cells were replaced by the adult generation of Leydig
cells (Fig. 5, compare c 1 with a 111). Immunostaining
for the bB-subunit was also observed within the tubules in
the cytoplasm of Sertoli cells, however, this staining was
very weak (6) throughout fetal development; no positive
immunostaining was observed in fetal ovaries (not
shown). Postnatally, the immunostaining in the Sertoli
cells became more prominent soon after birth and remained prominent throughout postnatal development
(Fig. 5). Like the a-subunit, immunostaining for bB-subunit in the adult testis was stage dependent in Sertoli cells
(1 to 111), with some immunostaining also observed in
interstitial cells (1).

Analysis and photography
Images were captured into a Macintosh PowerPC computer using an
Olympus Provis Image analysis system (Olympus Optical Co., London)
equipped with a Kodak DCS420 camera (Eastman Kodak, Rochester,
NY). For comparative assessment, the intensity of immunopositive
staining was given a score as follows: 2 negative, 6 barely detectable
1 faint, 11 clear positive, 111 intense positive.

Results

The intensity of immunostaining observed for all sections
of rat testes is summarized in Table 1.
Expression of the a-subunit
Positive immunostaining for inhibin a-subunit was first
detectable in the fetal rat testis on day 14.5 (Fig. 1a), the
earliest age at which the testis could be morphologically
distinguished from the ovary. At this age, the immunostaining appeared to be equally intense (1) in Sertoli and interstitial cells. However, on day 15.5 (Fig. 1b), the immunostaining was more intense in the interstitial cells (11) than
in Sertoli cells (1, arrowheads). Thereafter, the immunostaining remained very intense in the fetal Leydig cells (111) but
was barely detectable (6) in the fetal Sertoli cells (Fig. 1d).
Double immunofluoresence staining with anti-a-subunit
and anti-3b-HSD antibodies clearly showed colocalization of
3b-HSD and a-subunit (Fig. 2) and therefore demonstrated
that steroidogenically active Leydig cells are the cells expressing inhibin a-subunit in the interstitium during fetal
life. No positive immunostaining was detected in the fetal
ovary at any age examined (not shown).
Postnatally, the a-subunit immunostaining in the interstitium remained intense (111) for several days after birth in
the clusters of fetal-type Leydig cells (Fig. 3a, arrows). With
progressive age and replacement of the fetal Leydig cells by
their adult-type counterparts, immunostaining reduced (1/
11, Fig. 3b). In contrast, to fetal life immunoexpression of
the a-subunit was increased in the Sertoli cells after birth and
differences between the amount of immunostaining in individual tubule cross sections (i.e. stage-dependent expression)
from 1 to 11 could already be distinguished on day 3 of life
(Fig. 3a). Immunostaining of Sertoli cells was clearly stage
specific around day 27 (Fig. 3c);. in the adult immunostaining
of Sertoli cells in some tubules was very intense (111),
whereas others were barely positive (6) (Fig. 3d).

Expression of inhibin subunits in human fetal and neonatal
testes

In the human testis at 16 weeks gestation (Fig. 6, a and
c), the immunodetectable a-and bB-inhibin subunits were
present in both interstitial and Sertoli cells with similar
intensity (11). By 24 weeks (Fig. 6, b and d), most Sertoli
cells appeared to contain more immunoreactive protein
(11/111) than did the Leydig cells (1/11), and this
was also the case for immunoexpression of a-subunit in
the two postnatal samples examined (Fig. 6e). These results are consistent with the different time scales of development and maturation of the rat and human gonad. In
the human, gonadal differentiation starts during the first
trimester (30). FSH production and secretion in the human
fetus starts at around week 12 of pregnancy and increased
FSH secretion may be the trigger for the expression of
inhibin/activin subunits in Sertoli cells. As the youngest
testis studied was from a 16-week-old fetus, it is not
known if, like in the rat, the primary source of inhibin/
activin subunits at the very earliest stages of gonadal differentiation before onset of FSH secretion are Leydig cells.
The immunoexpression of a- and bB-subunits in the human testis appeared to decline after birth, possibly as a
consequence of reduced FSH secretion and production
(31).
bA-subunit

Immunocytochemistry using a range of dilutions of antibodies specific for the bA-subunit failed to show any specific
signal above background in any of the sections of rat or
human testes examined.
Follistatin

Immunostaining for follistatin in the fetal rat testis failed
to detect any positive signal at any age. During neonatal life,
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FIG. 2. Double fluorescent immunostaining with antibodies directed against 3b-HSD and inhibin a-subunit demonstrate clear and exclusive
colocalization of the 3b-HSD enzyme (a) and inhibin a-subunit (b) in the fetal Leydig cells. Magnification, 3400.

positive immunostaining (111) was detected in clusters of
fetal-type Leydig cells (Fig. 7) and in their adult-type counterparts (111) at all ages examined. No positive signal for
follistatin was detected in the limited number of sections
available from the fetal or neonatal humans.

Discussion

Inhibins and activins are dimeric glycoproteins produced
mainly in the gonads (2). Initially they were recognized as
gonadal regulators of FSH secretion by the pituitary gland

INHIBIN AND ACTIVIN SUBUNITS AND FOLLISTATIN
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FIG. 3. Postnatally, strong expression of inhibin a-subunit appeared in Sertoli cells immediately after birth (a, day 3 postnatal). The immunostaining remained intense throughout postnatal development (b, day 16; c day 27; d, day 90) and became stage specific at around day 27 (c).
The immunostaining remained intense in the fetal generation of Leydig cells (a, arrow) but was much weaker in the adult generation of Leydig
cells (c, arrow). Magnification, 3200.
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FIG. 4. Inhibin bB-subunit was first detectable by immunocytochemistry in the fetal testis on day 16.5 (a), 2 days after immunoexpression of
the a-subunit was first detected. Like the a-subunit, the immunostaining for bB was most prominent in fetal Leydig cells. The pattern of
immunostaining remained similar throughout the fetal life (b, day 17.5; c, day 20.5). Magnification, 3200.
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FIG. 5. Immunostaining for the bB-subunit was detected in Sertoli cells immediately after birth (a, day 3) but was much weaker than the
corresponding immunostaining for the a subunit (see Fig. 3). The intensity of inhibin bB immunostaining increased in Sertoli cells after day
16 (b) and thereafter remained high throughout postnatal development (c, day 27) and in the adult testis (d, day 90). Immunostaining in the
Leydig cells remained strong postnatally in the fetal generation of Leydig cells (a, arrow) but was much reduced in the adult generation of Leydig
cells (c, arrow). Magnification, 3200.
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FIG. 6. Inhibin a-subunit was expressed in both interstitial and Sertoli cells in the human fetal testis at 16 (a) and 24 (b) weeks of gestation. Similarly,
the bB-subunit was expressed in both types of cells during fetal life (c, 16 weeks; d, 24 weeks). Postnatally, immunoexpression of a-subunit declined
but was still detectable in both Sertoli and interstitial cells (e), whereas the bB-subunit was no longer detectable (not shown). Immunostaining with
preabsorbed antibodies against a-subunit did not result in any positive staining (f). Magnification, 3300.
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FIG. 7. Follistatin immunoexpression was first detectable immediately after birth in the fetal generation of Leydig cells (a, day 7, arrows) and
immunostaining was equally intense in the adult generation of Leydig cells when they appeared (b, day 27) and remained intense to adulthood
(not shown). Magnification, 3200.

with inhibin exhibiting a specific inhibitory role on FSH
secretion (2), whereas activin has the capacity to stimulate the
release of FSH (3). Several studies have suggested that, apart
from their action(s) on the secretion of FSH, inhibins and
activins have important paracrine regulatory roles in several
tissues/organs during fetal, neonatal, and adult life (5, 32).

Several studies have also reported that expression of the
inhibin/activin subunits occurs in testicular interstitial cells
both prenatally and postnatally in the rat (9, 10) and primate
(8), but the results are not consistent between different reports. Studies by Roberts and co-workers (9) have detected
a-subunit immunoexpression in both Sertoli and interstitial
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cells in 12-day-old rats with the stronger staining being in the
Sertoli cells. In these animals, immunostaining with antibodies directed against the bB-subunit resulted in a similar
intensity of staining in the interstitial and Sertoli cells but did
not detect any signal in clusters of Leydig cells. However,
Shaha et al. (10) did not detect any significant immunoexpression of either a- or bB-subunits in interstitial cells of fetal
(day 18 p.c.) and neonatal testes (days 1 and 7). In contrast,
Roberts and co-workers (22, 33) observed expression of the
mRNA for the a-subunit in both interstitial and intratubular
cells from day 14.5 p.c. onwards but were able to detect
bB-subunit mRNA only in the intratubular compartment
from day 14.5 p.c. onwards and found bA-subunit mRNA in
the interstitial compartment just before birth in the rat. In the
human and rhesus monkey, Rabinovici et al. (8) reported
strong expression of both a- and bB-subunits proteins in the
interstitial cells during fetal life with the a-subunit also being
expressed in the Sertoli cells, whereas the expression of bBsubunit appeared to be confined to the Leydig cells. The
results obtained in the present study where highly specific
monoclonal antibodies were used, demonstrate intense immunostaining for both a- and bB-subunits in the interstitial
cells within the fetal rat testis. mRNA for a-inhibin was also
localized to the interstitial compartment (unpublished observations). These results are in accordance with the findings
of Rabinovici et al. (8) for primate testis and with the results
from Roberts and Barth (22) on mRNA expression in the rat
testis. However, in the paper by Shaha et al. (10) in which the
results for the fetal testis were confined to frozen sections of
testes from day 18 p.c. fetuses, immunostaining was most
apparent around the base of the seminiferous cords and
interstitial staining was not prominent in fetal Leydig cells.
This difference may be explained by the poor preservation of
the tissue seen in the frozen sections. In the present study in
which fixed tissues were used, double immunoflourescent
staining using an anti-3b-HSD antibody clearly showed exclusive colocalization of a-subunit and 3b-HSD in the same
cells on day 17.5 p.c., confirming that steroidogenically active
Leydig cells were the only cells expressing inhibin subunits
in the interstitial compartment at this age.
Immunoexpression of a-subunit was evident at a very
early stage of testicular development, closely following the
formation of the testicular cords. Immunoexpression of the
bB-subunit was only detectable 2 days after that of the a-subunit and bA-subunit was undetectable in all the testes examined. It is possible that the early onset of the a-subunit
synthesis is a part of a protective mechanism ensuring the
formation of inhibin rather than activin once b-subunit expression commences. The detection of immunostaining for
the bB-subunit in the fetal rat testis on day 16.5 p.c. would
be consistent with the formation of inhibin B within the fetal
gonad. However, on this day the expression of both subunits
was confined to the fetal Leydig cells and occurred at a time
when FSH expression is not yet detectable (34, 35). Several
studies have demonstrated the potential effects of inhibins/
activins on Sertoli cell proliferation (36, 37) and on the function of the adult type Leydig cell (4, 38). However, studies
using mice in which the a-subunit of inhibin has been
knocked out suggest that inhibin bB is not essential for testicular development during fetal life as these mice have an

Endo • 1997
Vol 138 • No 5

apparently normal testis at the time of birth and are initially
fertile although they subsequently develop gonadal tumors
(39) .
In the present study, we found that, in the rat, the patterns
of expression of both the a- and bB-subunits changed dramatically after birth. While the level of immunostaining in
the clusters of fetal type Leydig cells remained high, expression of the a-subunit in Sertoli cells increased dramatically
and was clearly increased on day 3 of life. The cause of this
increase is unknown, but it could well be connected changes
in the levels of circulating FSH as this is known to stimulate
inhibin/activin production in the testis (40). In the rat fetus,
FSH is first detectable around day 19.5 p.c. (34, 35) rises just
before birth, and continues to increase during neonatal life.
Follistatins were originally identified as proteins, like inhibins, with the ability to suppress FSH secretion (41). However, additional studies have suggested that their primary
role is to bind activins (16, 17) to prevent their biological
effects (19, 20). Follistatin proteins are expressed in the adult
testis (21) and pituitary gland (16) as detected by immunocytochemistry, but studies by Roberts and Barth (22) have
failed to detect mRNA expression in the fetal rat testis. The
immunocytochemical study presented in this paper confirmed their findings and have failed to detect follistatin in
the fetal rat or human testis at any age using specific immunocytochemistry. We conclude that activin is either required in the fetal testis for normal development or alternatively that no bioactive activin is produced at this time and
therefore there is no need for synthesis of follistatins to prevent its action. Postnatally, the expression of follistatin was
detectable in the Leydig cells immediately after birth. This
finding was rather surprising because, at that age, the Leydig
cells are still of the fetal type, found prenatally. What triggers
the presence of follistatin protein in these cells is not known.
It is unlikely to be changes in LH, which regulates the steroidogenic function of Leydig cells during late fetal life (42),
because LH is already present in the fetus on day 17.5 of
gestation (34). It has been reported that follistatin mRNA is
present in Sertoli and germ cells but not Leydig cells in adult
rat testis (43); the question of the cellular site of synthesis of
the immunodetectable follistatin, and the control of its production, therefore, requires further investigation. Studies by
Boitani and co-workers (36) have suggested that Sertoli cell
proliferation is stimulated by activin in the presence of FSH.
Therefore, we speculate that the expression of follistatin in
the testis postnatally could be involved in regulation of the
effects of activin on Sertoli cells. No follistatin was detected
in any of the human tissue sections examined. The antibodies
used were raised against human follistatin, making it unlikely that they did not detect the protein, suggesting rather
that follistatin is not produced by the fetal and neonatal
human testis, and that either activin may be important for
fetal testicular development in the human or alternatively,
that there is no bioactive activin produced in the human fetal
testis and therefore there was no need for synthesis of follistatin to prevent its actions.
The fetal-type Leydig cells differ from their adult counterparts in several respects (42). It is believed that, postnatally, the fetal Leydig cells do not transform into their adult
type counterparts but are replaced by new adult-type of
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Leydig cells that differentiate from interstitial cells and populate
the developing testis (42). The data reported in this paper suggest yet another difference between fetal-type and adult-type
Leydig cells, namely in the expression of the inhibin subunits.
Both the a- and bB-subunits showed a similar pattern of expression in the Leydig cells during neonatal life with immunostaining for both subunits remaining prominent immediately
after birth in clusters of Leydig cells. In the rat, by around days
10 –15 of life, very few Leydig cells are evident within the testis,
and when the new adult generation of Leydig cells first appear
they are scattered between the tubules and are not in clusters
as occurs for the fetal generation of Leydig cells. Immunoexpression of a- and bB-subunits in adult generation of Leydig
cells was weaker than that seen in the clustered fetal type
Leydig cells during early neonatal life.
In conclusion, the data presented in this paper demonstrate for the first time immunoexpression of a- and bBinhibin/activin-subunits in the Leydig cells of the fetal rat
testis, suggesting that these protein(s) play an important
autocrine or paracrine roles at this stage of development. In
contrast, inhibin/activin subunits in the human fetal testis
have been detected in both Sertoli and interstitial cells, a
finding that can be explained by the different timing of gonadal development in rodents and primates.
Acknowledgments
We thank Jim McDonald for expert animal husbandry and Mike
Millar, Sheila MacPherson, and Julie Wilson for skilled technical advice
and assistance. We are grateful to Professor Ian Mason for the generous
gift of antibodies to human 3b-HSD and to Dr. Ann Chandley for making
tissue sections available.

References
1. Vale W, Rivier J, Vaughan J, McClintock R, Corrigan A, Woo W, Karr D,
Spiess J 1986 Purification and characterization of an FSH releasing protein
from porcine ovarian follicular fluid. Nature 321:776 –779
2. Vale W, Rivier C, Hsueh A 1988 Chemical and biological characterization of
the inhibin family of protein hormones. Recent Prog Horm Res 44:1–34
3. Schwall R, Schmelzer CH, Matsuyama E, Mason AJ 1989 Multiple actions of
recombinant activin-A in vivo. Endocrinology 125:1420 –1423
4. Lin T, Calkins H, Morris PL, Vale WW, Bardin CW 1989 Regulation of Leydig
cell function in primary culture by inhibin and activin. Endocrinology
125:2134 –2150
5. Chen CC 1993 Editorial: Inhibin and activin as paracrine/autocrine factors.
Endocrinology 132:4 –5
6. Spencer SJ, Rabinovici J, Jaffe B 1990 Human recombinant activin-A inhibits
proliferation of human fetal adrenal cells in vitro. J Clin Endocrinol Metab
71:1678 –1680
7. Albano RM, Arkell R, Beddinbton RSP, Smith JC 1994 Expression of inhibin
subunits and follistatin during postimplantation mouse development: decidual expression of activin and expression of follistatin in primitive streak,
somites, and hindbrain. Development 120:803– 813
8. Rabinovici J, Goldsmith PC, Roberts VJ, Vaughan J, Vale WW, Jaffe RB 1991
Localization and secretion of inhibin/activin subunits in the human and subhuman primate fetal gonads. J Clin Endocrinol Metab 73:1141–1149
9. Roberts V, Meunier H, Sawchenko P, Vale W 1989 Differential production
and regulation of inhibin subunits in rat testicular cell types. Endocrinology
125:2350 –2359
10. Shaha C, Morris PL, Chen CC, Vale W, Bardin CW 1989 Immunostainable
inhibin subunits are in multiple cell types of testicular cells. Endocrinology
125:1941–1950
11. Maddocks S, Sharpe RM 1989 Assessment of the contribution of Leydig cells
to the secretion of inhibin by the rat testis. Mol Cell Endocrinol 67:113–118
12. de Kretser DM, McFarlane JR 1996 Inhibin in the male. J Androl 17:179 –182
13. Groome NP, O’Brien M 1993 Immunoassays for inhibin and its subunits.
Further applications of the synthetic peptide approach. J Immunol Methods
165:167–176
14. Illingworth PJ, Groome NP, Byrd W, Rainey WE, McNeilly AS, Mather JP,
Bremner WJ 1996 Inhibin B: a likely candidate for the physiologically important form of inhibin in men. J Clin Endocrinol Metab 81:1321–1342

2147

15. Sugino K, Kurosawa N, Nakamura T, Takio K, Shimaski S, Ling N, Titani
K, Sugino H 1993 Molecular heterogenity of follistatin, an activin binding
protein. Higher affinity of the carboxy-terminal truncated forms for heparin
sulfate proteoglycans in the ovarian granulosa cell. J Biol Chem
268:15579 –15587
16. Kogawa K, Nakamura T, Sugino K, Takio K, Titani K, Sugino H 1991
Activin-binding protein is present in pituitary. Endocrinology 128:1434 –1440
17. Nakamura T, Takio K, Eto Y, Shibai H, Titani K, Sugino H 1990 Activinbinding protein from rat ovary is follistatin. Science 247:836 – 838
18. Shimonaka M, Inouye S, Shimasaki S, Ling N 1991 Follistatin binds to both
activin and inhibin through common beta-subunit. Endocrinology 128:3313–3315
19. Michel U, Farnworth P, Findlay JK 1993 Follistatins: more than follicle-stimulating hormone suppressing proteins. Mol Cell Endocrinol 91:1–11
20. Moore A, Krummen LA, Mather JP 1994 Inhibins, activins, their binding
proteins and receptors: interactions underlying paracrine activity in the testis.
Mol Cell Endocrinol 100:81– 86
21. Shimasaki S, Koga M, Buscaglia ML, Simmons DM, Bicsak TA, Ling N 1989
Follistatin gene expression in the ovary and extragonadal tissues. Mol Endocrinol 3:651– 659
22. Roberts VJ, Barth SL 1994 Expression of messenger ribonucleic acids encoding
the inhibin/activin system during mid-and late-gestation rat embryogenesis.
Endocrinology 134:914 –923
23. Millar MR, Sharpe RM, Maguire SM, Saunders PTK 1993 Cellular localisation of messenger RNAs in rat testis: application of digoxigenin labelled probes
to embedded tissue. Cell Tissue Res 273:269 –277
24. Kaufman M 1992 In: Atlas of mouse development. Academic Press, London
25. Shi S-R, Chaiwun B, Young L, Cote R, Taylor C 1993 Antigen retrieval
technique utilizing citrate buffer or urea solution for immunohistochemical
demonstration of androgen receptor in formalin-fixed paraffin sections. J Histochem Cytochem 41:1599 –1604
26. Groome NP, Hancock J, Betteridge A, Lawrence M, Craven R 1990 Monoclonal and polyclonal antibodies reactive with the 1–32 amino terminal sequence of the alpha subunit of human 32K inhibin. Hybridoma 9:31–35
27. Groome NP, Illingworth PJ, O’Brien M, Pai R, Rodger FE, Mather JP,
McNeilly AS 1996 Measurement of dimeric inhibin B throughout the human
menstrual cycle. J Clin Endocrinol Metab 81:1401–1405
28. Groome NP, Lawrence M 1991 Preparation of monoclonal antibodies to the
beta A subunit of ovarian inhibin using a synthetic peptide immunogen.
Hybridoma 10:309 –312
29. Lorence M, Murray B, Trant J, Mason JI 1990 Human 3b-hydroxysteroid
dehydrogenase/D5– 4 isomerase from placenta: expression in non steroidogenic cells of a protein that catalyzes the dehydrogenation/isomerization of
C21 and C19 steroids. Endocrinology 126:2493–2498
30. Gustafson ML, Donahoe PK 1994 Male sex determination: current concepts
of male sexual differentiation. Annu Rev Med 45:505–524
31. Hagen C 1977 Studies on the subunits of human glycoprotein hormones in
relation to reproduction. Scand J Clinical Lab Invest 37:1–19
32. Wallach EE 1996 Inhibin, activin and follistatin in reproductive medicine. Fertil
Steril 65:459 – 469
33. Roberts V, Sawchenko PE, Vale W 1991 Expression of inhibin/activin subunit
messenger ribonucleic acids during rat embryogenesis. Endocrinology
128:3122–3129
34. Aubert ML, Begeot M, Winiger BP, Morel G, Sizonenko PC, Dubois PM 1985
Ontogeny of hypothalamic luteinizing hormone-releasing hormone (GnRH)
and pituitary GnRH receptors in fetal and neonatal rats. Endocrinology
116:1565–1575
35. Watanabe YG, Daikoku S 1979 An immunohistochemical study on the cytogenesis of adenohypophysial cells in fetal rats. Dev Biol 68:557–567
36. Boitani C, Stefanini M, Fragale A, Morena AR 1995 Activin stimulates Sertoli
cell proliferation in a defined period of rat testis development. Endocrinology
136:5438 –5444
37. Kaipia A, Toppari J, Huhtaniemi I, Paranko J 1994 Sex difference in the action
of activin-A on cell proliferation of differentiating rat gonad. Endocrinology
134:2165–2170
38. Hsueh AJW, Dahl KD, Vaughan J, Tucker E, Rivier J, Bardin CW, Vale W
1987 Heterodimers and homodimers of inhibin subunits have different paracrine action in the modulation of luteinizing hormone stimulated androgen
biosynthesis. Proc Natl Acad Sci USA 84:5082–5086
39. Matzuk MM, Finegold MJ, Su JJ, Hsueh JW, Bradley A 1992 a-Inhibin is a
tumour suppressor gene with gonadal specificity in mice. Nature 360:313–319
40. Ying SY 1988 Inhibins, activins, and follistatins:gonadal proteins modulating
the secretion of follicle-stimulating hormone. Endocr Rev 9:267–293
41. Ueno N, Ling N, Ying S-Y, Esch F, Shimasaki S, Guillemin R 1987 Isolation
and partial characterization of follistatin: a single chain Mr 35,000 monomeric
protein that inhibits the release of follicle stimulating hormone. Proc Natl Acad
Sci USA 84:8282– 8286
42. Saez JM 1994 Leydig cells: endocrine, paracrine and autocrine regulation.
Endocr Rev 15:574 – 624
43. Meinhardt A, Loveland K, Mallidis C, De Kretser DM, McFarlane JR,
Localisation of follistatin within the adult rat testis. Program of the 10th
International Congress of Endocrinology, 1996, San Francisco, CA, p 824,
Abstract P3-277

