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ABSTRACT: Immunolocalization of the inhibin (�) and inhibin/acti-
vin (�A and �B) subunit proteins in equine fetal testes was investi-
gated to determine the ability of the fetal testis to produce inhibins
at 120, 150, 200, and 250 days of gestation. In addition, concentra-
tions of immunoreactive (ir)-inhibin, inhibin pro-�C, and inhibin A in
both the maternal and fetal circulation were measured. It was found
that plasma concentrations of ir-inhibin, inhibin pro-�C, and inhibin
A were much higher (P � .05) in the fetal than in the maternal cir-
culation at any stage of gestation examined. Similarly, while fetal
testicular homogenate contained increased amounts of inhibins, the
inhibins were undetectable in homogenates of maternal ovaries and
placentae. At 120 days of gestation, all 3 subunit proteins were lo-
calized to the interstitial cells, while the immunoreactivity for the in-
hibin/activin �B subunit protein was also observed in Sertoli cells.

The intensity of immunoreactivity for the 3 subunit proteins in inter-
stitial cells increased as pregnancy advanced to day 200, and, at
this stage, immunoreactivity for the inhibin � subunit protein was
observed in the fetal testes in a pattern consistent with localization
in Sertoli cells. Thus, the inhibin/activin �A subunit protein was con-
fined to interstitial cells during the gestational periods examined. We
conclude that equine fetal testes secrete large amounts of inhibins,
including dimeric inhibin A and possibly other dimeric forms, such
as inhibin B and activins, into the fetal circulation. These results
suggest that these proteins may play some important roles in the
development of fetal testes during gestation.
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Inhibins belonging to the transforming growth factor�
(TGF-�) superfamily (Mason et al, 1986; Stewart et al,

1986; DePaolo et al, 1991; Dye et al, 1992; Halvorson
and DeCherney, 1996) were initially discovered as go-
nadal peptides that preferentially inhibit follicle-stimulat-
ing hormone (FSH) secretion from the pituitary gland
(Burger and Igarashi, 1988). Inhibin consists of an� sub-
unit linked by a disulfide bridge to one of the 2 highly
homologous� subunits (�A and �B) to form inhibin A
(� and �A) or inhibin B (� and �B). Inhibin subunits
have been detected in fetal testes in humans (Ravinovici
et al, 1991; Majdic et al, 1997), monkeys (Ravinovici et
al, 1991), rats (Shaha et al, 1989; Majdic et al, 1997), and
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sheep (Thomas et al, 1995; Jarred et al, 1999). The cel-
lular localization of inhibin subunits in the testis varies
among species and during fetal development. Previous
reports suggested that these proteins may play some im-
portant roles in spermatogonial development (van Dissel-
Emiliani et al, 1989; Mather et al, 1990), Sertoli cell pro-
liferation (Lin et al, 1989; Boitani et al, 1995), and steroid
biosynthesis (Hsueh et al, 1987; Lin et al, 1989; Mauduit
et al, 1991; de Winter et al, 1993; Majdic et al, 1997).
The cellular localization of inhibin subunits has been in-
vestigated in both adult female and adult male gonads in
the horse (Nagamine et al, 1998; Nagata et al, 1998a,b).
In addition, other studies, including those from our lab-
oratory, have reported the localization of the inhibin�
subunit messenger ribonucleic acid (mRNA) or protein in
the equine fetal gonads (Nambo et al, 1996; Yamanouchi
et al, 1997). However, the immunolocalization of all 3
subunit proteins, such as the inhibin� and inhibin/activin
�A and �B in the gonads, together with plasma and tes-
ticular concentrations of immunoreactive (ir)-inhibin, in-
hibin pro-�C, and dimeric inhibin A, has not been doc-
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umented for the equine fetus. The equine fetal gonads of
both sexes have attracted much interest because of a re-
markable enlargement of gonadal size resulting from an
increased number of interstitial cells. It is also known that
the size of the equine fetal gonads during the second half
of gestation is larger than that of the maternal ovaries
(Cole et al, 1933). Although the mechanism and physio-
logical significance of this enlargement of fetal gonads
are not clear, a previous study showed that gonadectomy
in the equine fetus affected fetal development (Pashen and
Allen, 1979). The aim of the present study, therefore, is
to use recently developed enzyme-linked immunosorbent
assay (ELISA) techniques and also immunohistochemis-
try to investigate the ontogeny of inhibin production dur-
ing the period of accelerated growth of the equine fetal
testes.

Materials and Methods

Animals and Blood Samples
Sixteen pregnant Thoroughbred and Anglo-Arab mares with
known insemination dates were sacrificed by an overdose of a
mixture of sodium thiopental (Ravonal, Tanabe Pharmaceutical
Co Ltd, Osaka, Japan) and suxamethonium chloride (Succine,
Yamanouchi Pharmaceutical Co Ltd, Osaka, Japan) between 120
and 250 days of gestation (full term� 340 days). The day of
mating was designated as day 0 of gestation. Nine of the mares
carried male fetuses at gestational days 120 (n� 2), 150 (n�
3), 200 (n� 2), and 250 (n� 2). These 9 mares and their male
fetuses were used in the present study. The maternal blood sam-
ples were collected by venipuncture from the jugular vein, and
the fetal blood samples were collected by cardiac puncture im-
mediately after euthanasia. All blood samples were collected into
plastic tubes containing heparin (20 IU/mL blood) as anticoag-
ulant to prevent clotting. The samples were stored in ice and
centrifuged at 1700� g for 15 minutes at 4�C immediately after
completing the experiment. The resulting plasma was harvested
and stored at�20�C until assayed for inhibins. All procedures
were carried out in accordance with the guidelines established
by the Rakuno Gakuen University (Hokkaido, Japan) for use of
laboratory animals.

Fetal Testicular Samples
One testis from each fetus was removed, fixed in freshly pre-
pared 4% (wt/vol) paraformaldehyde (Sigma Chemical Co, St
Louis, Mo) in 0.01 M phosphate-buffered saline (PBS), pH 7.4,
and embedded in paraffin. For immunohistochemical examina-
tion, 5-�m-thick tissue sections from the testis were prepared.
The other testis was homogenized (1 g of testis in 2 mL 0.01 M
PBS, pH 7.4). The homogenized testicular samples were centri-
fuged at 20 000� g for 15 minutes at 4�C, and the supernatant
was removed and stored at�80�C until assayed for inhibins.

Radioimmunoassay
Concentrations of ir-inhibin in plasma and testicular homoge-
nates were measured by a double-antibody radioimmunoassay,

as described previously (Hamada et al, 1989). Purified bovine
32-kd inhibin was used as a standard. The same material was
labeled with125I according to the chloramine-T method. The an-
tiserum used in this assay was raised against bovine 32-kd in-
hibin (TNDH-1) in a castrated male rabbit. The assay system
does not distinguish dimeric inhibin from� subunit monomer.
We have validated the assay system for equine plasma as well
as ovarian and testicular homogenates, as described previously
(Nambo et al, 1996). In that study, we have reported the paral-
lelism tested for ir-inhibin in equine follicular fluid, pregnant and
cyclic mare plasma, and homogenates of placenta, fetal ovaries,
newborn foal ovaries, and newborn foal testes. The results were
expressed in terms of 32-kd bovine inhibin. The sensitivity of
the assay was 7.8 pg/tube (78 pg/mL). Intra- and interassay co-
efficients of variation were 8.0% and 16.2%, respectively.

Enzyme-Linked Immunosorbent Assay
Concentrations of inhibin pro-�C in plasma and testicular ho-
mogenates were measured using a 2-site ELISA kit (Serotec,
Oxford, United Kingdom) designed for measurement of human
inhibin pro-�C. In the assay, 2 monoclonal antibodies directed
against the pro- and�C regions were used (Groome et al, 1995).
Serial dilutions of pooled equine plasma and testicular homog-
enates were assayed to test for parallelism.

Concentrations of inhibin A in plasma and testicular homog-
enates were measured using a 2-site ELISA kit. The preparation
of a new monoclonal antibody to the� subunit of cow inhibin
(PPG1/14/6), together with an E4 monoclonal antibody to the
inhibin/activin�A subunit, has produced an ELISA able to mea-
sure inhibin A in sheep (Knight et al, 1998), cows (Bleach et al,
2001), and horses, each with a similar sensitivity to the human
inhibin A ELISA.

Immunohistochemistry
The paraffin-embedded testes sectioned at 5�m were placed on
glass slides coated with 3-aminopropyltriethoxysilane. The sec-
tions were deparaffinized with xylene, passed through a graded
series of alcohol, washed in PBS, and prepared for immunohis-
tochemical staining. Antigenic sites were exposed by heating to
100�C in a microwave for 15 minutes and allowed to cool for
20 minutes. The sections were then treated with 3% H2O2 in
methanol at room temperature for 15 minutes and incubated with
Block Ace (Dainippon Pharmaceutical Co Ltd, Osaka, Japan) for
1 hour at 37�C to block nonspecific binding. The sections were
incubated with primary antibodies overnight at 4�C.

To detect inhibin� subunit, rabbit polyclonal antibody against
[Tyr30] porcine inhibin�-chain (120)-NH2 ([Tyr30] porcine in-
hibin �-chain (120)-NH2 was kindly provided by Dr N. Ling,
Neurocrine Inc, San Diego, Calif) was used at a dilution of 1:
1000. To detect inhibin/activin�A and�B subunits, monoclonal
antibodies raised against the synthetic peptides corresponding to
amino acid sequences of 82–114 of human�A subunit (E4) or
�B subunit (C5) were used at a dilution of 1:3000 (Nagamine
et al, 1998). After washing with PBS, the sections were incu-
bated for 1 hour at 37�C with 0.5% (vol/vol in PBS) biotinylated
goat anti-rabbit immunoglobulin G (IgG) (Vectastain ABC Kit
Elite, Vector Labs, Burlingame, Calif) for the� subunit and
0.5% (vol/vol) biotinylated goat anti-mouse IgG (Vectastain
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Figure 1. Validation of the enzyme-linked immunosorbent assay (ELISA)
systems for equine samples. (A) Different dilutions of equine fetal plasma
(�) and equine testicular homogenates (	—	) produced dose-response
curves, which were parallel to the standard curves (�) produced with
human inhibin pro-�C (A) and bovine 32-kd inhibin (B).

Figure 2. Plasma concentrations of immunoreactive (ir)-inhibin (A), inhib-
in pro-�C (B), and inhibin A (C) in fetuses (solid bars) and dams (open
bars) at 120–150 days (n � 5) and 200–250 days (n � 4) of gestation.
Plasma concentrations of ir-inhibin (D), inhibin pro-�C (E), and inhibin A
(F) in fetal testicular homogenates at 120–150 days (n � 5) and 200–
250 days (n � 4) of gestation. *P � .05, significance of differences be-
tween the maternal and fetal hormone concentrations. Vertical bars in-
dicate standard error of the mean.

ABC Kit Elite) for the �A and �B subunits, and then were
washed in PBS. All sections were incubated with 2% (vol/vol
in PBS) avidin-biotin complex (Vectastain ABC Kit Elite) for
30 minutes at 37�C. The primary antibody bound to the sections
was visualized by treating with 0.05% (wt/vol in PBS) 3,3
-
diaminobenzidine tetrachloride (Sigma) containing 0.01% H2O2.
Specificity of the antibodies was examined using normal rabbit
serum (NRS) or normal mouse serum (NMS), instead of primary
antibody, using a 1:1000 dilution. All tissue sections were coun-
terstained with hematoxylin for 15 seconds, dehydrated, cleared,
and mounted.

Statistical Analysis
One-way analysis of variance was carried out, and the signifi-
cance between means was determined by the Student’st test.
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Figure 3. Photomicrographs of an equine fetal testis showing cross-sections of interstitial tissue and a seminiferous tubule as well as inhibin subunit-
staining specificity. Tissue sections stained with specific antibodies were strongly positive for the inhibin � (A) and inhibin/activin �A subunit proteins
(C) in the interstitial cells (arrows) and inhibin/activin �B subunit protein (E) in both the interstitial cells (arrows) and Sertoli cells (arrowhead) at 120
days of gestation. Tissue sections stained with specific antibodies were strongly positive for the inhibin � (B) and inhibin/activin �B subunit proteins
(F) in both the interstitial cells (arrows) and Sertoli cells (arrowhead) and inhibin/activin �A subunit protein (D) in the interstitial cells (arrows) at 200
days of gestation. Sections incubated with normal rabbit serum (NRS) (G) or normal mouse serum (NMS) (H) instead of primary antibody did not
show immunostaining reaction. All sections were counterstained with hematoxylin for 15 seconds. The nuclei of cells that stained blue with hematoxylin
can be seen in all sections (A through H). Scale bar � 50 �m.

Data are presented as means� SEM. A P-value less than .05
was considered to be significant.

Results

Characterization of the Inhibin Pro-�C and Inhibin A
ELISA Systems

Dose-response curves of serially diluted plasma and tes-
ticular homogenate obtained from fetuses at 200 days of
gestation produced suppression curves, which were par-
allel to the standard curves produced with human inhibin
pro-�C (Figure 1A) and inhibin A (Figure 1B). This in-
dicated that it was possible to measure concentrations of
inhibin pro-�C and inhibin A in both fetal plasma and
testicular homogenate using these ELISA systems.

Plasma Concentrations of ir-Inhibin, Inhibin Pro-�C, and
Inhibin A in Fetuses and Dams
Concentrations of ir-inhibin, inhibin pro-�C, and inhibin
A in peripheral plasma of fetuses and dams were not dif-
ferent between 120 (n� 2) and 150 (n� 3) days or
between 200 (n� 2) and 250 (n� 2) days of gestation.
Therefore, data from the groups at 120 and 150 days and
at 200 and 250 days of gestation were combined to rep-
resent plasma concentrations at 120–150 days (n� 5)
and at 200–250 days (n� 4) of gestation, respectively.
At both 120–150 and 200–250 days of gestation, plasma
concentrations of ir-inhibin (Figure 2A), inhibin pro-�C
(Figure 2B), and inhibin A (Figure 2C) were significantly
(P � .05) higher in the male fetuses than in the dams.
Plasma concentrations of these inhibins were not different
between 120–150 and 200–250 days of gestation in either
the fetuses or the dams.

Concentrations of ir-Inhibin, Inhibin Pro-�C, and Inhibin
A in Fetal Testicular Homogenates
Elevated concentrations of ir-inhibin (Figure 2D), inhibin
pro-�C (Figure 2E), and inhibin A (Figure 2F) were de-
tected in testicular homogenates of fetuses at both 120–
150 (n � 5) and 200–250 (n� 4) days of gestation. In
contrast, these inhibin forms were undetectable in both
maternal ovaries and placentae obtained at these times
(data not shown).

Immunohistochemistry
Since plasma concentrations of all inhibin forms investi-
gated in this study were not different in the fetuses be-
tween 120 and 150 days and 200 and 250 days of ges-
tation, Figure 3 shows immunoreactivity for the inhibin
� and for the inhibin/activin�A and �B subunit proteins
in the equine fetal testes obtained from fetuses at 120 and
200 days of gestation only.

Equine fetal testicular tissue sections stained with spe-
cific antibody were positive for the inhibin� subunit in
the interstitial cells (arrows) but not in the Sertoli cells at
120 days of gestation (Figure 3A). As pregnancy ad-
vanced, the interstitial cells (arrows) were intensely
stained for the inhibin� subunit at 200 days of gestation
(Figure 3B). In particular, the interstitial cells located
closely around seminiferous tubules stained prominently.
On the other hand, at this time, Sertoli cells (arrowhead)
also stained positively for the inhibin� subunit (Figure
3B). It was also found that the intensity of immunostain-
ing for the inhibin � subunit protein in both interstitial
and Sertoli cells was highest at 200 days of gestation
compared with all other stages examined in this study.

Immunoreactivity for the inhibin/activin�A subunit
protein was somewhat similar to that observed for the
inhibin � subunit. Thus, the interstitial cells (arrows)
stained positive for the inhibin/activin�A subunit protein
at 120 days of gestation (Figure 3C), and the intensity
increased as pregnancy advanced (Figure 3D). However,
it was apparent that the Sertoli cells were not stained for
the inhibin/activin�A subunit protein at any of the stages
examined.

In contrast, immunostaining for the inhibin/activin�B
subunit protein was observed in both interstitial cells (ar-
rows) and Sertoli cells (arrowhead) at 120 days of gestation
(Figure 3E). Similar to the� subunit-staining specificity,
the intensity of the inhibin/activin�B subunit immuno-
staining in both cell types increased at 200 days of gesta-
tion, though the number of cells stained in the interstitial
tissue appeared to have become fewer (Figure 3F).

Testicular tissue sections obtained from fetuses at 200
days of gestation and incubated with NRS (Figure 3G) or
NMS (Figure 3H) instead of primary antibody did not
show immunostaining reaction in either the interstitial or
the Sertoli cells. The nuclei of different cell types that
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stained blue with hematoxylin can be seen in all sections
(Figure 3A through H).

Discussion

The present study clearly indicates that equine fetal testes
contain large amounts of inhibin pro-�C and inhibin A.
Similarly, the present study shows that concentrations of
these inhibin forms in the fetal circulation are several-
fold higher than those of the maternal circulation. In line
with elevated plasma inhibin levels in the fetuses, we
found that the inhibin (�) and inhibin/activin (�A and�B)
subunit proteins were clearly localized to the relatively
enlarged interstitial cells of the equine fetal testes. Thus,
the present results strongly suggest that equine fetal testes
secrete large amounts of dimeric inhibin A into the fetal
circulation. On the basis of immunohistochemical results,
it is also equally possible that equine fetal testes have the
capacity to secrete other forms of dimeric hormones such
as inhibin B and activins.

It has been demonstrated that the immunolocalization
of the inhibin� subunit protein coincides with the cellular
expression of the inhibin� subunit mRNA in the equine
fetal testes (Yamanouchi et al, 1997). The localization of
the inhibin� subunit in both the Leydig and Sertoli cells
at 200 days of gestation is similar to that of the adult
stallion (Nagata et al, 1998a). In the Nagata et al (1998a)
study, the inhibin� subunit stained both the Leydig and
the Sertoli cells in the 5-year-old adult stallion. Thus, it
appears that, similar to the adult testis, equine fetal testes
have the capacity to secrete inhibin� subunit protein at
200 days of gestation. Furthermore, previous studies have
shown that the inhibin or inhibin/activin subunit proteins
are immunolocalized in the fetal testes of various other
mammals. In the fetal rat testes, immunostaining for the
inhibin � subunit protein is detectable 2 days earlier than
that of the inhibin/activin�B subunit protein (Shaha et
al, 1989; Majdic et al, 1997; Noguchi et al, 1997). In the
present study, the immunostaining pattern of the inhibin
� and inhibin/activin�B subunit proteins was almost sim-
ilar. As pregnancy advanced, the immunostaining reaction
appeared more intense in the interstitial cells than in the
Sertoli cells. In the human fetal testis at 16 weeks of
gestation, inhibin� and inhibin/activin�B subunit pro-
teins are detectable in both the Sertoli and interstitial
cells, and the immunostaining reaction becomes more in-
tense in the Sertoli than in the interstitial cells at 24 weeks
of gestation (Majdic et al, 1997). Conversely, it has been
reported that the amount of inhibin/activin�A subunit
protein present in rat and human fetal testes is generally
very low (Shaha et al, 1989; Ravinovici et al, 1991; Majd-
ic et al, 1997). On the other hand, there are species-spe-
cific differences in the localization of the inhibin and in-

hibin/activin subunit proteins in the fetal testes. For ex-
ample, in the ovine fetal testes, the immunostaining for
the �, �A, and �B subunit proteins can be detected in
both the Sertoli and interstitial cells until the mid-gesta-
tional period (Jarred et al, 1999). Thereafter, the presence
of the� subunit protein in the interstitial cells is no longer
detectable, while the immunointensity of the�A and �B
subunit proteins is reduced. However, the localization of
all 3 subunit proteins in the Sertoli cells is apparently not
changed (Jarred et al, 1999).

In the present study, the immunolocalization of the�B
subunit protein, but not the�A subunit protein, was con-
fined to both the Sertoli and interstitial cells of the equine
fetal testes, indicating that in addition to the interstitial
cells, Sertoli cells also have the capacity to secrete inhibin
B and/or activin B into the fetal circulation. In contrast
to the present findings, previous studies have reported that
no immunostaining reaction can be detected for the�A
subunit protein in the fetal testis of rats (Shaha et al, 1989;
Majdic et al, 1997), rhesus monkeys (Rabinovici et al,
1991), and humans (Rabinovici et al, 1991; Majdic et al,
1997). Expression of the�A subunit mRNA in the mature
rat testis has been reported to be lower than those of the
inhibin � and�B subunits, and the�A subunit expression
level declined rapidly with maturation (Meunier et al,
1988). In addition, it was reported that circulating inhibin
A concentrations are undetectable in adult men and that
a significant correlation exists between plasma concentra-
tions of FSH and inhibin B (Illingworth et al, 1996).
These results suggest that inhibin B and/or inhibin�B
subunit-related substances are possible candidates to play
physiologically important roles in male reproduction. In
contrast, in equine male fetuses, inhibin A was also
thought to be an important dimeric protein. In the present
study, the fetal testes contained large amounts of inhibins,
and the circulating concentrations in the fetuses were
much higher than those in the dams at any stage of ges-
tation examined. Additionally, we found that inhibins
were undetectable in ovaries and placentae of pregnant
mares. These results indicate that fetal testes were the
source of inhibins in the fetal circulation. The immuno-
staining for all 3 subunit proteins appeared to be most
intense at 200 days of gestation. This result is probably
associated with an increased size of the equine fetal testes,
which occurs during the second half of equine gestation.
Previous studies have shown that this massive increase in
the size of fetal gonads results from an increased prolif-
eration and hypertrophy of interstitial cells (Hay and Al-
len, 1975; Tsunoda et al, 1996) and that these cells had
the ultrastructural characteristics of steroid-secreting cells
(Gonzalez-Angulo et al, 1975; Hay and Allen, 1975). Al-
though the mechanism of this enlargement is not known,
large amounts of inhibins that are present in both the tes-
tes and fetal circulation may possibly be involved in these
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hypertrophic changes of the gonads. In addition, the
equine fetal gonads have also been identified as a source
of dehydroepiandrosterone (DHEA), which is one of the
precursor forms of maternal estrogen during pregnancy
(Hay and Allen, 1975). This led researchers to consider
the equine fetal gonad an important organ in steroid bio-
synthesis. Furthermore, the present results clearly indicate
that enlarged fetal gonads have the ability to produce
large amounts of inhibin and/or activins. Further studies
are required to determine which forms of inhibins/activins
are important and what physiological roles they play dur-
ing equine gestation. Some investigators have hypothe-
sized local effects of inhibin and activin in the testes.
Activin stimulated the proliferation of Sertoli cells and
spermatogonia in vitro (Mather et al, 1990; de Winter et
al, 1993; Boitani et al, 1995), while inhibin decreased the
number of differentiating spermatogonia when injected
locally into the testis of adult hamsters (van Dissel-Emi-
liani et al, 1989). Furthermore, activin inhibits human
chorionic gonadotropin (hCG)-stimulated testosterone
production, and inhibin has been found to be without ef-
fect. However, inhibin reverses the inhibitory action of
activin in both mature and immature Leydig cells (Lin et
al, 1989; Mauduit et al, 1991) and facilitates luteinizing
hormone (LH) action in immature Leydig cells (Mauduit
et al, 1991). In addition, activin inhibits FSH-stimulated
aromatase activity, androgen receptor mRNA expression,
and androgen binding in immature Sertoli cells (de Winter
et al, 1993). In light of these reports, our results suggest
that the equine fetal testis can also secrete inhibins and
activins and that these dimeric proteins may be important
for the regulation of testicular cell differentiation and ste-
roidogenesis in equine fetal testes.

We conclude that equine fetal testes secrete large
amounts of inhibins into the fetal circulation. In addition,
the presence of all 3 subunit proteins suggests that equine
fetal testes have the capacity to secrete other forms of
dimeric proteins such as inhibin B and activins. These
results together with data reported in the literature suggest
that inhibins may have physiological roles as regulators
of development of testicular functions in equine fetuses.
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