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Testis-derived testosterone has been recognized as the key factor
for morphogenesis of the Wolffian duct, the precursor of several
male reproductive tract structures. Evidence supports that testos-
terone is required for the maintenance of the Wolffian duct via its
action on the mesenchyme. However, it remains uncertain how
testosterone alone is able to facilitate formation of regionally
specific structures such as the epididymis, vas deferens, and sem-
inal vesicle from a straight Wolffian duct. In this study, we iden-
tified inhibin beta A (or Inhba) as a regional paracrine factor in
mouse mesonephroi that controls coiling of the epithelium in the
anterior Wolffian duct, the future epididymis. Inhba was expressed
specifically in the mesenchyme of the anterior Wolffian duct at
embryonic day 12.5 before the production of androgens. In the
absence of Inhba, the epididymis failed to develop the character-
istic coiling in the epithelium, which showed a dramatic decrease
in proliferation. This loss of epididymal coiling did not result from
testosterone deficiency, because testosterone production and pa-
rameters for testosterone action such as testis descent and ano-
genital distance remained normal. We further found that initial
Inhba expression did not require testosterone as Inhba was also
expressed in the anterior Wolffian duct of female embryos where
no testosterone was produced. However, Inhba expression at later
stages depended on testosterone. These results demonstrated that
Inhba, a mesenchyme-specific gene, acts collectively with testos-
terone to facilitate epididymal coiling by stimulating epithelial
proliferation.
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Ifred Jost (1, 2) first demonstrated in the 1940s and 1950s that

testosterone is required for the maintenance of the Wolffian
duct, the precursor of several male reproductive tract structures.
Castration of male rabbit embryos resulted in a complete regression
of the Wolffian duct, and testosterone replacement was able to
restore the development of the Wolffian duct. The critical role of
androgen signaling in establishment of the male reproductive tract
was further confirmed by null mutations of the androgen receptor
(AR) as seen in human cases of androgen insensitivity syndrome
and in the Tfm (testis feminization) mouse. In these examples, the
XY individuals developed as pseudohermaphrodites with degen-
erated Wolffian ducts and internal testes (3-5). Furthermore,
administration of antiandrogens to pregnant females suppressed
development of internal and external genitalia of male offspring (6,
7). This evidence cements the paradigm of sexual differentiation
that claims testosterone as the only testis-derived factor essential for
the establishment of the male reproductive tract.

The mechanism of testosterone action on the Wolffian duct
involves the interaction between epithelium and mesenchyme. In
mouse embryos, AR first appeared in the mesenchyme surrounding
the Wolffian duct. Conversely, AR was not expressed in the ductal
epithelium until embryonic day 15.5 (E15.5), when the ductal
morphogenesis starts (8). In the absence of androgens, Wolffian
duct mesenchyme underwent degeneration via apoptosis, indicat-
ing that androgens stabilize Wolffian duct development by directly
acting on the Wolffian duct mesenchyme (9). The actions of
androgen on the Wolffian duct epithelium, on the other hand,
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appear to be indirect via a mesenchyme-derived regulator(s). When
the upper Wolffian duct epithelium (the future epididymis) was
grafted onto the lower Wolffian duct mesenchyme (the future
seminal vesicle), the epithelium underwent seminal vesicle mor-
phogenesis and expressed markers specific for seminal vesicle
epithelium instead of those for epididymal epithelium (10). This
inductive ability of Wolffian duct mesenchyme was also found in the
prostate, providing further support that AR in the mesenchyme is
necessary to dictate androgenic actions of the epithelium (11).
Furthermore, when the epithelium from the AR-deficient testicular
feminization mutation mouse was recombined with wild-type pros-
tatic mesenchyme the AR-deficient epithelium still underwent
ductal morphogenesis, proliferation, and cytodifferentiation resem-
bling the prostate (12, 13). These experiments together demon-
strate that morphogenesis of the Wolffian duct requires direct
androgen action on the mesenchyme to maintain its survival and a
mesenchyme—epithelium interaction to determine the regional
specialization of the epithelium.

The goals of the current research were to identify a putative
mesenchyme-derived factor that has a functional role in regulating
Wolffian duct morphogenesis. Our preliminary data demonstrated
that inhibin beta A (Inhba) was expressed specifically in the
mesenchyme of the anterior Wolffian duct, the future epididymis
(14). Inhba, a subunit of both inhibins and activins, has been shown
to be involved in ductal morphogenesis of the kidney and prostate
during embryonic development (15, 16). We therefore hypothe-
sized that Inhba was a potential candidate for the mesenchyme-
derived gene responsible for transforming a straight Wolffian duct
into the convoluted and coiled structure of the epididymis.

Results

Expression of Inhba and Phospho-SMAD2/3 During Wolffian Duct
Development. To identify genes that may be involved in Wolffian
duct differentiation, we performed in situ hybridization screening
on various signaling molecules such as members of the TGF-3
family. We found that mRNA for Inhba was expressed in the
anterior and middle portions of the mesonephros or the future
epididymis (Fig. 14). Expression of Inhba was also found in the
testis as described (14). At E15.5, when Wolffian duct morphogen-
esis commenced, /nhba mRNA was exclusively expressed in the
mesenchyme but not the epithelium of the Wolffian duct (Fig. 14).
This mesenchyme-specific pattern of Inhba expression persisted in
mesonephroi at E17.5 and E19.5, as the anterior Wolffian duct
began to coil and take on the appearance of the adult epididymis
(data not shown). Because Inhba is a critical subunit of activins and
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inhibins (antagonists of activins), we investigated whether the
activin pathway was active in the Wolffian duct. We examined the
intracellular effectors of activins, phospho-SMAD2/3, by immuno-
cytochemistry. Phospho-SMAD?2/3 was detected in nuclei of the
Wolffian duct epithelium, but not the mesenchyme, at E15.5, E17.5,
and E19.5 (representative image seen in Fig. 1B). These observa-
tions together suggest that the Wolffian duct mesenchyme is a
source of activins, which could act on the Wolffian duct epithelium.

Defects in Epididymal Coiling in Inhba—/— Embryos. To investigate
whether Inhba has a functional role in Wolffian duct differentiation,
we examined the development of the Wolffian duct in wild-type and
Inhba—/— embryos by using whole-mount in situ hybridization for
Pax2, a marker for the Wolffian duct epithelium (17). At E15.5, the
Wolffian duct remained as a straight tube in the mesonephroi of
both wild-type and Inhba—/— male littermates (Fig. 1C). At E17.5
and E19.5, significant coiling became apparent in the developing
epididymides of wild-type embryos (Fig. 1C); however, this coiling
was completely absent in all three regions (caput, corpus, and
caudal) of the developing epididymides in the Inhba—/— male
embryos (Fig. 1C). In the Inhba—/— embryos, the Wolffian duct
failed to elongate and coil, leaving a straight duct in the mesone-
phros that resembled that of the E15.5 embryos. The Inhba
heterozygous animals were fertile, and their epididymides were
indistinguishable from those of wild-type animals (data not shown).

Parameters of Androgen Action in the Inhba—/— Male Embryos.
Although the Wolffian duct failed to coil in the absence of Inhba,
the Wolffian duct was still present in the mesonephros, suggesting
that androgen action with regard to maintenance of the Wolffian
duct was normal. To test this, we examined parameters for andro-
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Fig.1. Functional roles of Inhba in mouse epididymal
coiling. (A) Expression of Inhba mRNA in whole-mount
(Upper) and sectioned (Lower) mesonephroi at E15.5.
Positive staining (red arrows) appears as dark purple.
Anterior of the embryo is on the left. (B) Immunocy-
tochemistry for phospho-SMAD2/3 (green) counter-
stained with nuclear marker DAPI (red) in the Wolffian
duct at E15.5. (Inset) A higher magnification (x40) of
a portion of the epithelium is shown to demonstrate
the speckled nuclear staining of the phospho-
SMAD2/3. (C) Whole-mount in situ hybridization for
Pax2, an epithelial cell marker for the Wolffian duct,
on mesonephroi without testes attached on wild-type
(Left) and Inhba—/— (Right) embryos at E15.5 (Top),
E17.5 (Middle), and E19.5 (Bottom). Specific staining
appears as dark purple (red arrows and magnification
was X4). cp, caput; cr, corpus; cd, cauda; ep, epithe-
lium; me, mesenchyme; t, testis. (Scale bars: 500 um, A;
100 pum, B.)

gen action, including Leydig cell differentiation, testis descent,
anogenital distance, and testosterone production. First, we found
that the expression of P450 side-chain cleavage enzyme (P450 Scc),
a steroidogenic marker for Leydig cells, was present in both the
wild-type and Inhba—/— testis (Fig. 24). Second, we isolated the
entire urogenital tract at E19.5 to examine testis descent, a process
controlled by androgens. The Inhba—/— testes descended to the
lateral side of the bladder similarly to their wild-type littermates
(Fig. 2A4). The anogenital distance, which is normally greater in
males than females because of androgen action, was similar in
wild-type, Inhba+/—, and Inhba—/— male embryos (Fig. 24). Last,
we measured the testosterone content in individual testis from
wild-type, Inhba+/—, and Inhba—/— newborns and found no
statistical differences among phenotypes [supporting information
(SI) Fig. 5; n = 8]. We also examined the development of prostate
and seminal vesicles at birth and found no differences between the
wild-type and Inhba—/— animals (data not shown).

We further investigated whether the responsiveness of the Wolf-
fian duct to androgens (AR expression) remained intact in the
absence of Inhba. By using immunocytochemistry for AR, we found
that AR proteins were restricted to the mesenchyme, and minimal
staining was found in the epithelium at E15.5 in wild-type meso-
nephroi as described (8). At E17.5 and E19.5 AR continued to be
expressed in the mesenchyme and also began to appear in the
epithelium (representative image shown in Fig. 2B). Inhba—/—
embryos retained the mesenchyme expression of AR at E15.5 and
other stages similar to the wild type. However, at E17.5 and E19.5,
when AR expression became strongly positive in the Wolffian
epithelium in the wild type, only a low level of AR was detected in
a few epithelial cells in the Inhba—/— Wolffian duct (representative
image shown in Fig. 2B). Taken together, these results suggest that
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Fig.2. Parameters of androgen action in wild-type and Inhba—/— embryos.

(A) P450 Scc expression in the testis, testis descent, and anogenital distance
were examined. (Top) Whole-mount in situ hybridization for P450 Scc, a
marker for Leydig cells, was performed on wild-type (Left) and Inhba —/—
(Right) littermate testis (black staining). (Middle) Light microscopic images of
the entire urogenital system were taken from wild-type (Left) and Inhba—/—
(Right) embryos to monitor testis descent. (Bottom) Anogenital distance of
newborns was measured, and each bar represents the mean + SEM of male
Inhba+/+ (n = 8), +/— (n = 16), and —/— (n = 8) males compared with
wild-type females (n = 30). Statistical significance between each symbol (a and
b) was P < 0.01. (B) The presence of AR was detected by immunocytochemistry
(green) in the wild-type (Upper) and Inhba—/— (Lower) epididymides at E19.5.
b, bladder; e, epididymis; ep, epithelium; k, kidney; me, mesenchyme; t, testis.

loss of Inhba did not alter testosterone production or AR expression
in the Wolffian duct mesenchyme, the primary target of androgens.
However, normal epithelial expression of AR after E15.5 appeared
to require the presence of Inhba in the Wolffian duct mesenchyme.

Mechanisms of Inhba Action in Epididymal Coiling. Histological eval-
uation of E19.5 wild-type and Inhba—/— epididymides provided
more insight into the regionally specific defects in Wolffian duct
differentiation. The reduction in ductal coiling was evident by the
decreased number of ductal cross-sections within the epididymides
of Inhba—/— embryos compared with wild type (Fig. 34). In the
wild-type epididymis, the high cuboidal to low columnar epithelial
layer was surrounded by a well organized mesenchyme (Fig. 34). In
Inhba—/— embryos, the epithelial layer became high columnar in
shape, and cell width appeared to be decreased as the epithelial
layer became crowded. The mesenchyme also exhibited abnormal-
ities as the mesenchymal cells surrounding the duct were condensed
and disorganized (Fig. 34).

The dramatic transformation of a straight Wolffian duct into a
convoluted epididymal structure from E15.5 to E19.5 requires
expansion of the epithelium. We speculated that either a decrease
in epithelial proliferation, an increase of epithelial apoptosis, or a
combination of both could contribute to the loss of epididymal
coiling in Inhba—/— embryos. We measured proliferation and
apoptosis by immunostaining for Ki67 and TUNEL assay, respec-
tively. In the wild-type embryos, a significant increase in the
percentage of total Ki67-positive cells in the entire Wolffian duct
epithelium was observed during development from E15.5 (40%),
E17.5 (57%), to E19.5 (65%; Fig. 3B). In the Inhba—/— embryos,
this increasing trend was absent as the percentage of total Ki67-
positive cells remained similar from E15.5 to E19.5. At E15.5, the
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Fig.3. Cellular and proliferation defects in the Inhba—/— epididymides. (A)

Periodic acid/Schiff staining of the E19.5 epididymides in wild-type (Left) and
Inhba—/— (Right) littermates. (Upper) Magnification: X4. (Lower) Magnified
sections (x20) of corpus portion of the epididymis are shown. ed, efferent
ducts; ep, epithelium; epd, epididymis; me, mesenchyme; t, testis. (B) Prolif-
eration in the epididymal epithelia of wild-type (white bars) and Inhba—/—
(gray bars) embryos at E15.5, E17.5, and E19.5. Proliferation was measured by
immunostaining for Ki67. For each tissue, serial sections were obtained and
stained, and at least 10 sections (24 um apart) were analyzed. The percentage
proliferation was calculated as the fraction of Ki67-positive cells over the total
number of cells based on total nuclear staining (DAPI staining). The sample
size was three embryos for each genotype and statistical significance between
each symbol (a, b, and ¢) was P < 0.01.

percentage of total Ki67-positive cells in the entire Wolffian duct
epithelium was not different between wild-type and Inhba—/—
embryos (Fig. 3B). However, at E17.5 and E19.5, when wild-type
epithelium showed an increase in proliferation, the percentage of
Ki67-positive cells in the Inhba—/— epithelium remained similar to
that of E15.5 (Fig. 3B). Apoptosis was also examined in the
wild-type and Inhba—/— epididymides from E15.5 to E19.5. We
found that apoptotic cells were rare in all genotypes, and no
difference was observed (data not shown). These results suggest
that Inhba is responsible for proper epithelial proliferation in the
Wolffian duct, which is essential for epididymal coiling.

In addition to the epididymal phenotypes, defects were found in
the testis of the Inhba—/— embryos. This observation raised the
possibility that the epididymal phenotypes could be secondary to
the testis defects, instead of the loss of local production of Inhba. To
test this possibility, we examined markers for Sertoli cells (AMH or
anti-Miillerian hormone and SOX9 or Sry-related HMG box 9) and
Leydig cells (Cyp17) and found no differences between wild-type
and Inhba—/— testes (SI Fig. 6; n = 6). Along with the finding on
normal testosterone production in Inhba testes and existing evi-
dence in the field (see Discussion), we concluded that the epidid-
ymal phenotypes were not caused by defects in the testes.

Regulation of Inhba Expression in the Wolffian Duct. The overlapping

patterns of Inhba (Fig. 14) and AR (Fig. 2B) expression in the
Wolffian duct mesenchyme suggested that Inhba expression could
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Fig. 4. Regulation of Inhba expression in the Wolffian duct. (A) Inhba
expression in E12.5 male (Left) and female (Right) mesonephroi and gonads by
whole-mount in situ hybridization. (B) Inhba expression in the mesonephros
with testis attached with vehicle treatment (methanol) (Left), mesonephros
alone with vehicle (methanol) (Center), and mesonephros alone with testos-
terone (10~7 M in methanol) (Right) for 48 h starting at E13.5. Positive staining
(red arrows) appears as dark purple or brownish color. The sample size for all
experiments was three repetitions for each treatment. o, ovary; t, testis.
(Magnification: x4.)

be regulated by androgens. To test this possibility, we first examined
expression of Inhba in both male and female mesonephroi at E12.5
when androgen-producing fetal Leydig cells have not yet appeared
in the testis. At E12.5, Inhba expression was present in both male
and female mesonephroi in an identical pattern: strong expression
in the anterior Wolffian duct (Fig. 44). These results indicated that
initial expression of Inhba in the Wolffian duct mesenchyme is not
male-specific and does not require testosterone.

To investigate whether Inhba expression at later stages of devel-
opment requires testosterone or the presence of testis, we cultured
E13.5 mesonephroi with testes attached, mesonephroi alone with
methanol (vehicle for testosterone), or mesonephroi alone with
testosterone (10~7 M in methanol; Fig. 4B). E13.5 was chosen, as
it was the stage when testosterone production began to peak. After
48 h of culture, we found that when the testis remained attached to
the mesonephros, Inhba expression in the anterior Wolffian duct
extended posteriorly, similar to what was seen at the same stage in
vivo. However, in mesonephroi cultured alone without the testos-
terone supplement, Inhba expression in the Wolffian duct was
significantly reduced (Fig. 4B). Addition of testosterone only par-
tially restored the Inhba expression in the absence of the testis.
These data suggest that testosterone and/or other factors from the
testis are essential for the maintenance of Inhba expression after
E135.

Discussion

Formation of the tubal structure in organs such as the lung, kidney,
and mammary gland is established through a universal mechanism
of mesenchyme—epithelium interaction (18-20). Here, we demon-
strate that morphogenesis of the male reproductive tract, specifi-
cally the epididymis, also requires a cross-talk between mesen-
chyme and epithelium. It has long been proposed that a
mesenchyme-derived factor dictates the differentiation of the ep-
ithelium in the Wolffian duct (21). Although expression profiling
and in vitro experiments have suggested the potential involvement
of several candidate molecules such as prostaglandin E2 (22),
epidermal growth factor (23), keratinocyte growth factor (24), and
neurotrophins (25) in this process, the in vivo role of these putative
inductive factors has never been confirmed. Alarid et al. (26), using
transplantation technique, demonstrated that basic fibroblast
growth factor (bFGF) antibody caused degeneration of the genital
ridge and loss of epididymis, suggesting that bFGF is important for
maintaining the Wolffian structure (26). However, a genetic model
remains to be developed to confirm the role of bFGF in vivo. In this
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research, we discovered Inhba as a mesenchyme-specific gene that
controls regional differentiation of the epididymis. The mesen-
chyme-derived Inhba is responsible for proliferation of the epidid-
ymal epithelium, leading to the transformation of the straight
Wolffian duct into the convoluted and coiled structure of the
epididymis.

Inhba Is a Mesenchyme-Derived Gene that Is Required for Epithelial
Coiling of the Epididymis. Inhibin beta genes (Inhba and Inhbb)
encode inhibin beta proteins (INHBA and INHBB), which are
subunits of inhibins (dimers of inhibin alpha and beta subunits) and
activins (dimers of inhibin beta subunits) (27, 28). The presence of
Inhba mRNA, but not Inhbb mRNA (shown in ref. 14), in the
anterior Wolffian duct mesenchyme suggests that inhibin A (het-
erodimers of INHBA and the alpha subunit) and/or activin A
(homodimers of INHBA) are the possible products in this region.
Activins, but not inhibins, are known to induce cellular responses
via activin receptors and the SMAD?2/3 pathway (29-31). Inhibins
function to antagonize activins through either competition of
receptor binding (32) or betaglycan (33). The expression of activin
receptor 1IB (34) and the presence of phospho-SMADZ2/3 (this
paper) in the Wolffian epithelium suggest that the activin pathway
is activated and targeted to the Wolffian epithelium. Defects in
epithelial proliferation in the Inhba—/— anterior Wolffian duct
provide further functional evidence to support that mesenchyme-
derived activin A stimulates epithelium expansion in the epididy-
mis. The presence of INHBA mRNA was also found in epididymal
mesenchyme of the human fetus, suggesting that this expression
pattern could be conserved and a functional role could exist at least
in mice and humans (35).

The spatial and temporal expression of Inhba exhibits a unique
anterior-to-posterior gradient in the Wolffian duct mesenchyme.
Expression of Inhba starts in the most anterior part of the Wolffian
duct at E12.5 and as development proceeds, the expression domain
gradually extends posteriorly. This gradient of Inhba expression
corresponds to the degree of coiling in the epididymis. Initial
expression of Inhba is restricted to the future caput epididymis
where the most epithelial coiling occurs. As Inhba expression wanes
along the anterior—posterior axis, the degree of coiling in the corpus
and caudal epididymis decreases. It is interesting to note that Inhba
expression is also found at later stages in the posterior Wolffian duct
(future vas deferens) where no coiling is found. We therefore
speculate that the function of Inhba on epididymal coiling is to
prime the Woffian duct epithelium. Early exposure to INHBA or
its protein product activin A predisposes the anterior Wolffian duct
epithelium to obtain the coiling phenotype. On the other hand, in
the posterior Wolffian duct where Inhba expression appears late,
the Wolffian duct epithelium is unable to acquire the ability to coil.

Parameters of Androgen Action Are Not Affected in the Absence of
Inhba. Development of the male reproductive organs, including the
epididymis, is thought to be controlled mainly by testosterone and
its derivatives. In utero disruption of the androgen pathway led to
various reproductive defects in male offspring. For example, loss of
epididymal coiling was reported in rat embryos exposed to Di(n-
Butyl) phthalate, which caused a decrease in androgen biosynthesis
(36). Similarly, embryos exposed to linuron, a weak AR antagonist,
also exhibited decreased epididymal coiling (37). Based on these
observations, we initially speculated that the loss of epididymal
coiling in the Inhba—/— mutant was the result of defects in systemic
androgen production, instead of a direct local effect of Inhba.
However, we found the level of testosterone per testis and param-
eters for androgen synthesis and action (Leydig cell differentiation,
testis descent, anogenital distance, and AR expression in the
mesenchyme) were normal in [nhba—/— embryos, therefore ruling
out the possibility that androgen deficiency was the cause of lack of
epididymal coiling. Androgens are known to maintain and stabilize
the Wolffian duct but their involvement in the regional specification
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of the Wolffian duct is questionable as the entire Wolffian duct is
exposed to androgens. It has been proposed that intrinsic factors
such as homeobox genes or locally produced morphogens could be
responsible for the transformation of the straight Wolffian duct into
various segments of the male reproductive tract (38). Our results
provide genetic evidence that Inhba serves as a paracrine regulator
specific for the epididymal transformation as vas deferens and other
parts of the male reproductive tract remain normal in Inhba—/—
embryos. The undisturbed androgen parameters in the Inhba—/—
embryos further indicate that androgens alone are not sufficient to
facilitate epididymal coiling, supporting the hypothesis proposed by
Cunha and Young (42).

In addition to the epididymal phenotypes, testis cord formation
was affected in the /nhba null animals. This finding led to a concern
that the loss of epididymal coiling in Inhba—/— male could be
secondary to the testis phenotypes. To test this possibility, we
examined markers for the differentiation of Sertoli cells and Leydig
cells and found that these markers were properly expressed in the
Inhba mutants despite the morphological defects. We also found
that Inhba was essential for Sertoli cell proliferation but not their
differentiation (data not shown). We therefore conclude that the
epididymal phenotypes in the Inhba embryos resulted from the loss
of local Inhba functions, not a secondary effect of the testis
phenotypes or suboptimal testosterone production. Existing liter-
ature also provides evidence that epididymis formation can occur
in the absence of testes. First, Alfred Jost (1, 2) in the 1940s and
1950s demonstrated that the Wolffian duct differentiated into
various parts of the male reproductive tract in ovariectomized
female rabbit embryos implanted with testosterone capsules. Sec-
ond, Tsuji et al. (40) demonstrated that when the Wolffian duct was
cultured without the testis in a serum-free medium with testoster-
one supplement proper epididymal coiling occurred. This evidence
further strengthens the idea that testis-derived androgen and local
signaling factors in the epididymis are sufficient to induce epidid-
ymal coiling.

Inhba Is Responsible for the Up-Regulation of AR in the Epididymal
Epithelium. It is worth noting that AR expression in the epididymal
epithelium of Inhba—/— embryo was not up-regulated as seen in the
wild-type embryos. During normal development, AR expression
first appears in the mesenchyme and later in the epithelium of the
Wolffian duct. It was proposed that the Wolffian duct mesenchyme
produces a diffusible factor to stimulate AR expression in the
epithelium (41). Our finding on the reduction of AR expression in
the Inhba—/— epididymal epithelium provides evidence that IN-
HBA or its product activin A is a candidate for this elusive diffusible
factor. The consequence of loss of AR in the Inhba—/— epithelium
is not clear. Based on the recombinant experiments using prostate,
seminal vesicle, and mammary gland, AR expression in the epi-
thelium is not essential for epithelial morphogenesis, remodeling,
and proliferation in these tissues (11, 12, 42, 43). Therefore, we
conclude that loss of AR expression in the epithelium does not
account for the loss of coiling in the epididymis.

The convoluted organization of the epididymis is essential for
sperm protection, maturation, concentration, and storage in the
adult. We speculate that the Inhba—/— epididymis will not be
functional in the adult. Unfortunately, we were not able to confirm
this as the Inhba—/— embryos die around birth.

Initial Expression of Inhba in the Wolffian Duct Is Androgen-
Independent. Another important discovery of this research is that
the initial Inhba expression in the anterior Wolffian duct does not
depend on androgens. Inhba expression was present at E11.5 and
E12.5, before the appearance of androgen-producing fetal Leydig
cells. In addition, Inhba expression was found in the female
Wolffian duct where no androgens were produced. However, the
maintenance of Inhba expression seems to require the presence of
a testis or testosterone as Inhba expression was decreased in the
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Wolffian duct when the testis was removed in culture. We also
found that testosterone supplementation partially maintained the
expression domain of Inhba in the absence of the testis. It remains
to be determined whether the effect of testosterone on Inhba
expression is mediated directly via transcriptional activation of the
Inhba gene or indirectly by maintaining survival of the mesen-
chyme.

In summary, we have identified Inhba as a mesenchyme-derived
gene that facilitates coiling of the epididymal epithelium. The Inhba
knockout embryos exhibit normal androgen parameters, indicating
that regulation of epididymal coiling by Inhba is not directly
controlled by androgens. This is further supported by the fact that
initial expression of Inhba does not require the presence of andro-
gens. Defects in Wolffian duct patterning were also reported in
homeobox gene mutations such as Hoxa-10 and Hoxa—11. Hoxa-10
and Hoxa—11 are expressed in a pattern opposite to Inhba, as the
expression domain of these Hoxa genes was restricted to the
posterior Wolffian duct. The epididymal coiling was normal in both
Hoxa-10 and Hoxa-11 knockout embryos but ectopic coiling was
observed in the vas deferens that derive from the posterior Wolffian
duct (44, 45), suggesting that these Hoxa genes are critical for
maintaining the identity of the vas deferens. It will be of particular
interest in the future to investigate how INHBA interacts with these
HOXA transcription factors to define the boundary between the
epididymis and vas deferens. Furthermore, Fgf70 has been impli-
cated as a mesenchyme-derived factor that controls Wolffian duct
differentiation (46, 47). Interestingly in the Fgfl0 knockout male
epididymal coiling was not affected; instead, posterior Wolffian
duct derivatives such as prostate and seminal vesicle were mal-
formed (47). These two findings suggest that Inhba and Fgf10 are
regionally specific mesenchymal genes that control anterior-to-
posterior morphogenesis of the Wolffian duct.

Materials and Methods

Animals. Inhba+/— mice were crossed to produce Inhba—/— ani-
mals (48). Genotypes were determined by PCR with the following
primers: 5'-ACAGAACCAGGACCAAAGTCACCA-3" and 5'-
TCCAGTCATTCCAGCCAATGTCCT-3' to detect the wild-type
allele and 5'-GGACCTCTCGAAGTGTTGGATAC-3' and 5'-
CTTGCGCTCATCTTAGGCTT-3' to detect the HPRT marker
for the knockout allele. Timed matings were produced by housing
female mice with males overnight and checking for vaginal plugs the
next morning (E0.5 = noon of the day when a vaginal plug was
found). Fetal tissue was collected at E13.5, E15.5, E17.5, and E19.5.
If parturition occurred on E19.5, the newborn mice were used for
tissue collection. All procedures described were reviewed and
approved by the Institutional Animal Care and Use Committee and
performed in accordance with the Guiding Principles for the Care
and Use of Laboratory Animals.

Testosterone RIA. Testes were collected from newborn mice, and
each epididymis was removed. Each testis was assayed individually
for both testosterone and protein. Testosterone levels were deter-
mined in individually homogenized testes with a previously vali-
dated RIA (49). Testosterone concentrations (pg/mg protein) per
testis were determined by using the RIAEIA Parallelism Program
with Hot Recovery written by M.-C. J. Wu (Taiwan Livestock
Research Institute, Hsinhua, Taiwan) (50).

Whole-Mount in Situ Hybridization. Tissues were fixed overnight with
4% paraformaldehyde in PBS at 4°C and processed according to
standard nonradioisotopic procedures using digoxigenin-labeled
RNA probes (51). The RNA probes and their optimal hybridization
temperatures were: Inhba (65°C), Pax2 (62.5°C), and P450 SCC
(65°C).

Periodic Acid/Schiff Staining. Tissues were immersion fixed in 4%
glutaldehyde, dehydrated through an ethanol gradient, and embed-
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ded in glycol methacrylate. Blocks were cut into 2.5-um sections,
and every fifth section was collected on a glass slide. Sections were
stained by using the periodic acid/Schiff reagent for 45 min and
counterstained with hematoxylin for 35 min.

Immunocytochemistry and TUNEL Assay. Tissues were fixed in 4%
paraformaldehyde in PBS at 4°C overnight and dehydrated through
a sucrose gradient. Tissues were then embedded in Histoprep
frozen tissue embedding media (Fisher, Waltham, MA) and cryo-
sectioned to 8 wm thick and dried on polylysine-treated slides. Slides
were either processed for immunocytochemistry or apoptosis assay.
For immunocytochemistry, endogenous hydrogen peroxidase was
quenched for 30 min at room temperature in 0.6% H,O, in
methanol followed by a 10-min running tap water wash. Sections
were next treated with a microwave-heated antigen retrieval solu-
tion (0.1 M citrate, pH 6) for 10 min (Ki67) or 20 min (AR and
phospho-SMAD 2/3). After cooling, sections were washed 10 min
in running tap water and then incubated with 10% donkey serum
in PBS for 1 h followed by overnight incubation with primary
antibody diluted in PBS at 4°C. Primary antibodies used included
phospho-SMAD 2/3 (1:250; Cell Signaling, Beverly, MA), Ki67
(1:500; BD Pharmingen, Franklin Lakes, NJ), and AR (1:500;
generously provided by Gail Prins, University of Illinois, Chicago,
IL). Sections were washed with PBS (three times at 15 min each)
and then incubated with the secondary antibody diluted in 5%
donkey serum in PBS for 1 h at room temperature. Secondary
antibodies used included biotinylated donkey anti-mouse (1:200;
Jackson, West Grove, PA) for Ki67 and biotinylated donkey
anti-rabbit (1:200; Jackson) for AR and phospho-SMAD 2/3.
Sections were washed with PBS, and signal was developed by using
the TSA Fluorescein System kit (PerkinElmer, Wellesley, MA)
according to the manufacturer’s instructions and modification (39).
Sections were counterstained with DAPI containing Vectashield
mounting medium (Vector, Burlingame, CA). Cryosectioned slides
designated for measuring apoptosis were TUNEL-stained by using
the in situ cell death detection kit (Roche, Indianapolis, IN)
following the manufacturer’s instructions.
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Evaluation of Epithelial Proliferation and Apoptosis. Ki67 immuno-
cytochemistry and TUNEL assay were used to label proliferating
and apoptotic cells, respectively. For each tissue (wild type and
Inhba null), serial sections, amounting to at least 10 sections, 24 um
apart between each section, were pictured, and the caput, corpus,
and caudal portions of the Wolffian duct were identified. The total
cell number (DAPI staining for individual nucleus) and total
proliferating cells (Ki67-positive) or apoptotic cells (TUNEL-
positive) were obtained for each epithelial portion. The percentage
proliferation or apoptosis was calculated as the fraction of Ki67- or
TUNEL-positive cells over the total number of nuclei.

Explant Culture. Mesonephroi with testes attached were isolated
from E13.5 embryos and cultured for 48 h on a 1.5% agar block in
DMEM supplemented with 10% charcoal-stripped FCS and 50
pg/ml ampicillin at 37°C with 5% CO,/95% air. For androgen-
dependency studies, testes were removed and only mesonephroi
were cultured in the presence of testosterone (10~7 M) for 48 h. An
equivalent volume of methanol (solvent for testosterone) was added
to control cultures. Changes of fresh medium with or without
testosterone was performed every 24 h.

Statistical Analysis. Data were tested for normality followed by
two-way ANOVA, and the significance was decided if P < 0.01.
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