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Summary
Interactions between adjacent epithelial and mesenchymal tissues represent a highly conserved
mechanism in embryonic organogenesis. In particular, the ability of the mesenchyme to instruct
cellular differentiation of the epithelium is a fundamental requirement for the morphogenesis of
tubular structures such as those found in the kidneys, lungs, and the developing male reproductive
system. Once the tubular structure has formed, it receives signals from the mesenchyme, which can
control proliferation, patterning, and differentiation of the epithelium inside the tube. However, the
epithelium is not a “silent partner” in this process, and epithelium-derived factors are often required
for proper maintenance of the mesenchymal compartment. Although much emphasis has been placed
on the characterization of mesenchymally-derived signals required for epithelial differentiation, it is
important to note that epithelial-mesenchymal interactions are a two-way street wherein each
compartment requires the presence of the other for proper tubule morphogenesis and function. In
this review, we discuss epithelial-mesenchymal interactions in the processes of Wolffian duct and
fetal testis cord development using the mouse as a model organism and propose inhibin beta A as a
conserved mesenchyme-derived regulator in these two male-specific tubular structures.
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INTRODUCTION
Epithelial-mesenchymal interactions are a common motif in embryonic development,
particularly in the formation of tubular structures throughout the body (reviewed by Lubarsky
and Krasnow, 2003; Karihaloo et al., 2005). During organogenesis, it is typically the
mesenchyme that provides instructive cues to promote the differentiation of the tubular
epithelium. In kidney and ureter development, for example, sprouting of the ureteric buds from
the Wolffian ducts is not the result of an intrinsic program of the Wolffian duct epithelium but
is instead dependent upon signals from the nearby mesenchyme (reviewed by Airik and Kispert,
2007). Similarly, branching morphogenesis of the embryonic lung epithelium is also controlled
by its adjacent mesenchyme (reviewed by Shannon and Hyatt, 2004). Mesenchymal
contribution to epithelial differentiation has been demonstrated by tissue recombination
experiments in which mesenchyme of a specific origin is cultured in physical contact with
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epithelium of a different origin to determine whether the fate of the epithelium can be altered.
For example, lung mesenchyme is able to induce branching morphogenesis in salivary gland
epithelium, a non-branching tissue, when cultured together as a tissue recombinant (Lawson,
1974). Similar tissue recombinations have established the instructive nature of the ureteric bud
mesenchyme in determining the fate of the epithelia, which form the kidneys and lower urinary
tract (Baskin et al., 1996; Cunha et al., 1991; Lipschutz et al., 1996).

In the male reproductive system, differentiation of tubular structures such as the Wolffian ducts
and the testis cords (known as the seminiferous tubules in adult testes) also requires interactions
between epithelium and mesenchyme. The Wolffian ducts and gonads share a common origin,
the urogenital ridges which arise from the intermediate mesoderm by embryonic day 9.5 (E9.5)
in the mouse (for details regarding spatiotemporal development of the urogenital ridges, please
see review by Staack et al., 2003). Each urogenital ridge is divided into three overlapping
regions—the pronephros, mesonephros, and metanephros. The pronephros is vestigal in
mammals and thus regresses early in embryonic life; however, the pronephric ductal
derivatives continue to progress in a cranial-to-caudal manner and become the Wolffian (or
mesonephric) ducts by E10. The gonads are of mesonephric origin and are found on the medial
side of the urogenital ridges (Staack et al., 2003). The meta-nephroi, on the other hand, give
rise to the embryonic kidneys. Formation of the Wolffian and Müllerian (para-mesonephric)
ducts occurs in embryos of both sexes; however, by the time of birth only one reproductive
tract is present. Although formation of the Wolffian ducts does not require gonadal hormones,
maintenance of the ducts requires testicular androgens (Jost, 1947, 1953). Therefore, the
Wolffian ducts are retained only in males and eventually give rise to the epididymides, vasa
deferens, and seminal vesicles. In contrast, both the formation and maintenance of the
Müllerian ducts is hormone-independent. In male embryos, the Sertoli cells of the fetal testes
produce anti-Müllerian hormone (AMH) that causes regression of the Müllerian ducts (Jost,
1947, 1953). In female embryos, the lack of AMH production creates a permissive environment
for persistence of the Müllerian ducts.

In contrast to the transient coexistence of both male and female ducts, the sexual identity of
the fetal gonads is defined according to the sex chromosome composition of the embryo. The
gonadal primordia in mammals form either testes or ovaries based upon the presence or absence
of the Y chromosome. In nearly all mammals, XY individuals develop testes due to the presence
of the Sry (sex-determining region of the Y chromosome) gene (Koopman et al., 1990).
Expression of either Sry or its downstream target Sox9 (Sry-related high mobility group box
gene 9) is both necessary and sufficient to establish the Sertoli cell lineage and thus secure
testis fate (Barrionuevo et al., 2006; Bishop et al., 2000; Chaboissier et al., 2004; Sekido and
Lovell-Badge, 2008; Vidal et al., 2001). Under the influence of Sry and Sox9, Sertoli cells
organize the male gonads into an epithelial compartment (the testis cords) and an adjacent
mesenchymal compartment (the interstitium). In the absence of Sry or Sox9 expression, as is
the case in normal XX individuals, the gonadal primordia will develop into ovaries which fail
to maintain any cord-like structures during fetal life.

In this review, we discuss the epithelial-mesenchymal crosstalk involved in the maintenance
and patterning of the Wolffian ducts and fetal testes. We also propose that inhibin beta A
(Inhba), a subunit of activins, is a mesenchyme-produced factor involved in the elongation and
convolution of both the anterior Wolffian ducts and the fetal testis cords.

EPITHELIAL-MESENCHYMAL INTERACTIONS IN THE INITIAL PATTERNING
OF THE WOLFFIAN DUCTS

In mammals, the Wolffian (mesonephric) ducts develop in a cranial-to-caudal fashion from
the remnants of the rudimentary pronephros (for details on Wolffian duct formation, please
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see reviews by Capel, 2000; MacLaughlin et al., 2001; and Hannema and Hughes, 2007). Once
the Wolffian ducts have formed, the next key stage of morphogenesis involves the stabilization
and basic patterning of the ducts. Androgens produced by the fetal testes are essential for
maintaining the Wolffian ducts and eliciting the expression of downstream growth factors.
Exposure of the Wolffian ducts to these testicular androgens follows an anterior-to-posterior
gradient (Veyssière et al., 1982). In early Wolffian duct development, androgen receptor (AR)
is expressed specifically within the mesenchyme and acts directly on the mesenchyme to
stabilize the ducts (Huhtaniemi, 1994). In mice, AR is not detected in the Wolffian duct
epithelium until E15.5, a critical timepoint in ductal morphogenesis (Cooke et al., 1991). At
E15.5, the anterior Wolffian duct epithelium begins the process of elongation and convolution
which will eventually result in highly-coiled epididymal structures by birth. Although the
actions of androgens on the Wolffian duct mesenchyme are direct, the effects of androgens on
the epithelium appear to be indirect and most likely occur via the production of para-crine
factors from the mesenchyme.

Grafting experiments involving tissue recombinations have provided tremendous insight into
the relationship between the Wolffian duct epithelium and mesenchyme during this critical
period of development. Specifically, when epithelium from the anterior portion of the Wolffian
ducts, which will form the epididymides, was grafted onto mesenchyme from the posterior
Wolffian ducts, which will form the seminal vesicles, the epithelium was transformed to a
seminal vesicle-like phenotype (Higgins et al., 1989). Similar recombination experiments have
been conducted wherein urogenital epithelium, derived from the seminal vesicles or urogenital
sinus, was combined with either seminal vesicle or skin mesenchyme (Cunha, 1972). In tissue
recombinants composed of urogenital epithelium and seminal vesicle mesenchyme, the
epithelium took on the glandular phenotype characteristic of the seminal vesicle epithelium.
In grafts consisting of urogenital epithelium and integumental mesenchyme, the epithelium
exhibited a keratinized structure characteristic of skin epithelium. These experiments confirm
that it is the origin of the mesenchyme, rather than the origin of the epithelium, which
determines the fate of the epithelial compartment. Tissue recombination experiments have also
proven helpful in elucidating the compartment-specific requirement for androgens during
Wolffian duct morphogenesis. To determine the role of androgens, Wolffian duct epithelium
from androgen-insensitive testicular feminization mouse (Tfm) embryos was grafted onto
wild-type mesenchyme derived from the urogenital sinus region, which gives rise to the
androgen-dependent prostate. In these recombinations, the Tfm epithelium, which lacks a
functional AR, still underwent ductal and cellular differentiation resembling that of the prostate
(Sugimura et al., 1986). These data confirm that androgen action upon the mesenchyme, not
the epithelium, is essential for maintenance and differentiation of the Wolffian ducts.
Additionally, regional specification of the epithelium depends upon the identity of the adjacent
mesenchyme.

Although epithelial differentiation is regulated by mesenchymal signals, communication
between these compartments in the Wolffian ducts is in fact a two-way street. The Wolffian
duct epithelium produces growth factors and other signaling molecules which are essential for
the growth of the mesenchyme. Specifically, grafts of Wolffian duct mesenchyme cultured
without the epithelium fail to develop properly, emphasizing the importance of the epithelium
in maintenance of the Wolffian duct mesenchyme (Cunha et al., 1991; Higgins et al., 1989).
Not surprisingly, the production of growth factors by the Wolffian ducts is closely tied to
androgen signaling. Epidermal growth factor (Egf) is a particularly interesting example because
not only is its expression regulated by androgens, but EGF can in turn regulate androgen
signaling via effects on AR. Initially, EGF is expressed in both the mesenchyme and epithelium
of the Wolffian ducts, but it is localized almost exclusively to the epithelium by E18 in the
mouse (Gupta, 1997). The expression of EGF in the Wolffian ducts follows the anterior-to-
posterior gradient of testosterone exposure, and expression of both EGF and its receptor can
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be increased by androgen treatment (Gupta and Jaumotte, 1993; Gupta and Singh, 1996; Gupta,
1996). Further evidence that EGF is a critical modulator of androgen-induced effects in the
Wolffian ducts comes from both in vitro and in vivo experiments wherein EGF maintained the
Wolffian ducts in the absence of the testes and induced Wolffian duct morphogenesis in female
embryos (Gupta et al., 1991). In addition to its role as a downstream effector of androgens, in
vitro experiments using cultured mesenchymal cells demonstrate that EGF works together with
androgens in an additive fashion to enhance AR-mediated transcriptional activity (Gupta,
1999). Interestingly, EGF does not increase AR mRNA transcription or protein translation,
suggesting that the ability of EGF to replace androgens in the developing Wolffian ducts is
primarily due to its effect on AR-mediated transcription (Gupta, 1999).

Several other factors including growth hormone (GH), insulin-like growth factor 1 (Igf1),
transforming growth factor beta 2 (Tgfβ2), and fibroblast growth factors (Fgf) have also been
shown to play a role in Wolffian duct development both in vivo and in vitro. For example, the
requirement for GH in Wolffian duct morphogenesis was established by in vitro experiments
wherein E13 mouse gonads with Wolffian and Müllerian ducts attached were cultured in the
presence of an anti-GH antibody (Nguyen et al., 1996). This blockage of GH signaling resulted
in degeneration of the Wolffian ducts, a phenotype which was rescued by GH replacement.
The negative effect of the anti-GH antibody could also be rescued by addition of IGF1, a
downstream mediator of GH activity. Interestingly, adult mice with a null mutation in the
Igf1 gene display extreme underdevelopment of the posterior epididymides, seminal vesicles,
and prostate (Baker et al., 1996). However, normal development of the lower Wolffian duct
derivatives relies heavily upon androgens and as testosterone production is reduced in Igf1-
null males it is unclear whether the hypomorphic phenotype is due to local IGF1-deficiency,
testosterone deficiency, or a combination of both during embryonic development (Baker et
al., 1996). In addition to GH and IGF1, members of the TGFβ and FGF families have also been
implicated in the stabilization and patterning of the Wolffian ducts although the specific
requirements for these factors are not fully understood (Chua et al., 2002; Sanford et al.,
1997; Thomson and Marker, 2006; reviewed by Hannema and Hughes, 2007). Analysis of
male Tgfβ2 knockout mice revealed myriad defects in urogenital tract development, but the
specific role of TGFβ2 in normal Wolffian duct development could not be elucidated due to
the relatively small number of animals analyzed and the phenotypic variance present in these
mice (Sanford et al., 1997). As is the case with Tgfβ2, the function of Fgf3 in the developing
Wolffian ducts is not fully known, but male transgenic mice overexpressing Fgf3 in the
Wolffian ducts and prostate display a severe dysmorphic hyperplasia of these tissues (Chua et
al., 2002). Another member of the FGF family, Fgf10, is expressed in the mesenchyme of the
lower Wolffian ducts and regulates epithelial growth of the seminal vesicles and prostate.
Interestingly, although testosterone treatment increased Fgf10 transcription in the seminal
vesicles, anti-androgen treatment did not alter Fgf10 levels, thus, suggesting that Fgf10
expression is not a direct target of androgen action (Thomson and Cunha, 1999). These results
highlight the fact that although both androgens and growth factors are essential for Wolffian
duct formation, the relationships between these two signaling families are rather complicated.

In addition to androgens and growth factors, homeotic (Hox) genes are essential for proper
patterning of the Wolffian ducts. Although the Wolffian ducts start out as simple tubular
structures, they give rise to an array of complex accessory reproductive organs including the
epididymides, vasa deferens, and seminal vesicles. Hox genes are critical regulators of cell
differentiation, positional arrangement, and patterning during the development of numerous
organs displaying regional specificity, including the Wolffian ducts. Hox genes are expressed
by both the Wolffian duct mesenchyme and epithelium although expression is notably more
abundant in the mesenchyme, particularly the area directly adjacent to the ductal epithelium
(Podlasek et al., 1999). The significance of this differential expression pattern is not known,
although it indicates that Hox genes could be involved in epithelial-mesenchymal interactions
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of the Wolffian ducts. It is well-established that mutation of a particular Hox gene results in a
homeotic transformation in which the phenotype of the affected Wolffian duct segment
becomes that of the immediately anterior region (for more on Hox genes in Wolffian duct
development, please see reviews by Lindsey and Wilkinson, 1996; Podlasek et al., 2002).
Despite all that is known about the importance of Hox genes in establishing the identity of
regions within the Wolffian ducts, the exact molecular mechanism by which Hox genes aid in
the determination of morphological boundaries has yet to be established.

EXPANSION AND COILING OF THE WOLFFIAN DUCTS
Hox genes play an essential role in the establishment of regional identities along the Wolffian
ducts; however, they are not known to be directly involved in further patterning of the Wolffian
ducts. Although visible patterning of the posterior regions of the Wolffian ducts occurs largely
during postnatal life in the mouse, the anterior Wolffian ducts develop their highly convoluted
epididymal structure prior to birth. Whether this coiling is an intrinsic property of the
epididymides or requires specific signaling inputs has been the subject of speculation since
few factors have been shown to be required for proper epididymal convolution. We have
identified inhibin beta A (Inhba) as a novel factor required for epididymal coiling (see Fig. 1)
(Tomaszewski et al., 2007). Inhba encodes the βA subunit of inhibins, formed by dimerization
of inhibin α and inhibin β subunits, and activins, formed by dimerization of inhibin β subunits
(for more on inhibins and activins, please see review by Ball and Risbridger, 2001). Activins
are members of the TGFβ superfamily and are known to signal canonically via phosphorylation
of their downstream intracellular targets SMAD2/3. In contrast, inhibins function to antagonize
activin signal transduction. Expression of Inhba within the Wolffian duct mesenchyme,
coupled with the presence of phosphorylated-SMAD2/3 in the Wolffian duct epithelium
suggests that the Inhba protein product activin A, rather than inhibin A, is a key player in
epithelial-mesenchymal interactions of the developing epididymides. Additionally, inhibin α
knockout mice, which can produce activins but not inhibins, have not been reported to have
defects in epididymis or testis morphogenesis during fetal life, indicating that inhibins may not
be required for normal development of these structures (Matzuk et al., 1992). Although
epididymal coiling becomes evident in wild-type male mice after E15.5, the epididymides of
Inhba knockout mice do not undergo convolution and thus remain a simple, straight tube even
by the time of birth (E19.5). In wild-type embryos, expression of Inhba mRNA initially occurs
in a waning anterior-to-posterior gradient, which corresponds to both the testosterone gradient
in the Wolffian ducts as well as the degree of coiling found in the epididymides (Tomaszewski
et al., 2007). Initial expression of Inhba mRNA in the anterior Wolffian ducts does not depend
on the presence of testosterone; however, testosterone is required to maintain Inhba expression.
Despite this relationship between Inhba expression and androgen signaling, the epididymal
phenotype in Inhba knockout embryos does not arise from changes in androgen function based
on the fact that testosterone production and testis descent, a parameter for androgen action, are
similar to that of controls. Instead, the defects in epididymal convolution in Inhba knockout
mice appear to result from decreased epithelial cell proliferation accompanied by abnormal
cellular differentiation of the ductal epithelium and surrounding mesenchyme. In wild-type
embryos, epithelial proliferation in the anterior Wolffian ducts increased steadily between
E15.5 and birth; specifically, the percentage of epithelial cells that were actively proliferating
increased from 40% at E15.5 to 65% at E19.5. Although epithelial cell proliferation did not
differ between Inhba knockout embryos and controls at E15.5, there was no upregulation of
epithelial cell proliferation after E15.5 in the Wolffian ducts of Inhba knockout embryos
(Tomaszewski et al., 2007). Interestingly, although AR expression is maintained in the
Wolffian duct mesenchyme of Inhba knockout mice, AR expression is not upregulated in the
epithelium. As mentioned previously, AR expression is not detected in the Wolffian duct
epithelium until E15.5 and appears to be under the control of mesenchymal factors (Cooke et
al., 1991;Sugimura et al., 1986). Based upon our results, Inhba appears to be a prime candidate
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for the mesenchyme-derived factor required for epithelial proliferation as well as upregulation
of AR in the Wolffian duct epithelium (see Fig. 1).

ORGANIZATION OF THE FETAL TESTIS CORDS—ESTABLISHMENT OF
EPITHELIUM AND MESENCHYME

Initially, the gonadal ridges are composed primarily of somatic components, namely the
coelomic surface epithelium and its associated mesenchyme. Once the Sertoli cell lineage has
been established within the fetal testes, it rapidly organizes the gonad into tubular “cords.” The
testis cords consist of an epithelial layer (the Sertoli cells) which serves to separate the germ
cells from the mesenchyme (the testis interstitium). These cords initially form as a series of
adjacent, transverse circular loops through the gonad and are separated from one another by
areas of interstitial cells. The exact cellular mechanisms involved in this complicated
organization and positioning of the cords are largely unknown. Upon establishment of the testis
cords, the Sertoli cells work in cooperation with the peritubular myoid cells, testis-specific
squamous smooth muscle cells, to deposit the basal lamina, which serves as a structural barrier
between the cords and the interstitium (Skinner et al., 1985). Initially it was thought that the
peritubular myoid cells migrated into the XY gonads from the mesonephroi following the
release of chemoattractants from the newly-differentiated Sertoli cells, a hypothesis supported
by experiments which showed that testis cord formation can be impaired by blocking the
migration of mesonephric cells into XY gonads (Martineau et al., 1997; Buehr et al., 1993;
Tilmann and Capel, 1999). However, recent studies have indicated that these critical migrating
mesonephric cells are most likely of endothelial origin, and that the peritubular myoid cells
differentiate from precursor cells already present in the testis interstitium (Cool et al., 2008).
As its name implies, the basal lamina is positioned between the basal surface of the Sertoli
epithelium and the peritubular myoid cells which encircle the testis cords. The apical surface
of the Sertoli epithelium is in contact with the germ cells located within the lumen of the cord.
Proper formation of the testis cords does not rely upon the presence of the germ cells as
agametic gonads undergo normal cord organization (Brennan and Capel, 2004). Thus far,
organization of the testis cords has been shown to rely upon the coordinated efforts of the
Sertoli cells and the peritubular myoid cells. Disruption of genes involved in the differentiation
of or interaction between Sertoli cells and peri-tubular myoid cells can result in testis cord
dysgenesis. For example, mice with a null mutation in the desert hedgehog (Dhh) gene have
disorganized, poorly-formed testis cords (Clark et al., 2000). The testis cord malformations in
Dhh-null mice are thought to result from improper development of the peritubular myoid cell
population, which results in the laydown of a weak basal lamina, rather than from defects in
Sertoli cell function (Clark et al., 2000; Pierucci-Alves et al., 2001).

Although numerous interactions between the testis cords and the interstitial mesenchyme have
been identified in the adult testes, less is known about the role of compartmental
communication in fetal testes (for more details on epithelial-mesenchymal interactions in adult
testes, please see reviews by Skinner, 1990; Skinner et al., 1991) One of the best-characterized
epithelial-mesenchymal interactions in the adult testes involves androgens, produced by the
interstitial Leydig cells, and the maintenance of spermatogenesis by the Sertoli cell epithelium
(reviewed by Sharpe, 1994; Skinner, 1990; and Walker and Cheng, 2005). However, this
crosstalk is not present in embryonic testes as fetal Sertoli cells do not express AR, and the
testes of newborn mice lacking Sertoli cell expression of AR do not differ from those of controls
(Tan et al., 2005). In fetal testes, differentiation of the steroido-genic Leydig cell lineage within
the interstitium occurs in response to signals from the Sertoli cells. After testis cord
organization, the Sertoli epithelium produces DHH and platelet-derived growth factor (PDGF)
proteins (Brennan et al., 2003; Yao et al., 2002). Both DHH and PDGF ligands are secreted
by the Sertoli cells and receptors for these ligands are located on the Leydig cell precursors.
These signals from the Sertoli epithelium to the pre-Leydig cells in the testicular mesenchyme
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initiate Leydig cell proliferation, differentiation, and subsequent androgen production in the
fetal testes. Testosterone produced by the fetal Leydig cells is essential for maintenance of the
Wolffian duct derivatives as discussed earlier.

EXPANSION AND COILING OF THE TESTIS CORDS
The fetal testes undergo a rapid increase in size following the organization of the testis cords
at E12.5; however, the testis cords retain their original simple transverse loop structure until
E15.5. Between E15.5 and birth (E19.5), the testis cords undergo a dramatic elongation and
convolution process, the end result of which is the highly-coiled appearance of the seminiferous
epithelium in newborn and adult testes. The expansion of the fetal testis cords before birth has
been generally assumed to occur as a result of intrinsic programming of the Sertoli cells. The
Sertoli cells are known to undergo rapid proliferation in the perinatal period, which is
presumably essential for the testis cords to elongate; however, it is not known whether
mesenchymal factors might stimulate this proliferation (Kluin et al., 1984; Steinberger and
Steinberger, 1971). In an effort to identify mesenchymally-derived factors related to fetal testis
cord expansion, we screened for genes expressed specifically within the testis interstitium
which have the capability to signal to the epithelium. Interestingly, one such factor which
followed this expression pattern was the aforementioned Inhba gene. Mirroring its expression
in the Wolffian duct mesenchyme, Inhba mRNA is expressed by the fetal testis interstitium
starting at E12.5 (Feijen et al., 1994; Tomaszewski et al., 2007). As is the case in the Wolffian
ducts, the epithelium is the apparent target of this mesenchymal Inhba and its protein product
activin A because the Sertoli cells are positive for phosphorylated-SMAD2/3, indicative of a
functional activin pathway (unpublished data). Although inhibin beta B (Inhbb), a subunit of
inhibin B, activin B and activin AB, is also expressed in the fetal testis, it is not present in the
interstitium (Tomaszewski et al., 2007). The exclusive expression of Inhba mRNA in the
interstitium indicates that activin A protein is the only active signaling product of this gene in
the fetal testes. In examining histological sections of newborn Inhba knockout testes, we found
dramatically fewer testis cord cross-sections compared to wild-type males. Transverse sections
of wild-type and Inhba knockout testes were indistinguishable at E15.5; in both cases, the testis
cords can be seen as a simple circular loop. After E15.5, a surge in Sertoli cell proliferation
accompanies the elongation of the testis cords and is followed by a remarkable increase in
coiling between E17.5 and E19.5 in wild-type testes. By the time of birth, the testis cords have
been transformed into convoluted tubules that are seen as numerous small cross-sections of
testis cord epithelium scattered throughout the testis, providing no evidence of its simple
tubular beginnings.

In dramatic contrast, even at E19.5 the testis cords of Inhba knockout mice retain the same
circular loop shape seen at E15.5. The failure in testis cord expansion in Inhba knockout mice
appears to be the result of decreased Sertoli cell proliferation (Liu et al., 2006). In the absence
of the upregulation of Sertoli cell proliferation after E15.5, the tubular structure of the Inhba
knockout testis cords apparently do not elongate sufficiently to undergo convolution.
Therefore, we propose Inhba as a novel interstitially-produced factor which is essential for the
expansion of the testis cord epithelium prior to birth (see Fig. 1). Although a great deal of
research has been conducted regarding factors required for the initial organization of the testis
cords, activin A is the first signaling molecule shown to be dispensable for initial cord formation
but required for later elongation and convolution. The identification of the Inhba protein
product activin A as a factor coming from the interstitium which can alter Sertoli cell behavior
late in fetal life suggests that perhaps other interstitial factors could be involved in the regulation
of earlier Sertoli cell functions as well.
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ACTIVIN A—CONSERVED REGULATOR OF TUBULAR MORPHOGENESIS
Similarities between the role of activin A in the Wolffian ducts and the fetal testes are numerous.
In both tissue contexts, activin A expression begins in the mesenchyme at E12.5; yet, changes
in epithelial morphogenesis are not observed until after E15.5. This delay in morphological
alterations implies that either activin A elicits its effects indirectly through the activation of
other downstream targets or a threshold level of activin A must be achieved before
physiological response occurs. In the Wolffian ducts a clear anterior-to-posterior gradient of
Inhba mRNA expression was evident along the length of the ducts (Tomaszewski et al.,
2007). In both the Wolffian ducts and the testis cords, the most significant action of activin A
is to elicit proliferation of the epithelial cells, which contributes to the coiling and convolution
of the epithelial layer (Tomaszewski et al., 2007; unpublished data).

Although we have identified activin A as a critical factor for ductal coiling in the anterior
Wolffian ducts and embryonic testes, the exact cellular and/or molecular mechanisms by which
it produces this effect remain to be elucidated. Activin A is known to be involved in epithelial-
mesenchymal interactions during the development of many tubular embryonic tissues,
including the kidneys, salivary glands, lungs, pancreas, prostate, and dentition (summarized in
Table 1) (Cancilla et al., 2001;Davies, 2001;Ferguson et al., 1998;Ritvos et al., 1995). During
kidney, salivary gland, pancreas, and prostate development, the main function of activin A is
to prevent branching of the primary tubular structure (Cancilla et al., 2001;Ritvos et al.,
1995). In the embryonic lungs, activin A has been localized to the epithelial bronchiole tubes
in the mouse (Roberts and Barth, 1994). A potential role for activin A in the prevention of
epithelial branching in fetal mouse lungs is supported by data indicating that inhibition of
SMAD 2/3, downstream targets of activin A, results in branching morphogenesis (Zhao et
al., 1998). However, organ culture experiments conducted using embryonic rat lung explants
indicate that in this tissue context it is TGFβ2 and not activin A which signals via SMAD2/3
to prevent ectopic branching of the lung epithelium (Liu et al., 2000). It remains to be
determined whether epithelial expression of activin A prohibits bronchiole branching during
embryonic development in the mouse (reviewed by Ball and Risbridger, 2001). During tooth
development, the mesenchyme produces activin A that is required for epithelial cell
proliferation and subsequent development of the incisors and mandibular molars beyond the
tooth bud stage (Ferguson et al., 1998;Thesleff et al., 2007). Interestingly, whether activin is
localized to the epithelium or the mesenchyme depends upon the specific tissue context, and
in some tissues, such as the pancreas, activin is found to be expressed in both compartments
(Ritvos et al., 1995; reviewed by Ball and Risbridger, 2001). For example, in contrast to our
observations in the Wolffian ducts and fetal testes, the source of activin A in the embryonic
kidneys and lungs is actually the epithelium which then signals to the adjacent mesenchyme
(Maeshima et al., 2003;Roberts and Barth, 1994). Therefore, our observation of the highly
compartment-specific expression of activin A and its downstream signaling targets
(SMAD2/3) in the Wolffian ducts and testes may represent a role for activin that differs
somehow from its actions during morphogenesis of the kidneys, salivary glands, dentition, or
other tissues. Although activin A inhibits branching during the development of several organs,
it is unlikely that it serves the same function in the Wolffian ducts and testes because Inhba
knockout mice do not exhibit ectopic ductal branching in the absence of activin A. Similarly,
the embryonic dentition, Wolffian ducts, and testes all share a mesenchymal expression pattern
of activin A but the timing of action differs among these organs. In the developing teeth, the
critical time for activin A expression is early, actually preceding development of the tooth buds
(Ferguson et al., 1998). In the testes and Wolffian ducts, activin A appears to be important for
late embryonic-stage patterning and expansion of the existing tubular structure.
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CONCLUSION
Epithelial-mesenchymal interactions during Wolffian duct and fetal testis morphogenesis are
critical for the normal development of these organs. Particularly, in the testes, the study of
epithelial-mesenchymal crosstalk has been limited by the fact that communication in the fetal
testes has largely appeared to be one-way—namely, from the Sertoli cells to the interstitium.
However, the identification of Inhba and its protein product activin A as an interstitially-
derived factor which acts upon the Sertoli cells hints that crosstalk in the embryonic testes is
in fact a two-way street. Despite all that has been discovered regarding epithelial-mesenchymal
interactions during development of the male reproductive tract, numerous questions remain.
For example, what controls Inhba expression in the mesenchyme? How does activin A, a
protein that is not associated with coiling in any other system, elicit convolution of the testis
cords and Wolffian ducts? Are other mesenchymal factors also required for expansion of the
epididymides and testis cords? The answers to these questions will not only further our
understanding of embryonic development of the male reproductive system but may also
provide fresh perspectives regarding the crosstalk between mesenchyme and epithelium during
the morphogenesis of other tubular organs.
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Amh anti-Müllerian hormone

AR androgen receptor

Dhh desert hedgehog

E15.5 embryonic day 15.5

Egf epidermal growth factor

Fgf fibroblast growth factors

GH growth hormone

Hox genes homeotic genes

Inhba inhibin beta A

Inhbb inhibin beta B

Igf1 insulin-like growth factor 1

Pdgf platelet-derived growth factor

Sry sex-determining region of the Y chromosome

Sox9 Sry-related high mobility group box gene 9

Tfm testicular feminization mouse

Tgfβ transforming growth factor beta
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FIG. 1.
Model for the role of activin A in coiling of the embryonic testis cords and Wolffian ducts. A
cross-section of the testis cord depicts germ cells within the lumen, surrounded by Sertoli cells.
The peritubular myoid cells and other interstitial cells located outside the cords produce activin
A, which signals to the Sertoli cell epithelium. A cross-section of the Wolffian ducts reveals
an epithelial layer surrounded by a mesenchymal compartment. As is the case in the testis
cords, the Wolffian duct mesenchyme also expresses activin A, which acts upon the ductal
epithelium. In both the testis cords and the Wolffian ducts, mesenchyme-derived activin A
stimulates proliferation of the neighboring epithelium, promoting elongation and convolution
of the tubular structure.
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Table 1

Roles of Activin A in Tubular Morphogenesis

Embryonic tissue Epithelial expression Mesenchymal expression Function Reference

Kidney + − Inhibition of
epithelial
branching

Ritvos et al., 1995

Lung + − Possible inhibition
of epithelial
branching?

Roberts and Barth, 1994; Zhao et al.,
1998

Pancreas ? ? Inhibition of
epithelial
branching

Ritvos et al., 1995

Prostate + + Inhibition of
epithelial
branching

Cancilla et al., 2001

Salivary gland − + Inhibition of
epithelial
branching

Ritvos et al., 1995

Testis − + Promotion of
epithelial
proliferation,
elongation, and
coiling

Feijen et al., 1994; unpublished data

Tooth bud − + Promotion of
epithelial
proliferation

Ferguson et al., 1998;

Wolffian duct (epididymis) − + Promotion of
epithelial
proliferation,
elongation, and
coiling

Tomaszewski et al., 2007
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