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INTRODUCTION
The mammalian male reproductive tract is composed of the testis

and the sex accessory tissues, including the epididymis, vas

deferens, efferent ductules and seminal vesicles. During

development, the Wolffian duct (WD) plays a major role in the

formation of the accessory tissues (Drawbridge et al., 2003;

Hannema and Hughes, 2007; Wilhelm et al., 2007). At the earliest

stage of urogenital differentiation (E8.5-9.0) in the mouse, only

pronephric components, which originate in the intermediate

mesoderm, are observed in the urogenital tract. By E9.5, the WD

forms from the coalescence of mesenchymal cells in the

intermediate mesoderm in craniocaudal succession and induces a

progressive wave of mesonephric tubules in the surrounding

mesonephric mesenchyme/nephrogenic cord. It is worth noting that

the cranial mesonephric tubules consist of a short outgrowth from

the WD that connects with elements derived from the nephrogenic

cord, while the caudal mesonephric tubules are derived only from

the nephrogenic cord and are not attached to the WD (Gumpel-

Pinot et al., 1971; Mugford et al., 2008; Sainio et al., 1997).

Development of the urogenital tract then continues from the caudal

end of the WD, which forms the ureteric bud in response to GDNF

expression by the metanephric mesenchyme around E10.5

(Sanchez et al., 1996). During E15.5-16.5, gender specification

occurs. The Müllerian duct degenerates in the male and production

of androgenic hormones and hormone-like factors by the

developing testes maintain tissues in the WD and mesonephric

tubules (Capel, 2000; Cate et al., 1986), which differentiate into the

epididymis, vas deferens, efferent ductules and seminal vesicles by

E17.5 (Drawbridge et al., 2003; Hannema and Hughes, 2007; Ilio

and Hess, 1994; Sainio and Raatikainen-Ahokas, 1999; Wilhelm et

al., 2007).

The mammalian female reproductive tract is composed of the

ovary and the sex accessory tissues, including oviduct, uterus,

cervix and vagina, which are primarily derivatives of the Müllerian

duct (Kobayashi and Behringer, 2003). At E11.5, the Müllerian

duct begins to develop and elongate in coordination with the WD,

extending towards the cloaca. At E15.5-16.5, the WD largely

degenerates in the female, and by E17.5, the Müllerian duct

differentiates into the female reproductive organs (Kobayashi and

Behringer, 2003; Yin and Ma, 2005).

Studies have implicated several genes in the formation of the

WD, Müllerian duct and mesonephric tubules. The homeodomain

transcriptional factor Lhx1, also known as Lim1, is expressed in

epithelia of the mesonephric tubules, as well as the Wolffian and

Müllerian ducts. In the absence of Lhx1 expression in the WD, the

WD along with the Müllerian duct degenerate prematurely,

resulting in the loss of both male and female reproductive tract

tissues (Kobayashi et al., 2005; Kobayashi et al., 2004). Similarly,

loss of Lhx1 expression in the Müllerian duct causes deficiencies

in female reproductive tract development (Kobayashi et al., 2004).

Wnt4 is strongly expressed in the Müllerian duct and ovary

throughout development. In Wnt4-deficient female mice, the
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SUMMARY
During development of the urogenital tract, fibroblast growth factor 8 (Fgf8) is expressed in mesonephric tubules, but its role in

this tissue remains undefined. An evaluation of previously generated T-Cre-mediated Fgf8-deficient mice (T-Cre; Fgf8flox/D2,3 mice),

which lack Fgf8 expression in the mesoderm, revealed that the cranial region of the Wolffian duct degenerated prematurely and

the cranial mesonephric tubules were missing. As a result, the epididymis, vas deferens and efferent ductules were largely absent

in mutant mice. Rarb2-Cre was used to eliminate FGF8 from the mesonephric tubules but to allow expression in the adjacent

somites. These mutants retained the cranial end of the Wolffian duct and formed the epididymis and vas deferens, but failed to

elaborate the efferent ductules, indicating that Fgf8 expression by the mesonephric tubules is required specifically for the

formation of the ductules. Ret knockout mice do not form the ureteric bud, a caudal outgrowth of the Wolffian duct and

progenitor for the collecting duct network in the kidney, but they do develop the cranial end normally. This indicates that Fgf8,

but not Ret, expression is essential to the outgrowth of the cranial mesonephric tubules from the Wolffian duct and to the

development of major portions of the sex accessory tissues in the male reproductive tract. Mechanistically, FGF8 functions

upstream of Lhx1 expression in forming the nephron, and analysis of Fgf8 mutants similarly shows deficient Lhx1 expression in

the mesonephric tubules. These results demonstrate a multifocal requirement for FGF8 in establishing the male reproductive tract

ducts and implicate Lhx1 signaling in tubule elongation.
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Müllerian duct is missing, whereas the WD is maintained (Vainio

et al., 1999). Despite the clear involvement of several genes in the

development of the WD, Müllerian duct and mesonephric tubules,

the signaling that drives this development is not well understood.

Members of the FGF family of secreted signaling molecules play

an important role in a diverse range of developmental events. Several

FGFs or FGF receptors (FGFRs) have been reported to regulate the

formation of the urogenital tract. Fgf10 is expressed caudally in

mesoderm surrounding the WD (Thomson and Cunha, 1999). In

Fgf10-deficient male mice, the caudal WD and subsequently the

seminal vesicles are absent or develop abnormally (Donjacour et al.,

2003). FGF7 increases the thickness and decreases apoptotic cell

death in cultured WD (Maeshima et al., 2007). Furthermore, Fgfr1/2

conditional knockout mice fail to form mesonephric tubules, have

massive cell apoptosis within the metanephric mesenchyme and have

deficient renal branching of the WD derivative, the ureteric bud

(Poladia et al., 2006; Zhao et al., 2004).

Our group has demonstrated that conditional loss of Fgf8

expression in mesoderm using T(Brachyury)-Cre causes aberrant

cell death within the cortical metanephric mesenchyme and a block

in nephron formation. Furthermore, Fgf8 and Wnt4 function

cooperatively to regulate Lhx1 expression in kidney development

(Perantoni et al., 2005). Other studies have demonstrated that Lhx1

and Wnt4 regulate the development of the mesonephric tubules,

WD and Müllerian duct (see above). Therefore, we hypothesized

that Fgf8 also functions in the development of mesodermally

derived tissues in the urogenital tract, namely, the WD, Müllerian

duct and mesonephric tubules.

Here, we examine Fgf8 function in the mesonephros using

previously characterized T-Cre; Fgf8flox/D2,3 mice (Perantoni et al.,

2005). We confirm that Fgf8 is expressed in mesonephric tubules

as shown in our earlier study. Moreover, these mice do not form

the cranial region of the WD or mesonephric tubules, which is

consistent with the subsequent loss of the epididymis, vas deferens

and efferent ductules in male mice, suggesting that Fgf8 plays a

major role in forming the male reproductive tract.

MATERIALS AND METHODS
Animals

Generation, maintenance and genotyping of T-Cre; Fgf8flox/D2,3 mice

(Perantoni et al., 2005), AP2-Cre (Nelson and Williams, 2004), Rarb2-Cre

(Kobayashi et al., 2005) and the Ret knockout mice (Schuchardt et al.,

1994; Schuchardt et al., 1996) have been described previously. Mouse lines

with conditional floxed alleles of Fgfr1 and Fgfr2 were kind gifts from

Chuxia Deng (NIDDK, Bethesda, MD, USA) and David Ornitz

(Washington University School of Medicine, St Louis, MO, USA),

respectively, and have been described previously (Xu et al., 2002; Yu et al.,

2003). FGFR mutants were generated by crossing females that were

homozygous for floxed alleles of Fgfr1 or Fgfr2, or both Fgfr1 and Fgfr2

to males that were homozygous for TCre and heterozygous for the

corresponding Fgfr null allele(s). Hence, littermate controls were TCre/+;

FgfrXflox/+ where X is 1 or 2 or 1 and 2. Generation of chimeric mice using

Ret–/–; Hoxb7/GFP ES cells was performed as previously described (Chi et

al., 2009), so that the wild-type cells in the Hoxb7 expression domain

(including the nephric duct and mesonephric tubules) of the resulting

chimeric embryos were labeled with ECFP, whereas the Ret–/– cells were

labeled with EGFP. Mice were managed according to NIH Guidelines for

the Care and Use of Laboratory Animals.

Organ culture

Cultured mesonephroi were used for studies of Ret–/– mice. Entire

urogenital tracts, containing mesonephric and metanephric rudiments, were

dissected in CO2-independent medium and were cultured on Transwell

Clear filters (Costar, Milano, Italy), in 5% CO2 at 37°C, as described

previously (Srinivas et al., 1999) in DMEM with 10% fetal calf serum

(Hyclone, Logan, UT) and photographed by fluorescence microscopy

(Zeiss AxioObserver, Chester, VA).

In situ hybridization

Embryos or dissected urogenital organs were fixed and processed for whole-

mount in situ hybridization as described previously (Pizard et al., 2004).

Immunostaining

Anti-pan-cytokeratin staining of mesonephroi was performed as described

previously (Ehrenfels et al., 1999) with some modifications. Briefly,

dissected urogenital organs were fixed in ice-cold 100% methanol for 5

minutes followed by two brief washes in phosphate-buffered saline

containing 0.1% Triton X-100 (PBST). All subsequent washes and

incubations were carried out in PBST. The samples were blocked in 10%

heat-inactivated sheep serum (Sigma, St Louis, MO) for 1 hour at room

temperature, washed and incubated with a 1:100 dilution of pan-cytokeratin

polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) overnight

at 4°C. After three washes, they were incubated with Cy3 or FITC-

conjugated secondary antibodies (Jackson ImmunoResearch Laboratory,

West Grove, PA) at 1:1000 dilution overnight at 4°C. After an extensive

wash, the urogenital regions were photographed by fluorescence

microscopy (Zeiss AxioObserver).

WT1 staining of paraffin-sectioned testis was achieved using a Bond

System autostainer (Leica, Mount Waverley VIC, Australia). After

pretreatment with citrate buffer (pH 6.0) for heat-induced epitope retrieval

(HIER), the slides were incubated with 2% goat serum (Vector

Laboratories, Burlingame, CA) for 20 minutes at room temperature.

Following this incubation, the slides were incubated with WT1 antibody

(Santa Cruz Biotechnology) at 1:500 dilution 30 minutes at room

temperature and then with biotinylated 2Ab Goat a/Rabbit IgG (Vector

Laboratories) at 1:100 dilution 30 minutes at room temperature. TUNEL

staining for apoptotic cells was performed using an Apoptag kit (Intergen,

Purchase, NY) according to manufacturer’s instructions. Sections were

photographed using a Zeiss AxioCam mounted on an Olympus Provis

AX70 microscope (Center Valley, PA).

RESULTS
Fgf8 is expressed in mesonephric tubules
Previously, we demonstrated that Fgf8 is expressed in the primitive

streak at E7.5 and in various mesodermal lineages, including

somites, at E9.5 in normal embryos. Moreover, ablation of the

expression of Fgf8 using T-Cre resulted in the complete loss of

Fgf8 in all mesodermal lineages by E9.5 (Perantoni et al., 2005).

To further characterize its expression in the mesonephros, we

performed whole-mount in situ hybridization using slightly older

embryos. In normal E10.5 embryos (T-Cre; Fgf8flox/+), Fgf8 was

clearly expressed in tubules/vesicles in the mesonephros [Fig. 1A;

cranial (cr) or caudal (ca) mesonephric tubule]. At higher

magnification, Fgf8 expression was detected in the mesonephric

tubules (Fig. 1B, black arrows) adjacent to the WD (black

arrowhead) at E10.5. At E11.5, Fgf8 expression was no longer

detected in the mesonephros (data not shown).

The cranial portion of the mesonephros is missing
in T-Cre; Fgf8flox/D2,3 mice
Next, we examined the development of mesonephric structures in

T-Cre; Fgf8flox/D2,3 mice. Histologically, the cranial mesonephric

tubules (Fig. 2A, black arrows) are arrayed along the WD (black

arrowhead) in normal E10.5 mice. However, in T-Cre; Fgf8flox/D2,3

mice, no mesonephric tubules were demonstrable adjacent to the

WD (Fig. 2B). To verify and extend this observation, we evaluated

Pax2 expression by in situ hybridization in E10.5 embryos. Pax2

acts redundantly with Pax8 to induce the development of the WD

from intermediate mesoderm (Bouchard et al., 2002) and thus
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serves as an early marker for this event. In the E10.5 mesonephros,

the Pax2 expression domain, which corresponds with the WD, is

truncated at the cranial end in mutant embryos, beginning about

two somites lower (Fig. 2C,D). To determine whether the cranial

end of the WD initially forms and then regresses, we assessed

embryos for Pax2 expression at E9.5 when it is normally first

observed in the developing urogenital tract. The expression

domains appear comparable between mutant and normal embryos

at this stage (beginning around somite 9 and extending over 12

somites, data not shown), suggesting that the tissue does form

initially, so we also examined the mesonephros by TUNEL staining

for apoptosis. Histologically, the cranial region of the WD is

present, but massive cell death (brown-stained cells) is apparent in

the duct at this stage of development (Fig. 2E,F), indicating that the

WD initially forms but then undergoes premature tissue

degeneration with complete loss of the cranial end by E10.5.

Normally, mesonephric tubules consist of 4-6 WD-attached

cranial tubules and many unattached caudal tubules (Sainio et al.,

1997). To determine which of these were missing in T-Cre;

Fgf8flox/D2,3 mice, we performed whole-mount in situ hybridization

using a Pax2 probe. In normal mice, Pax2, like Fgf8, is expressed

in both the cranial and caudal mesonephric tubules, but, unlike

Fgf8, it is also expressed in the WD, which in this case provides

positional information (Fig. 2G) (Torres et al., 1995). In T-Cre;

Fgf8flox/D2,3 mice, only some caudal mesonephric tubules were

demonstrable. On the other hand, the cranial mesonephric tubules

were completely absent (Fig. 2H). We therefore conclude that not

only is Fgf8 expression lost from the cranial mesonephric tubules,

but the tissue itself is also missing, suggesting that Fgf8 is

necessary for tubule formation or maintenance.

As GATA3 is required for proper patterning of the Wolffian duct

and because it acts downstream of PAX2 (Grote et al., 2006), we

evaluated expression of Gata3 by whole-mount in situ

hybridization in E10.5 normal and T-Cre; Fgf8flox/D2,3 embryos.

Gata3 expression is normally detected throughout the WD, but, in

mutant embryos, it was absent from the degenerating cranial end

(data not shown). Expression was sustained, however, in the

remaining caudal region of the WD. This observation is consistent

with Gata3 functioning downstream of Pax2 and demonstrates that

FGF8 is not required for expression of Gata3 in the WD.

To further examine the development of mesonephric tissues in

T-Cre; Fgf8flox/D2,3 mice, we performed immunohistochemistry

using a pan-cytokeratin antibody, which labels both the

mesonephric tubules and WD (Sainio et al., 1997). These tubules

and the cranial aspect (white arrow) of the WD were both missing

in mutant mice at E11.5 (Fig. 3A,B). Lhx1 is also normally

expressed in these tissues and in the Müllerian duct (Fujii et al.,

1994; Karavanov et al., 1998; Kobayashi et al., 2005). Using a

Lhx1 probe at E13.5, we could clearly discern the truncation of the
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Fig. 1. Fgf8 is expressed in mesonephric tubules. (A,B)Whole-
mount in situ hybridization of normal embryos at E10.5 using an Fgf8
probe. The black arrows label the mesonephric tubules and the
arrowhead indicates the Wolffian duct. ca, caudal mesonephric tubules;
cr, cranial mesonephric tubules.

Fig. 2. T-Cre; Fgf8flox/D2,3 mice fail to form mesonephric tubules.
(A,B)Hematoxylin and Eosin stained sections (�400) of normal (A) and
T-Cre; Fgf8flox/D2,3 (B) embryos at E10.5. Black arrows label the
mesonephric tubules and black arrowheads indicate the WD. The
mesonephric tubules were not formed in T-Cre; Fgf8flox/D2,3 embryos.
(C,D)Abbreviated whole-mount in situ hybridization staining
(overnight, 4°C) for Pax2 (in order to label the WD but not the
mesonephric tubules) reveals that the WD (black arrowheads) normally
extends to the junction of the forelimb and trunk (red arrows) in E10.5
controls but not in mutants (D) due to an anterior truncation.
(E,F)TUNEL staining shows the premature degeneration of the Wolffian
duct (arrowheads) in E9.5 mutants. (G,H)Lengthy whole-mount in situ
hybridization staining (4 days, 4°C) for Pax2 in E10.5 embryos shows
the presence of only the caudal mesonephric tubules in T-Cre;
Fgf8flox/D2,3 embryos (black arrowhead, WD). Scale bars in A,B,E,F:
20m. ca, caudal mesonephric tubules; cr, cranial mesonephric tubules.
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WD (white arrow) and loss of the cranial mesonephric tubules but

normal formation of the Müllerian duct in mutant mice (Fig.

3C,D). To confirm that the Müllerian duct was preserved in T-Cre;

Fgf8flox/D2,3 mice, Emx2 expression was evaluated (Miyamoto et al.,

1997). There was no difference in Emx2 expression between

normal and T-Cre; Fgf8flox/D2,3 female mice (Fig. 3E,F), indicating

that Müllerian duct formation is not FGF8 dependent. Thus, the

role of FGF8 in the mesonephros is probably limited to the male

reproductive tract.

T-Cre; Fgf8flox/D2,3 mice develop abnormal male
reproductive tract tissues
As the efferent ductules are thought to be derived from the

mesonephric tubules and the epididymis and vas deferens from the

WD (Hinton et al., 1998; Ilio and Hess, 1994), we examined the

male reproductive tract in mutant mice for alterations, using Lhx1

and Shh probes, both of which are expressed in the epididymis and

vas deferens (Bitgood and McMahon, 1995; Kobayashi et al.,

2004; Turner et al., 2004; Vainio et al., 1999). In control male mice,

Lhx1 and Shh were expressed continuously in the coiled duct of the

epididymis and in the straight duct of the vas deferens at E18.5

(Fig. 4A,C). In T-Cre; Fgf8flox/D2,3 male mice, Lhx1 and Shh were

detected only in limited regions of the corpus and cauda of the

epididymis and in a short proximal duct of the vas deferens (Fig.

4B,D). Moreover, Lhx1 and Shh were not detected in the caput

region of the epididymis (Fig. 4B,D). By histological analyses of

E18.5 fetuses, the epididymal initial segment, caput, corpus and

most of the cauda were missing in mutants (Fig. 5E,F).

Furthermore, we were unable to detect any tubular connection

between the epididymis and the testes, indicating that the efferent

ductules (circled in Fig. 5G) were also absent. To confirm that the

testes themselves developed normally in T-Cre; Fgf8flox/D2,3

mutants, we performed immunohistochemistry using an antibody

for Sertoli cell marker WT1 (Chang et al., 2008). The expression

of WT1 was consistently maintained in the seminiferous tubules,

which harbor the Sertoli cells, of both normal and mutant mouse

testes (Fig. 4G,H, black arrows). These studies in summary then

indicate that most of the ductal system of the male reproductive

tract is developmentally abnormal in the absence of Fgf8

expression, whereas the testes are unaffected.

Role of Fgf8 in the development of the female
reproductive tract
We next examined the female reproductive tract tissues. Consistent

with the result that the Müllerian duct had no gross malformation

in T-Cre; Fgf8flox/D2,3 mice, the ovary, oviduct and uterus developed

normally in these mice. Wnt4 and Wnt7a are expressed normally in

the female reproductive tract (Heikkila et al., 2001; Vainio et al.,

1999) in mutant mice (Fig. 5A-D). These ovaries also showed no

abnormalities histologically (supplementary material Fig. S1). The

only observed difference was the loss in mutant females of the

vestigial and presumed nonfunctional epoöphoron (Fig. 5E,F),

which is a remnant of the mesonephros and a homolog of the

epididymis in males. This is consistent then with observations in

mutant male mice.

Lhx1 functions downstream of Fgf8 in the
mesonephros
To assess the molecular effects of Fgf8 loss on mesonephric

development, we evaluated the expression of genes that have been

implicated in this process. Lhx1 has been shown to function

downstream of Fgf8 in nephrogenesis (Perantoni et al., 2005).

Moreover, the conditional loss of Lhx1 expression in the WD

results in defects in male reproductive tract development, including

the absence of major regions of the epididymis and vas deferens

(Kobayashi et al., 2005). This phenotype is quite similar to that

observed in T-Cre; Fgf8flox/D2,3 mice. Therefore, Lhx1 might

function downstream of Fgf8 in the mesonephros as in the

metanephros. To further examine this issue, we performed whole-

mount in situ hybridization using a Lhx1 probe. Lhx1 was

expressed in the WD in both normal and mutant E10.5 embryos,

but expression was missing from the remaining caudal

mesonephric tubules in mutants (Fig. 6A,B), suggesting that Lhx1

also functions downstream of Fgf8 in these structures. As the

cranial mesonephric tubules are not formed in mutant mice, it is not

possible to address this directly.

Both FGFR1 and FGFR2 mediate signaling in male
reproductive tract development
We next investigated the expression of FGF receptors (FGFRs) in

the mesonephros by whole-mount in situ hybridization using

probes for Fgfr1, Fgfr2, Fgfr3 and Fgfr4. Fgfr1 and Fgfr2 were

expressed in both mesonephric tubules and WD (Fig. 7A,B);

however, Fgfr1 was barely detectable in both structures by this

method. Fgfr3 and Fgfr4 were not detected (data not shown).

Ablation of Fgfr2 in the WD/ureteric bud via Hoxb7-Cre activity

(Zhao et al., 2004) results in reduced branching morphogenesis of
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Fig. 3. The mesonephric tubules and cranial Wolffian duct are
missing in T-Cre; Fgf8flox/D2,3 mice, whereas the Müllerian duct is
maintained. (A,B)Immunofluorescence using a Pan-cytokeratin
antibody was performed in E11.5 embryos. The mesonephric tubules
and cranial region of the Wolffian duct (white arrow in B) were lost in T-
Cre; Fgf8flox/D2,3 embryos. (C-F)Whole-mount in situ hybridization for
Lhx1 (C,D) or Emx2 (E,F) on normal (C,E) and T-Cre; Fgf8flox/D2,3 (D,F)
embryos at E13.5 (C,D) or E15.5 (E,F). (C,D)The entire cranial region of
the Wolffian duct and associated mesonephric tubules are missing in T-
Cre; Fgf8flox/D2,3 mice (white arrow in D). (E,F)The Müllerian duct was
maintained in T-Cre; Fgf8flox/D2,3 mice. ca, caudal mesonephric tubules;
cr, cranial mesonephric tubules; wd, Wolffian duct; md, Müllerian duct;
ov, ovary. D
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the bud in the metanephros. Moreover, mice with both Fgfr1 and

Fgfr2 conditionally inactivated in the nephrogenic cord using Pax3-

Cre lack mesonephric tubules (Poladia et al., 2006). As this

phenotype is also observed in our T-Cre; Fgf8flox/D2,3 mice, FGFR1

and FGFR2 might serve as the mediators for FGF8 signaling in the

mesonephros.

To assess the functional involvement of Fgfr1 and Fgfr2 in male

reproductive tract development, we used floxed conditional loss-

of-function alleles for each receptor, and inactivated the gene(s)

simultaneously in both the WD and mesonephric tubules with T-

Cre. In normal and T-Cre; Fgfr1flox/null; Fgfr2flox/+ or T-Cre;

Fgfr1flox/+; Fgfr2flox/null mutant E10.5 embryos, expression of either

Pax2 (Fig. 7C-E) or Lhx1 (not shown) revealed that the WD forms

normally and contains no cranial truncation. Furthermore, both

cranial and caudal mesonephric tubules were evident in Fgfr1

mutants. However, in T-Cre; Fgfr1flox/+; Fgfr2flox/null (Fig. 7E) and

T-Cre; Fgfr2flox/null (not shown) embryos, only the cranial

mesonephric tubules were observed. In embryos in which both

receptors had been ablated, the WD and the mesonephric tubules

were not detected, as demonstrated by the total absence of Pax2

expression in the urogenital region (Fig. 7F). Our studies suggest

that both Fgfr1 and Fgfr2 are involved in the development of the

male reproductive tract ductal system. Moreover, the fact that the

phenotype with ablation of both receptors is significantly worse for

the WD than with the loss of Fgf8 may indicate that an additional

FGF family member is required to maintain the caudal region of

the WD.

Ret is not required for the cranial outgrowth of
the Wolffian duct
The GDNF-receptor Ret is detected in the WD (Costantini and

Shakya, 2006; Schuchardt et al., 1996), and, in Ret–/– mice,

outgrowth of the ureteric bud from the WD does not occur,

resulting in renal agenesis (Schuchardt et al., 1996). Moreover, in

Ret–/–
} wild-type chimeric embryos, the cells lacking Ret

expression fail to contribute to ureteric bud morphogenesis (Chi et

al., 2009). As cranial mesonephric tubules are also formed, in part,
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Fig. 4. The male reproductive tract ductal system is deficient in 
T-Cre; Fgf8flox/D2,3 mice. (A-D)Male reproductive tissues from E18.5
normal (A,C) and mutant T-Cre; Fgf8flox/D2,3 (B,D) mice show incomplete
development of the epididymis and vas deferens. (A-D)Whole-mount in
situ hybridization of normal (A,C) and T-Cre; Fgf8flox/D2,3 (B,D) male
embryos at E18.5 using Shh (A,B) or Lhx1 (C,D) probes.
(E,F)Hematoxylin and Eosin staining sections (�40) of normal (E) or T-
Cre; Fgf8flox/D2,3 (F) male embryos at E18.5.
(G,H)Immunohistochemistry targeting WT1 in Sertoli cells/seminiferous
tubules (black arrows) was carried out in normal (G) or T-Cre;
Fgf8flox/D2,3 (H) male embryos at E18.5. A black circle in G identifies the
efferent ductules, which were not observed in mutants. Scale bars:
100m. ep, epididymis; t, testis; sv, seminal vesicle; vd, vas deferens.

Fig. 5. Female reproductive tract tissue, epoöphoron, is absent in
mutant T-Cre; Fgf8flox/D2,3 mice. (A-D)Whole-mount in situ
hybridization of female reproductive tissues from neonatal control (A,C)
and T-Cre; Fgf8flox/D2,3 (B,D) mice showing normal development of
ovary, oviduct and uterus using Wnt4 (A,B) or Wnt7a (C,D) probes.
(E,F)Hematoxylin and Eosin stained sections of the broad ligament
(�200) in normal (E) and T-Cre; Fgf8flox/D2,3 (F) female E18.5 embryos.
An arrow labels the epoöphoron in the normal control (E). In T-Cre;
Fgf8flox/D2,3 mice, the epoöphoron was absent (arrowhead in F). Scale
bars: 20m. bl, broad ligament; ep, epoöphoron; k, kidney; ov, ovary;
od, oviduct; ut, uterus.
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from outgrowths from the WD, we speculated that Ret might

regulate the formation of these structures as in the metanephros.

However, observation of the mesonephros in E11.75 Ret-null

embryos by pan-cytokeratin immunohistochemistry indicated that

there were negligible differences relative to normal embryos in the

formation of the cranial mesonephros (Fig. 8A-C). To confirm this,

chimeric mice were generated by injecting Ret–/– ES cells, bearing

the WD marker Hoxb7-GFP, into wild-type embryos (Shakya et al.,

2005). Both Ret–/– (green, GFP+) cells and wild-type cells (blue,

CFP+) contributed equally to mesonephric tubule formation (Fig.

8D-F), unlike the ureteric bud where Ret–/– cells do not contribute

to the bud tips (Chi et al., 2009; Shakya et al., 2005). These results

indicate that Ret does not mediate cranial mesonephric tubule

outgrowth.

Fgf8 expression is independent of Wolffian duct-
derived tubular contributions
It has already been demonstrated that T-Cre activity results in the

recombination of floxed target sequences in the lineages of the

mesonephric tubules and WD (Perantoni et al., 2005). As outgrowths

from the duct contribute to a region of the cranial mesonephric

tubules, we sought to exclude this tissue as a source of Fgf8

expression in the anterior mesonephros. To accomplish this, we

examined Fgf8 expression and deletion using an AP2-Cre line,

which is active in the WD lineage. AP2-Cre is expressed in the WD

and tubular outgrowths from the WD but not in mesonephric tubular

elements believed to originate from the nephrogenic cord

(supplementary material Fig. S2A,B). In AP2-Cre; Fgf8flox/D2,3 mice,

Fgf8 expression was preserved in the mesonephric tubules

(supplementary material Fig. S2C,D). Moreover, the formation of the

male reproductive tract ductal system was also normal in AP2-Cre;

Fgf8flox/D2,3 mice (supplementary material Fig. S2E,F). These data

indicate that Fgf8 expression in mesonephric tubules is not the result

of contributions from WD progenitors.

Fgf8 expression in cranial mesonephric tubules is
essential for formation of the efferent ductules
but not for the cranial aspect of the Wolffian duct
Although Fgf8 is expressed in the mesonephric tubules, the

mesonephros itself is immediately juxtaposed to the somites, which

also produce FGF8 and could contribute at this stage in

development. To determine the relevant source(s), Fgf8 was ablated

specifically in the mesonephric tubules using Rarb2-Cre, which

targets the nephrogenic cord. In Fig. 9A, we confirm that Rarb2-

Cre is active in the urogenital tract/mesonephros (lacZ+ staining)

but not in the somites using the Rosa26R Cre reporter mouse

(Soriano, 1999). Furthermore, in E10.5 Rarb2-Cre; Fgf8flox/D2,3

mutants, Fgf8 expression is lost in the urogenital tract (black arrow

in B indicates position in normal embryo) but not in the somites

(Fig. 9B,C). An assessment of these mutants by whole-mount in

situ hybridization using a Lhx1 probe (Fig. 9D-G) demonstrated

that, in contrast to defects caused by T-Cre-mediated Fgf8

inactivation, in Rarb2-Cre; Fgf8flox/D2,3 mutants, the cranial end of

the WD (black arrowhead) formed normally; however, the

mesonephric tubules were not detected. This early phenotype is

consistent with the grossly normal epididymis observed in E18.5

mutant males (Fig. 10A,B); however, the mass of smaller tubules

forming the efferent ductules is apparently missing from the

mutants (Fig. 10C,D). Histological examination revealed the well

formed epididymis but apparent complete loss of the efferent

ductules in mutants (Fig. 10E-H). Serial sections of the

reproductive tract seem to indicate that the small tubules that

comprise the initial segment are formed normally in these mutants

(supplementary material Fig. S3A,B). The rete testis also appears
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Fig. 6. Lhx1 functions downstream of Fgf8 in the mesonephros.
(A,B)Whole-mount in situ hybridization of normal (A) and T-Cre;
Fgf8flox/D2,3 (B) embryos at E10.5 using a Lhx1 probe. Lhx1 expression is
lost even from the caudal mesonephric tubules, which are retained in
mutant embryos (see Fig. 2G,H). ca, caudal mesonephric tubules; cr,
cranial mesonephric tubules; wd, Wolffian duct.

Fig. 7. Fgfr1 and Fgfr2 are both involved in maintaining tissues
of the urogenital tract. (A,B)Fgfr1 (A) or Fgfr2 (B) are expressed in
the mesonephric tubules and Wolffian duct. (C-E)Normal (C), Fgfr1-
ablated (D) and Fgfr2-ablated (E) tissues contain the Wolffian duct
(black arrowhead) and mesonephric tubules, as demonstrated by
whole-mount in situ hybridization with a Pax2 probe. Fgfr2-ablated (E)
tissues maintain cranial but not caudal mesonephric tubules. Note that,
although T-Cre; Fgfr1flox/null; Fgfr2flox/+ and T-Cre; Fgfr1flox/+; Fgfr2flox/null

embryos are shown in D,E, identical phenotypes were observed for the
simpler genotypes, i.e. T-Cre; Fgfr1flox/null and T-Cre; Fgfr2flox/null. 
(F)Ablation of both Fgfr1 and Fgfr2 results in loss of the Wolffian duct
and all mesonephric tubules. ca, caudal mesonephric tubules; cr, cranial
mesonephric tubules; wd, Wolffian duct.
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grossly normal in mutant testes, despite the deficiency, suggesting

it forms independent of its interface, the efferent ductules. These

findings demonstrate that FGF8 signaling from the mesonephric

tubules as well as an additional tissue source, most likely the

somites due to their proximity, are both required for proper

patterning of the male reproductive tract ductal system.

DISCUSSION
Our studies have determined that Fgf8 is necessary for proper

patterning of the male reproductive tract, regulating the

development of the efferent ductules, epididymis and vas deferens.

It achieves this through the growth and maintenance of the cranial

region of the WD along with the associated mesonephric tubules,

both of which provide progenitors for these tissues. Furthermore,

FGF8 signaling is provided from distinct embryonic tissues. Using

Rarb2-Cre, we were able to demonstrate the essential nature of

Fgf8 expression in the mesonephric tubules for forming the efferent

ductules. By exclusion, our studies implicate the somites as the

other FGF8 source required for male reproductive tract

development, as it provides the only alternative site within the

immediate proximity of the cranial region of the WD. In chick,

undefined signals from the paraxial mesoderm/somites drive the

expression of Pax2 and Lhx1 in the intermediate mesoderm, and

also induce the formation of the pronephros (Mauch et al., 2000),

so this is the likely source. Our studies indicate that the undefined

signal in chick tissues is probably FGF8 or at least a member of the

FGF family. Unfortunately, Cre lines developed to target the

paraxial mesoderm are generally also active in the intermediate

mesoderm, e.g. Dll1-Cre (Wehn et al., 2009), or are only active in

limited populations within the paraxial mesoderm, e.g. Ripply2-Cre

and the anterior presomitic mesoderm (Terry Yamaguchi, personal

communication), so specifically ablating Fgf8 from the somites

alone is not possible at this time.

It is clear from studies of lineage that are based upon gene

expression/reporter patterns, including those for Hoxb7 (Kobayashi

et al., 2005), Wt1 (Sainio et al., 1997), Wnt9b (Carroll et al., 2005),

and now AP2-Cre, that the WD contributes to the formation of the

cranial mesonephric tubules. However, the stubby cranial

outgrowths from the WD must provide only a small part of the

lengthy coiled cranial mesonephric tubule overall, with the

remainder presumed to originate from the nephrogenic cord-

derived mesonephric vesicles/tubules adjacent to the WD (Gumpel-

Pinot et al., 1971; Mugford et al., 2008; Sainio et al., 1997). It is in

these periodic tubular structures that line the WD in which FGF8

is produced in the mesonephros. Such a scheme is comparable with

the development of the metanephros where the caudal end of the

WD is stimulated to form an epithelial outgrowth, i.e. the ureteric

bud, which eventually connects with nephrogenic cord-derived

renal vesicles to produce nephrons and the collecting duct system.

In the case of the male reproductive tract tissues, three to five

efferent ductules interface with the rete testis in the mouse testes.

A similar number of cranial mesonephric tubules are observed at

E10.5, and it is therefore likely that these FGF8-induced cranial

outgrowths from the WD are providing the interface between the

WD-derived epididymis and nephrogenic cord-derived efferent

ductules.
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Fig. 8. Ret does not contribute to
cranial mesonephric tubular
outgrowths. (A-C)Immunofluorescence of
wild-type (A), Ret+/– (B) or Ret–/– (C) mice at
E11.75 using pan-cytokeratin antibody. 
(D-F)Mesonephros of chimeric mice shown
using Ret–/–; Hoxb7/GFP ES cells in host
embryos expressing CFP under Hoxb7
regulation. Wild-type CFP+ cells (D) and
Ret–/– GFP+ cells (E) contribute equally to
the mesonephric tubules (F, merged CFP
and GFP). wd, Wolffian duct; mt,
mesonephric tubules.

Fig. 9. E10.5 Rarb2-Cre; Fgf8flox/D2,3 embryos fail to develop
mesonephric tubules. (A)-Galactosidase staining of Rarb2-Cre;
Rosa26R embryos at E10.5. (B,C)Rarb2-Cre; Fgf8flox/D2,3 mice lose
expression of Fgf8 in the mesonephric tubules but not in the somites.
An arrow labels the mesonephric tubules. (D-G)Whole-mount in situ
hybridization of normal (D,E) and Rarb2-Cre; Fgf8flox/D2,3 (F,G) embryos
at E10.5 using a Lhx1 probe. The cranial region (red line at rostral end)
of the Wolffian duct (black arrowhead) forms normally in mutants but
the mesonephric tubules are lost. ca, caudal mesonephric tubules; cr,
cranial mesonephric tubules; fl, forelimb; s, somites. D
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The expansion and coiling of the epididymis resembles that of the

developing tubular epithelia of the nephron in that both processes

require Fgf8 and involve growth/elongation; however, the

mechanisms probably differ as FGF8 may not be continuously

present in the mesonephros because it is in the metanephros. The

expression of Fgf8 in the mesonephros is restricted to the

mesonephric tubules and is relatively short lived, appearing in these

structures when they arise at E9.5 and disappearing by E11.5. In the

developing kidney, Fgf8 persists in newly formed nephronic epithelia

and is expressed late in more mature cell populations such as the

podocytes. Its targeted loss in mesoderm, however, halts

development with formation of the renal vesicle (Perantoni et al.,

2005), so it must function in both the expansion and convolution of

the nephron. In the male reproductive tract, Fgf8 expression ceases

long before initiation of coiling in the efferent ductules and

epididymis, which begins around E14. Although testosterone

stabilizes these structures in males, expression of androgen receptors

is not observed in the efferent ductules in the mouse until E16 and

even later in the epididymis (Cooke et al., 1991), so it also is unlikely

to be involved directly. However, androgen receptors are expressed

in the surrounding stroma as early as E13, so there could be indirect

effects from androgen signaling that would help maintain male

reproductive tract tissues, perhaps through expression of another

FGF family member, such as Fgf2 (Lan et al., 1998) or Wnt9b,

which is also required for development of these tissues and which

functions upstream of Fgf8 expression (Carroll et al., 2005).

Alternatively, T-Cre also eliminates expression of Fgf8 from the

adjacent mesoderm-derived somites, which could provide a

constitutive source of this factor throughout organogenesis.

It is widely believed that, while the efferent ductules develop

from the mesonephric tubules, the epididymis, vas deferens and

seminal vesicles are derived primarily from the WD (Ilio and Hess,

1994; Marshall et al., 1979; Takeuchi, 1992). Consistent with this,

we showed that the epididymis, vas deferens and efferent ductules

are deficient in T-Cre; Fgf8flox/D2,3 mice due to the malformation of

the mesonephric tubules and cranial WD. However, the seminal

vesicles, which are also believed to originate from the WD,

developed normally in T-Cre; Fgf8flox/D2,3 mice (data not shown).

Studies have demonstrated that, although the vas deferens develop

from the middle segment of WD, the seminal vesicles originate

from a more caudal segment (Ilio and Hess, 1994). Furthermore, it

has been demonstrated that Fgf10 is essential to maintain the

seminal vesicles during development (Donjacour et al., 2003;

Thomson and Cunha, 1999), is expressed primarily around the

caudal region of the WD in urogenital tissues (Thomson and

Cunha, 1999) and requires FGFR1/2 for its signaling (Powers et

al., 2000). Our results show that although the cranial region of the

WD is absent, the caudal WD develops normally in T-Cre;

Fgf8flox/D2,3 mice, which may explain why the seminal vesicles also

develop normally in these mice.

Studies have implicated other genes in the development of

mesonephric tubules. Targeted deletion of Fgfr1/2 in the nephrogenic

cord using Pax3-Cre results in the loss of mesonephric tubules

(Poladia et al., 2006). This is consistent with our current studies,

which further demonstrate that FGF8 is a principal mediator of FGF

signaling in the mesonephros and suggest that this growth factor is

involved in an autocrine fashion to sustain the cells responsible for

FGF8 production. As observed for T-Cre; Fgf8flox/D2,3 mice, Wnt9b-

null mice also do not form mesonephric tubules (Carroll et al., 2005),

nor do they develop a male reproductive tract ductal system.

Interestingly, as these mice fail to express Fgf8 in metanephric

mesenchyme, the authors conclude that Wnt9b, which is secreted by

the ureteric bud, acts upstream of FGF8 signaling. This may indicate

that Wnt9b also functions upstream of FGF8 signaling in the

mesonephros, where it is expressed by the ureteric bud precursor –

the WD. Pax2-deficient mice also lack mesonephric tubules (Torres

et al., 1995). However, our studies show that Pax2 expression in T-

Cre; Fgf8flox/D2,3 mice is preserved in some of these tubules (Fig.

2G,H), suggesting that Pax2 is expressed independently and possibly

upstream of FGF8 signaling.

The mechanism by which FGF8 functions in the mesonephros

may well entail the activation of homeodomain gene Lhx1.

Deletion of this transcription factor in the WD yields a similar

phenotype in the male reproductive tract as observed with the loss

of Fgf8 in the mesonephros, suggesting that FGF8 signaling occurs

upstream of Lhx1 expression (Kobayashi et al., 2005).

Furthermore, Lhx1 expression was lost from mesonephric tubules

with conditional deletion of Fgf8 expression in the mesonephros.

This is also consistent with our prior findings in the developing

nephron (Perantoni et al., 2005) for which we observed that Lhx1

is downregulated in renal progenitors deficient in FGF8 and that

FGF8 induces Lhx1 expression in metanephric mesenchyme.

RESEARCH ARTICLE Development 138 (24)

Fig. 10. E18.5 Rarb2-Cre; Fgf8flox/D2,3 male reproductive tracts lack
efferent ductules. (A-D)Whole-mount in situ hybridization of normal
(A,C) and mutant (B,D) reproductive tracts using a Lhx1 probe shows
no deficiencies in the development of the epididymis or vas deferens,
but the small tubular network that constitutes the efferent ductules (C)
is missing in the mutant (D). (E-H)This is confirmed by histology. ed,
efferent ductules; ep, epididymis; rt, rete testis; t, testis; vd, vas
deferens. Scale bars: 100m.
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During development, the Müllerian duct is closely associated with

the WD, i.e. the caudal tip of the Müllerian duct is physically in

contact with the WD (Orvis and Behringer, 2007). As a result of this

association, there is a possibility that the cells from the WD

contribute to formation of the Müllerian duct. This belief was

supported by studies demonstrating that experimental interruption of

growth of the WD blocked the complete formation of the Müllerian

duct at the point of the blockade in WD extension (Grünwald, 1937).

More recent studies, however, suggest that the WD may not

contribute cells to the Müllerian duct, but instead serves as a guide

for its formation and extension (Dohr et al., 1987). Efforts to clarify

the operative mechanism through lineage-tracing studies, using a

WD-specific Cre reporter, demonstrate that the WD apparently does

not provide progenitors for Müllerian duct formation (Orvis and

Behringer, 2007). Instead, it is more likely to provide signals, such

as secretion of WNT9b (Carroll et al., 2005), which sustain growth

in and guide the extension of the Müllerian duct. In our studies, we

show that Fgf8 regulates the formation of the WD but not the

Müllerian duct. In spite of the defect in the WD, the Müllerian duct

developed normally in T-Cre; Fgf8flox/D2,3 mice. This may indicate

that, despite its close association, development of the Müllerian duct

is independent of signals from the cranial region of the WD, but

further study is needed to confirm this.

The Hoxb7-Cre line is commonly applied to studies of the

urogenital tract as it is expressed in the WD but not the

nephrogenic cord (Kobayashi et al., 2005; Yu et al., 2002). Our

current results show that AP2-Cre may provide an alternative to the

Hoxb7-Cre line in studies that require targeting of the WD, as there

is strong activation of a Cre reporter via this transgene throughout

the duct but not in the cord. Pax3-Cre may be useful for specifying

the posterior end of the mesonephros, especially the caudal

mesonephric tubules, because it is not active in the anterior region

of the mesonephros (J.K., unpublished) (Jarad and Miner, 2009).

On the other hand, the Rarb2-Cre line seems well suited to address

research questions related to development at the cranial end of the

mesonephros as a complement to Pax3-Cre. Because of their

unique expression patterns, all three lines may be of value for

further analyses of development in the mesonephros.

It is intriguing that expression of Fgf8 in the somites may

regulate formation of structures in the intermediate mesoderm.

Although only the cranial end of the WD is affected in the current

studies, the fact that ablation of both Fgfr1 and Fgfr2 resulted in

the complete loss of the WD suggests that another FGF family

member may be essential in generating and maintaining that tissue.

Recently, Fgf4 and Fgf8 were shown to be redundant in

maintaining somitogenesis in the developing mouse embryo

(Naiche et al., 2011). It is conceivable that both factors together

also promote formation of the WD in the intermediate mesoderm.

Alternatively, FGF8 may function in conjunction with FGF10,

which maintains the caudal end of the WD. The overlapping

expression domains would then preserve formation of the majority

of the structure even with the loss of one of these factors. These

speculative models are readily testable with existing genetic tools,

and such studies are ongoing.
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