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Congenital anomalies of the kidney and urinary tract (CAKUT) affect about 1 in 500 births and are a major cause of
morbidity in infants. Duplex collecting systems rank among the most common abnormalities of CAKUT, but the
molecular basis for this defect is poorly understood. In mice, conditional deletion of Wnt5a in mesoderm results
inbilateralduplexkidneyandureter formation.Theuretericbuds(UBs) inmutantsemergeasdoublets fromtheinter-
mediate mesoderm (IM)-derived nephric duct (ND) without anterior expansion of the glial cell line-derived neuro-
trophic factor (Gdnf ) expression domain in the surrounding mesenchyme. Wnt5a is normally expressed in a
graded manner at the posterior end of the IM, but its expression is down-regulated prior to UB outgrowth at E10.5.
Furthermore, ablation of Wnt5a in the mesoderm with an inducible Cre at E7.5 results in duplex UBs, whereas abla-
tion at E8.5 yields normal UB outgrowth, demonstrating that Wnt5a functions in IM development well before the for-
mationof themetanephros. Inmutants, theposteriorNDisduplicatedandsurroundingPax2-positivemesenchymal
cellspersist in thenephriccord,suggestingthatdisruptionofnormalNDpatterningpromptstheformationofduplex
uretersandkidneys.Ror2homozygousmutants,whichinfrequentlyyieldduplexcollectingsystems,showadramatic
increase in incidence with the additional deletion of one copy of Wnt5a, implicating this receptor in non-canonical
Wnt5a signaling during IM development. This work provides the first evidence of a role of Wnt5a/Ror2 signaling in
IM extension and offers new insights into the etiology of CAKUT and possible involvement of Wnt5a/Ror2 mutations.

INTRODUCTION

Congenital anomalies of the kidney and urinary tract (CAKUT)
are among the most common birth defects and a major cause of
pediatric morbidity. Duplex kidney formation is included in the
spectrum of malformations associated with CAKUT and is char-
acterized by the development of two separate collecting systems
with either bifid (merged) or fully duplicated ureters. While
duplex kidneys are generally asymptomatic, patients bearing
this abnormality may be prone to urinary tract infections (1,2).

The kidney develops from progenitors originating from
the intermediate mesoderm (IM). Development is initiated by
the invasion of nephric (Wolffian) duct (ND) progenitors along
the A–P axis toward the cloaca in the IM and their conversion
to an epithelium under the influence of signals provided at

least in part from surface ectoderm (3). Subsequently, the meta-
nephric mesenchyme (MM) becomes delineated as a loose tissue
mass at the posterior end of the IM adjacent to the ND. Signals
emanating from the MM induce the outgrowth of single ureteric
buds (UBs) from the ND, which arborizes in the MM beginning
at E11.5 in the mouse. The rearranged during transfection
(c-RET)/glial cell line-derived neurotrophic factor (GDNF) sig-
naling pathway is the principal regulatory mechanism respon-
sible for bud outgrowth, and its dysregulation results either in
no bud outgrowth or supernumerary budding. Thus, several
molecules involved in the regulation of c-RET/GDNF expres-
sion are critical for normal kidney development (4–6).

In addition to components of the c-RET/GDNF signaling
pathway, mutations in molecules associated with the planar
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cell polarity (PCP) pathway (7,8) also result in duplex kidneys
(7,9). However, the mechanism of duplex kidney formation in
these mutants has not been clearly investigated. Wnt5a is fre-
quently implicated in non-canonical Wnt/PCP signaling (10).
Its loss of function causes several defects in tissue outgrowth
from truncation of the A–P axis to shortening of the tail,
limbs, digits, face and genitals (11). Also, Wnt5a affects mor-
phogenesis of several organs. Its deletion induces abnormal pat-
terning of the pituitary gland (12), a shortened and bifurcated
intestine (13), a shortened and widened cochlea (14), and abnor-
mal outflow tract morphogenesis in the heart (15)—all through
non-canonical Wnt/PCP signaling. Ror2 is known to be a recep-
tor for Wnt5a signaling. The phenotypes of Ror2 null mice also
show dwarfism, facial abnormalities, short limbs and tails like
Wnt5a null mice (16), suggesting that Wnt5a may regulate the
morphogenesis of several organs through Ror2.

In this study, we investigated the role of Wnt5a in the develop-
ment of the metanephros and found that it regulates IM exten-
sion, affecting kidney morphogenesis. Wnt5a mutants form a
shortened and broadened IM with duplicated NDs at the poster-
ior end prior to UB outgrowth. Thus, the abnormal extension of
the posterior ND alters the outgrowth of the UB from the ND,
creating a double UB which causes duplex kidney formation.
This occurs without a decrease in canonical Wnt activity in the
ND. Furthermore, deletion of one Wnt5a allele in Ror22/2
mutants causes haploinsufficiency for the duplex kidney pheno-
type, implicating Ror2 as the receptor responsible for Wnt5a sig-
naling during IM development. These findings suggest that a
defect in the non-canonical Wnt5a/Ror2 signaling pathway
may be responsible for duplex kidney formation through dysgen-
esis of IM extension.

RESULTS

Ablation of Wnt5a using T-Cre results in duplex kidney
formation

Since the kidney is derived from the IM, we conditionally inac-
tivated Wnt5a using the T-Cre mouse, which expresses Cre
recombinase in nascent primary mesoderm (17). The Wnt5a
mutants from this cross showed a shortened A–P body axis, out-
growth defects in the limbs and a tail comparable to that of the
Wnt5a null mouse (11). However, unlike the null mutants, the
conditional Wnt5a mutant embryos exhibited normal facial
structures (Fig. 1A). Since the observed phenotype was limited
to mesoderm, it was not overly complicated by abnormalities
involving non-mesoderm-derived organ development and the
indirect consequences from such defects. The kidneys from
mutant embryos exhibited uni- or bilateral renal abnormalities.
By H&E staining, mutant kidneys were duplexed and associated
with double ureters (Fig. 1B, n ¼ 24/24). Also, whole-mount
immunostaining for calbindin clearly showed double ureter for-
mation in the Wnt5a mutant (Fig. 1C).

The UB in the Wnt5a mutant extends from the ND
as a doublet without anterior expansion of the
Gdnf expression domain.

To explore the mechanism responsible for double ureter forma-
tion, we first examined the outgrowth of the UB. The UB extends

from the ND into the adjacent mesenchyme at E10.5, mainly
through the interaction of Gdnf, which is secreted by MM
cells, with its receptor c-Ret, which is elaborated by the ND
(4,6). In other models of duplex kidney development, mutants
generally display multiple budding from the ND as a result
of dysregulation of c-Ret/Gdnf signaling (1,4,18). We per-
formed whole-mount in situ hybridization (WISH) for c-Ret to
evaluate budding at the initiation of kidney development.
At E10.5, the ND develops in the mutant as a tubular structure
without supernumerary budding, except at the site of normal
bud outgrowth (Fig. 2A). Twin buds formed in the mutants, cre-
ating double stalks at E11.5 (Fig. 2B). Moreover, these observa-
tions were reproducible in explant culture using metanephric
rudiments from embryos at E11.5. Wnt5a mutant explants exhib-
ited early signs of duplex kidney formation with double UB out-
growth (Fig. 2C). We also assessed the Gdnf expression domain,
as some mutants with a duplex kidney phenotype have an

Figure 1. Ablation of Wnt5a using T-Cre results in bilateral duplex kidney for-
mation. (A) left: Wnt5a fl/+;T-Cre embryo at E14.5; right: Wnt5a fl/D;T-Cre
embryo at E14.5. (B) H&E staining of sagittal sections from Wnt5a fl/+;T-Cre
(left) and Wnt5a fl/D;T-Cre (right) kidneys at E18.5. (C) Calbindin staining of
Wnt5a fl/+;T-Cre and Wnt5a fl/D;T-Cre kidneys at E14.5.
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anterior expansion of this domain (1,18). We could not observe
an anterior expansion of the Gdnf expression domain in Wnt5a
mutants. The dimensions of the domain, however, did reflect
the posterior truncation in the embryo, being shorter and wider
than the control, but overall, the domain was comparable to
that of normal embryos and complemented the pattern observed
for c-Ret expression (Fig. 2D). We further evaluated the expres-
sion of molecules that regulate UB outgrowth, including Bmp4
(19), Gremlin1 (19) and Sprouty1 (20). Mutants showed a shor-
tened IM and ND, reflecting the truncated A–P body axis, but we
found none with expression patterns that were altered from
control littermates other than ND marker Sprouty1, which
expressed two domains as observed for c-Ret at the posterior
end of the ND (Supplementary Material, Fig. S1).

Wnt5a ablation during early IM development induces
duplex kidney formation

Since the Wnt5a mutant showed outgrowth of the UB as a doublet
at the initiation of kidney development, we analyzed the Wnt5a
expression pattern in early kidney development. Although
Wnt5a is strongly expressed normally in the tail and limb buds,
its expression was not demonstrable in the area of UB outgrowth
at the time of bud initiation (Supplementary Material, Fig. S2B,
yellow ellipse). Even at E11.5, Wnt5a expression was barely
detected in the metanephros and then only after lengthy incuba-
tions in WISH substrate (Supplementary Material, Fig. S2C,
yellow ellipse). This observation is supported by semi-
quantitative RT-PCR in which the detection of Wnt5a expression
in normal isolated E11.5 MMs or UBs required several more
cycles of amplification than for Gdnf or Ret (Supplementary Ma-
terial, Fig. S2D). These findings suggest that Wnt5a expression at
the initiation of metanephric development is not responsible for
the suppression of duplex kidney formation.

In addition to the dysregulation of c-Ret/Gdnf expression as a
possible cause of duplex kidney formation, some mutants for
genes implicated in the PCP signaling pathway, e.g. Ror2 (9)
or Fat4 (7), also form duplex kidneys. These mutants, like the
Wnt5a mutants, display abnormal A–P body axis extension
(7,8) as well. Given that Wnt5a has been demonstrated to func-
tion in non-canonical Wnt/PCP signaling (10), defects in this sig-
naling pathway may also be involved in duplex kidney
formation. Since the kidney arises from the IM, we hypothesized
that the observed defect in Wnt5a mutants may result from the
aberrant extension of the IM along the defective A–P axis.
Because the ND reaches the cloaca around E10.0, we analyzed
embryos for Wnt5a expression during IM elongation at E9.5.
Wnt5a was expressed at the posterior end of the IM in a graded
manner (Supplementary Material, Fig. S2A)—a pattern compar-
able to that observed in the tail. This suggests that Wnt5a may

Figure 2. The UB in the Wnt5a mutant grows out as a doublet without anterior
expansion of the Gdnf expression domain. (A) WISH for c-Ret using E10.5
embryos. left: Wnt5a fl/+;T-Cre; right: Wnt5a fl/D;T-Cre. (B) WISH for c-Ret
using E11.5 embryos. left: Wnt5a fl/+;T-Cre; right: Wnt5a fl/D;T-Cre. (C) Cal-
bindin staining of E11.5 explants of metanephric rudiments cultured for 24 h.
left: Wnt5a fl/+;T-Cre; right: Wnt5a fl/D;T-Cre. (D) WISH for Gdnf using
E10.5 embryos. left: Wnt5a fl/+;T-Cre; right: Wnt5a fl/D;T-Cre. White arrows
label the UB (A) or UB stalk (B and C). A red-dotted ellipse marks Gdnf expres-
sion (D) with a yellow line for length and red line for width.
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function earlier in urogenital development to regulate posterior
IM extension and thus cause duplex kidney formation.

To test whether duplex kidney formation in Wnt5a mutants
arises from the abnormal development of the IM, we ablated
Wnt5a in a time-dependent and tissue-specific manner using a
well-characterized tamoxifen-inducible T-CreERT2 line (21).
Tamoxifen was injected at E7.5 or E8.5 and embryos harvested
at E11.5 for the formation of double ureters. While tamoxifen
injected at E7.5 induced recombination along the entire IM,
at E8.5 tamoxifen induced only posterior IM recombination
(Supplementary Material, Fig. S3). All treatments activated a
Rosa26-YFP reporter allele by E10.5 in the posterior IM from
which the UB emanates. Wnt5a ablation during early IM devel-
opment by tamoxifen injection at E7.5 induced duplex kidney
formation bilaterally (n ¼ 5/6) or unilaterally (n ¼ 1/6)
(Fig. 3B), whereas Wnt5a ablation by tamoxifen injection at
E8.5 failed to elicit the phenotype (Fig. 3A, n ¼ 7/7). This
finding suggests that the cause of double UB outgrowth in
Wnt5a mutants is associated with early IM morphogenesis.

The IM is shortened and broadened, and the ND is duplicated
at its caudal terminus in the Wnt5a mutant at E9.5

Since Wnt5a is expressed at the posterior end of the IM at E9.5,
we examined its role in ND morphogenesis using the

Hoxb7-myr-venus-YFP reporter. The reporter is active in the
ND but not the surrounding mesenchyme in the nephric cord
as shown by the coincidental expression of E-cadherin that out-
lines the epithelial cells of the ND (Supplementary Material, Fig.
S4). We also examined IM morphogenesis with staining for
Pax2, which is expressed in both the ND and nephric cord (Sup-
plementary Material, Fig. S5). The domain of Pax2 expression is
significantly shortened and broadened in the mutant (Fig. 4A and
Supplementary Material, Fig. S6). The ND itself, as shown with
the Hoxb7-myr-venus-YFP reporter, is thickened even in the
middle of the mutant IM (Supplementary Material, Fig. S7).
Moreover, the posterior end of the duct is especially abnormally
thickened, i.e. hypercellular, in the mutant (Fig. 4B and C, and
Supplementary Material, Fig. S8). The combination of
Hoxb7-myr-venus-YFP reporter activity with Pax2 staining in
transverse sections of the posterior end of the E9.5 embryo
revealed that, in contrast to the normal ND, the mutant duct is
duplicated, showing two foci of Hoxb7-myr-venus-YFP activity
(Fig. 4D and E, and Supplementary Material, Fig. S8). The dupli-
cation is most often observed as bilateral fusions, such as demon-
strated in mutants in Supplementary Material, Fig. S8; however,
it may also manifest at the caudal end as distinct ND structures
(Fig. 4D). These findings are consistent with our hypothesis
that the abnormality precedes the outgrowth of the UB in the
Wnt5a mutant.

Figure 3. Wnt5a ablation in the early IM induces duplex kidney formation. (A) Tamoxifen was injected at E8.5 and embryos were harvested at E11.5. left: Wnt5a
fl/+;T-CreERT2; middle: Wnt5a fl/D;T-CreERT2; right: metanephros from mutant embryo were stained with calbindin antibody. (B) Tamoxifen was injected at
E7.5 and embryos were harvested at E11.5. left: Wnt5a fl/+;T-CreERT2, middle: Wnt5a fl/D; T-CreERT2, right: metanephros from mutant embryo were stained
with calbindin antibody. The yellow arrows label the UB stalk.
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Non-canonical Wnt5a/Ror2 signaling regulates
IM extension

Since Wnt5a can also activate b-catenin-dependent canonical
Wnt signaling (22,23), we analyzed mutant and normal embryos

for T cell factor (TCF) activation using the BATLacZ mouse
(24). b-Catenin activity was detected in both ND structures
found in the abnormal posterior of the mutant (Supplementary
Material, Fig. S9). However, TCF-dependent activity was not
decreased in the Wnt5a mutant (Supplementary Material, Fig.
S9), indicating that Wnt5a signaling in the IM is likely through
a b-catenin-independent non-canonical Wnt mechanism. The
orphan receptors, Ror1 and Ror2, are established Wnt5a receptors
and involved in the non-canonical Wnt/PCP signaling pathway
(10). The phenotypes of Ror2 null mice are similar to those of
Wnt5a null mice showing dwarfism, facial abnormalities, short
limbs and tails (16), suggesting that Ror2 is also a receptor for
Wnt5a signaling during embryonic development. Moreover,
mutations in both Ror2 (25) and Wnt5a (26) have been implicated
in the rare genetic disease, Robinow syndrome, which exhibits
some similar defects as found in the Wnt5a null mouse such as
dwarfism and genital abnormalities (27). Therefore, Ror2 may
serve as a receptor for Wnt5a in IM morphogenesis. To test this,
we generated mice that were null for Ror2 and heterozygous for
Wnt5a. In controls that were heterozygous for both Wnt5a and
Ror2, single ureters were always observed; however, one-third
of Ror2 null mice already showed a duplex kidney phenotype
(Fig. 5 and Table 1). With the additional deletion of a single
copy of Wnt5a, the occurrence of the duplex kidney phenotype
increased to .90% (Fig. 5B and Table 1). Furthermore, Wnt5a
+/2;Ror2 2/2 embryos at E9.5 manifested the same shortened
IM (Fig. 6A) with abnormal posterior ND as the Wnt5a mutants
(Fig. 6B and C). These results are consistent with the established
relationship between Wnt5a and Ror2 in the development of other
mesodermal tissues, e.g. limb patterning (28).

DISCUSSION

Wnt5a controls the morphogenesis of several tissues by provid-
ing spatial limitations on cell positioning during tissue elong-
ation. Its loss therefore typically yields shorter and wider
structures due, at least in part, to the dysregulation of the non-
canonical Wnt/PCP pathway (11,13,14). In the current study,
Wnt5a ablation resulted in a shorter and wider ND, consistent
with dysfunctional non-canonical Wnt signaling. The bifurcated
ND affects subsequent metanephric development presumably
through the permissive outgrowth of double UBs, resulting in
duplex kidney formation and twin ureters. In other words,
Wnt5a regulates not only outgrowth from the primary body
axis (11), but also outgrowth of the UB from the ND by control-
ling IM extension. The exact mechanism of its activity is a major
problem in the field. In our particular model, the dysmorphic pos-
terior ND could stem from an aberrant orientation of cells during
cell division, abnormal cell migration in the IM or abnormal
intercalation of cells in the ND, behaviors consistent with a de-
fective non-canonical Wnt/ PCP pathway (29). These possibil-
ities are currently under investigation.

During preparation of this manuscript, Nishita et al. (30) pub-
lished an article with the title ‘Role of Wnt5a-Ror2 signaling in
morphogenesis of the metanephric mesenchyme during ureteric
budding’. Like us, they investigated a similar phenotype, i.e.
duplicated ureters in the Wnt5a- and Ror2 null mice. They sug-
gested that dysregulated positioning of the MM causes a spatio-
temporally aberrant interaction between the MM and ND,

Figure 4. The IM is shortened and broadened in the E9.5 Wnt5a mutant and man-
ifests a duplicated ND at its caudal terminus. (A) Embryos at E9.5 were stained
with Pax-2 antibody. left: Wnt5a fl/+;T-Cre; right: Wnt5a fl/D;T-Cre. (B) left:
Wnt5a fl/+;T-Cre;Hoxb7-myr-venus-YFP embryo at E9.5; right: Wnt5a
fl/D;T-Cre;Hoxb7-myr-venus-YFP embryo at E9.5. A red-dotted ellipse marks
the posterior ends of the embryos. (C) Embryo images without the head using
light sheet microscopy. A red-dotted ellipse marks the posterior end of the
embryos. White arrows mark the anterior and posterior endsof the ND. (D) Trans-
verse sections of the posterior end of the IM in E9.5 embryos were stained
for Pax-2 expression. left: Wnt5a fl/+;T-Cre;Hoxb7-myr-venus-YFP embryo
at E9.5; right: Wnt5a fl/D;T-Cre;Hoxb7-myr-venus-YFP embryo at E9.5.
A yellow rectangle marks the IM. (E) Enlarged image of the IM in (D).
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providing the ND with inappropriate Gdnf signaling together
with reduced proliferation in mutant MM, and thus resulting in
ectopic UB induction. However, we found that early IM exten-
sion, especially abnormal duplication of the posterior ND, is
the likely cause of duplex kidney formation in the Wnt5a
mutants. As mentioned earlier, we also examined Wnt5a expres-
sion by RT-PCR of isolated UBs and MMs from the E11.5 meta-
nephros. This was done because Wnt5a WISH data revealed
almost no expression of Wnt5a in the metanephric region
during initial UB formation, compared with its strong expression
in the tail and limbs in a gradient manner. Wnt5a was very
weakly expressed based on results from PCR amplification in
the E11.5 metanephros in both UB and MM, in agreement
with our WISH data. We could detect a Wnt5a PCR product at
43 reaction cycles, while Gapdh was detected at 27 reaction
cycles using the same cDNA (Supplementary Material, Fig.
S2). To determine if this expression is sufficient to induce
double ureter formation, we produced Wnt5a mutants using
several Cre lines which ablate Wnt5a in both the MM and UB,
e.g Dll1-Cre. However, Wnt5a mutants generated with Dll1-
Cre do not show a double ureter phenotype, but their kidneys
form normally except that they develop a hydronephrotic kidney
phenotype at E16.5 (unpublished data). It was in fact this obser-
vation that prompted us to focus on earlier IM extension prior to

UB outgrowth. Furthermore, our time-dependent analysis of
Wnt5a deletion clearly showed that only early deletion of
Wnt5a can cause double ureter formation. Wnt5a mutants with
tamoxifen injection at E7.5 formed duplex kidneys. However,
Wnt5a mutants with tamoxifen injection even at E8.5 did not
yield a duplex kidney phenotype (Fig. 3)—a finding consistent
with abnormal IM morphogenesis.

The IM develops along the A–P axis, and Wnt5a is expressed
both in the tail bud and in the posterior end of the IM, where we
observed that it is distributed in a graded manner. Since the
Wnt5a null mutant is truncated along the A–P axis, Wnt5a is
regarded as a significant factor in A–P axis extension (11). We
observed that the duplex kidney phenotype is always accompan-
ied by truncation of the A–P axis in the Wnt5a mutants, suggest-
ing that IM extension is controlled together with A–P axis
extension. It is likely that both are affected by a Wnt5a gradient
from early embryonic development, and that an IM extension
defect is the result of an accumulation of dysmorphic events
that may be maximal at the time ND reaches the cloaca, thus
causing the abnormal ND duplication in the Wnt5a mutants.
The relationship between the A–P axis and IM extension,
however, needs further clarification.

In conclusion, our studies establish a role for Wnt5a in the
regulation of IM extension and suggest that duplex kidneys
result from the dysmorphogenesis of the posterior ND.

MATERIALS AND METHODS

Animal and tissue culture

Generation, maintenance and genotyping of Wnt5a flox/flox mice
(Wnt5atm1.1Tpy) (31), T-Cre (17) mice, Hoxb7/myr-Venus-YFP
(32), BATLacZ (24), Ror2 (8) and T-CreERT2 (21) mice have
been described previously (33). Noon on the day of vaginal

Figure 5. Ror2 mediates Wnt5a signaling in duplex kidney formation. Embryos at E11.5 (A) and metanephros from the embryos (B) left: Wnt5a +/2;Ror2 +/2;
Hoxb7-myr-venus-YFP; middle: Ror2 2/2;Hoxb7-myr-venus-YFP; right: Wnt5a +/2;Ror2 2/2;Hoxb7-myr-venus-YFP.

Table 1. Frequency of the duplex kidney phenotype in Ror2 mutants

Genotype Wnt5a +/2;
Ror2 +/2

Ror2 2/2 Wnt5a +/2;
Ror2 2/2

No. of embryos with duplex
kidney(s)/no. of total embryos

0/53 8/24 24/26

Percentage (%) 0 33.3 92.3
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plug detection was designated E0.5. Mice were managed accord-
ing to the NIH guidelines for the care and use of laboratory
animals. Metanephric rudiments were dissected from E11.5
mouse embryos and were cultured on type IV collagen-coated
filters, as previously described (17), in DMEM/F12 (50 : 50)
with 10% fetal calf serum in 5% CO2 at 378C. For BATLacZ
mice, X-gal staining was performed as previously described (24).

Tamoxifen injections and embryo analyses

About 1.0 mg of tamoxifen (Sigma, T-5648) was administered at
either E7.5 or E8.5 by IP injection as previously described (34)
without progesterone. The tamoxifen-injected mice were har-
vested at E11.5 and their kidneys were immunostained for
calbindin, which labels the ureter and UB/collecting duct.

In situ hybridization and immunohistochemistry

Embryos were fixed and processed for WISH as described (35).
Also, embryos were fixed and processed for paraffin section as

described (36). Deparaffinized tissues were probed with Pax-2
antibody (Abcam) at 1 : 50 and visualized using a Dako Cytoma-
tion kit according to the manufacturer’s instructions.

Immunostaining

Calbindin staining of kidneys or kidney explant cultures was per-
formed according to a protocol for immunostaining described in
Kitagaki et al. (33) with some modifications. Briefly, dissected
embryonic kidneys were fixed in ice-cold 100% methanol for
10 min 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, USA) for 2 h at room temperature,
washed and incubated with a 1 : 1000 dilution of calbindin poly-
clonal antibody (Millipore, Billerica, MA, USA) overnight at
48C. After three washes, they were incubated with Alexafluor
488 secondary antibodies (Invitrogen) at 1 : 2000 dilution over-
night at 48C. After extensive washes, the embryonic kidneys
were photographed by fluorescence microscopy (Zeiss Axio
Observer). Likewise, Pax2 staining of embryos or embryo trans-
verse sections was performed with a 1 : 100 dilution of Pax2
polyclonal antibody (Invitrogen) and Alexafluor 568 secondary
antibodies (Invitrogen) at 1 : 2000 dilution.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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