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Renal malformations are common human birth de-
fects that sometimes occur in the context of the cau-
dal regression syndrome. Here, we found that expo-
sure of pregnant mice to all-trans retinoic acid, at a
time when the metanephros has yet to form, causes a
failure of kidney development along with caudal re-
gression. Maternal treatment with Am580 (retinoic
acid receptor � agonist) also induced similar patterns
of kidney maldevelopment in the fetus. In meta-
nephroi from retinoic acid-treated pregnancies, renal
mesenchyme condensed around the ureteric bud but
then failed to differentiate into nephrons, instead
undergoing involution by fulminant apoptosis to pro-
duce a renal agenesis phenotype. Results of whole
organ cultures in serum-free medium, and also tissue
recombination experiments, showed that the neph-
rogenic defect was intrinsic to the kidney and that it
resided in the metanephric mesenchyme and not the
ureteric bud. Renal mesenchyme from control em-
bryos expressed Wilms’ tumor 1 (Wt1), but this tran-
scription factor, which is indispensable for kidney
development, failed to express in metanephroi of
retinoic acid-exposed embryos. Wt1 expression and
organogenesis were both restored, however, when
metanephroi from retinoic acid-treated pregnancies
were grown in serum-containing media. Our data il-
luminate the pathobiology of a severe, teratogen-in-
duced kidney malformation. (Am J Pathol 2005,
166:1295–1307)

Renal malformations are among one of the most common
congenital malformations in humans and are the major
cause of chronic renal failure in children.1 Renal agenesis
represents the most severe phenotype, with bilateral
agenesis occurring in �1 in 10,000 births, and unilateral
agenesis occurs in �1 in 1000 individuals. Strictly speak-
ing, agenesis implies that the metanephric kidney pre-
cursor has never formed; it is now recognized, however,
that an agenesis-like phenotype can be the end-result of
prenatal involution of malformed embryonic kidneys,2,3 a
process probably driven by excessive apoptosis.4 Other
types of malformation include renal hypoplasia (too few
glomeruli and nephron tubules) and dysplasia (incom-
plete and metaplastic differentiation, often with cysts); in
addition, the polycystic kidney diseases can be consid-
ered a failure of terminal epithelial differentiation and
some types manifest antenatally.

There are three general causes of renal malforma-
tions:1 1) mutation in genes expressed during metaneph-
ric development such as the Wilms’ tumor 1 (Wt1)5 and
Paired box 2 (PAX2)6 transcription factors; 2) impairment
of fetal urinary flow caused by physical obstruction in
lower urinary outflow tract;7,8 and 3) changes in the em-
bryonic milieu associated with exposure to formal terato-
gens9 or more subtle factors, such as alterations in ma-
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ternal diet.10 In many cases, the renal malformation is not
an isolated anomaly, but occurs as part of a multiorgan
congenital syndrome. For instance, renal agenesis and
other renal malformations can occur in the context of the
caudal regression syndrome,11–13 which is defined by a
characteristic pattern of malformations including agene-
sis of the lower vertebral column, imperforate anus, and
caudal spinal cord malformations that often appear as a
terminal myelomeningocele.12,14–16 However, the reason
for, and the mechanism of, this particular association are
unclear.

There is emerging evidence that retinoids play an es-
sential role in renal organogenesis. Vitamin A (retinol) is
transferred to the embryo from the maternal circulation
and then converted into its bioactive metabolite all-trans
retinoic acid (RA). The RA signal is then transduced via
nuclear RA receptors (RARs) that form heterodimers with
retinoid x receptors (RXRs) to activate or suppress tran-
scription of target genes. Rats made severely vitamin
A-deficient delivered pups with renal malformations,17

which could be rescued by restoration with vitamin A
during gestation.18 Renal agenesis occurs in RAR���/�

mouse double mutants, whereas renal hypoplasia occurs
in RAR��2�/� and RXR�/RAR��/� embryos,19,20 show-
ing that retinoid signal is involved in various developmen-
tal processes during kidney development. RARs have
also been implicated in embryonic modeling of the lower
urinary tract, including ureter and bladder trigone.21 Ba-
tourina and colleagues22 reported that RARs expressed
in the stromal mesenchyme were involved in a reciprocal
signaling loop with RET, a receptor for glial cell line-
derived neurotrophic factor (GDNF). Ret is expressed in
ureteric bud (UB) branch tips and is up-regulated by
exposure of murine metanephric explants to vitamin A or
RA; the same maneuvers enhance UB branching and
nephron formation in a dose-dependent manner.22–24 It
has also been found in the rat that the number of
nephrons per kidney correlated positively with circulating
vitamin A concentrations and that mild vitamin A defi-
ciency leads to an inborn nephron deficit.25 Such exper-
imental observations, which suggest that the vitamin A
axis can modify nephron number, would have major clin-
ical implications if applicable to humans because it is
established that mild hypoplasia (ie, having approxi-
mately half the normal number of nephrons per kidney) is
associated with arterial hypertension.26

Although vitamin A or RA deficiency will lead to a
spectrum of malformations affecting a number of organ
systems, such as the kidney, heart, eye, and nervous
system,17,27–29 there is evidence for both humans and
animal models that high vitamin A or RA intake is terato-
genic for the same organ systems, including the kid-
ney.30–33 Moreover, disturbing retinoid signaling either
by homologous disruption of retinoid receptors19,20 or by
maternal treatment with RAR selective agonists34 can
induce renal malformations in the fetus. Taken together,
these findings indicate that the level of retinoid signal is
required to be tightly regulated for normal kidney devel-
opment; when RA concentrations deviate from normal, in
either direction, abnormal development occurs. Recently,
our laboratory has demonstrated that pregnant mice

treated with RA at mid-gestation gave birth to fetuses with
a spectrum of malformations, including lower vertebral
agenesis, imperforate anus, and terminal myelomeningo-
cele,35 which closely resembled caudal regression syn-
drome in humans. In these experiments, it was also noted
(A.S.W.S., personal observation) that renal malforma-
tions, including renal agenesis, were generated. In the
current study, we have used the RA-induced caudal re-
gression mouse model to study the cellular and molecu-
lar bases of severe renal malformations.

Materials and Methods

Animals

Guidelines for the use and care of laboratory animals, as
set by The Chinese University of Hong Kong, were fol-
lowed. Except for experiments to determine the dose
response of Wt1 mutants to RA, all experiments were
conducted using ICR (Institute of Cancer Research) mice
housed at The Chinese University of Hong Kong under a
light-dark cycle with the dark period from 1:00 a.m. to
11:00 a.m. Timed mating was performed by pairing mice
for 2 hours immediately before commencement of the
light cycle. Fertilization was assumed to occur at 10:00
a.m., which was regarded as embryonic day (E) 0.
Wt1(�/�) mutant mice in C57/BL6 background were
maintained at the MRC Human Genetics Unit. Fetuses
were obtained from timed mating between Wt1(�/�)
male and wild-type C57/BL6 female mice. In the Wt1
mutant allele, 10 bp in the Wt1 gene are replaced by the
neomycin cassette.5 The genotype of the fetus was de-
termined by amplification of DNA prepared from the liver
using polymerase chain reaction (PCR), with primers that
detected part of the neomycin cassette and part of Wt1.36

Dose and Time Response

To determine the stage specificity of the effect of RA on
kidney development, a single dose of 100 mg/kg body
weight of RA (Sigma, St. Louis, MO) suspended in peanut
oil was injected intraperitoneally into pregnant ICR female
mice at 4-hour intervals from 8 days 20 hours to 9 days 16
hours, whereas control mice received an equivalent vol-
ume of suspension vehicle. To determine a dose re-
sponse, pregnant ICR female mice received a dose of 10,
50, 100, or 125 mg/kg body weight of RA or Am580
(RAR� agonists)34,37 suspended in peanut oil, whereas
pregnant C57/BL6 female mice received 50 mg/kg body
weight of RA at 9 days 0 hours. To perform an initial
assessment of effects on renal development, E18 fetuses
were delivered by cesarean section and examined for
anomalies. Kidney phenotypes were designated, using
gross external morphology and paraffin sections (data
not shown) as either: normal, agenesis (ie, no kidney
tissue was found at E18), or nonagenesis renal malfor-
mation; the latter comprised a variety of phenotypes in-
cluding hypoplasia (small kidneys containing normal-
looking structures), dysplasia (kidneys containing poorly
differentiated structures), or polycystic-like kidneys (dif-
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ferentiation appeared normal apart from cystic tubules).
Injection of 125 mg/kg RA at 9 days 0 hours resulted in
bilateral absence of kidneys in all fetuses, and hence this
dosage and time point were used in all subsequent ex-
periments to determine the cellular and molecular mech-
anisms of RA-induced renal agenesis.

Histology and Staining of Apoptotic Cells

Embryos at different developmental stages were fixed in
Bouin’s solution and prepared as 7-�m-thick paraffin sec-
tions stained with hematoxylin and eosin (H&E) for histolog-
ical examination of early kidney development. To identify
the nature of cell death in the metanephros of the embryo at
E11.00, embryos were fixed in 4% paraformaldehyde and
prepared as 10-�m-thick paraffin sections cut transversely
through the hindlimb bud region. Apoptotic cells with DNA
breaks were stained by the terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling (TUNEL) method,
using fluorescein-conjugated avidin to detect the biotinyl-
ated dUTP-antibody complex according to Gavrieli and
colleagues,38 with modifications as described in Shum and
colleagues.35 DNA was counterstained using propidium
iodide. At least five embryos were examined in each group.

In Situ Hybridization and Real-Time Quantitative
Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)

The expression of Wt1,39 Pax2,40 Gdnf,41 and c-Ret42 in
embryos at E11.00 was studied by whole mount in situ
hybridization using digoxigenin-labeled probes accord-
ing to Wilkinson.43 At least 12 embryos were examined in
each group. Hybridized embryos were embedded in gel-
atin and cut into 50-�m-thick vibratome sections for de-
tailed examination of spatial distribution patterns of these
genes. To confirm whether Wt1 and Gdnf mRNA tran-
scripts could be detected in metanephroi at E11.00 and
E12.00, isolated metanephroi of embryos from the same
litter were pooled together; total RNA was extracted using
the RNeasy mini kit (Qiagen, Hilden, Germany) and
reverse-transcribed into cDNA using SuperScript III re-
verse transcriptase (Invitrogen, Carlsbad, CA) according
to the manufacturer’s instruction. The cDNA was then
amplified by real-time quantitative PCR (40 cycles com-
prising of denaturation at 95°C for 15 seconds and an-
nealing at 54°C for 1 minute) using SYBR Green PCR
Master Mix (Applied Biosystems, Warrington, UK) and
the following primers: Wt1 (forward: 5�-CAG ATG TAA
TTC TAC AGG CGA TTG-3�; reverse: 5�-TCC CTA CAT
ACT TGC AGA TTC AAA-3�), Gdnf (forward: 5�-CCT GAA
GAT TAT CCT GAC CA-3�; reverse: 5�-CTT TCC CTC
TGG AAT TCT CT-3�), and �-actin (forward: 5�-TGT TAC
CCA CTG GGA CGA CA-3�; reverse: 5�-GGG GTG TTG
AAG GTC TCA AA-3�) as internal control. The fluores-
cent-labeled PCR products were detected by ABI Prism
7000 sequence detection system (Applied Biosystems).
The standard curve was prepared by using the threshold
cycle (CT values) from dilutions of known concentrations

of DNA obtained from respective cDNA plasmids. Three
separate trials of PCR were performed for each sample.
Each sample consisted of one litter of embryos. Three to
four litters of embryos in each group were assessed.

Tissue Recombination and Co-Culture

Embryos were dissected out in L-15 medium (Life Tech-
nologies Inc., Carlsbad, CA) at E11.00, when the UB had
just penetrated into the metanephric mesenchyme (MM)
but not yet branched. The metanephros was isolated with
the aid of a 25-gauge needle fitted into a 1-ml syringe.
After enzymatic digestion with 0.05% trypsin (Sigma) and
0.01% pancreatin (Sigma) in Dulbecco’s modified Ea-
gle’s medium/F12 medium (Life Technologies Inc.) at
room temperature for 10 to 15 minutes, the MM and UB
were mechanically separated with a pair of electrically
sharpened tungsten needles. Different modes of tissue
recombination, consisting of RA-treated and control tis-
sues, were performed, with three pieces of MM from
RA-exposed or control embryos placed in close proximity
to one UB. The recombinants were cultured on the Milli-
cell-CM 0.4-�m culture plate insert (Millipore, Bedford,
MA) in a hormonally defined serum-free medium com-
posed of Dulbecco’s modified Eagle’s medium/F12
medium supplemented with HEPES (15 mmol/L; Life
Technologies Inc.), transferrin (5 �g/ml; Sigma), triiodo-
thyronine (3.2 pg/ml; Sigma), prostaglandin E1 (25 ng/ml;
Sigma), hydrocortisone (5 �g/ml; Sigma) and insulin (5
�g/ml; Sigma) at the air-medium interphase at 37°C in a
5% CO2 incubator. This medium could support normal
metanephros differentiation.44 The recombinants were
cultured for 7 days and the culture medium was re-
freshed every 48 hours. The first day of culture was
designated day 0. In another set of experiments, three
pieces of isolated control or RA-treated MM were placed
in close proximity to a piece of spinal cord obtained from
the cervical region of normal embryo at E11.00. The
recombinants were cultured in the same conditions as
described above. At least six recombinants were exam-
ined in each group.

Metanephric Explant Culture

To study the development of the metanephros in the
absence of any influence from surrounding tissues, met-
anephroi were dissected out from control and RA-ex-
posed embryos between E11.25 and E15.25 at 1-day
intervals and cultured in the hormonally defined medium
alone or supplemented with 10% or 20% fetal bovine
serum (Life Technologies Inc.), under the same condi-
tions as the recombinants, except the culture was termi-
nated after 2 or 5 days. The explants were analyzed in
either one of the following ways. To determine whether
there was any mesenchymal differentiation, after 5 days
in culture, the explant was fixed in Bouin’s fixative over-
night and prepared as 7-�m-thick paraffin sections
stained with H&E, and analyzed by light microscopy. To
examine branching of the UB, after 5 days in culture, the
explant was fixed in a mixture of methanol:acetone (1:1)
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for 20 minutes at �20°C. The ureteric epithelium was
labeled by a mouse monoclonal antibody against calbi-
ndin-D (1:250, C-8666; Sigma), followed by detection
using fluorescein-conjugated anti-mouse IgG secondary
antibody (1:200; Jackson ImmunoResearch, West Grove,
PA), and then examined by confocal microscopy. To
measure the expression levels of Wt1 and �-actin (inter-
nal control) mRNA at 2 day after culture, real-time quan-
titative RT-PCR was performed as described above.
Three separate trials of PCR were performed for each
sample. Each sample consisted of 7 to 22 explants ob-
tained in the same batch of culture. There were three to
six samples in each group.

Statistical Analyses

The frequency and severity of renal malformations in
response to RA or Am580 treatment at different dosages
and time points were analyzed by Jonckheere-Terpstra
test using StatXact 4 for Windows software (Cytel Soft-
ware Corp., Cambridge, MA). The susceptibility of Wt1
mutant and wild-type embryos to RA-induced renal mal-
formations was analyzed by Fisher’s exact test (two-
sided) using StatXact4 for Windows software. The ex-
pression levels of Wt1 and Gdnf, relative to �-actin,
between different treatment groups were analyzed by
Student’s t-test using SPSS software (SPSS, Chicago, IL).
The significance level was set at a P value of �0.05.

Results

RA Induced Renal Malformations within a
Critical Developmental Window

We have previously found that the severity of caudal
regression induced by RA, measured in terms of the
body axial level being truncated, was highly develop-
mental stage- and dose-dependent.35 To determine the
stage when kidney development might be most sensitive
to the teratogenic effect of RA, a time-response study
was conducted. We found that treatment of pregnant
mice with 100 mg/kg of RA between 8 days 20 hours and
9 days 12 hours, other than inducing caudal regression,
also resulted in a spectrum of renal malformations in
fetuses examined at E18 (Table 1). The frequency of
malformations was dependent on the time of RA treat-
ment, such that teratogen administration at earlier time
points resulted in a significantly higher (P � 0.0001)
percentage of embryos with renal malformations; more-
over, later injections significantly (P � 0.0001) shifted the
spectrum of renal anomalies from a lack of identifiable
renal tissue, which we called the agenesis phenotype,
toward the less severe malformations, such as hypoplas-
tic, dysplastic, or polycystic-like kidneys, which we clas-
sified as nonagenesis renal malformations. Because in-
jection at 8 days 20 hours led to high resorption rate, a
somewhat more advanced stage (9 days 0 hours) with a
lower resorption rate was chosen for a dose-response
study. Results showed that increasing the dose of RA

Table 1. Effect of Treatment with 100 mg/kg RA at Various Time Points on Kidney Development Assessed at E18

Time of RA administration
8 days,

20 hours
9 days,
0 hours

9 days,
4 hours

9 days,
8 hours

9 days,
12 hours

9 days,
16 hours

Number of litters examined 6 18 12 7 8 7
Number of fetuses that underwent resorption 12 17 8 2 4 3
(% total fetuses) (20) (9) (5) (3) (4) (4)
Number of live fetuses 47 172 147 77 100 76
% Live fetuses with any renal malformation 100 88 63 34 11 0

% Live fetuses with bilateral renal agenesis 92 66 32 8 0 0
% Live fetuses with unilateral renal agenesis* 8 16 0 4 0 0
% Live fetuses with nonagenesis renal malformations† 0 6 31 22 11 0

*Contralateral kidney either normal or with nonagenesis renal malformations.
†Bilateral or unilateral with contralateral kidney being normal.

Table 2. Effect of Treatment with Various Dosages of RA at 9 Days 0 Hours on Kidney Development Assessed at E18

Dosage of RA (mg/kg body weight) 0 10 50 100 125
Number of litters examined 7 6 6 18 12
Number of fetuses that underwent resorption 1 6 8 17 11
(% total fetuses) (1) (7) (11) (9) (10)
Number of live fetuses 82 85 66 172 102
% Live fetuses with any renal malformation 0 9 68 88 100

% Live fetuses with bilateral renal agenesis 0 0 20 66 100
% Live fetuses with unilateral renal agenesis* 0 0 21 16 0
% Live fetuses with nonagenesis renal malformations† 0 9 27 6 0

*Contralateral kidney either normal or with nonagenesis renal malformations.
†Bilateral or unilateral with contralateral kidney being normal.
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from 10 to 125 mg/kg, also significantly increased the
frequency (P � 0.0001) and severity (P � 0.0001) of
renal malformations in fetuses examined at E18 (Table 2).

To confirm whether induction of renal malformations
was a specific teratogenic effect of RA, we tested if
transactivation of RARs with selective agonists could
similarly induce renal malformations. Because RAR�
is involved in retinoid signaling during kidney devel-
opment,19,20 we treated pregnant mice with various dos-
ages of Am580, a RAR� agonist that could be rapidly
transferred to the embryo,37,45 at 9 days 0 hours. Indeed,
it was found that Am580 closely mimicking the effect
of RA. Besides inducing caudal regression (data not
shown), Am580 also induced agenesis and nonagenesis
types of renal malformations, such that increasing the
dose of Am580 from 10 to 125 mg/kg significantly in-
creased the frequency (P � 0.0001) and severity (P �
0.0001) of renal malformations in fetuses examined at
E18 (Table 3), although the teratogenic response was
lower when compared with RA. This is probably because
RA teratogenicity can be potentiated by heterodimeriza-
tion of RAR� with other RAR subtypes or RXRs.19,20,46

Because the results of our study showed that RA, when
given to pregnant mice at the dose of 125 mg/kg at 9
days 0 hours could consistently induce bilateral renal
agenesis in all fetuses, this dosage and injection time
point were adopted for studying the pathogenic mecha-
nisms of RA-induced failure of nephrogenesis.

Extensive Apoptosis in the RA-Treated
Metanephric Mesenchyme

To determine whether the observed lack of renal tissue at
E18 had resulted from complete failure of formation of the
metanephros or degeneration of an existing organ, sets
of control embryos, and those previously exposed to RA,
were examined from E11.25 at 1-day intervals; typical
appearances are described and shown from at least 25
embryos in each set. At E11.25, the metanephroi of RA-
exposed embryos (Figure 1B) did not show any obvious
morphological difference from the controls in which the
mother was exposed to vehicle only (Figure 1A). In both,
the UB had penetrated into the MM and formed the first
T-shaped branches. However, thereafter, metanephroi
from RA-exposed embryos halted in their development.
The UB did not branch again, nor did the MM undergo
nephrogenesis (Figure 1, compare C and D), by E15.25
they had regressed to a cluster of cells (Figure 1, compare

E and F) and by E16.25, no renal tissue could be found. To
determine whether there were any histological changes
during early kidney development, serial sections of em-
bryos were examined. Metanephric kidney development
begins at E10.50, with condensation of mesenchymal cells
adjacent to the caudal end of the Wolffian duct. The meta-
nephric blastema enlarges as cells proliferate and it be-
comes more prominent by E10.75. Up to this stage, meta-
nephroi from RA-exposed embryos (Figure 1H) looked
similar histologically to time-matched controls (Figure 1G),
eg, the size of the metanephric blastema was comparable
and mitotic figures were evident. By E11.00, the UB had
evaginated from the Wolffian duct and penetrated into the
MM. It was at this stage that the metanephric rudiments
from RA-exposed embryos showed the first histological ab-
normalities, with pyknotic nuclei being very prominent in the
MM (Figure 1I). On the contrary, pyknotic nuclei were rare in
the UB of these rudiments and mitoses were plentiful (Fig-
ure 1J). TUNEL staining confirmed that cell death in the
RA-treated MM was mediated via fulminant apoptosis (Fig-
ure 1K); although the numbers of apoptotic nuclei were not
formally quantified, programmed cell death was a rarer
event in the normal metanephric kidney at the same stage
(Figure 1L).

Tissue Recombination Showed That the Primary
Defect Resided in the RA-Treated Metanephric
Mesenchyme

Kidney development is controlled by a series of recipro-
cal inductive interactions, in which the MM induces
growth and repeated branching of the UB to give rise to
the renal collecting system, whereas the tips of the
branching UB induce the surrounding mesenchymal
cells to condense into epithelial vesicles that differentiate
into various segments of the nephron. In metanephroi
from RA-exposed embryos, defective development was
found in both the UB and MM lineages, ie, the bud failed
to branch recurrently and the MM did not form nephrons.
To address which compartment(s) might have a primary
defect caused by the teratogen, tissue recombination
experiments were performed such that UB and MM of
RA-exposed embryos were separated from one another
and then co-cultured in vitro with a normal (control) cor-
responding counterpart (Figure 2A). After 2 days in cul-
ture, the isolated control MM and UB from RA-exposed
embryos had assembled into discrete structures that re-

Table 3. Effect of Treatment with Various Dosages of Am580 at 9 Days 0 Hours on Kidney Development Assessed at E18

Dosage of Am580 (mg/kg body weight) 0 10 50 100 125
Number of litters examined 7 6 9 6 6
Number of fetuses that underwent resorption 1 8 11 10 12
(% total fetuses) (1) (14) (10) (15) (21)
Number of live fetuses 82 51 99 56 45
% Live fetuses with any renal malformation 0 6 62 89 100

% Live fetuses with bilateral renal agenesis 0 0 0 18 47
% Live fetuses with unilateral renal agenesis* 0 0 7 16 24
% Live fetuses with nonagenesis renal malformations† 0 6 55 55 29

*Contralateral kidney either normal or with nonagenesis renal malformations.
†Bilateral or unilateral with contralateral kidney being normal.
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sembled early-stage metanephroi (Figure 2C), similar to
that found in recombinants of control MM and control UB
(Figure 2B). However, MM from RA-exposed embryos did
not assemble with control UB but spread out (Figure 2D).
After 7 days in culture, recombinants between control UB
and control MM had undergone several rounds of UB
branching with renal vesicles (nephron precursors) de-
veloping around branch tips (Figure 2E). Similar appear-
ances were found in recombinants between the UB from
RA-exposed embryos and control MM (Figure 2F), dem-
onstrating first that the UB from teratogen-exposed em-
bryos could respond to branching signals emanating
from control MM and second that it was competent to
induce nephrogenesis in control MM. On the contrary,

when MM from RA-exposed embryos was recombined
with control UB, the whole explant failed to differentiate
and had degenerated after 1 week in culture (Figure 2G).
Even when co-cultured with the 11-day embryonic cervi-
cal spinal cord (Figure 2H), an even more potent in vitro
inducer of MM tubulogenesis than UB itself47 (Figure 2I),
the MM from RA-exposed embryos still failed to differen-
tiate and instead it regressed by 7 days of culture (Figure
2J). These findings supported the conclusion that the
lack of UB branching and MM differentiation in the RA-
treated metanephric kidney was due to a major defect in
the MM. The MM could not respond to inducing signal
from the UB to undergo differentiation, and neither was it
competent to induce branching of the UB.

Figure 1. Comparison of gross morphological and histological appearances of metanephroi from control and RA-exposed embryos. A to F: Metanephroi freshly
isolated from control (CT; A, C, and E) and RA-exposed (RA; B, D, and F) embryos at E11.25 (A and B), E13.25 (C and D), and E15.25 (E and F). Note that
RA-treated metanephroi (B) showed no apparent gross morphological difference from controls (A) at E11.25, with the UB having branched once and the MM yet
to differentiate; in subsequent days, RA-treated metanephroi failed to progress (D) and then degenerated (F). G to L: Transverse histological metanephric sections
of control (G and L) and RA-exposed embryos (H–K) at E10.75 (G and H) and E11.00 (I–L) stained by H&E (G–J) or TUNEL method (K and L). Note the
condensation of cells around the Wolffian duct (WD) to form MM, which was actively proliferating with many mitotic figures (arrowhead, H) seen. The abundant
pyknotic nuclei in the MM at the cranial region of the RA-treated metanephric rudiment (I) were apoptotic bodies (K). At the middle level of the RA-treated
metanephric rudiment where the UB had evaginated from the WD and penetrated into the MM, there were many pyknotic nuclei (arrow) in the MM while UB
cells were actively dividing (J). Scale bar: 0.2 mm (A–D, F); 0.5 mm (E); 0.05 mm (G–L).
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Failure of Wt1 Expression in the RA-Treated
Metanephric Mesenchyme

To understand the molecular changes in the RA-treated
metanephros, we next investigated the expression of sev-
eral regulatory genes that are critical for early kidney
development.48 In particular, in mouse embryos with null
mutation of Wt1, a transcription factor that begins to
express at low levels in the uninduced MM at E11.00 and
highly up-regulates as MM forms nephrogenic conden-
sations,39 the MM fails to undergo any differentiation and
instead involutes accompanied by fulminant MM apopto-
sis.5 This phenotype of the MM in Wt1-null mutant is in
some aspects similar to that described in embryos of

RA-treated pregnancies, although in the Wt1-null mutant,
the UB did not penetrate into the MM.5 We performed in
situ hybridization to investigate whether Wt1 expression
in the MM was affected in embryos exposed to RA. When
control and RA-exposed embryos at E11.00 were com-
pared, there was no gross difference in the expression
levels of Wt1 in the mesothelium of the heart and meso-
nephros (Figure 3, A and B), two other known sites where
the gene is expressed.39 However, in the developing
metanephros, while Wt1 was expressed in control MM
(Figure 3C), no expression of Wt1 was detected, using
the same methodology, in MM of embryos that has been
exposed to RA (Figure 3D). When the more sensitive
technique of real-time quantitative RT-PCR was used,

Figure 2. Development of recombinants in culture. A–G: Co-culture of two pieces of MM with one piece of UB isolated from metanephroi of control (CT) or
RA-exposed embryos (RA). Recombinants before (A), or after 2 days (B–D) or 7 days (E–G) in culture. Note that RA-treated UB when recombined with control
MM (C and F) showed a similar pattern of growth and differentiation as recombinants between control UB and control MM (B and E). However, MM from embryos
exposed to RA could not respond to control UB and degenerated (D and G). H–J: Co-culture of MM with embryonic spinal cord (SC). At the beginning of culture,
three pieces of MM were placed in close proximity to one piece of SC (H). After 7 days in culture, while SC could induce tubulogenesis of control MM (I), MM
from RA-exposed embryos could not respond to SC and degenerated (J). Scale bar, 0.5 mm.
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only a very low and significantly reduced (P � 0.0001)
level of Wt1 mRNA could be detected in the E11.00
metanephros from teratogen-exposed embryos, and Wt1
was barely detectable at the subsequent day (Figure 3E).

It has been postulated that Wt1 and Pax2 act in a
regulatory circuit in the developing kidney,49 hence the
expression of Pax2 was determined. At E11.00, Pax2
expressed in the Wolffian duct and the UB in both the
control (Figure 3F) and RA-exposed embryos (Figure
3G). However, although Pax2 was uniformly expressed
throughout the control MM (Figure 3F), expression of
Pax2 was patchy in MM from RA-exposed embryos (Fig-
ure 3G). As development proceeded, the expression of
Pax2 was found in the condensing mesenchyme near tips
of the UB in control embryos (Figure 3H), but Pax2 was no
longer expressed in the MM of RA-exposed embryos,
although it continued to express in the UB (Figure 3I).

Next we assessed Gdnf which codes for a growth factor
essential for the early inductive events of renal organo-
genesis.50 It was expressed in the MM of control and
RA-exposed embryos at E11.00 in a similar pattern and
intensity (Figure 3, J and K); measurement using real-
time quantitative RT-PCR showed that there was no sig-
nificant difference in the expression level of Gdnf be-
tween control and RA-exposed metanephroi (Figure 3L).
Furthermore, in contrast to the failure in expression ob-
served for Wt1, Gdnf continued to be expressed in
E12.00 metanephroi of embryos exposed to RA (Figure
3L). c-Ret, the receptor of GDNF, was expressed in a
similar pattern and intensity in the Wolffian duct and UB in
control and RA-exposed embryos (Figure 3, M and N).

To further explore whether failure in Wt1 expression in
MM might be implicated in the pathogenesis of the RA-
induced failure of nephrogenesis, we next compared the

Figure 3. Gene expression analysis. A–D, F–K, M, and N: In situ hybridization patterns of Wt1 (A–D), Pax2 (F–I), Gdnf (J and K), and c-Ret (M and N) in
metanephroi from control (CT; A, C, F, H, J, and M) and RA-exposed embryos (RA; B, D, G, I, K, and N) at E11.00 (A–D, F, G, J, K, M, and N) or E12.00 (H
and I). Whole mount view of embryos at the level of the developing heart (HT) and mesonephros (ME) (A and B), or at the level where the UB evaginated from
the Wolffian duct (WD) and penetrated into the MM (F–I, M, and N). Some embryos were prepared as vibratome sections to examine the expression patterns
in details (C, D, J, and K). E and L: Real-time quantitative RT-PCR analyses of gene expression levels of Wt1 (E) and Gdnf (L) relative to �-actin in metanephroi
from control and RA-exposed embryos (*, P � 0.0001, CT versus RA at same stage; Student’s t-test).
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susceptibility of Wt1 mutant embryos, with one nonfunc-
tional allele, with wild-type embryos with regard to RA-
induced renal malformations. Indeed, it was found that on
maternal exposure of 50 mg/kg of RA at 9 days 0 hours,
whereas 7 of 33 (21%) of Wt1(�/�) fetuses examined at
E18 had renal malformations, only 2 of 36 (6%) of their
wild-type littermates were affected (Table 4), thus em-
bryos with loss of one functional Wt1 allele tended to have
increased susceptibility to RA-induced renal malforma-
tions, although it had not yet reached a statistically sig-
nificant level (P � 0.07); importantly, renal agenesis was
observed only in the Wt1(�/�) genotype fetuses. It
should be noted that: Wt1 heterozygous metanephroi
have no gross renal defects, unlike the null mutant em-
bryos,5 and the frequency of renal malformation gener-
ated in wild-type embryos in this experiment is somewhat
lower than that found in ICR mice (see Table 2), perhaps
because of the effects of (unknown) modifying polymor-
phisms present in the different strains. Collectively, the
above data support that failure in Wt1 expression in the
MM is directly involved in the pathogenic pathway of
RA-induced renal malformation.

Autonomous Defect in the RA-Treated
Metanephros Could Be Rescued

Although the tissue recombination and failure in Wt1 ex-
pression both suggested that a primary defect resided in
the MM of RA-exposed embryos, it remained unclear
whether the progressive failure of differentiation and in-
volution was autonomous or due to the influence of sur-
rounding tissues; in addition, we wanted to establish
whether the failure of progression of nephrogenesis ob-
served in vivo might be reversed or ameliorated. E11.25
metanephroi were isolated from control and RA-exposed
embryos and cultured in vitro in a hormonally defined
serum-free medium. Five days after culture, while the
control metanephric explant had differentiated, with evi-
dence of UB branching and early nephron formation by

the MM (Figure 4A), the explants from embryos exposed
to the teratogen did not grow but degenerated (Figure
4B), showing that the defect was autonomous. Neverthe-
less, when the culture medium was supplemented with
fetal bovine serum, the metanephric explants from RA-
exposed embryos were rescued from degeneration and
began to differentiate (Figure 4, C and D). As assessed
by histology of explants from RA-exposed embryos, the
MM differentiated into condensates and primitive
nephrons (Figure 4, E and F); calbindin immunostaining
of whole mounts showed that the UB tree has undergone
repeated branching in these explants (Figure 4G). As
measured by real-time quantitative RT-PCR, after 2 days
of culturing in serum-free media, Wt1 expressed at barely
detectable levels in RA-exposed metanephric explants,
which was significantly lower (P � 0.0001) than that of
control explants (Figure 4H). However, with serum supple-
mentation for 2 days, Wt1 expression levels were signifi-
cantly increased (P � 0.005) not only in control metanephric
explants, but were also significantly up-regulated (P �
0.0001) in RA-exposed explants (Figure 4H). However, se-
rum treatment was only effective at rescuing metanephric
explants isolated at E11.25 and E12.25, beyond which no
ameliorating effect was noted (data not shown).

Discussion

In this study, we found that RA could induce renal mal-
formations when administered in a critical developmental
window before the appearance of the metanephric rudi-
ments. The primary tissue affected was the MM, which
could neither respond to inductive signals from the UB to
undergo nephrogenesis nor could it stimulate UB branch-
ing. RA treatment was associated with a failure of Wt1
expression within the MM and the tissue underwent ex-
tensive apoptosis, with subsequent involution of the
whole organ. What are the possible actions of RA that can
lead to these defects in the MM?

RA is known to cause other congenital malformations
by inducing death of progenitor cells. For example, it has
been suggested that RA-induced facial dysmorphogen-
esis can be attributed to excessive death of mesenchy-
mal cells in the mouse facial primordia.51 We have pre-
viously shown that the primitive streak/tail bud (PS/TB) at
the caudal end of the embryo, which contains progenitor
cells for forming the lower vertebrae and nervous tissue,52

was the direct target of RA-induced caudal regression.35 In
a preliminary study, we found that the PS/TB of the embryo,
taken from a stage when RA administration leads to renal
malformations, could give rise to nephron tubule-like struc-
tures when transplanted into the nephrogenic zone of the
neonatal kidney, which suggests that the PS/TB at that
stage contains the progenitor cells of the metanephric kid-
ney (A.S.W.S., unpublished data). These results, using
transplantation into the nephrogenic kidney cortex,53 are
consistent with previous observations by other investigators
that mouse and chick PS/TB cells have the potential to form
kidney structures after transplantation to ectopic sites.54,55

Putting these lines of evidence together, it is possible to
speculate that excessive apoptosis in the tail bud simply

Table 4. Comparison on Susceptibility of Wt1 Mutant and
Wild-Type Embryos to RA-Induced Renal
Malformations Assessed at E18

Dosage of RA (mg/kg body
weight)

50

Number of litters examined 8
Number of fetuses that

underwent resorption
0

Genotype Wt1(�/�) Wt1(�/�)
Number of live fetuses 36 33
% Live fetuses with any renal

malformation
6 21

% Live fetuses with bilateral
renal agenesis

0 0

% Live fetuses with unilateral
renal agenesis*

0 12

% Live fetuses with
nonagenesis renal
malformations†

6 9

*Contralateral kidney either normal or with nonagenesis renal
malformations.

†Bilateral or unilateral with contralateral kidney being normal.
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kills off the kidney progenitor cells. Certainly, cell deletion
within the PS/TB compartment may explain some of the loss
of nonrenal tissues in the caudal regression phenotype;
however, it is important to understand that RA treatment
may also alter gene expressions and cell fates within the
PS/TB, as noted for neural precursors.35 In fact, in the
current teratogen-induced model of severe renal malforma-
tion, the metanephros does indeed begin to form but then
fails to differentiate and then involutes. Therefore, the ab-
sence of kidneys found at E18 is not the result of a complete
lack of nephrogenic precursor cells. Instead the RA-in-
duced phenotype represents the untimely death of the just-
formed embryonic kidney. In recent years, it has been
noted that human dysplastic kidneys can completely re-
gress,2,3 in association with an up-regulation of apoptotic
cell death.4,56 In experimental genetic models of renal
agenesis, a similar phenomenon has been documented;
these include mice lacking the WT1 transcription factor5

and null mutants for FRAS1, a putative cell adhesion mole-
cule that coats the interface of the MM and UB.57 Recently,
it has been demonstrated that an up-regulation of apoptosis
in the rat MM is associated with the generation of too few
nephrons in the progeny of pregnant mothers exposed to
low-protein diets,10 and enhanced programmed cell death
is found in forming nephrons of fetal kidneys where the flow

of fetal urine has been experimentally impaired.58 Thus,
apoptosis is emerging as a contributing mechanism for
kidney malformations associated with diverse genetic,
physical, teratogenic, and dietary insults.

Apart from cell death, another mechanism by which RA
can cause abnormal development is via altering gene
expression that affects the identities of progenitor cells in
a developing organ. For instance, RA altered Homeobox
(Hox) codes of the mesodermal segments originally
specified during gastrulation, which altered the migrating
sclerotome cells before they were finally fixed in the
cartilaginous vertebrae; this resulted in respecification of
vertebral identities.59 Hox code is also important for spec-
ifying the metanephric blastema at the posterior end of
the intermediate mesoderm.60 Although we have not as-
sessed Hox gene expression within the kidney in the
present study, we did not find any respecification of
metanephric tissues, in that rudiments from RA-exposed
embryos contained both MM and UB, as for normal
metanephroi.

RA may also down-regulate master genes in the target
tissue to disrupt development. For instance, we have shown
that RA induced caudal regression via down-regulating
Wnt-3a, a gene critical for tail bud development.35,61 In the
current investigation, we elected to focus on the effects of

Figure 4. Metanephric explants cultured in vitro for 5 days. A–D: Morphology of explanted metanephroi from control (CT) or RA-treated (RA) embryos cultured
in serum-free medium (A and B), or medium supplemented with 10% (C) or 20% serum (D). E and F: Histological sections of RA-treated metanephric explants
cultured in 20% serum showed that the rudiments had undergone differentiation, with formation of condensates, primitive tubules, and avascular glomeruli
(arrowhead). G: Calbindin immunostaining of UB branch epithelium showed multiple branching in metanephric explants from RA-treated embryos after culture
in 20% serum. H: Real-time quantitative RT-PCR analyses of expression levels of Wt1 relative to �-actin in metanephroi from control and RA-exposed embryos
at 2 days after culture in serum-free medium or medium supplemented with 20% serum [*, P � 0.0001, CT versus RA in the same culture condition; †, P � 0.005,
CT (no serum) versus CT (20% serum); ‡, P � 0.0001, RA (no serum) versus RA (20% serum); Student’s t-test]. Scale bar: 0.5 mm (A–D, G), 0.35 mm (E), 1.4 mm (F).
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RA on Wt1, which is regarded as a master gene in the early
steps of nephrogenesis.5,39,62 We found that there was
failure of induction and up-regulation of Wt1 expression
specifically in the MM of RA-exposed embryos, whereas
expression of Wt1 in other tissues, such as the mesothelium
of the heart and the mesonephros was not affected. Our
finding that embryos with heterozygous nonfunctional allele
of Wt1 showed a tendency in increased susceptibility to
RA-induced renal malformation supports the contention that
a lack of Wt1 is important in the pathogenic pathway. There
was a 2-day time lapse between the addition of exogenous
RA at E9.00 and failure of induction of Wt1 expression at
E11.00. It has been shown that a teratogenic dose of RA will
be metabolized in the mouse embryo within 8 hours;63

therefore, exogenous RA almost certainly does not act di-
rectly to affect transcription of the Wt1 gene (or perhaps
stability of Wt1 transcripts), but RA most probably affects a
pathway that is required for induction and up-regulation of
Wt1 expression in the MM. We concluded that the lack of
Wt1 expression is autonomous. This was because, after the
isolation of metanephroi from RA-exposed embryos, and
cultured in a serum-free medium, the organs still proceeded
to degenerate. On the other hand, control organs cultured in
the same media underwent extensive MM and UB lineage
differentiation. Wt1 has been implicated in enhancing the
transcription of amphiregulin, a metanephric factor that en-
hances growth of this organ.64 Therefore, one can specu-
late that a lack of Wt1 would inhibit cell survival and differ-
entiation by a lack of a critical growth factor produced by
the metanephros. In this respect, it is of interest that we also
found that the disappearance of rudiments from RA-
exposed embryos could be halted in culture, and indeed
their differentiation could be enhanced, by the addition of
serum; the factor(s) responsible for this effect remains to be
defined. It is established that the target sequences of Wt1
include promoters of a number of growth factors and their
receptors that play a role in kidney development,65,66 and
the Wilms’ tumor gene product WT1 can activate or sup-
press transcription through separate functional domains.67

The rescue effect of the serum was also associated with an
up-regulation of Wt1 expression on prolonged organ cul-
ture. The effect is especially intriguing because, if such
rescue could be performed in vivo, it suggests that mal-
formed kidney may be driven toward a more normal fate by
the use of extrinsic therapeutic agents such as growth
factors.

It is also established that Wt1 interacts with and regu-
lates Pax2,49 which plays multiple roles in kidney devel-
opment. The PAX2 transcription factor is an activator of
GDNF, which signals through the c-RET receptor, and is
therefore essential for UB morphogenesis, including its ini-
tial branching from the Wolffian duct.50,68,69 In the current
study, we found that Pax2, Gdnf, and c-Ret were expressed
in the MM and UB in the just-formed metanephroi of em-
bryos exposed to RA, and this is consistent with the suc-
cessful penetration of the UB into the MM. These findings
are also similar to observations made in Wt1-null mutant
embryos that Gdnf expressed at equivalent levels as wild-
type embryos, and Pax2 was initially expressed in the met-
anephric rudiment,70 but later became undetectable,5 sug-
gesting that Wt1 may be required for the maintenance, but

not the initial induction, of Pax2 transcription during early
metanephric kidney development.

As previously discussed, it is intriguing that both defi-
ciency and excess in RA can lead to the same types of
malformations of the kidney. The specific expression of
RARs71 and the development of renal malformations, in-
cluding renal agenesis, in double-null mutants of RARs19

indicate that RA is essential for kidney development. The
key enzyme for RA synthesis in the embryo is retinaldehyde
dehydrogenase type 2, RALDH2, which begins to express
in the MM during early stages of renal development.72 It has
been shown that a teratogenic dose of RA resulted in down-
regulation of Raldh2 in caudal regions of the embryo for
more than a day.72 Hence, it is possible to speculate that
administration of exogenous RA as in this study may lead to
prolonged down-regulation of Raldh2, such that 2 days after
the teratogenic insult, while the exogenous RA has been
fully metabolized, endogenous RA synthesis, which is es-
sential for early kidney development and perhaps the in-
duction of Wt1, has not yet restored. Thus, it may lead to
renal malformations, similar to cases of RA deficiency.

In conclusion, our data illuminate the pathobiology of a
severe, teratogen-induced kidney malformation. This
mouse model will serve as a valuable tool to unravel the
upstream regulatory pathways for the induction and up-
regulation of Wt1 transcription during early kidney devel-
opment, which at the moment remains primarily unclear,
but disturbance of which will lead to renal malformations.
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