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Abstract Exposure to estrogenic substances during a
time window, the so-called “critical period,” in perinatal
life causes an irregular development of the genital tract
that leads to ovary-independent proliferation and corni-
fication in the vaginal epithelium in mice. We have
previously demonstrated that retinol inhibits the irrevers-
ible effects of estrogen on the vagina. Here, mice kept in a
vitamin-A-deficient condition during perinatal life were
shown to be more sensitive to the harmful effects of
estrogen. In addition, expression of mRNA for retinol
binding protein type 2 (CRBP2), a “small intestine-
specific” cytosolic protein that captures intracellular
retinal and retinol, was detected in the vaginal epithelium.
Induction of increased expression of CRBP2 mRNA by
estrogen was also evident in the uterus and epididymis.
Both estradiol-17b and diethylstilbestrol markedly in-
creased the tissue content of CRBP2 mRNA in the vagina
and uterus during the neonatal “critical period” but not
after 15 days of age. These results taken together imply
that estrogen disrupts the local vitamin A balance by an
induction of CRBP2 gene expression in the epithelium in
the developing mouse genital tract, and that retinoid
imbalance may contribute to the genesis of irreversible
effects of estrogen on the vagina.
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Introduction

Exposure of animals to estrogenic substances during their
perinatal life causes endocrine disruption that leads to
impaired development of the genital tract, infertility and
cancer (Takasugi et al. 1962; Takasugi 1979; McLachlan
1979; Bern and Talamantes 1981; Mori 1986; Colborn et
al. 1993; Iguchi et al. 1995; Cunha et al. 2001). Human
health is also affected by estrogenic endocrine disrupters,
and an exposure to a synthetic estrogen, diethylstilbestrol
(DES), in utero results in a high incidence of abnormal-
ities of the reproductive organs such as adenocarcinoma
in the vagina and prostatic hyperplasia (Herbst et al. 1971;
Golden et al. 1998; Santti et al. 1999). Studies of
endocrine disruption by exogenous estrogens were carried
out firstly by Takasugi et al. in the 1960s (Takasugi et al.
1962; Takasugi 1963; Takasugi and Bern 1964), and
demonstrated that both ovary-dependent and -independent
stratification and cornification of the vaginal epithelium
were observed in adult mice treated neonatally with
estrogen. Normally, in response to estrogen secreted
periodically from the ovary, vaginal epithelial cells
proliferate to constitute stratified epithelium, which con-
sists of several layers of epithelial cells with a keratinized
cell layer on the luminal side. In the absence of the ovary,
the vaginal epithelium stays in a degenerated state with
one to three layers of epithelial cells. In mice that are
exposed to estrogen during the neonatal period, the
vaginal epithelium proliferates to form a tissue architec-
ture very similar to that observed in the estrogen-
stimulated vagina even after ovariectomy at adulthood.
The ovary-independent persistent vaginal changes are
irreversible and are caused by a direct action of estrogen
on the developing genital tract, while the ovary-dependent
vaginal changes are reversible and are caused by the
disturbed estrogen secretion that is ascribable mostly to an
estrogen effect on the developing brain (Dalterio et al.
1985). We have previously demonstrated that the occur-
rence of the former type of irreversible vaginal change is
blocked by treatment of neonatal mice with vitamin A
given simultaneously with estrogen (Mori 1968, 1969).
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The molecular mechanism by which vitamin A inhibits
the toxic effects of estrogens, however, is not yet well
understood. Vitamin A does not affect the temporary
estrogen-induced proliferation and cornification in the
vagina in either neonatal or adult mice, as long as the dose
of vitamin A is not extraordinarily high.

Vaginal expression of estrogen receptors does not
appear to be affected by vitamin A in estrogen-treated
neonatal mice. Although vitamin A given simultaneously
with estrogen in neonatal mice inhibits the downregula-
tion of estrogen receptors (ER) in the adult mouse vagina
induced by neonatal estrogen treatment, these changes in
ER expression seem to be the result of estrogen-indepen-
dent vaginal changes rather than the cause of them (Masui
et al. 2001). The accumulation of negative data concern-
ing the inhibitory effects of vitamin A on the temporary
estrogen signaling has led to the idea that estrogens may
disturb vitamin A signaling in the genital tract in neonatal
mice.

Vitamin A plays essential roles in the physiology of
vertebrates not only as a component of the cell membrane
but also as an important signal-mediating factor involved
in cell growth and differentiation, embryonic develop-
ment, and vision (Conlon 1995; Evans and Kaye 1999).
The transport and distribution of vitamin A is mediated by
a group of specific binding proteins. These include retinol
binding protein, which transports retinol from the liver to
various target cells via the circulation; cellular retinol
binding proteins (CRBP) and cellular retinoic acid bind-
ing proteins (CRABP), both of which contribute not only
to prevention of the absorption of vitamin A into the cell
membrane but also to specific delivery of vitamin A
within the cell by affecting the availability of retinoids to
retinoid-metabolizing enzymes; and several tissue-specif-
ic vitamin A binding proteins in the visual tissue and
epididymis (Noy 2000). Cellular retinol binding protein
type 2 (CRBP2) is a small monomeric cytoplasmic
protein of approximately 16 kDa that is expressed
exclusively in the absorptive epithelial cells in the small
intestine in both rats and humans, except that the liver and
kidney in fetus express rather lower levels of the gene
(Schaefer et al. 1989; Crow and Ong 1985; Folli et al.
2001).

Here we report on the effect of estrogens on the
expression of vitamin-A-interacting proteins examined in
the female genital tract in neonatal mice, especially on the
estrogen-induced expression of CRBP2 mRNA in the
developing vagina and uterus.

Materials and methods

Animals and hormone treatments

Congenic SHN strain mice derived from Swiss albino mice
(Nagasawa et al. 1976) were maintained under light- and temper-
ature-controlled conditions as described elsewhere (Matsuda et al.
1994). The mice were fed a normal or low vitamin A diet (Clea
Japan Inc., Tokyo, Japan). The low vitamin A condition was
produced in newborn mice by feeding the mothers with the low

vitamin A diet from 3–4 days before gestation until postnatal day 6.
All procedures performed on the mice were described in detail in a
protocol that was approved by the Animal Care and Use Committee
of the Graduate School of Science, University of Tokyo.

Estradiol-17b (E2) and DES were dissolved in a minimal
volume of ethanol to make concentrated stocks. E2 and DES were
diluted in sesame oil either at various concentrations (0.0005–5) or
at 0.01 �g/�l, respectively. The initial vehicle was removed by
evaporation in a vacuum chamber. Vitamin A acetate (retinol
acetate; RolA) was dissolved in a minimal amount of dimethylsul-
foxide and finally diluted in sesame oil at 5 IU/�l. Mice were given
a subcutaneous injection of estrogen and/or vitamin A in approx-
imately 20 �l of sesame oil daily. All the chemicals were purchased
from Sigma-Aldrich Japan K.K. (Tokyo, Japan).

Reverse transcription-polymerase chain reaction (RT-PCR)

Immediately after decapitation and pithing of mice, the genital
tissues were excised and frozen in a plastic tube in liquid nitrogen.
The vaginal tissue sample contained the cervix, and the uterine
sample mainly consisted of the uterine horn. The tissues from three
individual mice were pooled and treated as one sample. Genomic
DNA-free total RNA was extracted from the frozen tissue, and then
RT-PCR was performed basically as described previously (Matsuda
and Mori 1997). Briefly, the first-strand cDNA was made by using
Superscript II reverse transcriptase (Invitrogen K.K., Tokyo, Japan)
with random DNA hexamers (Takara Shuzo K.K., Tokyo, Japan) as
primer, and the cDNA was amplified by PCR with Hot-start ExTaq
DNA polymerase (Takara) and a set of specific PCR primers. The
sequence information of the PCR primers and the conditions of
PCR are listed in Table 1. The first-strand cDNA obtained from
80 ng of total RNA was subjected to PCR in a 24-�l volume. PCR
was stopped before it reached a plateau. The products were
subjected to electrophoresis on a 1.5% agarose gel in TAE buffer
and stained with ethidium bromide. The fluorescence of DNA-
bound ethidium bromide was visualized under 254 nm UV light
with an image analyzer (BioImage, Nihon Bioimage Ltd., Tokyo,
Japan). The intensity of the fluorescence was finally analyzed with
NIH image software (National Institutes of Health, USA).

“Virtual” Northern blotting

“Virtual” Northern blotting is an alternative method to conventional
Northern blotting, in which full-length cDNA is used instead of
RNA (Franz et al. 1999), and it is useful especially when the
amount of tissue sample is as small as that in the case of the
developing genital tract. The procedure was basically the same as
previously described (Imaoka et al. 2002). The alkaline phospha-
tase-labeled DNA probes for CRBP1, CRBP2, cytokeratin 18
(K18), lecithin:retinol acyltransferase (LRAT), b-actin and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) were made from a
plasmid insert that contained an RT-PCR product of each gene. The
PCR primer sequences are listed in Table 1. The length of exposure
time to chemiluminescence film was 1 h for RBPs and LRAT, and
10 min for K18, b-actin and GAPDH.

Histology and in situ hybridization

Formalin-fixed paraffin sections of tissues were made and stained
with Mayer’s hematoxylin and eosin for the ordinary histological
examination. In situ detection of CRBP2 mRNA was performed on
sections of frozen tissue with the use of a 35S-labeled comple-
mentary RNA probe, basically following a protocol made for the
detection of prolactin receptor mRNA in paraffin-embedded uterine
tissue (Yamashita et al. 1999). Briefly, tissue was frozen in liquid
nitrogen and cut with a cryostat at 10 �m thickness. The sections
were transferred onto a silane-coated slide glass, fixed in 4%
paraformaldehyde-containing phosphate-buffered saline (PBS),
pH 7.4, at 25�C for 20 min, and then treated with 0.2 N HCl and
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0.3% Triton X100-containing PBS for 15 min each. After equil-
ibration with 50% formamide (FA), 4 � SSC buffer, the section was
reacted with 5�104 cpm/�l of 35S-labeled cRNA probe in a
hybridization buffer for 16 h at 48�C. The probe was made with T7
RNA polymerase (Takara) from the template DNA, which was
amplified by PCR with Pfu DNA polymerase (Promega K.K.,
Tokyo, Japan) and an M13 primer set (see Table 1) from pGEM T-
Easy plasmid (Promega) that contained 398 bp CRBP2 PCR
product described above as the insert. After hybridization, excess
probe was removed from the tissue section by successive washing
steps: 5 mM dithiothreitol (DTT), 2 � SSC at 50�C, twice; 50% FA,
5 mM DTT, 2 � SSC at 50�C, twice; 10 �g/ml of ribonuclease A, 2
� SSC at 37�C; 1 � SSC at 42�C, twice; 0.5 � SSC at 42�C, twice,
each for 20 min. The sections were dried and covered with a
microautoradiography emulsion (NR-2; Konica Co., Tokyo, Japan).
They were developed according to the manufacturer’s instructions
and counterstained with hematoxylin. The silver grains were
observed with a dark field condenser and a light microscope (BH2;
Olympus Optical Co., Ltd., Tokyo, Japan).

Results

Effect of vitamin A treatment and vitamin A deficiency
on the incidence of neonatal estrogen-induced
ovary-independent proliferation of the vaginal epithelium

Neonatal mice were injected with 0.01–100 �g of E2 daily
for 5 days, and the vaginal tissue was histologically
examined at adulthood (45-day-olds) 10 days after ovar-
iectomy. In the non-estrogenized control mice, the vag-
inal epithelium stayed in a degenerated state with one to

three layers of the epithelial cells. High-dose (10 and
100 �g, daily) E2 exposure during the neonatal period led
the vagina to having a thick epithelium that consisted of
several layers of stratified epithelial cells and keratinized
cells even without hormonal stimulation from the ovary at
adulthood, while low-dose (0.01, 0.1 and 1 �g, daily) E2
did not induce such an irreversible change in the vagina
(Fig. 1C). In the group of mice neonatally treated with
retinol acetate together with E2, on the other hand, the
ovary-independent hypertrophy of the vaginal epithelium
was not observed regardless of the dose of E2. These
results are in agreement with our previous observation
(Mori 1968, 1969; Masui et al. 2001). In contrast,
vitamin-A-deficient (VAD) mice produced by feeding
their mothers a VAD diet were more sensitive to neonatal
E2 than those whose mothers were fed a normal diet. A
daily injection of 1 �g of E2 induced ovary-independent
hypertrophy of the vaginal epithelium in some mice kept
under low vitamin A conditions during perinatal life but
never in the mice kept in normal or high vitamin A
conditions. Thus, the estrogen action that leads to
irreversible change in the developing vagina was down-
regulated by vitamin A and upregulated by depletion of
vitamin A.

Table 1 List of PCR primers
and conditions. Ta temperature
of annealing step of PCR, Cycle
number of PCR cycles; a single
PCR cycle consisted of dena-
turation (at 95�C for 20 s), an-
nealing (at Ta for 30 s) and
elongation (at 72�C for 1 min)
steps

Gene name Direction Sequence (5’–3’) Ta Cycle

CRBP1 FW ATGCCTGTGGACTTCAACGGGTACTG 62 27
RV AACACTTGCTTGCAGATCACACCCTC

CRBP2 FW ATGACGAAGGACCAAAATGGAACCTG 62 27
RV TTTTTGAACACTTGTCGGCACACCTG

CRABP1 FW CAACTTCGCCGGTACCTGGAAGATG 62 28
RV GGATTAGCTCATCGTTGGCCAGCTC

CRABP2 FW ATGCCTAACTTTTCTGGCAACTGG 62 28
RV TCAGCTCTCCATCATTGGTCAGTTC

RARa FW CTGCTCTTCTGACTGTGGCTGCTTG 64 30
RV TCGATGGTGGCTGGGGACGGTGTGC

RARb FW CCTACGTGCCAAAAAAGGGGCAGAG 64 30
RV GAGCAGTATGCCGGTGCTGCCATTC

RARg FW GCCCACTCTCCACCCTTTTAATGAG 64 30
RV CCCCTTTTGGTCTCTAGTGTTCCTG

RXRa FW GTCGAGGCTCCATGGCTGTCCCCTC 66 30
RV GGGATGGGCAGGAACCTTGAGGACGC

RXRb FW GGCTGGCAAACGGCTCTGTGCAATC 64 30
RV CCTTGGTCACTCTTCTGCTCCACAG

RXRg FW AGTTTCCCACCGGCTTTGGTGGCTC 64 30
RV CCAATCCCAGGCAGACCTGGTAAGG

LRAT FW CTTAGGATGAAGAACCCAATGCTGG 62
RV AAGCTAGCCAGACATCATCCACAAG

K18 FW AGAACTAGCCATGCGCCAGTCTGTG 64
RV AGAGGGCTTCATATTCCTGGGCCTG

b-Actin FW TCTAGACTTCGAGCAGGAGATGGCC 64 22
RV CTAGAAGCACTTGCGGTGCACGATG

GAPDH FW ACCACAGTCCATGCCATCAC 62 22
RV TCCACCACCCTGTTGCTGTA

28S rRNA FW CAAACGGTAACGCAGGTGTCCTAAG 62 18
RV TAACCTGTCTCACGACGGTCTAAAC

M13 FW CGCCAGGGTTTTCCCAGTCACGAC 64
RV AGCGGATAACAATTTCACACAGGAAAC
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Induction of CRBP2 mRNA expression by E2
in the genital tracts of neonatal mice

The expression levels of some retinoid binding protein
mRNAs were examined by RT-PCR in the vagina
(including the uterine cervix), uterine horn and epididy-
mis in neonatal mice treated with 20 �g/day of E2 or the
vehicle only for 5 days after birth. Twenty micrograms
per day of E2 was employed since the dose effectively
leads to developmental estrogenization syndrome of the
vagina in almost all SHN mice (Mori 1968, 1969; Masui
et al. 2001), while 10 �g/day was not effective in all cases
as shown in Fig. 1C. The genital tissues were excised 24 h
after the last injection. Of the several gene mRNAs
examined, CRBP2 mRNA was markedly more abundant
in the hormone-treated genital tracts than in the tracts
from the vehicle-treated controls (Fig. 2A). On the other
hand, the expression levels of the other gene products,
including CRBP1 mRNA, were not remarkably influ-
enced by the E2 treatment, except that signals from RXRb
mRNA appeared weaker in the estrogenized genital tracts
and that from RARg more intense in the estrogenized
uterus. The other organs, including gonads and liver,
generated no detectable PCR products for CRBP2 under
the present RT-PCR conditions (not all data shown).
Figure 2B shows the relative amount of CRBP2 mRNA
estimated from the fluorescence intensity of the PCR
products in an ethidium-bromide-stained agarose gel. The
values were standardized by the amounts of b-actin

product. The hormone-nonstimulated developing genital
tracts expressed only a trace level of CRBP2 mRNA, and
E2 significantly increased the expression of the gene
product such that an increase in fluorescence intensity of
more than tenfold was observed in the M�llerian ducts
and an increase of approximately fourfold in the epidid-
ymis.

The amount of CRBP2 mRNA was also estimated by
RT-PCR further in the uterine cervix-containing vagina
and uterine horn at 24 h after a single injection of E2
(10 �g/1 g of body weight) or the vehicle (Fig. 3A–C). In
the vehicle-treated control vagina and uterus, the tissue
content of CRBP2 mRNA gradually increased after birth
until it reached a plateau in about 10 days. The plateau
was not caused by an artifact made during PCR, such as
exhaustion of substrate, primers or polymerase (data not
shown). Estradiol markedly increased the M�llerian
CRBP2 mRNA level. Interestingly, the stimulatory effect
of E2 on the CRBP2 gene expression was observed only
during several days after birth, the so-called “critical
period” in which the vagina has the potential to enter an
ovary-independent proliferative state in response to ex-
ogenous estrogen. The time “windows” when the tissue
was sensitive to the estrogen effect on CRBP2 expression
seemed to be different between the vagina and uterus.
Concerning the stimulatory effect of estrogen on CRBP2
expression, the uterus was less sensitive to estrogen than
the vagina just after birth, while it was still responsible at

Fig. 1 Neonatal estrogenization-induced ovary-independent hyper-
plasia in the vaginal epithelium, and modification of the estrogen
effect by vitamin A level (A). One to three layers of epithelial cells
were observed in the vagina in an ovariectomized adult mouse
without neonatal hormone treatments. B Hyperplastic epithelium
was observed in ovariectomized adult mice neonatally treated with
E2 (10 �g, daily for 5 days). C Incidence of ovary-independent
hyperplasia of the vaginal epithelium in the neonatally E2-treated
mice kept in low (column 1), normal (column 2) and high (column
3) vitamin A conditions during the neonatal period. The low
vitamin A condition was made by feeding the mothers with a
vitamin-A-deficient diet, and the high vitamin A condition by

injections of retinol acetate to the pups. Solid and clear areas in the
columns indicate the percentage of mice with and without hyper-
plastic vaginal epithelium, respectively. Notice that the high
vitamin A conditions completely inhibited the induction of ovary-
independent hyperplasia of the vaginal epithelium even with a
neonatal exposure to high dose of E2, while daily injections with as
low as 1 �g of E2 were effective in inducing the irreversible vaginal
changes in some of the mice kept under the low vitamin A
conditions (asterisk a significant difference in the incidence was
observed when compared to that of the normal group of mice
treated with the same dose of E2, as shown by the c2-test (p<0.05).
Bar 50 �m
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day 10 when the vagina had become almost insensitive to
the hormone.

The effect of a single injection of DES and various
doses of E2 on the M�llerian expression of CRBP2
mRNA was examined in the cervico-vagina and uterine
horn at the age of 3 days (Fig. 3D). E2 induced CRBP2
mRNA expression at 24 h after the hormone treatment in
a dose-dependent manner. A low dose of E2 (0.01–0.1 �g)
did not alter the gene expression, 1 and 10 �g of E2
moderately to strongly increased the expression, and
100 �g of E2 induced the most intense expression of
CRBP2 gene in the M�llerian duct. A synthetic non-
steroidal estrogen, DES (0.1 �g), was also a potent
inducer of CRBP2 gene in the developing genital duct.

Distribution of CRBP2 mRNA in the genital tract

In situ hybridization was performed to determine the
tissue distribution of CRBP2 mRNA in the vagina of E2-
treated mice and the vehicle-treated control. Antisense
probe specifically bound to the epithelium of E2-treated
vagina, especially to stratified but not keratinized cells
(Fig. 4). This suggests that the majority of CRBP2 mRNA
originated from the epithelial cells in the vagina.

Effect of vitamin A on the E2-induced expression
of the vaginal CRBP2 gene in neonatal mice

The expression level of vaginal CRBP1 and CRBP2
mRNAs was examined by “virtual” Northern blotting in
the mice neonatally treated with 20 �g of E2 and/or
100 IU of RolA for 5 days. Single bands of approximately
0.8- and 0.9-kb products were detected with the probes
specific for CRBP1 and CRBP2, respectively, in the
vagina of neonatal mice (Fig. 5). The induction of CRBP2
gene expression by E2 was confirmed with this method,
while expression of CRBP1, LRAT, GAPDH and b-actin
mRNAs was not affected by E2. The expression of mRNA
for keratin 18, a molecular marker of the epithelium, was
not greatly affected by E2 either. Thus, the increase in
CRBP2 mRNA in the estrogenized vagina was not caused
simply by an increase in the percentage of proliferated
epithelium-derived mRNA in the whole vaginal RNA
sample, but rather mostly by a specific induction of the
gene expression within each epithelial cell.

RolA injection into neonatal mice did not alter the
basal and E2-induced expression of CRBP2 mRNA in the
neonatal mouse vagina.

Discussion

This study demonstrated that a VAD condition sensitized
neonatal mice to the estrogen effect that leads to ovary-
independent hyperplasia of the vaginal epithelium. It has
also revealed that CRBP2 is expressed not exclusively in
the small intestine but also in the genital tracts of both

Fig. 2 Effect of E2 on the expression of mRNA for retinoid-binding
proteins in the genital tracts in neonatal mice (A). Duplicate pooled
RNA samples of the vagina (Vg), uterus (Ut), epididymis (Epd) and
testis (Tes) were subjected to RT-PCR to examine gene expression
changes induced by E2. Mice were injected daily with E2 or the
vehicle (oil) for 5 days, and sacrificed at day 6 after birth. CRBP2
gene expression appeared to be induced by E2 in the genital tract,
while no visible PCR products were obtained from the testis. B The
expression level of CRBP2 mRNA was estimated from the
fluorescence intensity of RT-PCR products after normalization
with the b-actin level in the genital tract. Clear and solid columns
and vertical bars indicate the means € standard errors of the
relative CRBP2 mRNA level from four to five pooled RNA
samples in oil-treated control and E2-treated mice, respectively.
The genital tract in neonatal mice expressed a low to moderate level
of basal CRBP2 mRNA in the oil-treated control group, and the
expression was significantly increased by the E2 treatment (*p<0.05
by Student’s t-test)
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female and male mice and that the CRBP2 gene expres-
sion is induced by estrogen in these organs during a
“critical period” in neonatal mice. The distribution of
CRBP2 mRNA in the mouse genital tract is restricted to
the epithelium, and thus is strikingly different from that of
CRBP1, which is expressed mostly in the smooth muscle
cells (Wardlaw et al. 1997; Zheng and Ong 1998).

CRBP2 associates with retinol and retinal with similar
affinity, and modifies the catalytic activity of vitamin A
metabolism-related enzymes mostly by inhibiting acces-
sibility of the substrate to some enzymes but not to the
others. For example, acyl-CoA:retinol acyltransferase
(EC 2.3.1.76) is incapable of catalyzing esterification of
CRBP2-bound retinol, while LRAT (EC 2.3.1.135) pro-
cesses CRBP-bound retinal (Herr and Ong 1992). Oxida-
tion of retinol to retinal is blocked by CRBP2, while
microsomal retinal reductase readily produces retinol
when presented with CRBP2-bound retinal (Kakkad and
Ong 1988). Overall, it is proposed that CRBP2 con-
tributes to the transfer of dietary retinol (from retinyles-
ter) and retinal (from b-carotene) into chyromicron in the
form of lecithin retinol ester in addition to protecting the
cell membrane from the lipolytic effect of free retinoids in
the small intestinal mucosal epithelium (Harrison and
Hussain 2001). Retinol is stored mostly in the liver in the
esterified form until it is released into the circulation
bound to retinal binding protein. Vitamin A is taken up by
peripheral tissues such as the genital tracts in the form of
free retinol in a passive diffusion manner depending on
the concentration gradient between the blood and cytosol.
In the target cells, retinol is re-esterified for the storage or
oxidized to retinal and subsequently retinoic acids which
modify gene transcription by interacting with specific
receptors in the nucleus, in addition to being used as a
component of cell membrane. Upregulation of CRBP2

Fig. 3 “Critical period” specificity and dose dependency of the
induction of CRBP2 mRNA expression by E2 in the mouse
M�llerian duct (A–C). The expression level of CRBP2 mRNA
relative to b-actin mRNA was examined by RT-PCR in the vagina
and uterus at 24 h after a single injection of E2 (solid circles) or oil
(clear circles) at various days after birth. A A representative image
of RT-PCR products for CRBP2 and b-actin in the vagina (Vg) and
uterus (Ut) in the mice of various ages. B, C Relative fluorescence
intensity of CRBP2 cDNA (arbitrary units) in the vagina (B) and
uterus (C). Solid and open circles indicate the means of data from
four to six pooled RNA samples in E2- and oil-treated mice,
respectively, and the vertical bars indicate the standard errors of
means. The M�llerian tissue content of CRBP2 mRNA gradually
increased as the pups grew in the oil-treated normal group, and was
increased by E2 during several postnatal days, the period known as
the “critical period” (asterisk there was a significant difference in
the CRBP2 expression level between the E2-treated group and the
age-matched oil-treated control by Student’s t-test; p<0.05). D
Effect of DES and various doses of E2 on the M�llerian expression
of CRBP2 mRNA in neonatal mice. The expression levels of
CRBP2 and b-actin mRNAs were examined by RT-PCR in the
vagina and uterus at 24 h after a single injection of 0.01–100 �g of
E2 (E0.01–E100), 1 �g of DES, or oil (Cont) at the age of 3 days.
The panels show representative images of RT-PCR products. E2
induced CRBP2 mRNA expression dose dependently in the vagina
and uterus. DES also induced M�llerian CRBP2 expression, and
was effective at a lower dose than E2
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expression in the genital tract epithelium is expected to
result in a shift of the equilibrium of retinoids, i.e., in a
decrease in the intracellular level of retinoids, especially
retinal and possibly its oxidative product, retinoic acid,
consequently modifying the transcription of genes. In
CRBP2-upregulated cells, the intracellular level of free
retinol will be restored to a level equal to that in blood by
retinol influx from the circulation, and to some extent the
intracellular level of free retinal will be restored, but the
restoration will be delayed, especially when the animal is
kept under VAD conditions. In our present study, estro-
gen induced vaginal CRBP2 expression and VAD low-
ered the threshold of the dose of estrogen that caused
irreversible changes in the vagina. These results taken
together imply that a decrease in the intracellular level of
retinoids caused by upregulated CRBP2 contributed to the
occurrence of estrogen-induced irreversible change in the
vagina in neonatal mice. This upregulation of CRBP2 by
estrogen appeared to be important for estrogen to induce
ovary-independent hyperplasia in the vagina but may not
be sufficient for it, as the VAD condition alone did not
result in the vaginal change.

Ovary-independent hyperplasia of the vaginal epithe-
lium induced by neonatal exposure to estrogen is due to
an irreversible change in the nature of the stroma (Cunha
et al. 1977). This estrogen effect is considered to be

mediated by several steps of cross talk between the
epithelium and stroma. In the developing genital tract,
estrogen is likely to act on the stroma through ERa at first
(Couse et al. 2001; Prins et al. 2001); subsequently,
keratinocyte growth factor (KGF) mediates the estrogen
signal to the epithelium through an epithelium-specific
receptor, KGF-receptor, in the vagina (Hom et al. 1998;
Masui et al. 2003). Then an unknown factor from the
epithelium is conjectured to induce an alteration in the
development of the stroma toward a persistent upregula-
tion of epithelium-proliferating factor(s), which causes
ovary-independent hyperplasia of the epithelium. Devel-
opment of the Wolffian duct in male mice is also impaired
by perinatal exposure to estrogen (Cunha et al. 2001;
Atanassova et al. 2001). A decrease in the number of
sperm and an impaired expression pattern of ERa are
probably the result of direct effects of estrogenic sub-
stances on the Wolffian duct. Interestingly, these estrogen
effects are also inhibited by vitamin A administered
simultaneously with estrogen during the perinatal period
(Nakahashi et al. 2001 and unpublished data), suggesting
that the estrogen effects on the male and female genital
tracts share an identical molecular mechanism in which
vitamin A signal is involved. In the present study,
upregulation of CRBP2 gene expression was observed
in both neonatal male and female genital tracts, and thus

Fig. 4A–F Distribution of
CRBP2 mRNA in the E2-treated
vagina examined by in situ hy-
bridization. A tissue section of
E2-treated (A, B and C, D) and
vehicle-treated control (E, F)
vagina that was hybridized with
35S-labeled antisense (A, B and
E, F) and sense (C, D) probes
was observed by dark- (A, C, E)
and bright- (B, D, F) field
microscopy. Silver grains in the
emulsion were observed as fine
white dots in a dark field. Ar-
rowheads indicate an area of the
stratified but not keratinized
epithelium. Bar 50 �m
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the CRBP2 gene may mediate the estrogen effects in
those tissues. Furthermore, the basal level of CRBP2
expression appeared to be much higher in the vagina than
in the uterine horn, and the expression levels were
increased by estrogen in neonatal mice, suggesting that
estrogen induced anterization of CRBP2 expression in
those tissues in contrast to the expression pattern of Hox
genes that are posterized by perinatal exposure to estrogen
(Block et al. 2000). This brings to mind the fact that
retinoic acid is a novel anterization factor in the formation

of the anterior-posterior axis in the earlier stages of the
fetal development and induces posterization of Hox genes
(Green 1990). A decrease in the intracellular level of
retinoids caused by CRBP2 upregulation could result in
posterization of expression of Hox genes in the develop-
ing genital tract.
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