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Background. The objectives of this study were to investigate the localization of tight junctions and the modulation of zonula
occludens- (ZO-) 1, occludin and claudin-1 expression by estrogen in castrated female rat vagina. Female Sprague-Dawley rats (230–
240 g, 𝑛 = 45) were divided into three groups and subjected to a sham operation (control group, 𝑛 = 15), bilateral ovariectomy
(Ovx group, 𝑛 = 15), or bilateral ovariectomy followed by daily subcutaneous injection of 17𝛽-estradiol (50 𝜇g/kg/day, Ovx +
Est group, 𝑛 = 15). The cellular localization and expression of ZO-1, occludin, and claudin-1 were determined in each group by
immunohistochemistry and western blot. Results. Expression of ZO-1 was diffuse in all groups, with the highest intensity in the
superficial epithelium in the control group. Occludin was localized in the intermediate and basal epithelium. Claudin-1 was most
intense in the superficial layer of the vaginal epithelium in the control group. Expression of ZO-1, occludin, and claudin-1 was
significantly decreased after ovariectomy and was restored to the level of the control after estrogen replacement. Conclusions. Tight
junctions are distinctly localized in rat vagina, and estrogen modulates the expression of tight junctions. Further researches are
needed to clarify the functional role of tight junctions in vaginal lubrication.

1. Introduction

One of the consequences of sexual arousal in the female
is physiological changes in the vagina, including genital
engorgement, genital swelling, and vaginal lubrication [1].
The exact mechanism of vaginal lubrication is not yet
clearly understood. The vaginal wall consists of the mucosal
epithelial stratum, a lamina propria containing veins, the
muscularis stratum, and the external adventitial layer [2].
The mucosa of the vagina consists of stratified squamous
epitheliumdevoid of glands [3]. Although the vagina does not
have glands, it secretes vaginal fluid during sexual arousal [4].
The main contributor to this lubrication is capillary plasma
transudate. An active interaction takes place between the
microvasculature and the epithelial cells of the vaginal wall
[5]. Thus, the mechanism of vaginal lubrication has been
suggested to be a consecutive event in which plasma leaks out
of the capillaries into the vaginal epithelium [6].

The route of transport in the vaginal epithelia could be
transcellular or paracellular [7]. Several studies reported on
transcellular transport via aquaporin (AQP) water channels
in the vagina [6, 8]. However, paracellular transport mecha-
nisms are not well elucidated. Transport in the paracellular
pathway is controlled mainly by the tight junction [9].
Paracellular permeability is a key factor in vaginal lubrication.
Epithelial intracellular junctions have specific combinations
of specialized molecules. Tight junctions seal the space
between adjacent epithelial cells and prevent free movement
of molecules through the paracellular space [10]. Tight junc-
tions consist of a network of transmembrane proteins, such
as occludin, claudins, and junctional adhesion molecules
[11]. These proteins are linked to the cytoskeleton by zonula
occludens (ZO) proteins, which serve as regulatory proteins
to the tight junction [12].

Estrogen has an important role in regulating epithelial
permeability and in controlling fluid transudation into the
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cervical and vaginal lumens. Estrogen lessens capillary resis-
tance and increases blood flow and tends to increase the
subluminal to luminal hydrostatic gradient. Also, estrogen
can modulate epithelial permeability through regulation of
the resistance of the epithelial tight junctions [13].

We hypothesized that the expression of tight junctions
would be affected by estrogen deprivation and restored by
estrogen supplementation. The main objective of our study
was therefore to investigate the expression of tight junctions
and the modulation of expression by estrogen in rat vagina.

2. Materials and Methods

2.1. Experimental Animals. Female Sprague-Dawley rats
(230–240 g, 𝑛 = 45) were divided into three groups and sub-
jected to a sham operation (control group, 𝑛 = 15), bilateral
ovariectomy (Ovx group, 𝑛 = 15), or bilateral ovariectomy
followed by subcutaneous injections of 17𝛽-estradiol (Ovx
+ Est group, 𝑛 = 15). The Ovx group underwent bilateral
ovariectomy and received injections of oil vehicle only. The
Ovx+Est groupunderwent bilateral ovariectomy followed by
daily subcutaneous injections of 17𝛽-estradiol (50𝜇g/kg/day;
Sigma Chemical Co., St. Louis, MO, USA). Replacement of
17𝛽-estradiol was begun at 7 days after the ovariectomy. Four
weeks after the operation, animals were premedicated with
xylazine (2.2mg/kg, intramuscular) and anesthetized with
a zolazepam/tiletamine cocktail (4.4mg/kg, intramuscular).
The lower one-third of the vaginal tissuewas cleanly dissected
from both lateral walls in all three groups. All experimental
procedures were performed according to the guidelines of the
animal ethics committee of theChonnamNationalUniversity
Medical School and were approved by the committee.

2.2. Immunohistochemical Staining. The vaginal tissue was
placed in 4% paraformaldehyde fixative for 16 hours and
then processed for washing and dehydration. The tissues
were embedded in paraffin. Sections of 5 𝜇m thickness
were prepared for staining. Immunohistochemistry was per-
formed by using an immunoperoxidase procedure (Vector
ABC Kit; Vector Laboratories, Burlingame, CA, USA). The
tissue sections were deparaffinized in xylene, dehydrated
in a graded series of ethanol, rinsed twice in phosphate-
buffered saline (PBS), and then treated with 3%H

2
O
2
in 60%

methanol for 30 minutes to quench endogenous peroxidase
activity. After washing twice (5 minutes) in PBS, the sections
were incubated for 12 to 14 hours with antibodies to ZO-1
(1 : 200, Invitrogen), occludin (1 : 200, Zymed), and claudin-1
(1 : 200, Invitrogen) in PBS with 0.3% bovine serum albumin.
For a negative control, the sections were incubated in PBS
containing 5% normal goat serum only. The sections were
then rinsed 3 times in PBS and incubated sequentially for 30
minutes each with the biotinylated secondary antibody and
the ABC reagent. The sections were incubated for 5 minutes
with a peroxidase substrate solution (diaminobenzidine).
Finally, the tissue sections were examined and photographed
under a light microscope.

2.3.Western Blot. Vaginal tissues were homogenized in phos-
phate buffer (10-mM phosphate [pH 7.4] and 150mMNaCl)
containing protease inhibitors (1mM phenylmethylsulfonyl
fluoride, 25 𝜇g/mL aprotinin, and 25𝜇g/mL leupeptin). The
homogenates were centrifuged at 12,000 rpm for 20 minutes.
The total protein concentration in the supernatant was
measured by the Lowry micromethod. Equal amounts of
protein (50 𝜇g) were electrophoresed on sodium dodecyl
sulfate- (SDS-) 10% polyacrylamide gels and transferred to a
polyvinylidene difluoride membrane (Amersham Pharmacia
Biotech, Little Chalfont, United Kingdom). The blots were
thenwashedwithTris-buffered saline Tween-20 (10mMTris-
HCl, pH 7.6, 150mMNaCl, 0.05%Tween-20).Themembrane
was blocked with 5% skimmedmilk for 1 hour and incubated
with the appropriate primary antibody at the dilution recom-
mended by the supplier. ZO-1 (1 : 1000, Invitrogen), occludin
(1 : 1000, Zymed), and claudin-1 (1 : 1000, Invitrogen) were
used. The membrane was then washed. The primary anti-
bodies were detected with goat anti-rabbit-IgG conjugated
with horseradish peroxidase. The bands were visualized by
using enhanced chemiluminescence (Amersham Pharmacia
Biotech). 𝛽-Actin was used as a reference. Densitometry
analysis was performed with a studio star scanner (Agfa-
Gevaert, Mortsel, Belgium).

2.4. Data Analysis. Data were expressed as mean ± standard
error of the mean. The significance of differences among the
groupswas determined by using Student’s 𝑡-test andANOVA,
with differences considered significant at 𝑃 < 0.05.

3. Results

3.1. Immunohistochemistry of Zonula Occludens- (ZO-) 1,
Occludin, and Claudin-1. Vaginal tissue from the control
group showed a multiple-layered epithelium. After ovariec-
tomy, the vaginal tissue showed atrophic changes, with a
thinner epithelium and mucosal distortion. After treatment
with 17𝛽-estradiol, the thickness of the vaginal epithelium
was restored and the epithelium looked similar to the control
tissue (Figures 1(a), 2(a), and 3(a)).

Expression of ZO-1 was diffusely localized, and the inten-
sity was highest in the superficial layer of the epithelium in
the control group (Figure 1(a)). ZO-1 protein expression was
significantly lower after ovariectomy and was restored to the
level of the control after 17𝛽-estradiol treatment (Figure 1(b)).
Expression of occludin was localized in the intermediate and
basal epithelium.Occludin was not detected in the superficial
layer of the vagina in the control group (Figure 2(a)).
Expression of occludin protein significantly decreased after
ovariectomy but was restored to the level of the control after
17𝛽-estradiol treatment (Figure 2(b)). Expression of claudin-1
wasmost intense in the superficial layer of the vaginal epithe-
lium in the control (Figure 3(a)). After estradiol injection,
claudin-1 was less intense throughout the epithelium, with a
region of strong expression in the outer superficial epithelium
(Figure 3(a)).
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Figure 1: (a) Immunohistochemistry of zonula occludens- (ZO-) 1 in vaginal tissue fromanimals of the control (Con), ovariectomy (Ovx), and
ovariectomy plus 17𝛽-estradiol treatment (Ovx + Est) groups. ZO-1 wasmainly expressed in the superficial epithelium. (b) Immunoblotting of
ZO-1 in the rat vagina.The lower panels denote the means ± standard error of 6 experiments for each condition determined by densitometry
relative to beta-actin. ∗𝑃 < 0.05 versus control. ∗∗𝑃 < 0.05 versus Ovx.

3.2. Immunoblotting of Zonula Occludens- (ZO-) 1, Occludin,
and Claudin-1. Western blot analysis showed that claudin-
1 protein expression was significantly lower in the ovariec-
tomy group than in the control group and was restored to
the level of the control group after 17𝛽-estradiol treatment
(Figure 3(b)). Thus, the expression of all tight junctions
showed a similar pattern with a decrease after ovariectomy
and restoration of expression after 17𝛽-estradiol injection.

4. Discussion

Vaginal lubrication is a key phenomenon in female genital
sexual arousal. The major route of transport in the vaginal
epithelia could be transcellular or paracellular [7]. The tran-
scellular transport via AQP in the vagina has been well inves-
tigated [6, 8]. However, paracellular transport mechanisms
are not well elucidated.

Paracellular transport of fluid is controlled by the
resistance of the epithelial tight junctions and epithelial
lateral intercellular space [14, 15]. The gate of the tight
junction has a relatively high resistance that is determined by
occlusion of the intercellular space through the interactions
of extracellular loops of transcellular tight junction proteins
[13, 16, 17]. The transmembrane proteins restrict the

paracellular diffusion of molecules across the epithelial sheet
[11]. Tight junction complexes are composed of 3 classes.
The main framework consists of transmembrane-spanning
proteins such as occludin and the various claudin family
members. Cytoskeletal proteins are involved in regulating
the permeability of tight junctions. Cytosolic plaque proteins
such as ZO-1 connect the transmembrane proteins to the
actin cytoskeleton. In the present study, we investigated
the expression of ZO-1, occludin, and claudin-1 and the
modulation of expression by estrogen in rat vagina.

In this study, we found that tight junctions were distinctly
localized in rat vagina. The expression of ZO-1 was diffusely
localized, and the intensity was highest in the superficial
layer of the epithelium. And the expression of claudin-1 was
most intense in the superficial layer of the vaginal epithelium.
However, the expression of occludin was localized in the
intermediate and basal epithelium of the vagina.

The tight junction protein pattern in the different cell
layers can be highly variable. In bovine gingiva, claudin-1-
positive tight junction structures are seen in all suprabasal
layers, together with ZO-1, whereas occludin is found only
in the uppermost strata [11]. Various tight junction protein
reactions in different numbers of regional and cell-type-
specific layers have been reported in vagina [18]. In stratified
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Figure 2: (a) Immunohistochemistry of occludin in vaginal tissue from animals of the control (Con), ovariectomy (Ovx), and ovariectomy
plus 17𝛽-estradiol treatment (Ovx + Est) groups. Occludin was expressed in the intermediate and basal epithelium. (b) Immunoblotting
of occludin in the rat vagina. The lower panels denote the means ± standard error of 6 experiments for each condition determined by
densitometry relative to beta-actin. ∗𝑃 < 0.05 versus control. ∗∗𝑃 < 0.05 versus Ovx.

squamous epithelia, tight junction proteins are not restricted
to the ZO-related structures of the uppermost living cell
layer of the epidermis [19]. Schlüter et al. showed that tight
junction membrane proteins such as occludin, claudin, and
ZO-1 are expressed in more basal layers where they form
special cell-cell connecting structures [19]. In human vagina,
no tight junction molecules are detected in the apical layers
of the vaginal epithelia [12]. Instead, tight junction molecules
are localized to the lower two-thirds of the epithelium in a
spider web-like pattern [12].

Estrogen has an important role in regulating epithelial
permeability and controlling fluid transudation in the cervix
and vagina. Transepithelial transport is basically understood
as a leaky phenomenon in the cervical and vaginal epithelia
[14, 15]. Estrogen controls fluid transudation in several
proposed ways. Estrogen decreases capillary resistance and
then increases blood flow, which increases the subluminal
to luminal hydrostatic gradient. The main estrogenic control
of transepithelial transport is by modulation of epithelial
permeability through regulation of the resistance of tight
junctions and the lateral intercellular space [13]. It is well
known that estrogen decreases the resistance of tight junc-
tions by matrix metalloproteinase-7-dependent modulation
of occludin [9, 20]. The decrease in resistance of the tight
junction occurs through a loss of gating of the intercellular
space following degradation of occludin extracellular loops.

In an experiment using normal human epithelial vaginal-
ectocervical cells from premenopausal and postmenopausal
women, overall epithelial permeability was shown to decrease
after menopause and to lead to decreased plasma transu-
dation and decreased lubrication of the lumen [13]. In the
present study, we investigated the expression of tight junction
proteins in ovariectomized rat vagina and the changes in
these proteins in response to estrogen.The expressions of ZO-
1, occludin, and claudin-1 were downregulated after ovariec-
tomy and upregulated to the control level after 17𝛽-estradiol
treatment, respectively. These findings suggest that tight
junctions are influenced by changes in estrogen hormones.
This could explain the development of vaginal dryness
in menopause and may suggest a therapeutic strategy for
managingmenopausal symptoms. A limitation of the present
study is that we could not clarify whether increased expres-
sion of tight junction proteins is related to changes in tight
junction structures. Further researches are needed to clarify
the functional role of tight junctions in vaginal lubrication.

5. Conclusions

Our results have demonstrated that tight junction molecules
are well expressed in rat vagina. ZO-1, occludin, and claudin-
1 are expressed in distinct locations. Estrogen deprivation
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Figure 3: (a) Immunohistochemistry of claudin-1 in vaginal tissue from animals of the control (Con), ovariectomy (Ovx), and ovariectomy
plus 17𝛽-estradiol treatment (Ovx + Est) groups. Claudin-1 was most intense in the superficial layer of the vaginal epithelium. (b)
Immunoblotting of claudin-1 in the rat vagina. The lower panels denote the means ± standard error of 6 experiments for each condition
determined by densitometry relative to beta-actin. ∗𝑃 < 0.05 versus control. ∗∗𝑃 < 0.05 versus Ovx.

resulted in a significant downregulation of the expression
of tight junctions. Furthermore, estrogen replacement in
ovariectomized rats resulted in upregulation of tight junction
proteins to the control level. Our results thus show that
estrogen may play an important role in modification of tight
junction expression. Further researches are needed to clarify
the functional role of tight junctions in vaginal lubrication.
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