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Abstract During the estrous cycle, the endometrium
epithelium experiences marked cellular structural changes.
For fertilization to proceed, maintenance of an adequate
uterine environment by ovarian hormones is essential.
Epithelial cells lining the uterine lumen are associated with
each other by tight junctions (TJs), which regulate the
passage of ions and molecules through the paracellular
pathway. The aim of the present study was to assess by
confocal immunofluorescence the distribution pattern of
the TJ proteins ZO-1, occludin, and claudins 1-7 in the rat
uterus during the estrous cycle. Our results reveal that on
proestrus, the day when mating takes place, ZO-1,
occludin, and claudins 1 and 5 are located in the TlJs,
while claudins 3 and 7 display a basolateral distribution. In
contrast, on metestrus day, when no sexual mating occurs
and the uterine lumen is devoid of secretions, none of
these proteins were detected in the TJ region, and only a
diffuse cytosolic staining was observed for some of the
proteins. On estrus and diestrus days, an intermediate
situation was encountered, since ZO-1 localized in the TJs,
whereas occludin was no longer detectable in the TJs. The
distribution of claudins during these stages varied from the
lowermost portion of the basolateral membrane to its apex.
In conclusion, the results show that the protein composi-
tion of TJs present in the luminal epithelial cells of the
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uterus changes during the different days of the estrous
cycle, and suggest that the expression of TJ proteins
participates in providing an adequate environment for a
successful fertilization.
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Introduction

Epithelial sheets constitute the frontier between the
organism and the external environment. The presence of
opposing compartments with different compositions
between epithelia is made possible by the presence of
tight junctions (TJs). These structures located at the
uppermost portion of the lateral membrane, circumscribe
the epithelial cells and function as seals that regulate the
passage of ions, water, and molecules through the
paracellular space. TJs are also responsible for maintaining
the polarized distribution of proteins and lipids at the
plasma membrane, as they function as a fence that inhibits
the free diffusion of molecules between apical and
basolateral cell surfaces (Gonzalez-Mariscal et al. 2003).
In the last decade, more than 40 different proteins have
been identified in TJs. This intricate array of molecules
appears to be organized as a group of transmembrane
proteins coupled to a set of submembranous proteins, that
act as bridges, connecting the complex to the actin
cytoskeleton (for review, see Gonzalez-Mariscal et al.
2003). Three different types of molecules have been
identified as integral TJ proteins: junctional adhesion
molecule (JAM), occludin, and claudins. While the
function of the first involves modulation of monocyte
transmigration through endothelia and epithelia (Lechner
et al. 2000), the last two are involved in the determination
of epithelial permeability and are constituents of the TJ
filaments observed by freeze-fracture (Tsukita et al. 2001).
Occludin is a single protein with several splicing variants
(Muresan et al. 2000; Ghassemifar et al. 2002), whereas
claudins are a family of proteins including more than 20



316

members derived from independent genes (Tsukita et al.
2001). The amount of occludin in a tissue is inversely
related to its permeability. For example, in perfused
kidneys the transepithelial electrical resistance (TER) of
the proximal tubule is 5-8 Qcm? (Boulpaep and Seely
1971; Fromter and Diamond 1972; Hegel et al. 1967) and,
in accordance, occludin is slightly expressed in isolated
proximal tubules (Gonzalez-Mariscal et al. 2000b).
Instead, in the collecting renal duct, with a reported TER
of 200-2,000 Qcm? (Reyes et al. 1987; Helman et al.
1971; Rau and Fromter 1974), a conspicuous amount of
occludin, distributed along the cellular borders, is detected
(Gonzalez-Mariscal et al. 2000b). In contrast, claudins
display a differential distribution along the various
segments of the mammalian nephron, that appears to
determine the paracellular ionic selectivity of each
particular tubule (Reyes et al. 2002; Kiuchi-Saishin et al.
2002; Simon et al. 1999; Van Itallie et al. 2001).

Among the submembranous proteins of the TJ, ZO-1
has been the more thoroughly studied. It belongs to the
MAGUK protein family and is characterized for being
constituted by multiple domains, several of them involved
in specific protein—protein interactions. Therefore, this
molecule is considered a scaffold protein that brings
structurally diverse, but functionally connected, proteins
into close proximity at the TJ (for review, see Gonzalez-
Mariscal et al. 2000a). In a manner similar to occludin, the
amount of ZO-1 expressed in a tissue is related to its TER
(Gonzalez-Mariscal et al. 2000b).

TJs are dynamic structures whose permeability varies in
response to a wide variety of external stimuli (Cohen et al.
1985), as well as physiological (Gilula et al. 1976) and
pathological conditions (Alavi et al. 1983). The assembly
and sealing of TJs are sensitive to temperature (Gonzalez-
Mariscal et al. 1984), calcium concentration (Gonzalez-
Mariscal 1985, 1990), the presence of certain cations in
the surrounding media (Contreras et al. 1992), and
modifications of the membrane lipid content (Calderon
et al. 1998). Growth factors, kinases, and second
messengers also exert effects on TJs (Balda et al. 1991,
1993). Hormones conspicuously modify epithelial perme-
ability. For example, junctional sealing of the mammary
gland during lactation is stimulated by corticosterone and
either placental lactogen or prolactin, while ovarian
progesterone inhibits TJ closure (for review, see Nguyen
et al. 2003).

During the estrous cycle, the rodent uterus presents
striking morphological alterations in response to cyclic
changes in serum steroid hormone levels. These include
high proliferation of luminal epithelium during metestrus,
diestrus, and proestrus stages of the cycle, while the
number of glandular cells increases only during metestrus
and diestrus days (Mendoza-Rodriguez et al. 2003a). With
regards to cell death, the highest apoptotic index has been
detected both in the luminal and the glandular epithelium
on the estrus day (Mendoza-Rodriguez et al. 2002, 2003b;
Bourroughs et al. 2000). Among other effects, the amount
and composition of the luminal fluid is regulated during
the estrous cycle. On proestrus and estrus, for example, the

uterine lumen is distended and contains a considerable
volume of fluid, while on metestrus and diestrus the
luminal space is considerably reduced possibly due to the
sharp decrease in hormonal levels (Ojeda and Urbanski
1994). Ovarian hormones have also been shown to
regulate the extent of the TJs, which connect the epithelial
cells enclosing the lumen. For example, observations by
freeze-fracture showed that in the rat, on day 5 of
pregnancy, corresponding to the day of implantation, the
TJ network becomes interlinked and extends three times in
width as compared to day 1 of pregnancy (Murphy et al.
1982). In ovariectomized rats, estradiol treatment gener-
ates parallel TJ filaments that do not crosslink, while
treatment with progesterone, either alone or with estrogen,
induces the formation of wider networks of TJ strands that
frequently interlink (Murphy et al. 1981). Although the
later studies have been important in demonstrating the
capacity of the TJs to respond to hormonal changes in the
environment, they have been done in a condition—the
ovariectomized animal—which does not mirror the phys-
iological state of the estrous cycle. In fact, different studies
have established that in rodents, the ovariectomized
animals respond in a different manner to steroid hormones
than the intact animal (Mendoza-Rodriguez et al. 2003a;
Molnar and Murphy 1994; Nandha et al. 1999; Cameron
et al. 2002).

The recent identification of a wide complex of proteins
at the TJs, has prompted us to explore, by immunofluo-
rescence, the distribution of ZO-1, occludin, and claudins
along the uterine epithelial cells of normal cycling rats on
the different days of the estrous cycle. Here we show how,
in the proestrus stage, where both estrogen and progester-
one are at their highest levels, TJ proteins are conspicu-
ously expressed at the luminal border of the epithelial cells
of the uterus; while 2 days later, in the metestrus stage,
these proteins are no longer present at the TJ region of the
luminal epithelia. The overall results demonstrate the
occurrence of dramatic changes in the expression of
proteins that constitute the TJs during the estrous cycle.

Materials and methods
Animals

Intact adult female Wistar rats (200-250 g) maintained
under a 14/10 h light/dark cycle with food and water
available ad libitum were used. The animals presented at
least four regular 4-day estrous cycles, as determined by
daily vaginal smears. All animal maintenance and
handling was carried out in accordance with the Guide-
lines of the Mexican Law of Animal Protection and the
Guide for the Care and Use of Laboratory Animals
(Institute of Laboratory Animals Resources, Commission
on Life Science, National Research Council, National
Academy Press, Washington, DC, USA). Groups of five
rats were killed at 13:00 hours on diestrus, metestrus,
proestrus, or estrus days.



Hematoxylin—eosin staining

Uteri were dissected, trimmed of connective tissue, and
immediately fixed with ice-cold 4% paraformaldehyde in
PBS for 2 h. Tissues were dehydrated through a series of
increasing ethanol concentrations and finally cleared with
xylene. Tissues were then embedded in Paraplast. Tissue
sections (5 pm thick) were cut in a Leica microtome
(RM2145; Nussloch, Germany) and mounted on poly-L-
lysine coated slides. Sections were cleared of Paraplast
with xylene, rehydrated, and processed for the hematox-
ylin—eosin staining following standard procedures.

Rat uterine frozen sections

Animals were sacrificed and uteri were dissected and
trimmed of connective tissue. Slices were cut and
immediately immersed for 2 min in 2-methylbutane
(Aldrich M3.263-1; Aldrich, Milwaukee, WI, USA),
which was previously cooled in liquid nitrogen. The slices
were then embedded in Tissue Tek, and cut as 5-pm
sections in a Leica cryostat (CM1850; Nussloch, Ger-
many). The sections were air-dried for 30 min and kept at
—70°C until processed for immunofluorescence.

Fig. 1 Histomorphological
analysis of rat uterus during the
estrous cycle. Uterine tissue
sections were stained with he-
matoxylin and eosin. During a
metestrus and b diestrus days,
the luminal epithelium is low
columnar in height. During ¢
proestrus and d estrus, the lu-
minal epithelium thickens and
becomes pseudostratified (ar-
rowhead). During estrus, the
luminal epithelium reaches its
maximum height and presents
an increase in apoptosis. Arrows
indicate apoptotic bodies. LE
Luminal epithelium, S stroma.

Metestrus

Proestrus
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Immunofluorescence

The frozen sections were fixed in ice-cold acetone for 3
min, washed with phosphate buffer saline (PBS), and
permeabilized for 10 min in 0.25% Triton X-100. After
three washes with PBS (5 min each), some sections were
then stained for 10 min with a solution of 0.005% Evans
blue in order to quench the green unspecific tissue
autofluorescence and to provide a red staining of the
uterine tissue to facilitate its observation. Then all the
sections were intensively washed with PBS, and quenched
for 30 min with 0.5% IgG-free albumin (1331-A; Research
Organics, Cleveland, Ohio, USA). The sections were
incubated overnight with one of the following rabbit
polyclonal antibodies: ZO-1 (61-7300, dilution 1:100;
Zymed, San Francisco, CA, USA), occludin (Zymed 71-
1500, dilution 1:60), claudin 1 (Zymed 51-9000, dilution
3:100), claudin 3 (Zymed 34-1700, dilution 8:100) claudin
5 (Zymed 34-1600, dilution 8:100), or claudin 7 (Zymed
34-9100, dilution 1:100). Sections were washed three
times with PBS and incubated for 2 h with a FITC-
conjugated goat anti-rabbit IgG (Zymed 65-6111, dilution
1:100). For negative controls, primary antibody was
omitted. After three more washes with PBS the sections
were mounted with the antifade VectaShield (H-1000;
Vector Laboratories, Burlingame, CA, USA). The fluo-
rescence was examined using a confocal microscope
(Leica SP2) with argon and helium-neon lasers and
employing the Leica confocal software. Optical sections

Diestrus
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of 0.5 um were performed, and the images shown
represent the projection of the sections made for each
uterus. All images are representative pictures of five
independent experiments.

For the double-labeling experiments, the tissue sections
were incubated overnight with both a rat monoclonal
antibody against ZO-1 (R26.4C, dilution 1:50; Develop-
mental Studies Hybridoma Bank, University of lowa, IA,
USA) and either the rabbit anti-occludin antibody or the
rabbit anti-claudin 7 antibody (the latter 2 were described
above). These antibodies were visualized with a FITC-
conjugated goat anti-rat IgG (Zymed 81-9511, dilution
1:100) and a TRITC-conjugated goat anti-rabbit IgG
(Zymed 81-6114, dilution 1:50). In this experiment the
tissue was not stained with Evans blue.
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Fig. 2 In the uterus, background fluorescent staining generated by
the secondary antibodies is minimal, and treatment with Evans blue
facilitates the observation of the tissue architecture. In the upper
panel a proestrus day uterine frozen section was incubated with a
secondary anti-rat FITC-conjugated antibody and an anti-rabbit
TRITC-conjugated one. The same field was observed with

FITC

FITC

Results

To provide clear images of the transformation of the
uterine architecture along the estrous cycle, we proceeded
to stain uterine sections with hematoxylin and eosin.
Figure 1 illustrates how, during the estrous cycle, the
uterine epithelium lining the lumen changes from low
columnar during metestrus and diestrus (Fig. 1a, b) to high
columnar in proestrus and estrus (Fig. 1c, d). In addition,
in the latter stages, the epithelium thickens and becomes
pseudostratified in some areas (arrowhead). During estrus,
the apoptotic index increases significantly (Mendoza-
Rodriguez et al. 2002) and in consequence multiple
apoptotic bodies can be observed (arrows).

Tissue negative controls for the FITC- and TRITC-
conjugated antibodies here employed were performed in
all the stages of the estrous cycle. To illustrate, we have
chosen samples from proestrus, since as will be observed
below, at this stage the maximal expression of TJ proteins

TRITC

40 um

Evans blue

Nomarski optics. Observe how only a minimal fluorescent back-
ground staining is detected. In the lower panel, the uterine frozen
section was stained for 10 min with a solution of 0.005% Evans blue
and then incubated with an anti-rabbit FITC-conjugated secondary
antibody. Observe how the tissue is stained in red while the low
green fluorescent background disappears.



in the uterine epithelium is detected. The upper panel of
Fig. 2 shows the low background staining detected with
the secondary antibodies. To facilitate the appreciation of
the uterine epithelium, the same field was observed with
Nomarski optics. Furthermore, to allow the visualization
of the uterine tissue in the immunofluorescence experi-
ments, even when no positive signaling of TJ proteins was
present, we proceeded to employ Evans blue staining. As
can be observed in the lower panel of Fig. 2, this stain
abolishes the barely distinguishable green autofluores-
cence and allows a clear observation in red of the uterine
tissue.

In all of the subsequent figures we have included a
Nomarski optics image of the metestrus uterus, because
discerning the luminal epithelium (LE) at this stage is
particularly difficult in the immunofluorescence photo-
graphs.

On diestrus, proestrus, and estrus days, ZO-1 is found
conspicuously lining the uterine lumen

We started our study analyzing the distribution of ZO-1,
since this molecule is present from the early stages of TJ
assembly and is expressed at the TJ of every tissue (Sheth
et al. 1997; Asakura et al. 1999; Yonemura et al. 1995). In
Fig. 3b, we can observe, on metestrus day, no ZO-1
signaling along the luminal border, while the antibody
clearly stains vessels in the uterine stroma. In contrast,
from diestrus to estrus day (Fig. 3c—e), ZO-1 is found at
the uppermost portion of the lateral membrane of the
epithelial cells lining the uterine lumen.

Occludin is present in the TJ region of uterine
epithelial cells only on proestrus day

Occludin is an integral TJ protein crucial for establishing
the paracellular barrier (Tsukita et al. 2001). We therefore
proceeded to explore if the expression pattern of occludin
varied along the estrous cycle. Figure 4 shows how this
protein localizes at the apex of the lateral membrane of
uterine epithelial cells only during proestrus day (Fig. 4d).
On all the other days of the cycle, occludin staining is not
focal or located in discrete TJ structures, but is present and
presumably reflects an intracellular localization (Fig. 4b, c,
e).

To analyze if occludin and ZO-1 colocalize in the TJ
region, we performed a double-staining procedure with
specific antibodies against both TJ proteins. Figure 5
(upper panel) illustrates a clear colocalization of both
proteins at the uppermost portion of the epithelial cells that
line the uterine lumen.
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Uterine epithelial cells express a variety of claudins in
different stages of the rat estrous cycle

Claudins constitute a family of 20 different TJ proteins
(Tsukita et al. 2001). Recent studies have demonstrated
that claudins are responsible for the ionic selectivity of the
paracellular pathway (Van Itallie et al. 2001, 2003;
Colegio et al. 2002, 2003; Yu et al. 2003). Therefore, it
is no surprise that different epithelia display distinct sets of
claudins. With regard to the uterine epithelia, only the
presence of claudin 1 has been reported during early rat
pregnancy (Orchard and Murphy 2002). Due to the limited
availability of commercial antisera, in this study we have
restricted our analysis to the expression of claudins 1, 2, 3,
4, 5, and 7. Claudins 2 and 4 were not detected in our
tissue samples (data not shown) in any day of the estrous
cycle, while the rest of the claudins explored were clearly
present in the uterine epithelia. However, none of them
were detected in the TJ region during metestrus day (Figs.
6, 7, 8, 9), and claudin 5 exhibited a diffuse cytoplasmic
staining in the uterine luminal epithelium (Fig. 8b).

During proestrus, claudin 1 localizes to the uppermost
region of the lateral membrane, albeit in a slightly
discontinuous manner (Fig. 6). In contrast, on estrus day,
claudin 1 is found at the basolateral membrane. During
metestrus and diestrus, no claudin 1 staining was detected
in the epithelial cells of the uterus. In a previous work
done in uterine epithelial cells of the rat, claudin 1 was
detected from day 1 of pregnancy at the apical region of
the lateral plasma membrane of the uterine luminal
epithelium, and some diffuse labeling was also present
in the cytoplasm (Orchard and Murphy 2002). This pattern
resembles, albeit in a more intense and continuous fashion,
the one observed by us in proestrus.

With claudin 3, the results are somehow different (Fig.
7). On diestrus (Fig. 7c), proestrus (Fig. 7d), and estrus
days (Fig. 7e), the protein is found respectively at the apex
of the lateral membrane, the basolateral region, or as a
punctuate staining at the uppermost portion of the lateral
membrane.

Claudin 5, has been characterized as an endothelial
claudin, although its presence in certain epithelia (Rahner
et al. 2001), has also been reported. Here, we detected a
very strong claudin 5 staining in the TJ region of uterine
epithelial cells on diestrus (Fig. 8c) and proestrus (Fig. 8d)
days. Instead, during estrus day (Fig. 8e), a basolateral and
cytosolic expression is found. At metestrus, a less intense
diffuse cytoplasmic staining is also observed. We suspect
that this staining reflects an intracellular localization of the
protein, as has previously been observed for claudin 1 in
rat uterus (Orchard and Murphy 2002) and for claudins 1
and 2 in isolated rabbit renal tubules (Reyes et al. 2002).

Of all the claudins tested in the rat uterus epithelium,
claudin 7 displayed the best-defined pattern of expression
along the basolateral membrane on diestrus and proestrus
days (Figs. 9c, d). On estrus, claudin 7 is confined to the
basal and lower lateral regions of the plasma membrane
(Figs. 9e¢), while as expected from the observation of the
other claudins, no claudin 7 was present on metestrus day
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Metestrus
SR

Metestrus

Proestrus

Fig. 3 ZO-1 is present at the uterine luminal epithelium in all
stages of the estrous cycle, except during metestrus day. In this and
the following figures, uterine frozen sections derived from different
stages of the rat estrous cycle were processed for immunofluores-
cence. A Nomarski optics image of the metestrus stage (a) is also
included to facilitate the identification of the uterine luminal

Diestrus

Estrus

epithelium (LE) and stroma (S). Observe how in the metestrus stage
(b), no ZO-1 staining is detected along the uterine luminal
epithelium. On diestrus day (c¢), ZO-1 stains the luminal border,
albeit forming a discontinuous mesh. On the proestrus (d) and estrus
(e) days, a strong ZO-1 staining is detected at the boundaries of the
epithelial cells that line the uterine lumen.
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Occludin

Metestrus

Metestrus

Proestrus

Fig. 4 Occludin is observed conspicuously lining the uterine
luminal epithelium only on proestrus day. On b metestrus, ¢
diestrus, and e estrus days, occludin signaling is present as a diffuse
staining on the uterine epithelium. In contrast, in the d proestrus

Diestrus

Estrus

stage, occludin clearly stains in a continuous pattern the cellular
boundaries limiting the uterine lumen. LE Luminal epithelium, S
stroma.
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Occludin

Fig. 5 Colocalization experiments reveal that on proestrus day, ZO-
1 and occludin maintain a strict TJ distribution, whereas claudin 7
exhibits a basolateral pattern. Uterine frozen sections from proestrus
day were double-labeled employing a rat monoclonal antibody
against ZO-1 and either a rabbit polyclonal antibody against
occludin (upper) or a rabbit polyclonal against claudin 7 (lower).

(Figs. 9b). To determine if the lateral claudin 7 staining
reached the uppermost region where TJ are established, we
performed a double-staining experiment with antibodies
against ZO-1 and claudin 7. The observation was done on
samples from proestrus, since on this day a stronger and
better-defined expression of TJ proteins at the lateral
membrane is found. Figure 5 (lower) shows how, although
claudin 7 is abundant along the whole basolateral mem-

As secondary antibodies an anti-rat FITC-conjugated and an anti-
rabbit TRITC-conjugated antibody were employed. For this exper-
iment the tissue was not stained with Evans blue. Amplified fields of
the epithelial cells lining the uterus costained with ZO-1 and claudin
7 are included. LE Luminal epithelium, S stroma.

brane, it reaches the apex of the lateral membrane and
colocalizes with ZO-1.

Discussion

It has been established that during the estrous cycle the
uterus exhibits morphological changes in response to
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Claudin - 1

Metestrus Metestrus

Proestrus

Fig. 6 In the proestrus stage, claudin 1 displays a clear but
discontinuous staining at the epithelial boundaries that limit the
uterine lumen. On b metestrus day, claudin 1 staining is absent from
the epithelial cells lining the uterine lumen. On ¢ diestrus day, no
claudin 1 staining is detected in the uterine epithelial layer while a
strong signal is found in the uterine vessels (arrowhead). On the d

Diestrus

Estrus

proestrus day, claudin 1 exhibits a discontinuous staining at the
uppermost portion of the lateral membrane of epithelial cells lining
the uterine lumen. In contrast, in the e estrus stage, claudin 1
appears displaced to the basolateral portions of the plasma
membrane of the uterine epithelia (arrow). LE Luminal epithelium,
S stroma.
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Claudin - 3
1

Metestrus Metestrus

Proestrus

Fig. 7 Claudin 3 is conspicuously present in the uterine epithelial
cells only on diestrus and proestrus days. On b metestrus day, no
staining of epithelial cells lining the lumen is detected. On ¢
diestrus, claudin 3 staining appears lining the uppermost portion of
the luminal epithelial cells. On d proestrus day, claudin 3 is

Diestrus

Estrus

observed along the basolateral plasma membrane of uterine
epithelial cells (arrow). In contrast, in the e estrus stage, most
claudin 3 signaling has disappeared and only a punctuated staining
remains at the uppermost portion of the lateral plasma membrane of
epithelial cells (arrow). LE Luminal epithelium, S stroma.
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Table 1 Distribution of TJ pro-

Lo . . Metestrus Diestrus Proestrus Estrus

teins in the rat uterine luminal

ggﬁ; ?]Ea_)d;gg%ett];itz;ious Z0O-1 o ‘ Uppermosta . Uppermost” Uppermosta .
Occludin  Diffuse cytosolic Diffuse cytosolic Uppermost® Diffuse cytosolic
Claudin 1 — - Uppermost” but discontinuous Basolateral
Claudin 2 — - - -
Claudin 3 — Uppermost” Basolateral Punctate®

#Uppermost portion of the lat- Claudin 4 — - _ _

gral membrane Claudin 5 Diffuse cytosolic Uppermost® Uppermost” Basolateral

Punctate at the uppermost por- Claudin 7 — Basolateral Basolateral Basal and low lateral

tion of the lateral membrane

cyclic variations in serum steroid hormone levels. During
metestrus and diestrus days, estradiol and progesterone
serum levels are low, the luminal epithelium is not
secretory and presents its maximum proliferation. Instead,
during proestrus, estradiol and progesterone reach their
highest serum levels, the uterine lumen is distended and
filled with fluid, and the proliferation rate of the epithe-
lium decreases, while the cells become high columnar and
secretory. On estrus day, estradiol and progesterone serum
concentrations decrease and return to basal levels. There is
no proliferation of the epithelium and the highest apoptotic
index is observed. The uterine lumen is distended and the
epithelial cells attain their maximum height (Mendoza-
Rodriguez et al. 2002, 2003a, b; Williams and Rogers
1972; Nilsson 1958a,b).

During proestrus and estrus days, the luminal fluid
microenvironment of the uterus is important for sperm
capacitation (Wang et al. 2003), for motility (Lapointe et
al. 2000), as energy source (Kobayashi et al. 2002), and
for chemotactic effects (Isobe et al. 2002). All of these
aspects are crucial to attain a successful fertilization.
Therefore it is of utmost importance to establish in the
uterine epithelia a barrier capable of separating the luminal
microenvironment from the internal milieu.

TJs form part of the junctional complex between
adjacent cells in most vertebrate epithelia. These junctions
regulate the passage of ions and molecules through the
paracellular pathway and maintain a polarized distribution
of proteins between the apical and basolateral membrane.
To our knowledge, no information has been previously
reported concerning the molecular composition of TJs in
the mammalian uterus of nonpregnant animals. Therefore,
in this study we have explored the expression of a variety
of cortical and integral TJ proteins during the estrous
cycle, as they may reflect changes in endometrium
functionality.

In the present study, we demonstrated that marked
changes in the TJs occur during different stages of the
estrous cycle (Table 1). These observations suggest that
the capacity of TJs in uterine epithelial cells to function as
an effective paracellular barrier, vary at different stages of
the estrous cycle. In the metestrus stage, no signals of TJ
proteins were detected at the uppermost portion of the
lateral membrane, indicating absence of the intercellular
seal. Since in this stage no mating occurs, and the uterine
lumen is devoid of any fluids, these epithelia might not
require strict control over the paracellular pathway.

A day later, on diestrus, ZO-1 and claudins 3 and 5
acquire an uppermost lateral distribution, while claudin 7
presents a basolateral pattern that reaches the TJ region. In
contrast, in this stage occludin staining is diffuse in the
cytoplasm. This result is interesting, since in mouse skin, a
TJ permeability assay demonstrated that functional TJs are
restricted to the most apical region of the lateral membrane
of granular cells in the second layer. At this precise
location, occludin is found exclusively, while claudins 1
and 4 are distributed throughout the plasma membranes
from stratum basale to granulosum, thus suggesting that
the presence of both occludin and claudins might be
required for a tight paracellular sealing (Furuse et al.
2002). In this respect, it is important to consider that on
diestrus no mating occurs and the uterine lumen is devoid
of secretions. Therefore the establishment of a strict
paracellular barrier might not yet be necessary.

In the proestrus stage, ZO-1, occludin, and claudins 1,
3, 5, and 7 were expressed in the uterine epithelium,
concentrating most of them at the uppermost portion of the
lateral membrane (Table 1). The reason for claudin 3 and 7
distribution along the whole basolateral membrane is not
yet understood and might involve another function of
these molecules not related to TJ sealing. The observation
that in this stage, ZO-1, occludin, and claudins are
expressed at the TJ is in accordance with the fact that on
proestrus the uterine lumen is filled with secretions, and
sexual intercourse begins on the evening of this day.

On estrus day, occludin presents a diffuse cytosolic
staining in the uterine epithelia. Claudins 1 and 5 acquire a
basolateral distribution, while claudin 7 is detected toward
the lowermost sections of the basolateral membrane.
Claudin 3 instead displays a punctuate staining at the
uppermost portion of the lateral membrane. ZO-1 expres-
sion is maintained in the TJ region. Sexual intercourse
takes place only during the first hours of estrus day.
Therefore, it is not surprising that at 13:00 hours, when the
animals in our experiments were sacrificed, some TJ
proteins were still found lining the uterine epithelium.

The fact that TJ proteins are not concentrated in the TJ
region during metestrus (Table 1), when proliferation is
intensive, agrees with observations obtained with cancer-
ous tissues in which a high proliferation rate is related to a
decreased expression of TJ proteins (Hoover et al. 1998;
Chlenski et al. 2000; Li and Mrsny 2000; Kramer et al.
2000).



326

Claudin -5

Metestrus Metestrus

Proestrus

Fig. 8 The distribution of claudin 5 along the plasma membrane of
uterine epithelial cells undergoes profound changes throughout the
estrous cycle. On b metestrus day, a diffuse cytosolic staining of
claudin 5 is found, while a clear signal at the vessels is detected
(arrowhead). On ¢ diestrus day, claudin 5 labeling at the luminal
border reappears (arrow), albeit to a lesser extent than in the

Diestrus

proestrus stage. On d proestrus day, claudin 5 displays very strong
staining along the upper region of the lateral plasma membrane
(arrow). A diffuse staining is also detected throughout the
cytoplasm (arrowhead). In the e estrus stage, claudin 5 maintains
a clear cytoplasmic signal and a strong basal staining is now
observed (arrow). LE Luminal epithelium, S stroma.
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Metestrus

Metestrus
Diestrus

Proestrus
Estrus

Fig. 9 Claudin 7 staining is characterized by the display of a the multistratified nature of uterine epithelia. On d proestrus day,
basolateral pattern along the uterine epithelial cells. On b metestrus  claudin 7 signaling is still present along the basolateral membranes.
day, no claudin 7 staining is detected. On ¢ diestrus day, In contrast, on e estrus day, claudin 7 appears more confined to the
conspicuous staining along the basal and lateral borders reveals basal and low lateral membrane. LE Luminal epithelium, S stroma.
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The relationship between steroid hormones and uterine
TJ was first reported two decades ago. Freeze-fracture
studies revealed the development of a more complex
network of TJ filaments upon pregnancy development in
the uterus (Murphy et al. 1982) and after the administra-
tion of progesterone, either alone or with estradiol to
ovariectomized rats (Murphy et al. 1981). In human
endometrial epithelial cells, freeze-fracture studies have
demonstrated alterations during the normal menstrual
cycle. Thus, in the early secretory phase, TJs develop as
a complex network, while in the early proliferative phase
the TJ pattern is rather simple consisting solely of parallel
strands (Iwanaga et al. 1985). In accordance with this, we
have found that during proestrus day, when the highest
estradiol and progesterone serum concentrations are
reached, the expression of TJ proteins is more abundant.

In humans, the impact of steroid hormones on TJ
sealing has begun to be explored. Thus, in the vaginal—
cervical epithelium, changes in permeability have been
detected at different stages of women’s lives. These
variations depend on the estrogen profile and are related to
the functionality of vaginal lubrication (Gorodeski 2001).

In conclusion, our data show that the protein composi-
tion of TJs present in the luminal epithelial cells of the
uterus changes during the different days of the estrous
cycle. The overall results suggest that the expression of TJ
proteins is sensitive to the need of maintaining a special
luminal fluid content in the uterus, that can provide an
adequate environment for a successful fertilization.
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