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as in human extravillous trophoblast cells and thus may 
have an impact on trophoblast invasion in both species. 
We here showed a specific claudin signature during early 
decidualization pointing to a role in decidual angiogenesis 
and regulation of trophoblast invasion.
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Introduction

Implantation starts with the attachment of the blastocyst 
to the uterine epithelium followed by its penetration and 
proceeds with a controlled invasion of the trophoblast cells 
into the decidua developing from the endometrial stroma 
(Enders 2008). This process requires profound changes 
in the endometrium for successful progression and main-
tenance of pregnancy which are regulated by ovarian hor-
mones as well as by embryonic signaling (Carson et  al. 
2000; Grümmer et al. 2004; Cha et al. 2012). Impairment 
of this embryo–maternal interaction may lead to failure of 
pregnancy establishment and is supposed to account for 
low implantation rates and pregnancy failure in human 
ART (Sharkey and Smith 2003). Normally, epithelial cells 
do not allow adhesion of other cells to their apical surface 
making trophoblast–uterine epithelial attachment a unique 
circumstance. Thus, changes in the endometrium indispen-
sable for successful embryo implantation comprise loss of 
apico-basal polarity of luminal epithelial cells in terms of 
an epithelial–mesenchymal transition to allow attachment 
and penetration of the blastocyst (Denker 1994; Hay 1995).

In contrast, differentiation of endometrial stromal cells 
prior to and during trophoblast invasion is subject to a 
stromal–epithelial transition (Zhang et  al. 2013). These 

Abstract  Implantation of the mammalian embryo 
requires profound endometrial changes for successful preg-
nancy, including epithelial–mesenchymal transition of the 
luminal epithelium and stromal–epithelial transition of the 
stromal cells resulting in decidualization. Claudins (Cldn) 
determine the variability in tight junction paracellular per-
meability and may play a role during these epithelial and 
decidual changes. We here localized Cldn3, Cldn7 and 
Cldn10 proteins in the different compartments of murine 
endometrium up to day 8.5 of pregnancy (dpc) as well 
as in human endometrium and first trimester decidua. In 
murine estrous endometrium, luminal and glandular epithe-
lium exhibited Cldn3 and Cldn7, whereas Cldn10 was only 
detectable in glandular epithelium. At 4.5 dpc, Cldn3 pro-
tein shifted to an apical localization, whereas Cldn7 van-
ished in the epithelium of the implantation chamber. At this 
stage, there was no stromal signal for Cldn3 and Cldn7, but 
a strong induction of Cldn10 in the primary decidual zone. 
Cldn3 proteins emerged at 5.5 dpc spreading considerably 
from 6.5 dpc onward in the endothelial cells of the decidual 
blood sinusoids and in the decidual cells of the compact 
antimesometrial region. In addition to Cldn3, Cldn10 was 
identified in human endometrial epithelia. Both proteins 
were not detected in human first trimester decidual cells. 
Cldn3 was shown in murine trophoblast giant cells as well 
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cells undergo morphological and biochemical differentia-
tion including transition of endometrial stromal cells to a 
rounded epithelioid morphology, and secretion of specific 
proteins like prolactin (PRL), and insulin-like growth fac-
tor-binding protein-1 (IGFBP-1) (Gellersen and Brosens 
2003, 2014). The decidual reaction protects endometrial 
cells against inflammatory signals from the mother and oxi-
dative stress and is critical for regulating trophoblast inva-
sion and placenta formation (Gellersen et  al. 2007). The 
essential role of endometrial decidualization for maintain-
ing pregnancy has been proven by various mouse knockout 
models revealing impaired decidualization (Gellersen and 
Brosens 2003).

Tight junction protein complexes are thought to play an 
essential role and may be affected during epithelial as well 
as decidual changes (Paria et  al. 1999; Wang et  al. 2004; 
Murphy 2000). They are located at the most apical part 
of the junctional complex constituting the border between 
the apical and the basolateral membrane compartments, 
thereby maintaining the apico-basal polarity of epithe-
lial cells (Van Itallie and Anderson 2014). Moreover, they 
serve as a physical barrier regulating paracellular perme-
ability that can be altered in response to environmental and 
physiologic conditions (Schneeberger and Lynch 2004), 
and form a complex network with cytoskeletal proteins 
allowing interaction with intracellular signal cascades 
(González-Mariscal et  al. 2014; Zihni et  al. 2014). Tight 
junctions consist of different transmembrane proteins like 
claudins, occludin and tricellulin and intercellular adapter 
proteins like ZO-1, ZO-2, ZO-3 and symplekin (Schnee-
berger and Lynch 2004).

Among these, claudins as the most manifold multigene 
family of tight junction proteins represent a major constitu-
ent of these cell contacts (Morita et al. 1999; Turksen and 
Troy 2004; Heiskala et  al. 2001). They have been shown 
to determine the size and ion specificity of individual tight 
junctions, thus accounting for the variability in tight junc-
tion permeability (Gupta and Ryan 2010; Furuse et  al. 
1999). Claudins range in size from 20 to 34 kDa. They have 
four transmembrane domains, two extracellular loops (EL), 
a short intracellular loop and N- and C-termini located in 
the cytoplasm. To date, 24 claudin genes are known in mice 
and 23 in human, and multiple claudins can be expressed 
in one cell (Van Itallie and Anderson 2014; Lal-Nag 
and Morin 2009; Krause et  al. 2008; Tsukita et  al. 2001; 
Abuazza et al. 2006; Troy et al. 2007). Claudins participate 
in processes including organogenesis, tissue organization 
and embryo development, but also in the pathogenesis of 
different diseases (Escudero-Esparza et  al. 2011; Turksen 
and Troy 2011; Gupta and Ryan 2010) including benign as 
well as malign diseases of the endometrium (Sobel et  al. 
2006; Pan et  al. 2009). They contain a PDZ domain at 
their C-terminus which allows binding to the tight junction 

protein ZO-1 and MUPP1 building a bridge to intracellular 
actin, hereby connecting extracellular paracellular transport 
with intracellular signaling events which may affect mor-
phogenesis, cell polarity, cell proliferation and differentia-
tion (Itoh et al. 1999; Guillemot et al. 2008; Fanning et al. 
1998).

Using expression profiling, we previously found that 
Cldn3, Cldn7 and Cldn10 revealed the strongest endome-
trial expression at implantation on day 4.5 of pregnancy 
in mice, suggesting a role for these claudins in blastocyst 
implantation. Thus, we here investigated the protein pro-
file and localization of these members of the claudin mul-
tigene family in the different compartments of the murine 
endometrium during implantation and early placentation 
as well as in human cyclic endometrium and human first 
trimester decidua. These findings contribute in elucidating 
the mechanisms important for trophoblast invasion and pla-
centa formation.

Materials and methods

Animals

C57Bl/6 J mice were maintained under defined conditions 
at a 12-h light/dark cycle and had free access to tab water 
and food. Uteri from non-pregnant mice were obtained 
from the estrous phase of the ovarian cycle. Cycle moni-
toring was performed by microscopic evaluation of vagi-
nal smear. Female mice were mated overnight with males, 
and the day of vaginal plug finding the next morning was 
defined as day 0.5 of pregnancy (dpc). Mice were killed by 
cervical dislocation. After removing the uterus, implanta-
tion sites were dissected and frozen in Tissue-Tek® O.C.T 
compound (Sakura, Zoeterwoude, NL) in liquid nitrogen at 
the time of dissection or fixed with 4 % formaldehyde and 
paraffin embedded. At least three mice of each pregnancy 
stage (days 4.5 pc, 5.5 pc, 6.5 pc, 8.5 pc) were analyzed. 
All experiments were carried out in accordance with Ger-
man laws for animal protection.

Human tissue samples

First trimester decidual tissue (four samples between 7th 
and 9th weeks of pregnancy) was taken after elective ter-
mination at the Bourgognekliniek Maastricht, the Nether-
lands, and kindly provided by Dr. Ulrike von Rango, Maas-
tricht University. Research on these tissue specimens had 
been approved by the Ethics Committee of the Medical 
Faculty of the University of Aachen (permission number 
560). All tissues were frozen in liquid nitrogen and stored 
at −40  °C until use. As control tissue, three endometrial 
tissue samples from the proliferative and three samples 
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of the secretory phase were used. Stage of the menstrual 
cycle was confirmed histologically according to Noyes 
et  al. (1950). Endometrial tissue samples were obtained 
as described before (Buck et al. 2012) from fertile women 
undergoing hysterectomy due to benign uterine diseases. 
Samples were collected in the Departments of Gynecology 
and Obstetrics of the St. Antonius Hospital in Eschweiler 
(Germany) and Marienhospital in Aachen (Germany). The 
use of the tissues was approved by the Ethics Committee of 
the Medical Faculty of the University of Aachen (EK 347).

Immunofluorescent staining

Frozen tissue was cut in serial sections of 7–10  µm with 
a Leica cryostat (CM3050) and mounted on silane-coated 
slides. For morphological evaluation and to identify sec-
tions containing implantation chambers, sections on every 
fifth slide were stained with hematoxylin and eosin. Immu-
nofluorescent staining was performed on cryostat sections 
after fixation in ice-cold 96 % ethanol for 5 min. After rins-
ing in PBS containing 0.5 % bovine serum albumin, slices 
were incubated with primary antibodies listed in Table  1 
for 1 h at room temperature. Subsequently incubation with 
FITC conjugated secondary antibodies (Table 1) took place 
for 30 min. Slides were counterstained with 4′, 6-diamidin-
2-phenylindol, dihydrochloride (DAPI, 1  µg/ml, Sigma/
Hamburg Germany) or Hoechst 33342 (Life Technologies, 
1:500) for 10 min at room temperature. Controls were per-
formed by omitting the primary antibody and using preim-
mune sera instead on consecutive sections.

Slides were covered with Vectashield (Vector Labora-
tories Burlingame, CA, USA) or Kaiser’s glycerol gela-
tin (Merck/Darmstadt, Germany) and examined using 

fluorescence microscopes (Leica DM4000 and Zeiss Axio 
Imager M.2). A minimum of three implantation sites and 
human decidual tissue samples for each condition was 
investigated.

Results

Cldn3, Cldn7 and Cldn10 in preimplantation murine 
endometrium

In the endometrium of non-pregnant mice, Cldn3 fluores-
cence signal was visible in both the luminal and glandular 
epithelial cells. In the apical part of the lateral membrane, 
a distinct signal typical of tight junctions was observed, 
whereas the fluorescence signal in the basal compartment 
appeared more diffuse (Fig.  1a). Cldn7 staining was also 
present in the luminal as well as glandular epithelial cells; 
in contrast to Cldn3, this signal was much more intensive 
in the basal compared than in the apical part of the lateral 
membrane (Fig. 1b). In contrast, luminal epithelial cells of 
murine non-pregnant endometrium lacked Cldn10 protein, 
whereas a strong signal for this claudin was present in the 
glandular epithelial cells (Fig. 1c).

At the beginning of implantation on 4.5  dpc, Cldn3 
protein still was seen in the luminal epithelial cells of the 
implantation chamber surrounding the attached blastocyst 
exhibiting a shift of signal intensity to the apical region, 
whereas the fluorescence intensity in the basal region 
seemed to be reduced (Fig. 1d, g). A similar Cldn3 distri-
bution pattern was observed in the mesometrial luminal 
epithelium near to the implantation site (Fig.  1j). In con-
trast, hardly any signal for Cldn7 could be detected in the 

Table 1   Primary and secondary 
antibodies used

Primary antibody Host (clone) Company Dilution

Claudin-3 Rabbit polyclonal Gene Tex (GTX15102) 1:50

Claudin-7 Goat polyclonal (C-15) Santa Cruz (sc-17670) 1:50

Claudin-10 Rabbit polyclonal (H-58) Santa Cruz (sc-25710) 1:50

CD31 Rat monoclonal (SZ31) Dianova (DIA-310) 1:20

HLA-G Mouse monoclonal (4H84) Antibodies-online (ABIN192401) 1:5000

Pan-cytokeratin Mouse monoclonal mixture (C-11,  
PCK-26, CY-90, KS-1A3, M20, 
A53-B/A2)

Sigma-Aldrich (C2562) 1:50

Secondary antibody

 Alexa Fluor®  
488

Goat antirabbit IgG Life Technologies (A-11034) 1:100/500

 Alexa Fluor®  
594

Goat antirabbit IgG Life Technologies (A-11012) 1:100/500

 Alexa Fluor®  
488

Donkey antigoat IgG Life Technologies (A-11055) 1:100/500

 Alexa Fluor®  
488

Goat antimouse IgG Life Technologies (A-11055) 1:100/500
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Fig. 1   Immunostaining of Cldn3, Cldn7 and Cldn10 in non-pregnant 
murine endometrial tissue (a–c) and in implantation sites on 4.5 dpc 
(d–l). In non-pregnant endometrium, Cldn3 (a) and Cldn7 (b) were 
present in both the luminal and glandular epithelium, whereas Cldn10 
(c) was only detectable in the glandular epithelium. On day 4.5 of 
pregnancy, a strong immunofluorescence signal for Cldn3 was seen 
apically in the luminal epithelium of the implantation chamber (d, g) 
as well as in the mesometrial luminal epithelium near to the implanta-
tion site (j). In contrast, signal for Cldn7 was hardly detectable in the 
luminal epithelium of the implantation chamber (e, h). Cldn7 staining 

still was visible in the mesometrial luminal epithelium at the implan-
tation site (k), revealing a decrease in intensity toward the implanta-
tion site (k, upper right corner). At this stage, Cldn10 protein was 
not present in the luminal epithelium of the implantation chamber 
(f, i) nor in the mesometrial luminal epithelium (l). However, a clear 
induction of Cldn10 protein could be observed in the epithelioid cells 
of the primary decidual zone (f, i). g–i: Same figures as d–f showing 
additional DAPI staining. LE luminal epithelium, GE glandular epi-
thelium, IC implantation chamber, D decidua. Bar 100 µm
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luminal epithelium of the implantation chamber (Fig.  1e, 
h), while Cldn7 staining still was visible in the mesome-
trial luminal epithelium at the implantation site, revealing 
a decrease in intensity toward the implantation chamber 
(Fig. 1k). Like in luminal epithelial cells of non-pregnant 
mice, also the luminal epithelium of the implantation 
chamber (Fig. 1f, i) as well as the adjacent luminal epithe-
lium protein (Fig.  1l) lacked Cldn10 on 4.5  dpc, while it 
was still present in the remaining glandular epithelia (not 
shown). Interestingly, however, a clear induction of Cldn10 
protein could be observed in the epithelioid cells of the pri-
mary decidual zone (Fig. 1 f, i).

Cldn3 and Cldn‑10 in the murine decidua 
during trophoblast invasion

On day 5.5 pc, the luminal epithelium of the implantation 
chamber has undergone apoptotic degeneration, and epi-
thelial staining for Cldn3 and Cldn7 could only be seen in 
areas of remaining luminal epithelium at the mesometrial 
pole of the implantation chamber (Fig. 2a, b). No staining 
for Cldn7 protein was observed in the decidual cells on 
5.5 dpc (Fig. 2b), 6.5 dpc (Fig. 2e, g) as well as at all later 
pregnancy stages. Cldn10, in contrast, remained strongly 
expressed in the epithelioid stromal cells of the primary 
decidual zone on 5.5  dpc, escorting the invading ectopla-
cental cone cells (Fig. 2c).

One day later, on 6.5  dpc, Cldn10-positive cells still 
closely surrounded the implantation chamber, but were 
also located throughout the secondary decidua (Fig. 2f, h). 
In this latter area, stained cells still were present at 8.5 dpc 
(Fig. 4g, h).

While no staining for Cldn3 protein could be observed 
in decidual cells at 4.5  dpc, sparsely distributed sin-
gle Cldn3-positive cells appeared in the developing 
decidua surrounding the implantation chamber on 5.5 dpc 
(Fig.  2a). On day 6.5  dpc, this staining pattern consider-
ably spread exhibiting different patterns of Cldn3 protein 
distribution in the different decidual compartments. While 
a reticular Cldn3 signal pattern was present in the inter-
mediate decidual zone adjacent to the mesometrial pole of 
the implantation chamber, a spotted cellular distribution of 
the Cldn3 protein signal was observed in the antimesome-
trial compact decidual tissue expanding radially toward the 
muscle layers (Fig. 2d).

Double immunofluorescence staining for Cldn3 and 
CD31 as an endothelial cell marker on 6.5  dpc revealed 
that the reticular staining pattern of Cldn3 protein in the 
intermediate decidual zone corresponds to that for CD31 
(Fig.  3b, c, e, g), pointing to an expression of Cldn3 in 
endothelial cells of the sinusoids which extended in the 
intermediate zone toward the ectoplacental cone from the 
mesometrial to the antimesometrial pole of the decidua.

In contrast, in the compact antimesometrial decidual 
zone Cldn3 (Fig.  3b, d) and CD31 (Fig.  3f) revealed a 
diverging staining pattern. Here, Cldn3 protein was dem-
onstrated in the epithelioid decidual cells, but not in CD31-
positive endothelial cells (Fig. 3h).

On 8.5  dpc, Cldn3 protein was equally distributed 
over the entire antimesometrial decidual zone (Fig. 4a, 
b). Double immunofluorescent staining for Cldn3 
and CD31 revealed that CD31 was present in the dila-
tated sinusoidal spiral arteries of the decidua, whereas 
Cldn3 staining was restricted to the decidual cells 
(Fig.  4c–e). Remarkably, at this stage of pregnancy in 
addition, trophoblast giant cells located at the fetal–
maternal interface exhibit a strong nuclear Cldn3 stain-
ing (Fig.  4b, d) as proven by immunofluorescence co-
localization studies with the nuclear-specific marker 
DAPI (Fig. 4e). In addition to their typical morphology 
revealing big nuclei, trophoblast giant cells were iden-
tified by cytokeratin staining (Fig.  4f). As mentioned 
above, at this stage of pregnancy still a moderate stain-
ing for Cldn10 was present in the compact antimesome-
trial decidual tissue (Fig. 4g, h).

Cldn3 and Cldn10 in cyclic human endometrium

Similar to the murine endometrium, also human endome-
trium showed Cldn3 protein staining in the glandular and 
in the luminal epithelium of the proliferative (Fig.  5a) 
as well as of the secretory phase (Fig.  5b). In contrast 
to mice, however, in both menstrual phases Cldn10 pro-
tein was present not only in the glandular but also in the 
luminal epithelium (Fig.  5c, d). No obvious differences 
in localization of both claudin proteins could be seen 
between the proliferative and secretory phases. No stain-
ing for Cldn3 or Cldn10 was detected in the stromal cells 
at both stages investigated.

Cldn3 and Cldn10 in the decidua basalis of first 
trimester human placenta

To determine whether claudins are expressed in decidual 
tissue of early human pregnancy, immunohistochemical 
staining was performed on placentas of the first trimester of 
pregnancy. HLA-G co-immunostaining was used to iden-
tify extravillous trophoblast cells. No Cldn3 protein was 
present in human decidual cells at all time points investi-
gated (Fig. 6a–i), but could be detected in the endothelial 
cells of the decidual vessels (Fig. 6a–c), comparable to the 
sinusoidal staining in the mouse decidua. Moreover, stain-
ing for Cldn3 protein was observed in the endometrial glan-
dular epithelial cells (Fig. 6d–f) as well as in extravillous 
trophoblast cells as identified by HLA-G staining (Fig. 6d–
i). Corresponding to the situation in murine trophoblast 
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giant cells, human extravillous trophoblast cells revealed 
Cldn3 staining which was detected in a perinuclear locali-
zation (Fig.  6d–i). While at this stage residues of uterine 
glands in the basal plate still showed a weak immunostain-
ing for Cldn10 (not shown), this claudin was not detectable 
in decidual or in trophoblast cells (Fig. 6j–l).

Discussion

Embryo implantation and decidualization in mice

In this study, we demonstrated a precisely regulated tem-
poral and spatial pattern of different tight junction claudin 

Fig. 2   Immunostaining of Cldn3, Cldn7 and Cldn10 in murine 
implantation sites on 5.5  dpc (a–c) and 6.5  dpc (d–h). On 5.5  dpc, 
the luminal epithelium of the implantation chamber has undergone 
apoptotic degeneration. Epithelial staining for Cldn3 (a) and Cldn7 
(b) only could be seen in areas of remaining luminal epithelium at 
the mesometrial pole of the implantation chamber (LE). In addition, 
sparsely distributed single Cldn3-positive cells appeared in the devel-
oping decidua surrounding the implantation chamber (a, arrows). 
Cldn10 remained strongly expressed in the epithelioid stromal cells 
of the primary decidual zone on 5.5 dpc (c). On 6.5 dpc, staining for 

Cldn3 spread considerably, demonstrating a reticular signal pattern 
in the intermediate decidual zone adjacent to the mesometrial pole 
of the implantation chamber, and a cellular distribution in the anti-
mesometrial compact decidual tissue expanding radially toward the 
muscle layers (d). Staining for Cldn7 was not detectable (e, g), while 
Cldn10- positive cells still closely surrounded the implantation cham-
ber, but were also located throughout the secondary decidua (f, h). g, 
h: Phase contrast images of e, f. LE luminal epithelium, IC implanta-
tion chamber, D decidua, IZ intermediate zone Bar 200 µm
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Fig. 3   Double immunofluorescence staining of Cldn3 and CD31 in 
murine implantation sites on 6.5 dpc. (a, b) Implantation site stained 
with HE (a) and immunofluorescence staining for Cldn3 (b). The 
reticular staining pattern of Cldn3 protein in the intermediate decid-
ual zone (c) corresponds to that for CD31 (e), pointing to an expres-
sion of Cldn3 in endothelial cells of the sinusoids which extend in 

the intermediate zone (g, merge). In the compact antimesometrial 
decidual zone, Cldn3 (d) and CD31 (f) revealed a diverging stain-
ing pattern. Here, Cldn3 protein was demonstrated in the epithelioid 
decidual cells, but not in CD31-positive endothelial cells (h, merge). 
IC implantation chamber, D decidua, IZ intermediate zone. Bar in a, 
b = 500 µm, bar in c–h = 50 µm
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Fig. 4   Immunofluorescence staining of Cldn3 and CD31 (a–e), 
cytokeratin (f) and Cldn10 (g, h) in murine implantation sites at 
8.5  dpc. On 8.5  dpc, Cldn3 was equally distributed over the entire 
antimesometrial decidual zone (a, b). In addition, trophoblast giant 
cells located at the fetal–maternal interface exhibited a strong Cldn3 
protein staining (b, d). Double immunofluorescent staining of CD31 
(c) and Cldn3 (d) revealed that CD31 was present in the dilatated 

sinusoidal spiral arteries of the decidua basalis, whereas Cldn3 
staining was restricted to the decidual cells (e, merge). Trophoblast 
giant cells were also identified by cytokeratin staining (f). A moder-
ate staining for Cldn10 still was seen in the cells of the secondary 
decidua (g, h). IC implantation chamber, D decidua, TGC trophoblast 
giant cells, CK cytokeratin. Bar in a, b =  400  µm, c–e =  100  µm, 
f = 80 µm, g = 200 µm, h = 50 µm
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proteins in the murine endometrium during embryo implan-
tation and decidua formation. Like in other tissues, also in 
the endometrium tight junctions guarantee cell polarity 
and regulate paracellular passage of ions and molecules, 
thus regulating luminal fluid composition supporting blas-
tocyst growth prior to implantation (Tsukita and Furuse 
2000). Claudins are directly involved in this barrier func-
tion (Gupta and Ryan 2010). While Cldn1, Cldn3, Cldn4, 
Cldn5 and Cldn7 have been shown in endometrial epithe-
lium of rats (Nicholson et al. 2010; Poon et al. 2013; Men-
doza-Rodgriguez et  al. 2005; Orchard and Murphy 2002) 
and human (Riesewijk et al. 2003; Pan et al. 2007; Gaetje 
et al. 2008; Serafini et al. 2009; Buck et al. 2012; Someya 
et al. 2013), up to now only Cldn1 and Cldn3 were demon-
strated in the uterine epithelium of mice (Wang et al. 2004; 
Liang et al. 2013). In the present study, Cldn3 and Cldn7 
were localized in the endometrial luminal and glandular 
epithelium of estrous mice and Cldn10 exclusively in the 
glandular epithelium. Cldn3 proteins were present at the 
basolateral membrane of the luminal epithelium, but inten-
sity of staining dominated at the apical cell pole. In con-
trast, immunostaining for Cldn7 mainly was seen basally 
at the basolateral membrane of the epithelial cells. This 
corresponds to the distribution of these two claudins as 
described before in rat endometrium (Mendoza-Rodriguez 
et al. 2005). The relevance for Cldn3, and especially Cldn7, 
distribution at the basolateral membrane is not yet under-
stood and might involve another function of these mol-
ecules not related to tight junction sealing (Mendoza-Rod-
riguez et al. 2005). Basally located claudin proteins on the 

one hand could constitute a protein reserve which can be 
rapidly mobilized to the apical part of the lateral membrane 
if necessary (Poon et al. 2013). Moreover, Cldn7 could play 
a role in tissue stabilization since it has been shown that 
it forms a protein complex with integrin alpha2 stabilizing 
this protein at the basolateral cell membrane (Ding et  al. 
2012), and may maintain epithelial cell attachment through 
interaction with integrin beta1 (Lu et al. 2015). This is sup-
ported by the finding that localization of Cldn7 protein is 
not restricted to epithelial tight junctions in epithelia of, 
e.g., intestine, nephron, and epididymis (Amasheh et  al. 
2011; Fujita et al. 2006; Inai et al. 2007) playing a role in 
stabilizing adhesion proteins at the basolateral cell surface 
(Poon et al. 2013). In addition, the presence of more than 
one claudin family member in individual cells may support 
flexibility and dynamic regulation of tight junction function 
(Gupta and Ryan 2010).

For the first time, we herein demonstrated Cldn10 pro-
tein in mouse endometrium, restricted to the glandular 
epithelium, showing a faint apical and a strong basolateral 
localization. Here claudins may be involved in control-
ling the paracellular pathway to regulate the homeostasis 
of glandular secretions. If the basolateral localization of 
Cldn10 represents a reserve which can be shifted to the 
tight junction strands or has a different function, besides 
tight junction sealing remains to be elucidated.

While the non-receptive uterine luminal epithelium 
forms an intact polarized epithelial barrier that is refrac-
tory to blastocyst invasion, organized dismantling of this 
barrier prior to implantation is a prerequisite for successful 

Fig. 5   Immunofluorescence 
staining of Cldn3 (a, b) and 
Cldn10 (c, d) in human endo-
metrium of the proliferative 
(PP) and secretory (SP) phase 
of the menstrual cycle. Cldn3 
and Cldn10 proteins were local-
ized in the apical part of the lat-
eral membrane in the glandular 
and luminal epithelium of the 
proliferative (a, c) and secre-
tory phase (b, d). No obvious 
differences in localization of 
both claudin proteins could be 
seen between the proliferative 
and secretory phases. No stain-
ing for Cldn3 or Cldn10 was 
detected in the stromal cells. 
LE luminal epithelium, GE 
glandular epithelium, S stroma. 
Bar in a, b = 100 µm, bar in c, 
d = 50 µm
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blastocyst attachment and invasion (Murphy 2004; Simard 
et al. 2005). At the time of blastocyst attachment at 4.5 dpc, 
we observed a shift of Cldn3 protein to the apical part of 
the lateral membrane of the luminal epithelium, whereas 
Cldn7 protein vanished in the epithelium of the implanta-
tion chamber. This partial dismantling of tight junctions 
may promote the epithelial-to-mesenchymal transition 
to enable blastocyst attachment (Murphy 2004; Simard 
et  al. 2005). Furthermore, the shift of basolateral protein 
reserve to the apically located tight junction complexes 

may maintain the barrier function of the luminal epithe-
lium during the initiation of the apoptotic cascade which 
is necessary for breakdown of the luminal epithelium in 
mice as a prerequisite for trophoblast invasion (Blanken-
ship and Given 1992). In the luminal epithelium adjacent to 
the implantation chamber, Cldn3 and Cldn7 were localized 
at the apical membrane pointing to a close tight junctional 
sealing in the vicinity of the implantation chamber possibly 
protecting the implanting blastocyst against harmful mater-
nal influences. The shift of Cldn3 proteins to the apical 

Fig. 6   Immunofluorescence staining of Cldn3 (a–i) and Cldn10 (j–l) 
in the decidua basalis of human first trimester placentas of week 8 
(a–f, j–l) and week 9 (g–i) of gestation. In placental tissue of 8th and 
9th weeks of gestation, abundant extravillous trophoblast cells were 
identified by HLA-G staining (e, h, k). Cldn3 protein was detected 
in vascular endothelial cells (V in a, c) and endometrial glandular 

epithelium (EG in d, f), but also in extravillous trophoblast cells as 
identified by HLA-G staining (d–i, arrows). No expression of Cldn10 
was observed neither in decidual nor in trophoblast cells (j–l). EG 
endometrial gland, V vessel. Bar in a–c, g–i: 100 µm, bar in d–f, j–l: 
60 µm
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part of the lateral membrane of the luminal epithelium is 
in accordance with previous studies in mice (Liang et  al. 
2013). A suppression of Cldn7 had been shown before dur-
ing pregnancy in rat by Poon et al. (2013) who postulated 
an exclusive hormonal regulation. However, our findings 
revealing a suppression of Cldn7 in the epithelium of the 
implantation chamber with a gradient toward the remain-
ing luminal epithelium point to an additional influence of 
a blastocyst signal. Since Cldn7 is able to inhibit the MEK/
ERK-signal pathway (Xia et al. 2014), the suppression of 
Cldn7 in the epithelium of the implantation chamber could 
enhance the sensitivity of the epithelial cells for apoptotic 
stimuli.

Following blastocyst attachment to the uterine epithe-
lium, the underlying uterine stromal cells proliferate and 
differentiate, resulting in decidualization which is criti-
cal for the establishment of early pregnancy (Lydon et al. 
1995; Das et al. 2009). This process starts with the forma-
tion of the avascular primary decidual zone surrounding 
the implanting embryo at day 4.5 pc (Enders and Schlafke 
1969; Rogers et  al. 1983). While no stromal signal for 
Cldn3 and Cldn7 was detected at this pregnancy stage, 
we here for the first time demonstrated a strong induction 
of Cldn10 protein in the epithelioid cells of the primary 
decidual zone already at 4.5 dpc, expanding at day 5.5 pc. 
This protein pattern of Cldn10 corresponds to that of the 
tight junction proteins occludin, ZO-1 and Cldn1 described 
previously in mouse decidua (Paria et al. 1999; Wang et al. 
2004). Normally, tight junctions are absent in stromal cells. 
After breakdown of the luminal epithelium at implantation, 
the stromal cells immediately surrounding the blastocyst 
assume epithelial-like characteristics to create a permeabil-
ity barrier protecting the developing embryo by regulating 
exchange between maternal and embryonal compartments 
(Parr and Parr 1986; Paria et  al. 1999; Wang et  al. 2004; 
Rogers et al. 1983). Here, the expression of tight junction 
proteins points to their role in epithelialization of the pri-
mary decidual cells. Normal fertility in occludin-deficient 
mice suggests that occludin is not crucial during pregnancy 
(Saitou et  al. 2000). Although the exact function of clau-
din-10 is still unknown, it seems to play a role in regulating 
cell migration in embryogenesis (Collins et al. 2015). Since 
the claudin family members have been shown to facili-
tate cell invasion and migration (Gonzalez-Mariscal et  al. 
2006), decidual claudins may play a role in early tropho-
blast invasion in addition to their role as a diffusion barrier.

From 5.5 dpc onward, cells of the primary decidual zone 
undergo programmed cell death (Joswig et  al. 2003; Tan 
et al. 2002), and by 6.5 dpc, decidualization has extended 
to the well-vascularized secondary decidual zone which 
is critical for trophoblast invasion and placenta formation 
(Enders and Schlafke 1969; Rogers et al. 1983; Das et al. 
2009). Throughout this secondary decidua, a moderate 

expression of Cldn10 was maintained. Interestingly, Cldn3 
proteins emerge at 5.5  dpc and spread considerably from 
6.5  dpc onward in the endothelial cells of the developing 
blood sinusoids of the decidual vascular zone. In contrast, 
at the antimesometrial region, it was exclusively present in 
the decidual cells of the compact decidual tissue expanding 
radially toward the muscle layers. These results extend the 
findings of Liang and co-workers who did not detect Cldn3 
protein prior to day 8 pc (corresponding to 7.5 dpc in the 
present study), and thus suggested that Claudin-3 is irrel-
evant for permeability barrier function (Liang et al. 2013). 
We here demonstrated a strong and distinct Cldn3 protein 
expression already on day 6.5 (corresponding to day 7 in 
Liang et al. 2013) which points to a role of this claudin at 
this developmental stage potentially contributing to angio-
genesis and placentation.

Decidual neovascularization occurs in the rapidly 
growing mouse uterus during early pregnancy just after 
implantation but before placentation and is promoted by 
ovarian hormones, factors secreted from decidual stromal 
cells as well as immune cells (Kim et  al. 2013). It starts 
with emerging of vascular sinusoids in the central region 
of the decidua intermediate between the mesometrial and 
antimesometrial parts of the decidua and proceeds with 
the development of a vascular network in the antimesome-
trial region (Kim et  al. 2013; Croy et  al. 2012). The role 
for Cldn3 in the different compartments of the decidua 
during early pregnancy is unknown. It was shown before 
that Cldn3-deleted mice were fertile; however, in these ani-
mals, significant less homozygous-deleted mice were born. 
Though they did not reveal impairment of the epithelial 
barrier for ions and small molecules in different organs, 
infiltration of lymphocytes seemed to be facilitated in 
these mice (Schröder 2013; Kooij et al. 2014). Differential 
expression of claudins has been suggested to be involved 
in the selectivity of inflammation-induced lymphoid cell 
tissue infiltration (Fernández-Blanco et al. 2015; Zimmerli 
and Hauser 2007), and Cldn3 is present in endothelial tight 
junctions of the blood–brain barrier (Wolburg et al. 2003). 
Thus, also in the new developing blood sinusoids of the 
early decidua, Cldn3 could establish an immunological bar-
rier to support fetal growth by protecting the embryo from 
immunoactive substances originating from the maternal 
circulation.

Remarkably, at 8.5  dpc, trophoblast giant cells located 
at the fetal–maternal interface exhibited a strong Cldn3 
protein staining at a nuclear localization. The terminally 
differentiated trophoblast giant cells form from the outer 
regions of the ectoplacental cone and surround the entire 
conceptus, producing specialized products contributing to 
various steps of implantation, including vasculogenesis 
and angiogenesis in the placenta (Torry et al. 2007; Cross 
et  al. 2002). Expression of Cldn3 mRNA in trophoblast 
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giant cells as well as in nuclei of decidual cells has been 
described before by in  situ hybridization (Liang et  al. 
2013), and nuclear staining for Cldn3 and Cldn1 proteins 
has been shown in colon carcinoma cell lines (Gusti et al. 
2014; Dhawan et al. 2005). Nuclear localization of several 
cell junction proteins (including β-catenin, ZO-1, ZO-2 as 
well as Cldn1) is known to be correlated with oncogenic 
transformation and cell proliferation (Islas et al. 2002; Got-
tardi et al. 1996; Reichert et al. 2000; Dhawan et al. 2005, 
French et al. 2009). Though the mechanisms for this remain 
to be elucidated, nuclear localization of Cldn3 could be 
involved in promoting the invasive behavior of trophoblast 
giant cells.

Human endometrial cycle and decidualization 
during early implantation

In human, endometrial epithelial cells display a typi-
cal polarized phenotype during the proliferative phase 
of the menstrual cycle and are transformed to a receptive 
state during the luteal phase characterized by morphologi-
cal and biochemical changes (Denker 1994; Nikas et  al. 
1995). In former freeze-fracture studies, tight junctions 
have been demonstrated in human endometrial epithe-
lial cells throughout the menstrual cycle (Iwanaga et  al. 
1985). More recent studies identified Cldn1, Cldn3, Cldn4, 
Cldn5 and Cldn7 mRNA or protein in human endometrium 
(Riesewijk et al. 2003; Pan et al. 2007; Gaetje et al. 2008; 
Buck et  al. 2012; Someya et  al. 2013; Sobel et  al. 2006). 
We here demonstrated the presence of Cldn3 protein in 
human endometrial luminal epithelium in addition to local-
ization in glandular epithelium as described before (Pan 
et al. 2007, Gaetje et al. 2008). Moreover, for the first time, 
we also identified Cldn10 protein in human endometrium 
which in contrast to mice was present in the glandular as 
well as in the luminal epithelium. Both claudins, Cldn3 
and Cldn10, showed a distinct apical staining revealing no 
obvious differences in staining intensity and localization 
throughout the menstrual cycle. A constant expression of 
different claudins throughout the menstrual cycle has been 
shown before (Gaetje et al. 2008; Sobel et al. 2006; Buck 
et  al. 2012). In human endometrium, a breakdown of the 
junctional complex during the luteal phase rather seems to 
be due to changes in desmosomal and adherens junction 
proteins than to claudin proteins (Buck et al. 2012; Sarani 
et al. 1999).

In mice, we demonstrated a distinct spatiotemporal 
expression pattern of Cldn3 and Cldn10 during deciduali-
zation. Like in rodents, also in human stromal decidualiza-
tion followed by hemochorial placentation is essential for 
successful pregnancy (Gellersen and Brosens 2003, 2014). 
Such early implantation stages, however, cannot be inves-
tigated in human due to ethical reasons. We therefore 

analyzed expression of these claudins in decidual tissue 
of first trimester placentas. Both claudin proteins were not 
detected in human decidual cells. It cannot be excluded, 
however, that these claudins only are expressed during the 
very first stages of embryo implantation and trophoblast 
invasion and that they are not present in the decidual tis-
sue thereafter. Moreover, in human, decidualization is 
under control of maternal progesterone irrespective of the 
presence or absence of a conceptus (Gellersen and Brosens 
2014), whereas in rodents it is coordinated by endometrial 
priming by ovarian steroid hormones and consecutively 
by the signaling interaction with the implanting blastocyst 
(Ramathal et al. 2010) which could be involved in regula-
tion of decidual claudin expression in mice.

Interestingly, in human first trimester placentas, Cldn3 
was present in endothelial cells as well as in extravil-
lous trophoblast cells which functionally correspond to 
trophoblast giant cells in mice (Cross et al. 2002). These 
extravillous trophoblast cells exhibit an invasive pheno-
type infiltrating the decidua and arroding maternal spiral 
arteries. Placental integrity can be affected by impaired 
interaction between the trophoblast and maternal uterine 
and vascular tissues in both the rodent and human pla-
centa. These disorders include early pregnancy loss, intra-
uterine growth restriction and preeclampsia (Damsky and 
Fisher 1998; Cross et al. 2002). The role of Cldn3 protein 
in these invasive extravillous trophoblast cells remains to 
be elucidated. They may be involved in regulation of inva-
sion and an establishment of an adequate placental blood 
supply.

In summary, we here showed a specific claudin signature 
during early decidualization in mice pointing to a role in 
decidual angiogenesis and regulation of trophoblast inva-
sion. Moreover, Cldn3 proteins are located in trophoblast 
giant cells in mice as well as extravillous trophoblast cells 
in humans and thus may have an impact on invasion capac-
ity of trophoblast cells in both species. This may be due to 
functions of these proteins independent from their localiza-
tion to tight junction complexes, e.g., regulating prolifera-
tion, differentiation and apoptosis, and may display options 
for effective therapeutic targets associated with failures in 
trophoblast invasion. Prospectively it is important to iden-
tify the physiologic relevance of this sophisticated pattern 
of cell-specific distribution of the different claudin spe-
cies in order to understand the impact that altered claudin 
expression may have on fertility.
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