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ABSTRACT

Gap junctions have an important role in cell-to-cell commu-
nication, a process obviously required for embryo implantation.
Uterine luminal epithelium (LE) is the first contact for an
implanting embryo and is critical for the establishment of
uterine receptivity. Microarray analysis of the LE from peri-
implantation mouse uterus showed low-level expression of 19
gap junction proteins in preimplantation LE and upregulation of
gap junction protein, beta 2 (GJB2, connexin 26, Cx26) in
postimplantation LE. Time course study using in situ hybridiza-
tion and immunofluorescence revealed upregulation of GJB2 in
the LE surrounding the implantation site before decidualization.
Similar dynamic expression of GJB2 was observed in the LE of
artificially decidualized mice but not pseudopregnant mice. To
determine the potential function of uterine gap junctions in
embryo implantation, carbenoxolone (CBX), a broad gap
junction blocker, was injected i.p. (100 mg/kg) or via local
uterine fat pad (10 mg/kg) into pregnant mice on Gestation Day
3 at 1800 h, a few hours before embryo attachment to the LE.
These CBX treatments disrupted embryo implantation, suggest-
ing local effects of CBX in the uterus. However, i.p. injection of
glycyrrhizic acid (100 mg/kg), which shares similar structure
and multiple properties with CBX but is ineffective in blocking
gap junctions, did not affect embryo implantation. Carbenox-
olone also inhibited oil-induced artificial decidualization,
concomitant with suppressed molecular changes and ultrastruc-
tural transformations associated with uterine preparation for
embryo implantation, underscoring the adverse effect of CBX on
uterine preparation for embryo implantation. These data
demonstrate that uterine gap junctions are important for embryo
implantation.

carbenoxolone, embryo implantation, gap junctions, uterine
luminal epithelium

INTRODUCTION

Gap junction proteins are the basic units of gap junctions,
which are intercellular membrane channels connecting the
cytoplasm of two neighboring cells to facilitate signal
propagation [1–4]. They are widely expressed in cells, and a
few of them have unique spatiotemporal expression patterns in
the uterus [2, 5–10]. The most studied gap junction proteins in
the uterus are GJB2/Cx26 and gap junction protein, alpha 1
(GJA1, connexin 43, Cx43). GJB2 is highly upregulated in the
uterine luminal epithelium (LE) at the implantation chamber,
and GJA1 is prominently localized in the decidual zone upon
implantation in the rodent uterus [11–14]. GJB2 is detected in
both luminal and glandular epithelial cells, and GJA1 is mainly
expressed in the stromal compartment from Days 11 to 15 of
the estrous cycle in the human uterus [15]. A similar expression
pattern is seen in the cycling baboon, but aberrant expression of
GJB2 is detected in the endometrium of the baboon model of
induced endometriosis, a pathological condition associated
with impaired embryo implantation [9].

Embryo implantation involves synchronized preparation of
a competitive embryo and a receptive uterus [16]. Luminal
epithelium is the first uterine contact for an implanting embryo,
and it goes through a series of morphological changes to
prepare for an embryo to implant into the uterine wall [17, 18].
Previously, we demonstrated that an LE-specific gene, Lpar3,
the third G protein-coupled receptor for lysophosphatidic acid
that is temporally regulated in the LE of peri-implantation
uterus, was critical for on-time preparation of a receptive uterus
in embryo implantation [19]. It was our rationale that genes
with altered expression levels in the LE during peri-
implantation could potentially be involved in uterine prepara-
tion for embryo implantation. Microarray analysis of Gestation
Day 3.5 (D3.5) LE (preimplantation) and D4.5 LE (post-
implantation) indicated that one of the gap junction proteins,
Gjb2, was upregulated 14-fold in D4.5 LE (Gene Expression
Omnibus number GSE44451). Time course in situ hybridiza-
tion revealed upregulation of Gjb2 in the LE at the implantation
site during the initial hours of embryo implantation before
decidualization became obvious. We hypothesized that Gjb2 in
the LE might have a role in embryo implantation. However, Dr.
Elke Winterhager’s group in Germany has not observed any
obvious defect in embryo implantation in their Pax8-Cre or
progesterone receptor (PR)-Cre-mediated Gjb2 conditional
knockout mice (personal communication).

As the building blocks of gap junctions, some individual
gap junction proteins have been shown to have essential in vivo
functions such as GJB2 for transplacental nutrition uptake [20],
GJB2 and GJB6/Cx30 for hearing [21], and GJA1 for
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decidualization and angiogenesis [22], as well as uterine
contraction and parturition [23–25]. However, no individual
gap junction protein has been reported to date to be essential
for embryo implantation. There are 19 gap junction proteins in
mice [4]. Considering the observations that one gap junction
can be formed by different gap junction proteins [26], that
deletion of one gap junction protein could lead to the
upregulation of another gap junction protein [27], and that
the function of one gap junction protein can be replaced by
another gap junction protein [21], we modified our hypothesis
to test the involvement of uterine gap junctions in embryo
implantation using the broad gap junction blocker carbenox-
olone (CBX) [5]. Because CBX has other functions such as
inhibition of 11b-hydroxysteroid dehydrogenase (11b-HSD)
and anti-inflammation [28, 29], we included glycyrrhizic acid
as a control. Glycyrrhizic acid shares similar structure and
multiple properties with CBX, including inhibition of 11b-
HSD [30] and anti-inflammation [28, 29], but is ineffective in
blocking gap junctions [5]. This study provides novel
information about gap junctions in uterine preparation for
embryo implantation.

MATERIALS AND METHODS

Animals

Wild-type (WT) (C57BL6 or C57BL6/129svj mixed background),
Lpar3(þ/�), and Lpar3(�/�) mice (C57BL6/129svj mixed background) were
generated and genotyped as previously described [19]. The mice were housed
in polypropylene cages with free access to regular food and water from water
sip tubes in a reverse osmosis system. The animal facility is on a 12L:12D cycle
(light from 0600 h to 1800 h) at 23 6 18C with 30%–50% relative humidity.
All methods used in this study were approved by the Animal Subjects Programs
of The University of Georgia and conform to National Institutes of Health
guidelines and public law.

Uterine Tissue Collection

From natural pregnancy. Young virgin (2 to 4 mo old) WT and Lpar3(�/�)

females were mated naturally with WT stud males and checked for a vaginal
plug the next morning. The day a vaginal plug was identified was designated as
D0.5. Females were euthanized with CO

2
inhalation. Uterine tissues from WT

females were collected on D3 at 1100 h (D3.5) and 2300 h; on D4 at 0100 h,
0400 h, 0600 h, and 1100 h (D4.5); on D5 at 1100 h (D5.5); and on D6 at 1100
h (D6.5). Uterine tissues from Lpar3(�/�) females were collected on D3.5, D4.5,
and D5.5.

From pseudopregnancy. Pseudopregnancy was induced by mating WT
females with vasectomized WT males. Uterine tissues were collected on
Pseudopregnant Day 3 at 1100 h (D3.5) and on Pseudopregnant Day 4 at 1100
h (D4.5).

From artificial decidualization. Artificial decidualization was induced as
previously described [31]. Blue dye reaction [32] was determined before
uterine collection on Pseudopregnant Day 3 at 2300 h (D3), on Pseudopregnant
Day 4 at 0600 h (D4), and on Pseudopregnant Day 4 at 1100 h (D4.5). At least
three mice were included in each time point.

CBX Treatment

Wild-type and Lpar3(þ/�) females, both of which have normal embryo
implantation [19], were used in the pregnancy (five groups) and pseudopreg-
nancy (two groups) studies. In the pregnancy study, the females were mated
with WT stud males and randomly assigned to five groups. On D3 at 1800 h,
three groups of females were injected i.p. with 100 ll of vehicle (50%
dimethyl sulfoxide in 13 PBS), 100 ll of CBX (20 mg/ml in vehicle, ;100
mg/kg of body weight; Sigma), or 100 ll of glycyrrhizic acid (20 mg/ml in
vehicle, ;100 mg/kg of body weight; Sigma). Implantation sites were
detected on D4.5 [19]. If no implantation sites were detected, the uterine
horns were flushed with 13 PBS to determine the presence of blastocysts.
Another set of mice from vehicle-treated and CBX-treated groups were
dissected on D7.5, and the uterine tissues were fixed in 10% formalin for
histology. Two groups of pregnant females were treated with vehicle or CBX
via uterine local fat pad injection [33–35] on D3 at 1800 h. Briefly, a mouse
was placed on its back under anesthesia with isoflurane inhalation, and a

small incision was made in the front right side. The uterine fat pad underneath
was gently pulled out (designated as the right side). Five microliters of vehicle
(with blue dye to monitor the injection) or CBX (40 mg/ml in vehicle, ;10
mg/kg of body weight) was injected at one or two spots into the adipose tissue
surrounded by uterine arteries. Implantation sites were detected on D4.5 [19].
The D4.5 uterine tissues were snap frozen and kept at �808C. In the
pseudopregnancy study, the females were mated with WT vasectomized
males and randomly assigned to two groups. Artificial decidualization was
induced by intrauterine oil infusion as previously described [31]. The mice
were then i.p. injected with 100 ll of vehicle or 100 ll of CBX (20 mg/ml in
vehicle, ;100 mg/kg of body weight) on Pseudopregnant Day 3 (D3) at 1800
h. On D4.5, artificial decidualization was detected using blue dye reaction
[31]. A part of the uterine tissues was processed for transmission electron
microscopy (see below), and the remaining uterine tissue was snap frozen. At
least three mice were included in each group.

Transmission Electron Microscopy

Uterine segments with blue dye reaction (if present) from vehicle-treated or
CBX-treated females with artificial decidualization were fixed in 2%
glutaraldehyde, 2% paraformaldehyde, 0.2% picric acid, and 0.1 M
cacodylate-hydrochloride buffer (pH 7.25) at 48C for 48 h. After washing
several times in 0.1 M cacodylate-hydrochloride (pH 7.25) buffer, the uterine
samples were postfixed in 1% osmium tetroxide in cacodylate-hydrochloride
(pH 7.25) buffer for 1 h and then washed several times in deionized water and
placed in 0.5% aqueous uranyl acetate for 1 h. After several more washes in
deionized water, the samples were dehydrated in an ethanol series (30%, 50%,
75%, 95%, 95%, 100%, and 100%) and cleared in acetone and propylene
oxide. The samples were then infiltrated gradually with a 1:1 mixture of
propylene oxide and epoxy resin before further infiltration with several changes
of 100% epoxy resin. The mesometrial side of the uterine horn was trimmed
off. The antimesometrial side was then orientated and embedded in a flat mold
for longitudinal sections. The embedded samples were polymerized in a 658C
oven for 24 h. One-micrometer sections from the embedded blocks were
obtained using an ultramicrotome (Ultracut S; Reichert) and a diamond knife
(Diatome). Sections were stained with 1% toluidine blue O in 1% sodium
borate and evaluated. Selected blocks were then processed for ultrathin
sectioning. Thin sections of 55–60 nm were obtained and placed on grids. After
poststaining with uranyl acetate and lead citrate, the grids were viewed with a
transmission electron microscope (JEM-1210; JEOL USA, Inc.) at 120 keV.
Images were obtained using a bottom-mount charge-coupled device camera
(XR41C; Advanced Microscopy Techniques).

In Situ Hybridization

In situ hybridization was performed as previously described [31, 36]. Sense
and antisense probes for Gjb2 were synthesized from the cDNA fragment
amplified with the following two primers: 1) mGjb2 e2F1, CAGCATTG
GAAAGATCTGG and 2) mGjb2 e2R1, GAAGACGGCTTCAAAGATG.

Immunofluorescence and Immunohistochemistry

Immunofluorescence was performed as previously described [37] except
that primary rabbit-anti-connexin 26 (1 lg/ml; Invitrogen) antibody was used.
The sections were counterstained with 0.01% 406-diamidino-2-phenylindole
dihydrochloride (Sigma). The sections from D3 WT at 2300 h and D4 at 0100
h, 0400 h, and 0600 h were also double-stained with a rat anti-integrin antibody
(a6 clone NKI-GoH3, MAB1378, 1:100 in 10% goat serum; Millpore) using
red fluorescence. Immunohistochemistry for PR was performed as previously
described [31].

Histology

Uterine histology was performed. The technique has been previously
described [37].

Statistical Analysis

Statistical analysis of the number of implantation sites was performed
using two-tailed, unequal-variance Student t-test. Fisher exact test was used
for analyzing the implantation rates. The significance level was set at P ,
0.05.
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RESULTS

Differential Expression of Gjb2 mRNA in the Uterine LE

Microarray data (Gene Expression Omnibus number
GSE44451) indicated that among the 19 gap junction proteins
Gjb2 was dramatically upregulated (14 fold) in the WT LE
from preimplantation D3.5 to postimplantation D4.5 (Fig. 1A).
Gjb2 mRNA was undetectable in the preimplantation D3.5
uterus (Fig. 1B) by in situ hybridization. In the D4.5 uterus,
intense Gjb2 expression was detected in the LE at the
implantation site (Fig. 1D), confirming the upregulation of
Gjb2 in the LE from D3.5 to D4.5 (Fig. 1, A, B, and D). In the
D5.5 uterus, the LE had disappeared from the implantation
chamber, and so had Gjb2 signal (Fig. 1, H and I). Gjb2 mRNA
was still strongly expressed in the LE near the implantation
chamber of D5.5 WT uterus (Fig. 1, F and H). It gradually
disappeared in the LE away from the implantation chamber
(Fig. 1, D and F).

Previously, we demonstrated that Lpar3(�/�) mice had
delayed implantation [19]. Gjb2 mRNA was undetectable in
the D3.5 Lpar3(�/�) uterus by in situ hybridization (Fig. 1C). In
the D4.5 Lpar3(�/�) uterus when blue dye reaction was not
obvious [19], low levels of Gjb2 mRNA were detected in some
LE cells surrounding the embryo (Fig. 1E). In the D5.5
Lpar3(�/�) uterus, some LE cells still remained in the
implantation chamber, and so did Gjb2 signal (Fig. 1G).
Temporal expression of Gjb2 mRNA in the Lpar3(�/�) uterus
indicates its delayed upregulation parallel with delayed
implantation (17). It also indicates that the upregulation of
Gjb2 mRNA has started before embryo attachment, indicated
by blue dye reaction (Fig. 1E) [32].

Upregulation of Gjb2 mRNA as a Main Mechanism of
GJB2 Protein Upregulation in the LE

Multiple events (e.g., embryo attachment and decidualiza-
tion) take place in the uterus from D3.5 to D4.5 [38]. How is
the upregulation of Gjb2 mRNA associated with GJB2 protein
expression and uterine preparation for embryo implantation?
To answer this question, the expression of Gjb2 mRNA and
GJB2 protein in serial sections from the same implantation
sites of the WT uterus was examined at the very early hours of
embryo implantation (D3 at 2300 h and D4 at 0100 h, 0400 h,
and 0600 h) using in situ hybridization and immunofluores-
cence, respectively. On D3 at 2300 h when blue dye reaction
was barely detectable [31], Gjb2 mRNA was detectable in the
LE at the implantation site (Fig. 2A), but GJB2 protein seemed
to remain at basal level (Fig. 2B). On D4 at 0100 h, stronger
expression of Gjb2 mRNA was detected in the LE at the
implantation site (Fig. 2C), and GJB2 protein was detected as
small punctuated dots in the LE with some diffuse cytoplasmic
staining (Fig. 2D). The upregulation of Gjb2 mRNA continued
on D4 at 0400 h in the LE at the implantation site (Fig. 2E).
Upregulation of GJB2 protein, shown as an increased number
of larger punctuated dots and diffuse cytoplasmic staining, was
parallel with that of Gjb2 mRNA on D4 at 0400 h (Fig. 2F).
Both Gjb2 mRNA (Fig. 2, G and I) and GJB2 protein (Fig. 2,
H and J), with the latter shown as more intense and much larger
punctuated dots but with less diffuse cytoplasmic staining,
reached a maximum on D4 at 0600 h when decidualization
became apparent [31]. On D4.5, D5.5, and D6.5, GJB2 protein
was detected at the implantation chamber (D4.5 only) and
surrounding LE, similar to Gjb2 mRNA (Fig. 1, D and F, and
data not shown). Gjb2 mRNA and GJB2 protein were
undetectable in the embryo from D3 at 2300 h to D6.5 (Fig.
2, A–J, and data not shown). These data demonstrate that

FIG. 1. Differential expression of Gjb2 (gap junction protein, beta 2,
connexin 26) mRNA in the peri-implantation mouse uterine LE. A)
Readings of gap junction proteins from microarray analysis of D3.5 and
D4.5 LE. Actb, b-actin, a housekeeping gene; *, one tenth of the readings;
Hprt1, hypoxanthine phosphoribosyltransferase 1, a housekeeping gene. n
¼ 3. Error bars represent SD. B–I) In situ hybridization of Gjb2 in D3.5 ;
D5.5 WT (þ/þ) uterus and Lpar3-deficient (�/�) uterus with delayed
implantation [19]. B) D3.5, þ/þ. C) D3.5, �/�. D) D4.5, þ/þ. E) D4.5,
�/�. F) D5.5, þ/þ, enlarged view from the red box in H. G) D5.5,�/�. H)
D5.5, þ/þ, low magnification (34), the dotted red box and blue box
shown in F and I, respectively. I) D5.5, þ/þ, enlarged view from the blue
box in H. Bars¼ 100 lm (B–G and I) and 500 lm (H). Red star, embryo;
GE, glandular epithelium; S, stroma; Dec, decidual zone.
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upregulation of Gjb2 mRNA is a key mechanism for GJB2
protein upregulation in the LE, that the upregulation of Gjb2
mRNA has already initiated when the embryo attaches to the
LE, and that the dramatic upregulation of Gjb2 mRNA happens
before decidualization.

Upregulation of GJB2 in the LE by Artificial Decidualization

GJB2 was not upregulated in the D4.5 pseudopregnant
uterus (data not shown) or the contralateral pseudopregnant
uterine horn without oil infusion (Fig. 2K and data not shown).
It was highly upregulated in the pseudopregnant uterine horn
with oil-induced artificial decidualization on D4 at 0600 h (Fig.
2L) and D4.5 (data not shown), with a spatiotemporal
upregulation pattern comparable to that of a pregnant uterus
(Fig. 2 and data not shown), indicating that oil can serve the
same role as an embryo in stimulating GJB2 expression in the
LE.

Gap Junction Blocker CBX Disrupting Embryo Implantation

To determine the involvement of uterine gap junctions in
embryo implantation, the broad gap junction blocker CBX was
administrated via i.p. injection (100 mg/kg of body weight) to
normal pregnant females on D3 at 1800 h. Implantation was
detected on D4.5 and on D7.5. Among the six CBX-treated
D4.5 pregnant uteri, one showed eight implantation sites (Fig.
3B), which appeared generally fainter, especially two of them,
than the ones in the vehicle-treated control (Fig. 3A), indicating
delayed implantation [31]. Five of the six CBX-treated
pregnant females had no detectable implantation sites on
D4.5 (Fig. 3, C and D), but healthy-looking hatched blastocysts
were flushed from the uteri (data not shown), indicating
disrupted embryo implantation. Three of these five uteri
appeared shorter than the vehicle-treated control (Fig. 3D).
At the same dose as CBX, glycyrrhizic acid did not affect
embryo implantation detected on D4.5 (Fig. 3E). There was no
significant difference in the implantation rate and the number
of implantation sites between the glycyrrhizic acid-treated
group and the vehicle-treated group, but the implantation rate
and the number of implantation sites detected on D4.5 in the
CBX-treated group were significantly lower than those in the
vehicle-treated group and the glycyrrhizic acid-treated group
(Fig. 3, F and G). On D7.5, all four vehicle-treated females had
implantation sites (Fig. 3H), but only one of the six CBX-
treated females had four implantation sites (Fig. 3I), which
appeared smaller than those in the vehicle-treated group.
Histology confirmed delayed embryo development at these
CBX-treated implantation sites (Fig. 3M) compared with that at
the vehicle-treated implantation site (Fig. 3L). The remaining
five CBX-treated D7.5 uteri did not have implantation sites and
had a shorter appearance (Fig. 3, J and K). Among them, one
had bloody segments (Fig. 3J). Histology indicated reabsorp-

FIG. 2. Upregulation of Gjb2 mRNA (via in situ hybridization, ISH) and
GJB2 protein (via immunofluorescence, IF) in WT mouse uterine LE during
early hours of embryo implantation (A–J) and GJB2 protein in the uterus
with artificial decidualization (K and L). A–J) The sections for in situ
hybridization and immunofluorescence at the same time point were from
the same implantation sites. In situ hybridization (left panel): dark brown
signal, Gjb2 mRNA. Immunofluorescence (right panel): green, GJB2
protein; blue, 406-diamidino-2-phenylindole dihydrochloride; red, inte-
grin. A) Gestation Day 3 at 2300 h, ISH. B) On D3 at 2300 h, IF. C) On D4
at 0100 h, ISH. This section likely cut through the uterine luminal
epithelial cells that cover the front view of the embryo, indicated by the
dark brown signals detected in the location of the embryo but no GJB2
stain on the embryo in the section from the same implantation site in D, as
well as no signal of Gjb2 or GJB2 on the embryos in A, B, and E–H. D) On

3

D4 at 0100 h, IF. E) On D4 at 0400 h, ISH. F) On D4 at 0400 h, IF. G) On
D4 at 0600 h, ISH, enlarged view of the dotted red box in I. H) On D4 at
0600 h, IF, enlarged view of the dotted red box in J. I) On D4 at 0600 h,
ISH, low magnification, the enlarged view of the dotted red box shown in
G, the enlarged views of the dotted yellow box and white box shown in
the two insets. J) On D4 at 0600 h, IF, low magnification, the enlarged
view of the dotted red box shown in H, the enlarged views of the dotted
yellow box and white box shown in the two insets. I and J) The insets
showing gradient expression of Gjb2 mRNA and GJB2 protein away from
the implantation site. K) GJB2 IF, D4 at 0600 h, intact uterine horn (Intact),
contralateral to the uterine horn in L. L) GJB2 IF, D4 at 0600, oil-infused
uterine horn to induce artificial decidualization (AD). Red star, embryo.
Bar ¼ 50 lm.
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tion of tissue protruding in the uterine lumen (Fig. 3N).
Carbenoxolone treatment decreased both the implantation rate
and the number of implantation sites detected on D7.5 (Fig. 3,
O and P).

To further demonstrate that the CBX affected embryo
implantation locally, CBX at 10 mg/kg of body weight, a dose
that was one tenth of the dose for i.p. injection (Fig. 3, B, D, I,
and K) but had no obvious effect on embryo implantation via
i.p. injection (data not shown), was delivered via local uterine
fat pad injection [33–35]. Vehicle injection did not affect
embryo implantation (Fig. 3Q), while all five CBX-injected
pregnant mice had local effects detected on D4.5. Three of
them showed delayed implantation on the injected side only
(Fig. 3R). Two of them had no implantation sites on both sides
(Fig. 3S). All five CBX-treated mice had different degrees of
uterine shortening on the injected side (Fig. 3, R and S). In situ
hybridization of Gjb2 on longitudinal sections crossing an
embryo revealed strong expression in the LE at an implantation
site from the uninjected side in Figure 3R (Fig. 3T), much
lower expression in the LE at an implantation site from the
CBX-injected side in Figure 3R (Fig. 3U), and no detectable
signal surrounding an embryo in the uterus in Figure 3S (Fig.
3V). These results demonstrate the local effects of CBX on the
uterus in disrupting embryo implantation and Gjb2 upregula-
tion in the LE.

Gap Junction Blocker CBX Inhibiting Artificial
Decidualization

Successful implantation involves both uterus and embryo.
To determine the potential effect of CBX on uterine
preparation for implantation, CBX (100 mg/kg of body weight)
was given via i.p. injection on D3 at 1800 h to pseudopregnant
females with oil infusion in one uterine horn to induce
decidualization. On D4.5, defined blue bands were detected
along the oil-infused uterine horn in the vehicle-treated group
(Fig. 4A). Blue dye reaction ranged from undetectable (Fig.
4B) to faint (Fig. 4C) in the oil-infused uterine horns in the
CBX-treated group, which also had a shortened uterine
appearance (Fig. 4, B and C). These data demonstrate the
suppressive effect of the gap junction blocker CBX on
artificially induced decidualization, indicating its adverse effect
on uterine preparation for embryo implantation.

Gap Junction Blocker CBX Inhibiting Gap Junction Protein
Expression in the LE

To determine the effect of CBX on gap junction protein
expression in the LE of the above oil-infused uterine horns,
GJB2 was used as an indicator. Vehicle treatment did not affect
the upregulation of Gjb2 mRNA (Fig. 4D) and GJB2 protein
(Fig. 4G) in the LE, but CBX treatment prevented (Fig. 4, E
and H) or suppressed (Fig. 4, F and I) the upregulation of both
Gjb2 mRNA and GJB2 protein, with the latter shown as
smaller dots (Fig. 4I) than those in the vehicle-treated LE (Fig.
4G).

To correlate the inhibiting effect of CBX on gap junction
protein expression in the LE, proline-rich acidic protein 1
(PRAP1) and PR were examined in serial sections. PRAP1 is
upregulated in the LE [36], and PR disappears from the LE [31]
upon decidualization. PRAP1 was intensely expressed in
vehicle-treated LE (Fig. 4J) but was barely detectable in
CBX-treated LE (Fig. 4, K and L). Progesterone receptor had
disappeared in the vehicle-treated LE (Fig. 4M) but remained
in the CBX-treated LE (Fig. 4, N and O). Both molecular

markers indicate no obvious decidualization in CBX-treated
uteri.

Gap Junction Blocker CBX Preventing LE Preparation for
Embryo Implantation

Semithin sections of the artificially decidualized uterine
horns (Fig. 4, A–C) revealed a prominent uterine luminal space
in the CBX-treated (Fig. 5, B and C) but not the vehicle-treated
uteri, in which the apposing uterine LE cells were in tight
contact with each other except at the site with an oil droplet
(from oil infusion to induce artificial decidualization) (Fig.
5A). There was a thicker stromal compartment but fewer
glands on the antimesometrial side, indicating decidualization,
in the vehicle-treated (Fig. 5A) versus the CBX-treated uteri
(Fig. 5, B and C). Figure 5C was sectioned from a uterine
segment with faint blue dye reaction in Figure 4C. Endometrial
edema, an event occurring between the initial blue dye reaction
and decidualization [38], was seen.

Transmission electron microscopy revealed detailed LE
morphology. In the vehicle-treated LE, the apical surface near
the oil droplet (Fig. 5A) had irregularly shaped apical
projections (Fig. 5D); apposing LE cells were tightly
interdigitated in the remaining area (Fig. 5G). In contrast, the
CBX-treated LE, from the most responsive situation (Fig. 4B)
to the least responsive situation (Fig. 4C), had regular
microvilli on the LE apical surface (Fig. 5, E and F). Although
apposing LE cells in the vehicle-treated control tightly closed
down upon each other, leaving no luminal space, there was a
small space between the neighboring LE cells on the same side
(Fig. 5G). This space was even more prominent in the area next
to the oil droplet (Fig. 5A and data not shown). In the CBX-
treated LE, the lateral margins of some adjacent cells had
interdigitating cytoplasmic processes closing the intercellular
space, while others had discernible intercellular space (Fig. 5,
H and I), which was narrower than that in the vehicle-treated
LE (Fig. 5G). These data demonstrate that CBX treatment
inhibits the transformation of the LE to prepare for embryo
implantation.

DISCUSSION

Using a pharmacological approach, this study demonstrates
that gap junctions are involved in uterine preparation for
embryo implantation. Spatiotemporal-specific gene knockout
mice provide a good in vivo model to analyze the definitive in
vivo function of an individual gap junction protein in embryo
implantation. Because there are 19 gap junction proteins in
mice that can form homomeric or heteromeric gap junctions
and because there are potential interplays among gap junction
proteins [4, 21, 26, 27], the lack of an embryo implantation
phenotype in mice deficient in individual gap junction proteins
such as GJA1 [22] and GJB2 (Dr. Elke Winterhager, personal
communication) could not rule out the involvement of gap
junctions as a functional unit in embryo implantation.
Therefore, a pharmacological approach using the broad gap
junction blocker CBX was a reasonable alternative strategy.

The most efficient way to deliver a drug to the uterus,
especially the LE, is to inject it into the uterine lumen.
However, disturbance of the uterine environment such as by
intrauterine devices [39] or by excessive leakage of fluid from
the fallopian tube to the uterine cavity in patients with
hydrosalpinx [40] could adversely affect embryo implanta-
tion. We had examined the effect of intrauterine delivery of
pharmacological compounds on embryo implantation. Unfor-
tunately, intrauterine delivery of vehicle at various volumes
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FIG. 3. Effects of CBX on embryo implantation via i.p. injection (100 mg/kg, A–P) and uterine fat pad injection (10 mg/kg, Q–V). A–E) Uterine images
from D4.5, i.p. injection. A) Vehicle treated. B) CBX treated, with six distinctive blue bands (red arrows) and two faint blue bands (red arrowheads), an
indication of delayed embryo implantation. C) CBX treated, with no implantation and normal length. D) CBX treated, with no implantation and shorter
appearance. E) Glycyrrhizic acid (GA) treated. F) Implantation rate on D4.5. G) Average number of implantation sites per mouse on D4.5. F and G) *P ,
0.05 compared with vehicle (Veh)-treated and glycyrrhizic acid (GA)-treated groups. Error bars represent SD. n¼4–6. H–K) Uterine images from D7.5, i.p.
injection. H) Vehicle treated. I) CBX treated, with four smaller implantation sites compared with vehicle-treated control (H). J) CBX treated, with no
implantation, shorter appearance, and bloody uterine segments (red brackets). K) CBX treated, with no implantation and shorter appearance. L–N)
Histology from D7.5 uteri. Hematoxylin-eosin stain. Bar¼100 lm. L) A section from an implantation site in H. M) A section from an implantation site in I.
L and M) Dec, decidual zone; *, embryo. N) A section from a bloody segment in J. **, Tissue in the uterine lumen (LU) being reabsorbed. O) Implantation
rate on D7.5. P) Average number of implantation sites per mouse on D7.5. O and P) *P , 0.05. Error bars represent SD. n¼ 4–6. Q–S) The D4.5 uterine
images from uterine fat pad injection on the right side, with black brackets indicating the approximate locations of the injected uterine fat pad. Q) Vehicle
injected. R) CBX injected, with implantation sites. S) CBX injected, with no implantation sites. T–V) Detection of Gjb2 mRNA by in situ hybridization on
longitudinal sections through an embryo in three areas indicated in R and S and processed on the same slide. *, Embryo. Bar¼100 lm. T) From the black
dotted rectangle in R. U) From the red dotted rectangle in R. V) From the red dotted rectangle in S. In A–E, H–K, and Q and R, the number
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could also disrupt embryo implantation, although to a much
lesser extent than some of the pharmacological compounds
tested. Uterine fat pad injection [33–35] can circumvent this
issue with intraluminal drug delivery. One limitation with
uterine fat pad injection in mice is the limited volume that can

be injected into the uterine fat pad, which is very small in
mice.

Carbenoxolone is a broad gap junction blocker with other
functions [41]. Glycyrrhizic acid shares similar structure with
CBX. It has many of the same properties as CBX, including

FIG. 4. Effects of CBX on artificial decidualization and uterine gene expression detected on Pseudopregnant Day 4.5. Artificial decidualization
(indicated by blue segments) was induced by oil infusion of the left uterine horn of pseudopregnant mice. The injection site for oil infusion is indicated by
a black arrow on uterine images in A–C. Fresh frozen longitudinal uterine sections (D–O) were cut in the orientation of mesometrial and antimesometrial.
Serial sections from a blue segment (indicating decidualization) of each uterus (except B) in A–C are lined under the same column with the same outline
(solid black from A, dotted red from B, solid red from C). A) Vehicle treated. B) CBX treated, representing the most suppressed decidualization upon CBX
treatment, with shortened appearance. C) CBX treated, representing the least effect of CBX treatment, with shortened appearance; red bracket, suppressed
decidualization. D–F) In situ hybridization detection of Gjb2 mRNA in vehicle (D) and CBX-treated (E and F) uteri. G–I) Immunofluorescence detection of
GJB2 protein in vehicle (G) and CBX-treated (H and I) uteri. J–L) In situ hybridization detection of proline-rich acidic protein 1 (PRAP1) mRNA in vehicle
(J) and CBX-treated (K and L) uteri. M–O) Immunohistochemistry detection of PR protein in vehicle (M) and CBX-treated (N and O) uteri. Red star, infused
oil droplet. Bar ¼ 50 lm.

3

below each uterus indicates the number of uteri (uterus) with similar appearance in the same treatment group over the total number of mice in the same
group; red arrows, implantation sites.
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anti-inflammation [28, 29], but it is ineffective in blocking gap
junctions [5, 42–44]. Therefore, glycyrrhizic acid has been
used as a control to determine the effect of CBX on gap
junctions [5, 42–44]. Because glycyrrhizic acid had no obvious
effect on embryo implantation, whereas CBX disrupted embryo
implantation, it is reasonable to conclude that the effect of
CBX on embryo implantation is mainly because of its effect on
gap junctions. Carbenoxolone has local effects on the uterus,
despite its unclear pharmacokinetics in mice. Limited data
indicate that in the adult human CBX is mainly bound to
plasma albumin and that the serum half-life of CBX after oral
intake is about 13–16 h [45]. Carbenoxolone has been widely
used in rodent models, and it has effects in different tissues
[46–48]. Consistent uterine local effects such as disrupted
implantation and uterine horn shortening were observed from
i.p. injection and local uterine fat pad injection (one tenth of the
i.p. dose) of CBX, indicating that CBX can reach the uterus.

Carbenoxolone can cause the uterus to be shorter and less
stretchable. This phenomenon serves as a unique indication for
the local effects of CBX on the uterus, especially via uterine fat
pad injection. This observation indicates that CBX has an
effect on uterine smooth muscles, which also express gap
junction proteins [23], and is in line with the involvement of
gap junction proteins in uterine contraction and parturition [23–

25]. The effects of CBX on embryo implantation and on uterine
length seem to be independent of each other because the former
mainly involves endometrium and the latter mainly involves
myometrium. In addition, not all CBX-treated mice with
disrupted embryo implantation had uterine shortening (Fig.
3C), and some CBX-treated nonpregnant mice (lack of
embryo) had uterine shortening (data not shown).

Because embryos also express gap junction proteins [6] and
embryo implantation involves both embryo and uterus, how
can the effects of CBX on embryo versus uterus in embryo
implantation be differentiated? To answer this question, we
used an artificial decidualization mouse model, in which
embryos were removed from the equation and replaced with
intrauterine oil infusion to induce decidualization. Carbenox-
olone treatment completely blocks or partially suppresses blue
dye reaction, demonstrating that the gap junction blocker can
adversely affect uterine preparation for embryo implantation.
Blue dye reaction is caused by increased local capillary
permeability in the stromal compartment at the implantation
site upon embryo attachment to the LE [32, 49]. Because blue
dye reaction became detectable about 6–8 h before decidual-
ization became detectable [31] and because no obvious
decidualization was observed in the CBX-treated uteri in the
artificial decidualization model (Figs. 4 and 5), any potential

FIG. 5. Pseudopregnant Day 4.5 uterine structure of artificially decidualized uterus upon vehicle or CBX treatment. Uterine tissues were fixed for
transmission electron microscopy. Solid black outlined images (A, D, and G) are from the vehicle-treated left uterine horn in Figure 4A. Dotted red line
outlined images (B, E, and H) are from the CBX-treated left uterine horn in Figure 4B. Solid red line outlined images (C, F, and I) are from an area with blue
dye reaction in the CBX-treated left uterine horn in Figure 4C. Longitudinal sections were cut in the orientation of mesometrial (top) and antimesometrial
(Anti-M, bottom). A–C) Semithin uterine sections. A thicker stromal compartment is seen in A. Uterine lumen is open in B and C. Stromal edema is
obvious in C. Red star, oil droplet. Bar ¼ 100 lm. D–F) Ultrastructure of the apical surface of the uterine LE. Note the irregular projections (black
arrowhead) on the apical surface of the vehicle-treated LE in D, which is from the area indicated by the red arrow in A. The apical surface of the CBX-
treated LE is covered by thin, regular microvilli (black arrowhead) in E and F. Bar¼ 1 lm. G–I) The LE structure. Bar¼ 10 lm. Red arrow, intercellular
space between neighboring LE cells on the same side; red arrowhead, lipid droplet. G) The LE from the area indicated by the black arrow in A of a vehicle-
treated uterus. The uterine lumen, indicated by the black arrowheads, is tightly closed by interdigitating cytoplasmic processes of the apical surface of the
apposing LE cells. H) The LE from a CBX-treated uterus in B. I) The LE from a CBX-treated uterus in C. GE, glandular epithelium; S, stromal cell; Dec,
decidual cell; Myo, myometrium.
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effect of CBX on decidual angiogenesis could not have had a
major role on the disrupted early uterine preparation for
embryo implantation initiation.

Uterine preparation for embryo implantation mainly in-
volves the LE and stromal compartments. Because CBX is a
nonspecific gap junction blocker and because there are gap
junction proteins in both the LE and stromal compartments,
gap junctions of which uterine compartment contribute to
implantation initiation? Blue dye reaction, which becomes
detectable upon embryo attachment to the LE several hours
before decidualization in mice [31], can be used for our
deduction. Before implantation, the expression of gap junction
proteins in the uterus is suppressed [6, 11, 50]. On implantation
initiation, GJB2 is dramatically upregulated in the LE before
GJA1, the main gap junction protein in the stromal
compartment, becomes detectable in the decidual zone (data
not shown) [22]. It is expected that the major effects of CBX on
gap junctions in the LE would be hours earlier than those in the
decidual zone. If blue dye reaction does not occur or is faint
without obvious decidualization upon CBX treatment, the
effect of CBX on the LE most likely contributes to suppressed
uterine preparation for implantation. Therefore, it is reasonable
to conclude that gap junction proteins in the LE are involved in
uterine preparation for embryo implantation. Although Gja1-
deficient mice do not have defects in embryo implantation [22],
any potential adverse effect of CBX on gap junction proteins in
the stromal compartment during early hours of implantation
cannot be ruled out.

What is the potential significance of gap junctions in the LE
at the implantation site? One study [51] suggests that GJB2
upregulation in the LE could form a distinct communicating
compartment for coordinated LE apoptosis in the implantation
chamber. However, only a few apoptotic LE cells were
detected at the implantation chamber on D4.5 [51, 52]. A
uterine ultrastructure study [18] indicates that the loss of the LE
at the implantation chamber is mainly caused by trophoblasts
that interpose between the LE cells and the basal lamina to
phagocytose the LE at the implantation chamber. It is possible
that gap junctions in the LE of the implantation chamber may
also facilitate the interposition of trophoblasts during the initial
implantation process. Because gap junction proteins such as
GJB2 have a negative effect on the epidermal barrier [53], it is
speculated that increased gap junctions in the LE at the
implantation site might be associated with disruption of the
barrier (and/or increased permeability) in the LE. This may
assist the reabsorption of uterine fluid during the early hours of
implantation, facilitating uterine lumen closure to lock in the
implanting embryo. This speculation can be supported by the
observations that there is local edema at the implantation site
between the initial blue dye reaction and decidualization [31,
38] and that CBX treatment prevents uterine lumen closure.
The above observations also imply that gap junctions in the LE
might relay the stimulus (embryo or nonembryo) from the
uterine lumen to the stroma of a receptive uterus to induce
decidualization.

In summary, this study demonstrates that the broad gap
junction blocker CBX can disrupt uterine preparation for
embryo implantation. Our findings show that uterine gap
junctions are important for implantation.
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