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Abstract Reproductive organs are complex and well-

structured tissues essential to perpetuate the species. In

mammals, the male and female reproductive organs vary

on their organization, morphology and function. Connec-

tivity between cells in such tissues plays pivotal roles in

organogenesis and tissue functions through the regulation

of cellular proliferation, migration, differentiation and

apoptosis. Connexins and pannexins can be seen as major

regulators of these physiological processes. In the present

review, we assembled several lines of evidence demon-

strating that these two families of proteins are essential for

male and female reproduction.
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Abbreviations

ATP Adenosine triphosphate

BTB Blood–testis barrier

cAMP Cyclic adenosine monophosphate

Cx(s) Connexin(s)

EVT Extravillous cytotrophoblast

FSH Follicle-stimulating hormone

GJIC Gap junctional intercellular communication

hCG Human chorionic gonadotropin

LH Luteinizing hormone

Panx(s) Pannexin(s)

PGCs Primordial germ cells

PTM Peritubular myoid

ZO-1 Zonula occludens 1

Introduction

Mammalian reproductive systems, essential to perpetuate

the species, are different in males and females in terms of

organization, morphology and functions. These differences

are required to produce the two different male and female

gametes, the spermatozoa and the oocyte.

Testes are male gonads having both an endocrine and an

exocrine function. The endocrine function is characterized

by the synthesis of androgens, which mainly takes place in

Leydig cells. On the other hand, the exocrine function

occurs in the seminiferous tubules, where spermatogonia

proliferate, become spermatocytes by entering meiosis,

and, at the end of meiosis, spermatids differentiate into

spermatozoa [1]. During this process, termed spermatoge-

nesis, the developing germ cells migrate towards the lumen

of the seminiferous tubules and therefore need to cross the

blood–testis barrier (BTB), which is formed by adherens,

tight and gap junctions between Sertoli cells. Proliferation

and differentiation of germ cells are supported by Sertoli

cells that provide nutrients to germ cells. Moreover, the

dialog between Sertoli cells and germ cells is critical to

orchestrate the maturation of the latter, which allows the
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release of numerous mature spermatozoa in the lumen of

seminiferous tubules. Importantly, spermatogenesis is a

process highly regulated in space and time through endo-

crine and paracrine effectors and direct cell-to-cell

interactions via gap junctions [2]. Interestingly, numerous

connexins (Cxs), the single units that form gap junctions,

were identified in the testes. In addition, some studies

reported the expression of pannexins (Panxs), the single

units of pannexin-based hemichannels. There is now clear

evidence that Cxs and Panxs tune several key physiological

functions, such as cell proliferation, differentiation and

apoptosis that play pivotal role in testes functions.

The ovary is the female homologue of the testis and also

acts as an endocrine organ. Cyclically, it releases an ovum

that may be fertilized by a spermatozoon. The ovarian

follicle is the functional structural unit of the ovaries and is

composed of an oocyte surrounded by supporting granulosa

and theca cells. In contrast to the male system, the ovary

contains a limited number of follicles that have the ability

to develop and release a mature egg [3]. This process,

called folliculogenesis, is critically regulated by gap junc-

tional intercellular communication (GJIC) between the

oocyte and the granulosa cells.

The uterus is a unique organ that allows implantation of

the embryo and formation of the first fetal organ, namely

the placenta. During implantation and placentation, various

Cxs play key roles in regulating cell lineage differentiation,

proliferation and invasion in several uterine and placental

tissues. It is now clear that gap junctions take over

important roles in the development of this complex feto-

maternal unit and in establishing a successful pregnancy.

Finally, during labor, coordinated contractions of the uterus

enable expel of the fetus. For this process, electrical cou-

pling of uterine smooth muscle cells at the end of

pregnancy is required, which is undoubtedly achieved by

the formation and function of gap junctions [4–9].

Gap junctions are membrane-spanning channels that

permit the direct cytosolic exchange of small molecules

between two adjacent cells [10]. A large set of molecules,

such as short peptides, amino acids, ions and second

messengers, like cyclic adenosine monophosphate (cAMP)

and inositol 1,4,5-trisphosphate, can be exchanged through

this intercellular communication system [11]. The channels

are built up by two opposing hemichannels or connexons

provided by adjacent cells. A connexon is a hexamer of

Cxs. The Cx family consists of 21 isoforms in humans [12].

The structure of Cxs is well-known with 4 transmembrane

domains, 2 extracellular loops, a cytoplasmic loop, and

both amino- and carboxyl-domains cytosolic. The traf-

ficking of Cxs and connexons from the endoplasmic

reticulum to the plasma membrane and their degradation

and recycling has been broadly studied [13], and requires

the involvement of numerous protein–protein interactions

[14, 15]. The trafficking and the interaction with their

protein partners are central for the regulation of Cx func-

tion [13, 14]. Panxs are a family of vertebrate glycoproteins

discovered based on their homology to the invertebrate gap

junction proteins named innexins [16]. This family is

currently composed of 3 isoforms that predominantly exist

as large transmembrane channels, which connect the

intracellular and extracellular space and thereby permit the

passage of signaling molecules, such as adenosine

triphosphate (ATP) and ions [17].

In the present paper, we critically review the current

knowledge on the expression of Cxs and Panxs as well as

their functions in male and female reproductive organs.

Role of connexins and pannexins in male
reproductive organs

Connexin and pannexin expression

The testis is a male organ composed of several cell types

interconnected through GJIC, allowing the organization of

these cells in a well-structured tissue. Importantly, the

isotypes of Cxs, which compose the gap junctions, vary

depending on the cell types, the species and the develop-

mental stages. Here, we will focus on the expression

pattern of Cxs and Panxs within the testis, the epididymis,

the seminal vesicles, the prostate and the corpus

cavernosum.

Testis

In the testis (Fig. 1), within the interstitial compartment

that resides in the space between seminiferous tubules,

Leydig cells were found to express exclusively Cx43 in

different species, such as human, mouse, rat, guinea

pig, European bison, stallion and mink [18–23]. Similarly,

in rat Leydig cells, the only Panx isoform detected is

Panx3 [24]. The interstitial compartment expresses

another Cx isoform, namely Cx37, which was specifically

detected in endothelial cells present around blood vessels

[18].

In rodent seminiferous tubules, located at the basis of

the tubules, the peritubular myoid (PTM) cells were found

to express mRNAs encoding Cx26, Cx31, Cx37, Cx40,

Cx43 and Cx45 [18, 25]. However, only Cx43 was so far

detected at the protein level in those cells [18, 26]. In rat,

PTM cells also express several alternative splicing tran-

scripts of Panx1 [24]. In Sertoli cells, the most important

somatic cells in the seminiferous tubules due to their

function as nurturing the germ cell lineage, several Cx

isoforms were found to be expressed at mRNA and protein

levels. Indeed, mRNAs for Cx26, Cx31, Cx32, Cx33,
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Cx37, Cx40, Cx43 and Cx45 were found in rodents [25, 27,

28], whereas only Cx26, Cx32, Cx33, Cx43 were detected

at the protein level [18, 26, 27, 29, 30]. Cx43 was found in

Sertoli cells of numerous species, like human, mouse, rat,

pork, brook trout and dog [26, 31–34].

In the rodent germ cell lineage, Cx31, Cx33, Cx43 and

Cx50 were found in spermatogonia [25, 28, 35, 36]. Cx26,

Cx31, Cx32, Cx33, Cx37, Cx40, Cx43, Cx45 and

Cx50 have been detected in spermatocytes [25, 35], and

Cx26, Cx32, Cx33, Cx37, Cx40, Cx43, Cx45 and Cx50

in spermatids [25, 27, 28, 37]. For other species, however,

the knowledge on Cx expression in germ cell lineage is

highly limited, since only few studies were performed.

Cx43 was detected in human and dog germ cells [33, 34,

38].

During testis development, the expression pattern of Cxs

may vary. A single study determined mRNA transcripts for

Cxs in 17.5 days postcoitum developing mouse gonads

[39]. This study revealed that fetal testes express Cx26,

Cx30.3, Cx31, Cx31.1, Cx37, Cx40, Cx45 and Cx46

mRNA. It is noteworthy that Cx32 and Cx50 are unde-

tectable in fetal testis, even if they are present in adult testis

[39]. Interestingly, the localization of some Cx isoforms

changes during fetal testis development. Indeed, from birth

to puberty maturation in rat testes, Cx43 protein expression

patterns shift from the apical to the basolateral regions of

seminiferous tubules [40]. Similarly, expression patterns of

Cxs during the different stages of spermatogenesis, char-

acterized in the seminiferous epithelium by the association

of specific germ cells, are also subject to variation in

rodents and human [26, 33]. Indeed, the expression of

Cx43 decreases in human seminiferous tubules at stages II

and III when spermatocytes cross from the basal to the

adluminal compartment [33]. In rat seminiferous tubules,

the expression of Cx43 strongly drops at stages IX and X

[26].

Fig. 1 Connexin and pannexin expression in the testis. The tables

summarize the presence of the different Cx and Panx isoforms, which

have been identified in the interstitial compartment (gray table), the

seminiferous tubules (green table) and the germ cell lineage

(blue table) of various species. The red rectangles represent gap

junctions
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Epididymis

Cx26, Cx30.3, Cx31.1, Cx32 and Cx43 are detectable in

the epididymis [41, 42]. This single tightly coiled tube,

connecting the efferent ducts from the rear of each testis to

the ductus deferens, is composed of 3 segments identified

as the caput, the corpus and the cauda. Importantly, the

expression of these Cxs within the epididymis is segment-

dependent and age-dependent [41]. Indeed, in the proximal

region of the epididymis, the expression of both Cx26 and

Cx43 is highly elevated in young rats and dramatically

decreases during epididymis maturation, whereas both

Cx32 and Cx31.1 productions are increasing (Fig. 2). On

the other hand, in the cauda, Cx31.1 expression peaks

28 days postnatal and Cx32 amounts culminate 60 days

postnatal. Cx43 is stably expressed and Cx26 is barely

detectable. Two pannexins, Panx1 and Panx3, are found

within the epididymis. As for Cxs, the Panxs are also dif-

ferentially distributed through the cell types and along the

epididymis. Indeed, Panx1 is located in smooth muscle

cells all along the epididymis, but its expression in the

principal cells is mainly restricted to the caput segment. On

the other hand, Panx3 is mostly found in Halo cells and at

the apical side of the principal cells [24].

Seminal vesicles

The seminal vesicles are a pair of tubular glands located

within the pelvis under the urinary bladder. These seminal

vesicles produce a significant amount of fluid for the

Fig. 2 Schematic

representation of connexin and

pannexin expressions along the

epididymis during aging. The

top panel is a scheme of the

localization of gap junctions and

Panxs within the epididymis

epithelium. The bottom panel is

a graphical representation of Cx

isoform expression related to

age and epididymis position.

Two distinct parts of the

epididymis, namely the

caput/corpus and the cauda, are

represented on a gray tube.

Maturation from young rodent

epididymis to adult and mature

epididymis is schematized by an

arrow from top to bottom.

Expression levels for each

connexin isoform are

represented by the blue column

proportionally varying in

thickness
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semen. Only a single study revealed the presence of Cx32

in the epithelial cells of these glands [43]. To date, no study

has been performed to analyze the expression pattern of

Panxs in seminal vesicles.

Prostate

The prostate is an endocrine gland composed in majority

by two cell types, namely epithelial and mesenchymal

cells. The epithelial cells participate in the formation of the

ducts and the acini, whereas the mesenchymal cells con-

stitute the stroma. In neonatal rat prostate, the yet

undifferentiated epithelial cells were found to express

Cx43 at the protein level, whereas the mesenchymal cells

do not express this Cx isoform. Ten days after birth, the

expression of Cx43 has been detected as gradiently

changing in developing epithelial ducts. Indeed, when

epithelial ducts start to form a lumen around day 15, the

expression of Cx43 is restricted to basal epithelial cells.

Interestingly, during the reduction of Cx43 production in

epithelial ducts, the expression of Cx32 rises. Afterwards,

Cx43 decays during maturation of the prostate with con-

comitant increasing Cx32 expression. Colocalization

analyses revealed that Cx32 and Cx43 are not expressed in

the same cell types. Thus, Cx43 is expressed in prostatic

basal cells, whereas Cx32 is mainly harbored by differen-

tiated luminal cells [44, 45]. In human prostate, the

presence of both Cx32 and Cx43 was also reported [46].

Cx43 is detected in smooth muscle interstitial cells of the

human prostate [47]. Today, there is no evidence for the

presence of Panxs in prostate tissue.

Penis

The corpora cavernosa and corpus spongiosum are penis

tissues required for erectile function. These expendable

sponge-like tissues, positioned along the penis, are filled

with blood during penile erection. The smooth muscle cells

in the human corpus cavernosa express Cx43 [48, 49]. At

present, it is not known whether Panxs are expressed in the

corpus cavernosa.

Implications for male reproductive organogenesis

Organogenesis is a multistep process that requires cellular

migration, proliferation and polarization. However, these

cellular processes need to be highly controlled in space and

time allowing the formation of well-structured organs. In the

fetus, the primordial germ cells (PGCs) start to migrate from

the umbilicus cord towards the genital ridge. To successfully

achieve this migration, PGCs exploit an intrinsic motility

program and external guidance cues [50]. Because gap

junctions were found to play pivotal roles in neural crest cell

migration [51], they are likely to participate in PGC migra-

tion. Interestingly, PGCs express Cx43 during their

migratory stage to the genital ridge [52]. Strengthening a

potent role in migration, mice fetuses lacking Cx43 exhibit a

decreased number of PGCs in the genital ridges [53].

Although this was not yet confirmed in mammals, a study

performed in Drosophila demonstrates that the knockout of

an orthologue/paralogue protein of Cx and Panx, namely

innexin4, leads to a defect in PGC migration [54].

The development of the testes also requires intensive

Sertoli cell proliferation, which will support the interaction

with the germ cell line during spermatogenesis. Our group

demonstrated that experimental blockage of GJIC through

a pharmacological approach using oleamide and alpha

glycyrrhetinic acid alters proliferation of a Sertoli cell line

[55]. Subsequently, we confirmed that both Cx43 and Cx32

are implicated in the control of Sertoli cell proliferation by

using a specific mimetic peptide approach in primary cul-

tures of rat Sertoli cells [36].

An organ is not just a mass of the correct cell number,

but relies on a well-defined cell organization. This orga-

nization is highly controlled through adherens and tight

junctions that shape both the cellular polarization and the

interface between the cells. In a transgenic mouse model

deficient for Cx43 specifically in Sertoli cells, we reported

reduction of zonula occludens 1 (ZO-1) production along

with a strong increase in N-cadherin, beta-catenin and

occludin protein levels [56]. This effect, recently confirmed

for occludin [57], is cell-autonomous, since similar results

were obtained in vitro in a Sertoli cell line [56]. Therefore,

GJIC can be seen as a hub of signaling events controlling

the essential proteins of the BTB. In addition, a study

revealed that Cx43 is an essential player for tight junction

reassembly at the BTB through its cyclic remodeling that

occurs during spermatogenesis [58].

Implications for endocrine functions

Male steroid hormone synthesis, also termed steroidogen-

esis, which occurs within the testis, plays a pivotal role in

the development of the organism. Indeed, the sexual hor-

mones secreted during this process control primary and

secondary sexual differentiation and sexual behavior.

Under the control of the luteinizing hormone (LH),

released by the anterior pituitary, Leydig cells, located

between the seminiferous tubules near the blood vessels,

synthesize and secrete testosterone. Through the androgen

and follicle-stimulating hormone (FSH) receptor, both

testosterone and FSH, released by the pituitary gland, act in

synergy on Sertoli cells to push the secretion of inhibin.

Gap junctions are found in these two cell types and several

lines of evidence highlight Cxs and Panxs as goalkeepers in

steroidogenesis production [24, 59].
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The first evidence for a potential link between gap

junctions and Leydig steroidogenesis comes from the fact

that LH treatment of the TM3 Leydig cell line decreases

GJIC [60]. In accordance, another study demonstrated that

both LH and human chorionic gonadotropin (hCG) hor-

mones are modulating this process via cAMP, Cx43

expression and GJIC [61]. This role of LH and hCG in

GJIC regulation was further confirmed in vivo [20].

Stronger evidence was revealed by the work of Li and

collaborators, who observed a dramatic reduction of

testosterone synthesis in Leydig cells treated with car-

benoxolone, a general inhibitor of GJIC [62]. Nevertheless,

the Cx isoform involved in this process remains to be

determined. Grafting testes from Cx43 knock-out mice

under the kidney of castrated adult mice have allowed to

determine in vivo that Cx43 is not involved in Leydig cell

steroidogenesis [63]. However, the observation that dye

coupling in that system was maintained between Leydig

cells lacking Cx43 suggests a role of Cx isoforms other

than Cx43 [63]. In fact, the involvement of other Cxs was

recently confirmed in a study showing the presence of

Cx36 and Cx45 in Leydig cells in addition to Cx43.

Simultaneously, it was found that specific blockage of

Cx36-based and Cx45-based GJIC, but not of Cx43-based

GJIC, alters Leydig cell steroidogenesis [62]. Interestingly,

immunolocalization revealed that Cx36 is present at cell–

cell contacts, whereas Cx45 resides in the cytosol. This

result suggests that Cx36 is the only Cx isoform that reg-

ulates steroidogenesis through gap junction coupling.

However, recent reports indicate that Cxs are also able to

control cellular functions through mechanisms independent

of GJIC [64]. Therefore, the involvement of Cx45 in

steroidogenesis, independent of gap junction coupling, still

remains to be elucidated.

The role of Panxs in steroidogenesis has not yet been

studied. The only Panx isoform present in Leydig cells is

Panx3, but its function in these cells is presently undeter-

mined. Interestingly, in the epididymis, the expression of

Panxs parallels that of the androgen receptors [24], sup-

porting a possible link between Panxs and steroidogenesis.

In Sertoli cells, the membranous expression of the andro-

gen receptors fulfills a key function in synergizing the

effects of FSH. Of note, androgen receptor levels are

strongly reduced in Sertoli cells isolated from testes of

Sertoli cell-specific Cx43 knock-out mice [65], suggesting

a role for Cx43 in androgen receptor signaling pathways.

Implications for spermatogenesis

Spermatogenesis is a physiological process that produces

spermatozoa from spermatogonia through cellular prolif-

eration and differentiation. This process highly depends on

the communication between Sertoli cells and germ cells.

Our group demonstrated that GJIC occurs among Sertoli

cells, between Sertoli cells and spermatogonia and between

Sertoli cells and early and late spermatocytes, but not

between Sertoli cells and spermatids [66]. In addition, we

found that communication between Sertoli cells and sper-

matogonia is unidirectional from the somatic cells to the

specific germ cells [66].

GJIC among Sertoli cells is essential in the control of

the balance between Sertoli cell differentiation, prolifera-

tion and apoptosis [37, 55, 64]. After confirming this effect

in primary cultures of Sertoli cells, we demonstrated that

both Cx43 and Cx32 are involved in the control of Sertoli

cell differentiation [36]. This physiological role of Cx43

was further confirmed in a more recent study showing that

not only the expression of Cx43 is required, but in addition

that phosphorylation of this Cx at serine368 could be a key

event to complete Sertoli cell differentiation [67]. Using a

Sertoli cell-specific Cx43 knock-out mice model, two

independent groups showed in parallel that Cx43 is crucial

for Sertoli cell function [68, 69]. In accordance with our

studies, proliferation of Sertoli cells lacking Cx43 was

strongly increased [68, 69]. More recently, using the same

mouse model, it was found that acute proliferation of

Sertoli cells lacking Cx43 is due to failure of these somatic

cells to differentiate [70].

GJIC between Sertoli cells and spermatogonia could be

essential during the neonatal period to precisely control the

number of germ cells connected to differentiated Sertoli cells

by regulating apoptosis [36]. Importantly, during adulthood,

depletion of Cx43 in rat Sertoli cells leads to an increase in

germ cell apoptosis [68, 69, 71]. Interestingly, the effect on

germ cell apoptosis after specific Cx43 depletion in Sertoli

cells is not recovered in mice lacking Cx43 specifically in

spermatogonia, which are viable and fertile [72]. This result

suggests that the role of Cx43 in the coupling between Sertoli

cells and spermatogonia is rate-limiting at the Sertoli cell

side, but not mandatory at the germ cell side.

GJIC between Sertoli cells and spermatocytes could be a

major determinant of meiotic progression of spermato-

cytes. This is supported by the observation that meiotic

progression of spermatocytes is dependent on direct and

close-contacting interactions between Sertoli cells and

spermatocytes [37]. The presence of Cx43 at the interface

between these two cell types [37] provides some of the

molecular components required for GJIC previously

observed between these cell populations [66]. In Sertoli

cell-specific Cx43 knock-out mice, a negligible number of

spermatogonia manage to differentiate to spermatocytes,

but no spermatozoa are produced [68], further supporting

the notion that Cx43-based GJIC could participate in the

germ cell differentiation process during spermatogenesis.

However, a specific study on the role of Cx43 in this

process seems to be required to irrevocably prove this role.

2884 M. Kibschull et al.

123



During spermatogenesis, remodeling of junctional pro-

teins occurs, since differentiating germ cells need to pass

through the BTB. This restructuration process, essential for

spermatogenesis [73, 74], occurs during stages VIII–IX of

the epithelial cycle to facilitate the transit of spermatocytes.

At stage VIII, the expression of Cx43 is at its paroxysm just

before a dramatic drop occurs at stage IX [26]. It is

important to note that regulation of Cx43 expression levels

is controlled, in space and time, in a concomitant manner

with BTB restructuration. Recent evidence by our and

other groups highlighted the role of gap junctions in the

control of BTB component expression levels. Indeed, we

observed that the expression of occludin, N-cadherin and

beta-catenin are increased in the testis of Sertoli cell-

specific Cx43 knock-out mice, whereas the expression of

ZO-1 is reduced [56]. We further demonstrated that this

effect in Sertoli cells is cell-autonomous and GJIC-inde-

pendent [56]. The effect of Cx43 on the expression of other

components of the BTB was recently confirmed by several

studies [57, 58, 75].

Implications for semen production and erectile

function

During their transport along the epididymis, spermatozoa

undergo maturation [76], which depends on the release of

proteins, macromolecules and ions into the lumen of the

epididymis. The release of ions can be achieved through

specific channels present at the plasma membrane surface.

Before the formation of gap junctions, connexons reach the

plasma membrane through exocytic vesicles [77]. It has

been believed for a long time that these hemichannels are

closed until docking to another opposing connexon. How-

ever, there is an increasing number of reports

demonstrating the existence of plasma membrane connex-

ons in an open form in tissues, such as in the eye and in the

central nervous system [78, 79]. These hemichannels allow

the exchange of specific molecules, like gliotransmitters

[80] or classical molecules that pass through gap junctions,

such as ATP, nicotinamide dinucleotide, glutamate, glu-

tathione, prostaglandin, sodium and calcium ions [78, 81].

To date, there is no evidence either demonstrating or

excluding a role of hemichannels in the epididymis med-

ium maturation process. However, several isotypes of Cxs

found to form or suspected to form hemichannels are

present in this tissue. Therefore, it could be postulated that,

through the formation of functional hemichannels, Cxs

could participate in the regulation of intraluminal epi-

didymis medium composition. In support of this

hypothesis, it is interesting to note that Cx43-based

hemichannels were found to release prostaglandin E2 [82],

a prostaglandin synthesized by the epididymis basal cells to

act on principal cells [83, 84]. The role of these

hemichannels remains to be elucidated in reproductive

organs. Overall, the function of Panxs in male reproduction

is less clear than that of Cxs, mainly due to the lack of

efficient tools to test their functions, but also because of

their more recent discovery. Nevertheless, due to their

localization either at the surface of the basal cells or at the

apical region of the epididymis, it is possible that Panx1

and Panx3, respectively, participate in the release of PGE2

or ATP in the lumen [84, 85].

Another role for Cxs in the male reproductive system

relates to their involvement in erectile function. Cx43

present in smooth muscle cells of the corpus cavernosum

participates in the propagation of the electrical signals

required to ensure the coordination of the smooth muscle

relaxation that conduces to penile erection [48, 49,

86]. This role has been discussed in detail in a previous

review [87]. This important function was unambiguously

demonstrated by the observation of a negative correlation

between Cx43 levels in smooth muscle cells and erectile

function in patients [88]. This correlation is of importance

to explain the effects of diabetes, age or cigarette smoking

on erectile function through their impact on Cx43 expres-

sion [88–90].

Role of connexins and pannexins in female
reproductive organs

Connexin and pannexin expression

The female reproductive system is composed of the inner

reproductive organs, including the ovaries and the uterus,

and the external reproductive organ, namely the vagina and

the vulva. The internal female reproductive organs serve

two distinct functions, including the production of female

eggs in the ovaries and the support of the developing

embryo in the uterus over gestation. Gap junctions show a

very specific spatial–temporal expression pattern in female

reproductive tissues, which is linked to the presence of a

conceptus as well as to species-specific variations in

reproductive strategies. In the following part, focus will be

put on the expression pattern of Cxs within the ovarian

follicle, the uterine endometrium, preimplantation

embryos, the placenta and the uterine myometrium in

respect to pregnancy. At present, nothing is known about

the expression and role of Panxs in the female reproductive

system.

Ovarian follicle

In the ovary of many species, Cx37 and Cx43 are the most

abundantly expressed Cxs (Fig. 3a). In the developing

mouse follicle, Cx37-based gap junctions connect the
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oocytes with the surrounding cumulus cells, whereas Cx43-

forming channels connect cumulus cells with each other

[91, 92]. In human granulosa cells, both Cx37 and Cx43 are

expressed, and Cx43 forms channels between granulosa

cells [93]. The location of Cx37 expressed by granulosa

cells of fertile women remains unknown.

Endometrium

The endometrium is the inner mucosa of the uterus, con-

sisting of a single layered epithelium and an underlying

stroma of connective tissue with uterine glands and

embedded vasculature [94]. The luminal epithelium is

characterized by the expression of Cx26, whereas the

stromal compartment expresses Cx43 in rat [95], mouse

[96] and sheep [97] (Fig. 3b). In addition to Cx26, Cx32

expression is found in the endometrial glands of pig [98], in

the epithelium layer of baboon [99] and rabbit [100] as well

as in basal glandular cells in humans [101].

Preimplantation embryo

The first expression of Cx genes can be detected in the two-

cell embryo and functional GJIC is present from the late

compaction stage of the 8-cell rodent embryo onwards

[102]. Overall, for different species, Cx43 and Cx31 are the

predominantly expressed Cxs throughout mammalian

preimplantation development (Fig. 3c). In the blastocyst,

both isoforms can be found in the trophectoderm and in the

inner cell mass in mouse and rat [102, 103], pig [104],

cattle and sheep [105] as well as in humans [106, 107].

Cx26 and Cx32 have been described as sporadically

expressed in human blastocysts [107], which is potentially

due to maturity of the blastocysts [106].

Placenta

The placenta shows an enormous variability in anatomy in

eutherian mammals and this is reflected by the species-

specific expression of Cxs in this fetal organ. In rodents,

Fig. 3 a Role of gap junctions in the ovarian follicle. Cx37 and Cx43

are the predominantly expressed Cxs in mammalian follicles. Cx43

forms gap junctions (yellow) between the cumulus cells. Granulosa

cells are metabolically coupled with oocytes by transzonal projections

from the granulosa cell traversing the zona pellucida (ZP) and

forming gap junctions at the oocyte plasma membrane (red). Animal

models revealed that Cx37 forms gap junctions at the granulose cell–

oocyte interface, which are responsible for the exchange of metabo-

lites and signaling molecules, such as cyclic guanosine

monophosphate, important for folliculogenesis. b Induction of gap

junctions during implantation. During the receptive phase after

ovulation, Cx expression and GJIC are completely repressed in the

endometrium by ovarian progesterone. Upon blastocyst attachment,

Cx26 expression (yellow) is locally induced in the luminal epithelium

and, shortly after Cx43 expression (red), is induced in underlying

stromal cells corresponding with formation of the implantation

chamber. Cx43 expression further increases through the stromal

compartment (arrows), characterizing its transformation into a

secretory active decidua. c Connexin expression during lineage

formation in the early rodent embryo. With formation of the early

lineages, the expression of Cxs becomes immediately restricted to

specific lineages. Whereas Cx43 is found in gap junctions through-

out the epiblasts, the extraembryonic endoderm expresses Cx26 and

Cx32. The proliferating diploid cells of the early trophoblast lineage

express Cx31 and Cx31.1, which play critical roles in regulating

trophoblast stem cell differentiation and development of the placenta
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proliferative postimplantation trophoblasts within the

implantation chamber express Cx31 and Cx31.1. In the

mature placenta, Cx31 expression is maintained in prolif-

erative cytotrophoblast cell populations [108], whereas the

two multinucleated syncytiotrophoblast layers in the

labyrinth layer are connected by Cx26-based channels [96]

(Fig. 4a–c). In human, the Cx expression pattern in corre-

sponding stages of early postimplantation trophoblast is

unknown. However, in mature placenta, Cx expression is

different from rodents. The proliferative extravillous

cytotrophoblast (EVT) expresses Cx40 [109], whereas the

villous cytotrophoblast is characterized by Cx43 produc-

tion [110] (Fig. 4d–f).

Myometrium

The myometrium is the muscular layer of the uterus,

consisting predominantly of myocytes or uterine smooth

muscle cells, interspersed stromal cells and vasculature.

Cx26 [111], Cx43 [112] and Cx45 [113] have been iden-

tified in uterine myocytes of rodents and humans. Cx40 has

been additionally described in human [113].

Implications for oogenesis

Several Cxs, specifically Cx26, Cx32, Cx37, Cx43 and

Cx45, have been detected in ovarian follicles of different

species, including rat, mouse, pig, sheep and cattle [114].

Meanwhile, it is well known that Cx37 and Cx43 are the

most abundant Cx proteins in the ovary of many species,

which have been extensively explored and stated as being

important for follicle development and oocyte growth in

mammals [114–117].

Each oocyte develops into a primordial follicle, con-

sisting of a single layer of epithelial granulosa cells and a

layer of surrounding mesenchymal theca cells. During

further development, granulosa cells proliferate, mediated

by growth differentiation factor 9, which belongs to the

Fig. 4 Comparative connexin expression in mouse and human

placenta. Humans and rodents have a discoid shaped hemochorial

placenta (b, e), where maternal blood has direct contact with fetal

trophoblasts. In mice, invasive secondary trophoblast giant cells

(TGCs) differentiate from the Cx31-expressing spongiotrophoblast

(SpT) cells and erode maternal spiral arteries, ensuring continuous

blood flow into the placenta. Cx31-expressing and Cx31.1-expressing

glycogen cells invade into the decidua (a). In human placenta, Cx40-

expressing cytotrophoblast (CytT) cells are the functional homo-

logues of Cx31-expressing SpT cells. Here, Cx40-expressing cells,

detaching from the columns, change from a proliferative to an

invasive phenotype. Detached cells loose Cx40 expression and

differentiate into TGCs or into endovascular EVT cells, which erodes

maternal spiral arteries (d). The exchange of metabolites occurs over

a continuous layer of syncytiotrophoblast (SynT) cells. In the mouse

(c), mononucleated CytT cells fuse into two layers of SynT cells,

which are coupled via large gap junction plaques, composed of Cx26

(yellow). In human placenta, CytT cells express Cx43 (red), which

mediates the fusion to a single SynT cell layer (f)
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transforming growth factor beta transcription factor family

[118]. In the secondary follicle stage, an antrum forms,

which contains various proteins and hormones. This stage

characterizes the tertiary follicle, which acquires compe-

tence to undergo the first meiosis at ovulation and that can

be fertilized [3].

GJIC among granulosa cells and between granulosa

cells and oocytes starts in the primordial stage of follicle

development and remains throughout the later stages of

follicle growth [119]. This cell coupling is necessary for

the direct transfer of nutrients, such as amino acids and

glucose, between the granulosa cells and the oocytes as

well as ions for the regulation of the pH level of the

oocytes and cyclic guanosine monophosphate to maintain

the oocytes in a state of meiotic arrest [120, 121] (Fig. 3a).

The mouse has been a popular experimental species for

studying the localization of the different Cxs in the ovary.

Cx37 is responsible for metabolic cell coupling of the

oocyte–granulosa complex, whereas Cx43-based gap

junctions link granulosa cells with each other [91, 92, 122].

The generation of knock-out mice lacking Cx37 and

Cx43 has shed light onto the roles of the corresponding gap

junctions in oogenesis and follicle development, respec-

tively. In Cx37 knock-out mice, folliculogenesis is arrested

at the early antral stage. Oocytes in these mice are not fully

developed and fail to achieve full meiotic competence [92].

This study further revealed that granulosa cells of Cx37-

null ovaries undergo premature luteinization. Thus, Cx37-

based gap junctions are needed to maintain the differenti-

ated state of granulosa cells, preventing them from

luteinizing before ovulation [92, 123].

Cx43-deficient mice are not viable and die soon after

birth as a result of cardiac failure [124]. To overcome this

phenotype for studying folliculogenesis, ovaries were

removed from prenatal Cx43 knock-out mice and further

developed either in vitro, in organ culture, or in vivo,

implanted under the kidney capsule of wild type mice. At

any time, folliculogenesis in Cx43-deficient ovaries stops

at the primary follicle stage and meiotic maturation or

fertilization of oocytes does not occur [53, 125].

In a transgenic mouse approach, Cx43 was specifically

deleted from oocytes using zona pellucida-3/Cre-LoxP

excision of Cx43. Embryos derived from these Cx43-de-

pleted oocytes develop into the blastocyst stage in an

apparently normal fashion, but some fail to implant and

both parturition rate and litter size are significantly

decreased [126]. Thus, complete deletion of Cx43 in

oocytes allows normal oogenesis and folliculogenesis,

ovulation and early embryonic development, but severely

impairs the implantation capacity of the resulting blasto-

cysts. The implantation failure could possibly be attributed

to the reduced expression of Cx43 in the granulosa cells

that in turn may lead to corpus luteum insufficiency [126].

To scrutinize the function of Cx37 and Cx43 in ooge-

nesis, chimeric ovaries containing either Cx-null mutant

oocytes and wild type granulosa cells, or the reverse

combination, were implanted into the renal capsules of

immune-deficient female mice [91]. These studies clearly

confirmed that Cx43 is not necessary for mouse oocytes to

develop into meiotically competent fertilizable gametes,

but that Cx37 is indispensable for coupling with granulosa

cells during oogenesis [91]. In a recent study, Cx mimetic

peptides were used to disrupt GJIC within granulosa cell–

oocyte complexes and in isolated cultured antral follicles.

This study showed that both Cx37 and Cx43 are required

for the meiotic arrest [127]. Nevertheless, the question

remains if Cx43 could support oogenesis by forming

undocked connexons in the granulosa cell plasma mem-

branes. Those Cx43-based hemichannels could transfer

ATP [128] to interact with receptors on adjacent cells,

thereby establishing a paracrine signaling route to enhance

calcium signals in oocytes [129, 130]. The hypothesis that

in granulosa cells the function of Cx43-based hemichan-

nels might be more important for folliculogenesis than

Cx43-forming gap junctions was investigated by generat-

ing mutant granulosa cells, which can form hemichannels,

but no functional gap junctions [131]. These cells were

reaggregated with wild type oocytes, which were grafted

into host kidneys. The results revealed that undocked

Cx43-based hemichannels in ovarian granulosa cells are

not able to support follicular development in the same way

as their full channel counterparts. This observation sup-

ports the necessity of Cx43 to form gap junctions to fulfill

its role in folliculogenesis [131].

The expression of Cx37 and Cx43 has also been con-

firmed in human follicles. However, due to obvious ethical

limitations, the exact composition of granulosa cell–oocyte

gap junctions during oogenesis is yet unknown [93, 132–

134]. Also, the participation of additional Cx members in

ovary function remains to be revealed, as Cx32 knock-out

females are fertile [135] and Cx26-deficient and Cx45-

deficient mice die in utero [136, 137].

Implications for endometrium and implantation

The endometrium shows tight spatial–temporal regulation

of Cx26 and Cx43 expression patterns that is under the

control of ovarian steroid hormones in rodents and humans

(Fig. 3b). After ovulation and during the receptive phase of

the endometrium, basal expression levels of both Cxs are

repressed by changed estrogen and progesterone levels [95,

101, 138]. Whereas high physiological progesterone levels

downregulate Cx expression, estrogen administration in

rodents can induce expression of Cx26 and Cx43, a process

which is mediated specifically by estrogen receptor alpha

[139]. Upon blastocyst attachment, Cx26 is locally induced

2888 M. Kibschull et al.

123



in the luminal epithelium lining the implantation chamber.

This specific local induction of Cx26 during implantation is

independent of estrogen receptor signaling and can also be

achieved by applying a mechanical stimulus or injecting of

oil droplets into the uterus, which simulates the presence of

blastocysts [138, 139]. Furthermore, in a delayed implan-

tation rat model where ovarian hormones are

experimentally depleted by ovarectomy after fertilization

followed by progesterone substitution, the implantation

reaction does not take place. However, Cx26 expression is

still initiated in the luminal epithelium, showing that

presence of a stimulus is sufficient for Cx26 induction and

precedes the implantation process [139]. A recent study

demonstrated the importance of GJIC for embryo implan-

tation. Uteri of mice injected with carbenoxolone before

implantation showed features of delayed implantation with

failed blastocyst implantation. Cx26 expression was trig-

gered in the luminal epithelium, albeit to a lower extent.

However, in carbenoxolone-treated uteri, the decidualiza-

tion process was delayed, evidenced by persistent

progesterone receptor expression, which normally disap-

pears during decidualization [138]. This shows that

carbenoxolone application also influences GJIC in the

stromal compartment. This study reveals the importance of

endometrial GJIC for blastocyst attachment and successful

implantation. However, it is not clear whether this effect is

exclusively mediated by Cx26-based channels in the

luminal epithelium or if it is a combined effect of general

GJIC blockage in uterine tissues. The specific role of Cx32,

found to be coexpressed with Cx26 in the endometrial

luminal or glandular epithelium of several species, also

remains to be investigated.

During pregnancy, the endometrium undergoes a trans-

formation into a secretory tissue, called the decidua. In the

stromal compartment of the endometrial layer, Cx43

expression is induced, which is strongly promoted around

the implantation chamber and further increased with the

ongoing decidualization process [140]. Conditional dele-

tion of Cx43 from the endometrial stroma, using a

progesterone receptor/Cre-LoxP deletion approach, resul-

ted in an impaired decidualization process and the loss of

pregnancies after 7.5 days postcoitum [141]. The absence

of Cx43 impairs the differentiation program of stromal

cells, which is indicated by downregulation of the decidual

markers prolactin-related protein and prolactin-like protein.

In addition, the downregulation of the angiogenic regula-

tors vascular endothelial growth factor and angiopoietin

leads to a compromised development of the endothelial

network in the Cx43-deficient decidua, which further

demonstrates a block in the decidualization process [141].

The importance of Cx43-based channels for proper

decidual function has been additionally demonstrated by

introducing the dominant Cx43G60S point mutation into

mice, which results in intracellular accumulation of mutant

and wild type Cx43 protein and more than 50 % reduction

in GJIC, knowing to cause various tissue-specific pheno-

types [142]. The decidua of Cx43G60S mice displays

increased vasculogenesis, accompanied by upregulation of

the angiogenic factor vascular endothelial growth factor

and its receptors. Furthermore, the placenta shows a mis-

location in relation to the eroded uterine spiral artery

sinusoids, which explains the growth retardation probably

due to abnormal placental blood supply to the embryos.

This phenotype is a maternal effect, as it affects wild type

embryos implanting into Cx43G60S mothers and since it does

not influence stage-specific embryonic development [143].

These two studies demonstrate an important role for Cx43 in

the development and function of the decidua in establishing a

successful pregnancy. However, both mouse models show

differences, in particular delayed differentiation of stromal

cells in Cx43del/del mice [141], which is not observed in

Cx43G60S mice [143], whereas the opposite holds true for

vascularization. This is probably due to the complete lack of

Cx43 protein from the initiation of decidualization in one

mouse model versus the expression of mutated yet still

prevailing protein in the other model [141, 143].

Experiments with human primary stromal endometrial

cell cultures treated with the gap junction blockers alpha

glycyrrhetinic acid or octanol during hormone-induced

decidualization also showed an impaired decidualization

process [144]. As in the rodent model, this impairment shows

reduced prolactin secretion and vascular endothelial growth

factor expression. Interestingly, small interference RNA-

mediated knock-down of Cx43 leads to the same morpho-

logical and biochemical impaired decidualization,

suggesting a role for gap junctions in exchanging small

molecules that regulate coordinated differentiation of

decidual cells after implantation [144]. Interestingly, in the

decidua of patients with recurrent early pregnancy loss, Cx43

expression was found to be reduced, suggesting a potential

link with human fertility [145]. In bovine embryo transfer

experiments, the endometrium shows a different reaction to

cloned embryos compared to fertilized embryos, with low

endometrial Cx43 expression in transferred cloned concep-

tuses, which has a negative effect on placentation [146]. This

shows that regulation of Cx43 expression patterns and

channel function, controlled either by genetic, hormonal

factors or the implanting embryo itself, is a critical factor for

establishing a successful pregnancy [144–146].

Implications for preimplantation development

The role of gap junctions in developing preimplantation

embryos after fertilization is controversial. During preim-

plantation development, several Cxs are expressed, thereby

showing species-specific and strain-specific variations as
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well as embryo culture-influenced expression patterns

[147] (Fig. 3c). In mouse preimplantation embryos, dis-

ruption of GJIC by alpha glycyrrhetinic acid leads to

complete absence of dye coupling, but does not affect

blastocyst formation in vitro [103, 148]. In addition, the

generation of gene-deficient mice revealed that none of the

individual Cxs are essential for preimplantation develop-

ment [147]. Moreover, absence of both Cx31 and Cx43, the

predominant and continuously expressed Cx isoforms, has

no obvious effect on preimplantation development and

leads to normal implantation in the Cx31/Cx43 double

gene-deficient mice [149]. The absence of any obvious

preimplantation embryo phenotype in transgenic mouse

models led to the assumption that specific Cx expression

patterns accompany the preparation of the embryo for

postimplantation development, where a rapid segregation

of Cxs can be observed between the embryo, the tro-

phoblast lineage and the visceral yolk sac immediately

during the implantation process (Fig. 3c) [150]. It has been

discussed that this rapid restriction of Cx expression pat-

terns to the specific embryonic and extraembryonic

lineages allows the formation of isolated communication

compartments, which might influence developmental pro-

cesses [150–152]. However, the generation of several

knock-in mice revealed that Cx43 can be substituted by

Cx26 [153], Cx31 [154] or Cx32 [155], without affecting

preimplantation and postimplantation embryonic develop-

ment. In particular, the Cx43KI31 mouse showed normal

postimplantation embryo development and trophoblast

lineage formation [154]. Thus, no obvious function for

GJIC or specific Cxs in preimplantation embryos could be

found when focusing on classic mutant mouse models.

However, it is well known that embryo culture conditions

used in assisted reproduction in humans and cattle influ-

ence gene expression profiles with impact on embryonic

development and adult life [156]. Cx43 expression is

known to be reduced during in vitro culture of bovine

embryos [157, 158] and junctional conductance is lower in

in vitro-produced bovine embryos [159]. Vice versa, recent

studies show that upregulation of Cx43 in in vitro-cultured

bovine embryos promotes their development, suggesting

that Cx43 is a positive marker for bovine embryo culture

[160]. Thus, GJIC and connexin expression might have

more sophisticated metabolic effects on uterine preim-

plantation or peri-implantation development, or embryonic/

fetal growth in farm animals and humans that differ from

what is observed in mutant mouse models focusing on

classic developmental or anatomical effects.

Implications for placentation and placental function

The placenta is the first fetal organ that connects the

embryo with the mother. Although it serves the same

function in all mammals, namely the exchange of nutrients,

gas and excretion products, the anatomy and the expression

of Cxs varies between species. Humans and rodents both

have a discoid shaped hemochorial placenta, where the

trophoblast has direct contact with maternal blood and

invades the maternal uterine spiral arteries [161, 162].

During implantation, the trophectoderm of the blasto-

cytes starts expanding and differentiating into different

proliferating trophoblast populations. In mouse, these early

postimplantation trophoblasts are characterized by coex-

pression of Cx31 and Cx31.1 (Fig. 3c) [163, 164]. Several

studies showed that Cx31 and Cx31.1 play a critical and

coordinated role in trophoblast differentiation in these early

stages of mouse placental development (Fig. 4a–c). Inac-

tivation of Cx31 or Cx31.1 gene production leads to loss of

conceptuses around midgestation. Specifically, 60 % of

Cx31-deficient embryos and 30 % of Cx31.1-deficient

embryos die between 10.5 and 13.5 days postcoitum, and

surviving embryos and newborns show growth restriction.

In both mutant mice, placental sizes are strongly reduced

due to a shift in placental trophoblast subpopulations [108,

164]. Cx31 knock-out placentas show strongly reduced size

of labyrinth and spongiotrophoblast layers, and an

increased number of parietal secondary trophoblast giant

cells [108]. Further in vitro analysis of Cx31-deficient

trophoblast stem cell lines pointed out that Cx31 supports

the stem cell state and maintains the proliferative capacity

by delaying terminal trophoblast lineage differentiation

[165]. Cx31.1-deficient placentas also display a reduction

in labyrinth size and fetal blood spaces, but a reduced

number of parietal trophoblast giant cells. In addition,

analysis of Cx31.1-deficient trophoblast stem cell lines

revealed that Cx31.1, in contrast to Cx31, supports the

terminal differentiation of trophoblasts at the expense of

proliferation [166]. This clearly shows that both Cxs have

opposite effects on stem cell fate and proliferation during

early trophoblast differentiation in mouse by balancing the

terminal differentiation into the placental trophoblast sub-

populations [166]. This suggest that these two coexpressed

Cx isoforms coordinately regulate the physiological tro-

phoblast differentiation process, rather than competing for

the same function or just having redundant effects [166].

The subpopulations of the placenta are formed when the

extraembryonic mesoderm invades the Cx31/Cx31.1-ex-

pressing chorion trophoblasts, forming placental

mesenchyme and fetal blood vessels. This triggers tro-

phoblast cells to elongate and fuse, and to build the

multinucleated syncytiotrophoblast in the labyrinth layer.

The syncytiotrophoblast forms the main placental barrier

between the maternal blood and the fetal capillaries, which

are formed by the invading mesoderm [162]. The rodent

placenta, in contrast to the primate placenta, is composed

of two layers of syncytiotrophoblasts that are connected by
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Cx26-based channels [96]. Inactivation of the Cx26 gene

leads to strong growth retardation of conceptuses followed

by embryonic death at 9.5 days postcoitum due to reduced

glucose over the placental barriers [136]. Thus, Cx26-

forming gap junctions act as metabolic channels for the

exchange of small molecules, like glucose, over this pla-

cental barrier. Metabolites are actively transported by

specific transporters from the maternal blood into syncy-

tiotrophoblast layer I and can passively diffuse along a

gradient through Cx26-based channels into syncytiotro-

phoblast layer II from where specific transporters

translocate them to the fetal side (Fig. 4c) [136].

At the feto-maternal interface, the trophoblasts differen-

tiate into secondary polyploid trophoblast giant cells and

glycogen cells. Trophoblast giant cells invade the maternal

decidua and are involved in transforming maternal spiral

arteries to ensure placental blood circulation [167]. In mur-

ine placenta, Cx31 and Cx31.1 expression is maintained in

placental glycogen cells, which differentiate at the feto-

maternal interface at midgestation and invade into the

decidua. The exact role of this cell type and the impact of

Cx31 and Cx31.1 on this cell population are unknown [168–

170].

The extraembryonic mesoderm forming fetal vascula-

ture in the yolk sac and the placenta expresses Cx45. Cx45

knock-out mice show reduced invasion of mesenchyme

into the labyrinth with enlarged fetal blood vessels and less

vascular branching compared to control animals. In addi-

tion, development of vasculature in the yolk sac of Cx45-

deficient conceptuses is severely impaired, probably by a

strong reduction of transforming growth factor beta sig-

naling pathways associated with embryonic death between

9.5 and 10.5 days postcoitum [137].

In conclusion, several mutant mouse models clearly

show that Cxs are critical for placental development and

function covering different cellular functions, namely

controlling trophoblast lineage differentiation processes,

allowing metabolic coupling or regulating vasculogenesis

[136, 137, 166].

The human placenta differs not only morphologically

from the rodent placenta, but also in the composition of the

different Cx isoforms that are responsible for various func-

tions during development of the placenta [169]. Several

studies have identified analogous cell types among the

human and rodent trophoblasts, including proliferative and

invasive trophoblast cells and trophoblast cells that have the

ability to fuse into a syncytium. In human placenta, the

chorionic villi are the structural and functional units. The

floating villi are composed of fetal vessels, surrounded by

trophoblasts and bathing in maternal blood in the intervillous

space, and act as a site of nutrient exchange between the

mother and the fetus, equivalent to the mouse labyrinth layer.

In contrast to rodents, the human placenta contains a single

layer of syncytiotrophoblasts, with underlying cytotro-

phoblast cells that continuously fuse to maintain the

syncytiotrophoblast layer. The anchoring villi attach the

placenta to the maternal decidua. Here, at the side of the cell

columns, EVT cells originate and invade into the maternal

decidua. These cells are called interstitial EVT cells. A

subpopulation invades the uterine spiral arteries of the

myometrium, called endovascular trophoblasts, which leads

to transformation of these vessels from small resistance

vessels to high-caliber capacitance vessels to support suffi-

cient fetal growth [171]. Analogous to the invasive

polyploidy trophoblast giant cells in the mouse placenta,

these extravillous mononucleated trophoblast cells erode the

endothelium of maternal spiral arteries to establish the utero-

placental circulation. The other subpopulation of interstitial

invasive EVT cells deeply invades into the decidua and fuses

to multinucleated giant cells in the placental bed after

completion of invasion [172].

In the human placenta, Cx43 is located in cytotro-

phoblast cells and mediates cellular fusion of the

cytotrophoblasts into multinucleated syncytiotrophoblasts

(Fig. 4d–f) [110, 172–175]. A recent study supports a

central role for Cx43 in mediating both GJIC and protein–

protein interactions via the transcription factor Drosophila

glial cell missing gene 1 and its downstream target human

endogenous retrovirus envelope protein/syncytin-1 with its

receptor neutral amino acid transporter B(0) to stimulate

trophoblast cell fusion [176]. Here, the carboxyterminal tail

of Cx43 seems to be required for proper cell fusion, since a

truncated Cx43 protein, which forms functional gap junc-

tions, did not enable cAMP-mediated fusion [176–178].

Detailed analysis of the Cx43 signaling process involved in

cytotrophoblast fusion revealed that a protein kinase

A-ezrin-Cx43 signaling complex is necessary for discrete

control of Cx43 phosphorylation and hCG-stimulated GJIC

that triggers cell fusion [179]. As there is only a single

syncytial trophoblast layer in humans compared to two

layers in mouse placenta, GJIC is probably not necessary

for transplacental transport (Fig. 4f) [169].

Cx40 characterizes the proximal EVT cell population of

the cell columns in the anchoring villi (Fig. 4d–e) [109,

180]. During the invasion process of the EVT cells into the

decidual tissue, Cx40 expression is repressed. Cx40 is also

found in the malignant EVT cell lines BeWo and JAr, two

experimental model systems for investigating the role of

Cx40 in trophoblast proliferation and invasion, showing

that Cx40 positively regulates cell proliferation [180–182].

Moreover, using placental organ explant cultures, prolif-

eration of EVT cells was found to be reduced when

placental explants were either treated with GJIC inhibitors

or when Cx40 expression was silenced using small inter-

fering RNA duplexes. This confirms that Cx40 supports

proliferation of proximal EVT cells, inhibiting them from
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differentiating into the invasive pathway [182]. Thus, Cx40

in the human placenta has analogous functions to Cx31 in

the mouse placenta in maintaining a proliferative pheno-

type of trophoblasts. Future experiments have to answer the

question how Cxs contribute to the development of pla-

cental diseases, such as preeclampsia, which are associated

with an imbalance between trophoblast proliferation and

differentiation, and that have an enormous impact on

pregnancy outcomes for both the baby and the mother

[169].

Implications for myometrium and labor

The myometrium is the muscular layer of the uterus,

consisting predominantly of uterine smooth muscle cells

with interspersed stromal cells and vasculature. During

pregnancy, it undergoes dramatic changes to acquire

physiological properties required for labor [4]. The strong

upregulation of gap junctions right before the onset of labor

ensures coordinated uterine contractions to deliver the fetus

[112]. Three different Cxs have been described in rodent

and human uterine myocytes, namely Cx26 [111], Cx43

[112] and Cx45 [5]. Cx26 expression increases from

midgestation, peaks at late pregnancy and declines to basal

levels before the onset of labor. In contrast to Cx43, this

increase in Cx26 is dependent on the presence of proges-

terone [112]. Cx45 is present in nonpregnant and early

pregnant myometrium and decreases before term [5]. Cx40

has been detected in human myometrial myocytes, but no

information is available about its regulation during preg-

nancy [113].

Cx43 is the major gap junction protein responsible for

the establishment of electrical coupling of uterine myo-

cytes at the end of pregnancy [6]. Cx43 shows low

expression levels in the nonpregnant uterus and during

gestation, but displays strongly increased production and

associated gap junction formation at the end of pregnancy

associated with the onset of labor [7]. Cx43 belongs to a

group of contractile-associated proteins, similar to the

oxytocin receptor and prostaglandin F receptor, which

mark the change from quiescence to the activated state of

term labor myometrium [8]. The regulation of Cx43 is

under the control of ovarian steroid hormones. High levels

of progesterone during gestation repress Cx43 expression,

whereas the sudden decline of progesterone at the end of

pregnancy leads to an increase in Cx43 amounts [7]. In

addition, mechanical stretch by the growing fetus on the

myometrium has a positive effect on Cx43 production, but

not on Cx26 expression [7]. While the role of the tightly

regulated Cx26 expression in the uterus for pregnancy is

not yet understood, the importance of Cx43 for labor has

been demonstrated using mutant mouse models. The

smooth muscle cell-specific Cre-loxP deletion of Cx43

leads to a strong reduction in its expression and decreased

coupling of myocytes. Parturition is impaired in these

animals with prolonged gestational length and partial death

of fetuses in utero [9]. This demonstrates the importance of

Cx43 for myometrial function and labor. Experiments with

Cx43G60S mutant mice have substantiated these findings.

Indeed, this mutation downregulates Cx43 expression and

reduces gap junction presence in the laboring myometrium

of Cx43G60S mice, which impairs parturition with

decreased uterine contractions, prolonged gestational

length and partly retained fetuses and placentas [183].

Although labor is strongly impaired in these mice, it is not

completely abolished. In both models, dams could still give

birth to pups, which could be due to the remaining

expression of other Cx isoforms backing up for GJIC either

among uterine myocytes or with interstitial stromal cells

[183]. The regulation of myometrial Cx43 expression is

regulated by transcription factors of the c-jun/c-fos family,

which bind to activator protein-1 sites in the Cx43 gene

promoter [184]. These transcription factors can form

complexes with ligated progesterone receptors and block

gene transcription of Cx43 in rodents and humans [185,

186]. The fact that Cx43-based channels play key roles in

the onset of contractions during labor makes them potential

targets for pharmaceutical interventions in managing

complications, such as the development of premature

contractions and preterm labor.

Conclusions and perspectives

In this review, the roles of Cxs, Panxs and their channels in

male and female reproductive organs have been discussed.

The pivotal functions of Cxs and Panxs in various cellular

processes, such as proliferation, migration, differentiation

and apoptosis, that shape the organs and that drive their

overall functionality, have been addressed. As master

regulators of these important physiological functions, it is

likely that alterations of the production and activity of

these crucial proteins may underlie pathogenesis. In this

respect, a plethora of reports already demonstrated defec-

tive GJIC during reproductive pathologies [187–189]. By

contrast, the localization and the function of Panxs in male

and female reproductive organs remain largely unknown.

Therefore, the impact of Panx-related defects on repro-

ductive functions is impossible to estimate at present. It

seems necessary to direct future research in a way that will

allow to increase the basic knowledge on these proteins and

to exploit our knowledge to address Cxs and Panxs as

potential targets in therapeutic approaches.
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