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Potential of aquaporins and connexins in dogs and their relation to the reproductive tract
Summary
The complexity of processes in the female reproductive system of mammals is extremely sophisticated. The
overall relationship between the processes during the oestrus cycle in animals is quite well understood, but
the molecular background of these processes still requires an in-depth analysis. Bitches are distinguished by
a specific course of sexual cycle during which the oocyte matures after ovulation in the oviduct. Other species
of mammals are characterized by maturation of the oocyte within the ovary. Acquisition of developmental
competence by cumulus – oocyte complexes seems to be a process with a complex molecular background, and the
key to understanding it may be the analysis of intercellular channels. Aquaporins and connexins are structural
proteins that are built into the cell membrane. Their location is widespread in many body tissues. Recent
years have shown that they exhibit significant expression in different parts of the mammalian reproductive
system, although the number of studies on dogs is still negligible. This review paper presents the current state
of knowledge of water channels and gap junction connections in different animal species, with particular focus
on dogs, and also explores the role of aquaporins and connexins in the acquisition of reproductive competences.
Keywords: aquaporins, connexins, reproduction, canine

The processes taking place in the broadly defined
female reproductive system, including ovaries, fallopian tubes, uterus and external reproductive organs, are
highly complex. Mutual cellular relations, transmission
of signals directly and also through blood have not been
fully understood. An in-depth analysis of the molecular
basis of processes at the level of cells and their membranes seems to be the key to further understanding of
mammalian reproductive system physiology.
The study on developmental competence acquisition by oocytes and surrounding cells is still a current problem for scientists (34). The domestic canine
species differ significantly in regard to ovulation and
competence acquisition by cumulus oocyte complexes
(COCs) from other domestic animal species (10, 14).
In the vast majority of mammalian species, the oocyte matures within the ovarian follicle and is retained

at the moment of ovulation in metaphasis II (MII) of
meiotic division (55). First, in bitches, the oocyte matures in the follicle to the prophase I stage of meiosis
and further maturation takes place in the fallopian
tube, after ovulation (14). Second, the progesterone
concentration in blood plasma is crucial for ovulation
itself. In most mammalian species, ovulation occurs
when the progesterone level is basal (during luteolysis).
In bitches, the granulosa and theca interna cells first
luteinize, start producing progesterone, and ovulation
is accompanied by high levels of progesterone (P4) in
the blood (25). Therefore, the physiological uniqueness of bitches in the field of oocyte maturation and
ovulation undoubtedly deserves an in-depth analysis.
The knowledge of the molecular basis of this process
will be crucial for further research and development of
modern animal reproduction biotechniques (9).
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Various correlations and communication paths
between the granulosa cells (GCs) surrounding the
oocyte and the ovum, as well as between GCs and
oviduct epithelial cells (OECs) (35), indicate that it is
the intercellular interactions that might be responsible
for the developmental competence of COCs. This in
turn could result in the ability to fertilize and produce
offspring. It is expected that it is the structural intercellular channels (such as aquaporins and gap junctions) that enable the transport of molecules and the
transmission of signals which are crucial for mutual
correlation and maturation. Up to now, factors regulating the resumption of meiotic division in oocytes after
ovulation and systems of signal transduction in COCs
have been poorly investigated. Accurate interactions
between oocyte and cumulus oophorus have not been
analyzed, while the study focused mainly on obtaining large numbers of mature oocytes in MII stage (9,
10, 31). However, interaction between individual cells
in COCs and OECs may be essential for full oocyte
capacity to fertilize.
Recent years’ research shows the important role
played by aquaporins (AQPs) and gap junction connections’ (GJCs) proteins – connexins (Cxs) in the maturation and acquisition of developmental competence
in the organs of the mammalian reproductive system.
Nevertheless, there are still few studies that describe
the role of these proteins in relation to the canine reproductive system (3-5, 17-19, 22, 28, 51, 52, 54, 79).
However, there are data that highlight the significant
function of aquaporins and connexins in the maturation of oocytes in other domestic species such as pigs,
mice, rats, cattle, sheep and even humans (2, 7, 24, 26,
30-32, 44, 47, 48, 50, 57, 59, 60, 70, 76). The specific
course of ovulation in dogs therefore directs scientific
research towards a molecular background that still
leaves many uncertainties. Researchers must remain
open-minded about the complexity of these processes.
The structure, role and importance of aquaporins
Aquaporins are significant structures involved in the
water management of cells (11). Properly functioning
water channels, called aquaporins, are responsible
for the movement of water through the bilayer lipid
membrane of the cell, which leads to the crucial ability of the cell to maintain proper intracellular pressure
and water balance between the cell and the external
environment (27, 38). The expression of the AQPs gene
varies according to tissue type and species. It has been
shown that one cell can express more than one AQPs
isoform. In addition, these different isoforms can be
located at the opposite ends of the cells: in the apical
and basolateral membrane. Aquaporins exhibit a hydrophobic structure of integral membrane proteins and
their weight ranges from 25 to 34 kDa (27). Up to now,
13 AQPs (AQP0–AQP12) have been described. Some
of them are selective water channels and belong here
to AQP0, 1, 2, 4, 5, 6, 8. Whereas aquaglyceroporins
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are defined as those that transport glycerol, urea and
other small water-soluble particles (Cl– and Hg2+) with
water. This group includes AQP3, 5, 7, 9 and 10. An additional group are superaquaporins (AQP11, 12) which
have been recently discovered (27, 61). Most previous
studies have focused on demonstrating the presence of
AQP in tissues, knowledge of their structure and some
physiological role.
During cancer studies on mice it was found that
AQP1 is involved in endothelial cell migration and
consequently in angiogenesis. Models of AQP knockout mice showed slower migration than the wild type
(73). In knock-out mice, variable cerebrospinal fluid
volume and intracranial pressure were also observed.
Furthermore, overexpression AQPs was observed
in different types of tumors, therefore a significant
role of these proteins in cancer development was
suggested (73).
It would also seem to be an important fact that different AQPs isoforms may be present in the same cell
at opposite extremities. In the parotid gland cells of
a domestic rat, expression of AQP3 in the basolateral
membrane and AQP5 in the apical membrane of the
cells was found.
Additionally, it was shown that AQP5 transport can
be induced by Ca2+ ions, which takes place in intracellular lipid rafts (12). In cytosol, these rafts move in
apical direction and are then incorporated into the cell
membrane structure. The different location of these
membrane proteins is not limited to the cell membrane
alone. The presence of AQPs was also demonstrated
in the nuclear membrane (12).
It was also shown that AQPs can be secreted into
physiological fluids. The presence of AQP2 in urine
was observed and this effect was explained by vasopressin action in kidneys collective ducts (13). As
mentioned above, not only water can be transported
through AQPs but also other particles. The concentration of glycerol and triglycerides increased in the blood
plasma in mice lacking the gene AQP9 (53).
As the structure and function of AQPs was further
developed, it has been proven that they not only act
as water channels but often participate in other processes such as proliferation, cell migration or adhesion.
Taking into account these mechanisms, it was examined whether they influence wound healing processes,
especially in the eye cornea (36).
Aquaporins in canines
Studies in recent years have shown the presence
of different AQPs in many tissues in canine animals.
AQP1 and 2 have been shown to be present in the
normal kidney of a dog, where the main function of
these proteins is to transport water in the renal tubules
(8). The study of AQP2 and its interaction with vasopressin in the kidneys is the basis for discovering the
mechanisms of urine production and exploring new
therapies. Madin-Darby canine kidney cells are used
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in cultures and are a model in studies of AQP2 inhibitors (16). AQP2 was even suggested to be a marker in
dogs to differentiate between various states related to
polyuric conditions by its detection in urine (75).
It is worth mentioning that a study was also performed to determine the role of AQP1 in the volume
of erythrocytes (red blood cells, RBC) in dogs. AQP1
expression on the RBC membrane was analyzed using the Western Blot method, which did not show any
significant differences between blood cell size and
AQP1 expression level, proving that this water channel
is not involved in controlling red blood cell volume
in the dog (49).
An interesting area of research on AQPs in the recent
past turns out to be the dog’s eye, as increasingly often
pathologies of the organ of vision are observed, which
requires looking for the basis of the pathology and,
consequently, causative treatment. AQP1, 3, 4, 5 were
located in different parts of the dog’s eye, including
cornea (46), iris, ciliary body, retina and optic nerve.
AQP5 was also found in the conjunctiva and nictitating
membrane (29). The collected data indicate the role of
AQPs in water management in a dog’s eye. AQP1 has
also been shown to play an important role in producing
tears in healthy dogs (37). It is likewise suggested that
deficiency of AQP5 in the lacrimal glands and nictitating membrane glands in dogs may be correlated with
keratoconjunctivitis sicca (71).
The described proteins were also found in the brain
and the entire nervous system in dogs. The expression
of AQPs in cerebro-spinal fluid in hydrocephalus dogs
was also increased compared to the control group (58).
One recent study analyzed the role of all 13 AQPs in
intervertebral disc (IVD) degeneration in dogs and humans (65). Due to the fact that originally well hydrated
IVDs lose turgor and function during degeneration, an
attempt was made to determine the role of AQPs in this
pathology. Significant expression of AQPs in IVD in
both humans and dogs was demonstrated.
Role of AQPs gene family
in reproductive systems processes
The first study showing the presence of AQPs in
the reproductive tract was based on rats’ uterus examination. The presence of AQP1 mRNA was then
demonstrated (38). During the following years, researchers have demonstrated the presence of different
AQPs in the reproductive system of different species
of mammals, including mice (21) and humans (26).
Subsequently, AQP1, 5 and 9 were described in several parts of the reproductive system in a domestic
porcine animal (including the ovarian granulosa cells,
oviduct and uterine) (62). AQP1 immunoreactivity
was determined in the capillary endothelial cells of the
oviduct, uterus and ovary. In turn, AQP5 was observed
in granulosa cells and flattened cells of the primordial
follicles in the ovary, uterine smooth muscle and the
oviduct, whereas AQP9 immunoreactivity exhibited
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granulosa cells of developing follicles, oviduct epithelial cells and luminal and glandular uterus epithelial
cells (62). Additionally, another work by this author
proved that the expression of AQP1, 5 and 9 in the
porcine endometrium and myometrium is different
during the estrous cycle and early pregnancy (51).
Variable expression values of analyzed genes in different periods of early pregnancy and during the estrous
cycle suggest a significant influence of estrogen and
progesterone on the expression of AQPs in porcine
endometrium and myometrium. Another study (41)
carried out on rats’ ovarian follicles revealed that the
rate of water transfer to follicular antral cavity consists
mainly of transcellular transport and is mediated by
AQP7, AQP8 and AQP9 of the ovarian granulosa cells.
Additionally, the authors suggested a crucial role of
aquaglyceroporins (AQP7 and 9), through which the
simultaneous transport of other particles takes place.
The transport function of the AQP3, 7 and 9 can also
provide a path for androgenic substrates to estrogen
production by GCs (21, 42).
The analysis and better understanding of the expression and function of AQPs in follicle cells and other
cells of the reproductive system may lead to a better
recognition of the processes that control the maturation of oocytes and consequently create their ability to
fertilize and develop the embryo properly. It is worth
emphasizing that studies on mouse oocytes, which
suggest that increased expression of AQP3 improves
water and glycerine permeability and in consecration
may improve the survival of frozen oocytes (21). The
above results may form the basis for research on the
survival of canine embryos after freezing, which may
lead to the development of modern assisted reproduction techniques for carnivorous animals. Nevertheless,
studies by Meng et al. (42) have demonstrated that controlled ovarian stimulation causes a decrease in AQP3
expression, which may be one of the reasons for poor
survival of frozen oocytes. Oocyte cryopreservation
is still a challenge and methods of sperm and embryo
protection are not sufficient for oocytes. The imperfections of these methods therefore constitute restrictions
on the free movement of genetic material, advanced
animal reproduction and maintenance of wild species.
Recently, the presence of AQP1, 5 and 9 has been
demonstrated in the porcine granulosa cells (GCs),
theca cells (TCs) (44) and oviductal epithelial cells
(64) during the estrous cycle. The recent years’ research
on the expression of AQPs in porcine reproductive
organs has also brought further valuable information
on their potential role. The studies on GCs and TCs
of porcine ovarian follicles showed that gonadotropins
and growth hormone increase the expression of AQP1
in the examined cells, originating from medium and
large vesicles. Furthermore, it was demonstrated that
prolactin had a stimulating effect on AQP1 expression
in the ovarian follicular cells. The authors suggest that
AQP1 can also influence cell proliferation and migra-
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tion (44, 60, 62-64). In addition, we recently analyzed
the expression level of AQPs and Cxs genes in the pig’s
endometrium during primary in vitro culture (81). The
results show significant changes in Cx43 expression
and elevated AQP4, 7, 8 and 11 levels, which correlates with strong changes in epithelial cells during the
estrous cycle.
Aquaporins and the canine reproductive system
Referring to available global literature, only a few
studies have been conducted on the presence of AQP in
the reproductive tract of bitches. The first study demonstrates the presence of AQP1, AQP2 and AQP5 in the
uterus of bitches showing regular estrous cycles (3).
This study shows that the estrous cycle did not affect
the distribution and expression of AQP1. Nonetheless,
the expression of AQP2 in glandular epithelium and
luminal epithelium depended on the estrogenic environment. Additionally, the location of AQP5, which
showed expression in the apical side of endometrial
cell membrane depending on the increase in plasma
concentration of P4, was presented. Therefore, taking
into account the previously mentioned data, it can be
assumed that there is a functional cooperation between
different AQPs in water distribution in different stages
of the estrous cycle.
The second publication on AQPs in the reproductive
system in bitches describes the presence of these proteins in the placenta and foetal membranes at different
stages of pregnancy. Aralla et al. (4) collected samples
during natural delivery, caesarean sections or through
ovario-hysterectomies of undesirable pregnancy. The
presence of AQP1, 3, 5, 8 and -9 was assessed using
immunohistochemical techniques. The volume and
biochemical composition of amniotic fluid during
pregnancy was also analyzed. The results showed
distinct patterns of AQP1, 3, 5, 8 and -9 expression
in maternal and extraembryonic tissues. The authors
suggest that AQPs are important in mediating amniotic
fluid during pregnancy (4).
Apparently, more research on aquaporins has been
conducted on the male reproductive system in dogs.
Studies were conducted where AQP1, 2, 7 (19) and 9
(18) were described in different regions of epididymis
and vas deferens and AQP1 was found in male gametes
(28). The next study on male dogs was performed in
order to assess the cellular distribution of AQPs in
normal and cryptorchid testicles (51). It is well known
that the proper intercellular water flow during maturation of sperm in male gonads is extremely important.
The immunohistochemical location of AQP7, AQP8
and AQP9 was demonstrated in both types of testes,
although the cryptorchid testes were characterized by
a lower amount of AQP7 and higher amount of AQP9
mRNA transcripts and protein. This experience indicates the role of AQPs in maintaining testicular cell
volume. Additionally, the authors suggest that the
different distribution of AQPs in cryptorchid testes
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in relation to normal ones reveals the possibility of
early detection and prevention of neoplastic diseases
(51). The presence of AQP1, 3, 4, 7, 8 and -9 in dogs
has also been immunohistochemically demonstrated
in gubernaculum testis tissues of fetuses during different stages of pregnancy (5). The authors suggest
a significant contribution of AQPs to hydration and
volume modification of gubernaculum testis in dogs.
Finally, AQP1 was also analyzed in the mammary
gland in healthy bitches and in the case of mammary
tumors. High expression was expected in the case of
tumors, due to human literature data. However, no
homologies were found, suggesting different expression profiles of aquaporins in different mammalian
species (22).
The structure, role and importance of connexins
Gap junction connections (GJCs) are made up of
connexins, integral membrane proteins, which form
complexes – connexones (1). They have a structure
consisting of 6 subunits, surrounding a channel of
1.5 nm diameter. A single connexon can connect to
the connexon of an opposite cell and create gap junction channels (33). The flow of ions between the cells
creates a difference in electrical potential. Due to the
construction of gap junctions they can be divided into
several classes. The combination of two connexons
with one type of protein is called a homometrichomotopic junction. However, those formed from
two connexones, but different kinds of proteins are
called homometric-heterotypic junctions. Conversely,
in the case of heterometric-homotypic junctions each
connexon consists of two types of proteins. Thus,
the greatest variety of proteins is characterized by
heterometric-heterotopic junctions.
There are 21 genes defined in the mammalian connexins family, many of which may be expressed within
the same cell (67). The group consists of 18 versatile
connexins (Cx26, Cx29/31.3, Cx30, Cx30.2/31.9,
Cx30.3, Cx31, Cx31.1, Cx32, Cx36, Cx37, Cx39/40.1,
Cx40, Cx43, Cx45, Cx44/46, Cx47, Cx50, and
Cx57/62) and three species-specific proteins (Cx25
and Cx58 in primates, Cx33 in rodents) (15).
Different types of connexins are found in different
types of body cells because intercellular communication is an extremely important element of cell life. It has
been shown that Cxs not only form specific gap junction connections, but also through their structure have
the ability to connect with other structural proteins,
consequently influencing various cellular processes
(20, 47, 57, 80). The existence of GJCs in various
body tissues ensures the maintenance of homeostasis,
intracellular metabolic cooperation and the transmission of important cellular signals (59).
Connexins in canines
Studies in recent years have shown the presence
of different connexins in many canine tissues. Three

Med. Weter. 2021, 77 (2), 65-71

gap junctional proteins have been identified in canine
ventricular myocytes: connexin 43 (Cx43), connexin
45 (Cx45), and connexin 40 (Cx40). Cx43 is the
predominant gap junctional protein in the working
myocardium while Cx40 is found at the highest levels
in the conduction system. Cx45 has been detected in
adult canine ventricular myocytes where it colocalizes
with Cx43 and Cx40 (66). Western blot studies showed
a decrease in the amount of Cx43 in both the left and
right atrium of the boxer dogs diagnosed with arrhythmogenic right ventricular cardiomyopathy (ARVC). It
was evaluated that a gap junction degradation and the
electrical uncoupling in conjunction with histological
changes may contribute to atrial arrhythmogenesis
associated with ARVC (74).
A subject of the extensive proliferation and secretory differentiation of epithelium, which require tight
regulation of hormonal and growth factor cues as well
as epithelial–epithelial and epithelial–stromal interactions, and direct cell – cell communication through gap
junctions are also mammary glands (67). In normal
bitch mammary tissue, Cx43 is primarily expressed
between myoepithelial cells whereas Cx26 is detected
between secretory cells (40, 72). A comparative study
showed that canine mammary tumor cells (CMT12,
CMT27, and CF41.Mg) have lower gap junction
activity compared to non-cancerous cells (CMEC).
A distinct differential pattern of connexin 26 and connexin 43 between normal and cancerous mammary
cells in dogs may possibly allow novel therapeutics
to be developed (40).
It is noteworthy that in the intestinal tissues of
dogs a group of connexins which are attributed to
the participation of pacemakers and neurotransmitter
processes has also been distinguished. Using some
specific antibodies, it has determined the distribution of
three types of connexins in the whole gastrointestinal
tract (Cx43, Cx45, and Cx40) (45, 78). Connexin 40
(Cx40) was widely distributed in the circular muscle
of the lower esophageal sphincter (LES), stomach,
and ileum (78). Connexin 43 (Cx43) was present
along the main division of the circular smooth muscle
layer cell surface in the small intestine and the border
layer between the circular muscle and the submucosa
and in the portion of the circular muscle layer of the
canine colon (interstitial cells of Cajal rich layer, ICC)
(39, 43). Connexin 45 (Cx45) was localized along the
deep muscular plexus of the small intestine which may
suggest that connexin 45-expressing cells are likely
to act as a constituent conductive system by forming
a cellular network operating via specific types of gap
junctions (45). In addition, thanks to detection of the
colocalization of Cx43 with Cx40 and/or Cx45 in the
ICC networks it has been proved that gap junctions in
canine intestines based on different connexin compositions may be heterotypic or heteromeric and have different conductance properties in different regions (78).
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Connexins 43 and 46 were considered to have a significant impact on the development, differentiation and
regulation of bone tissue, both normal and neoplastic
(56). By relating of the proliferating cell nuclear antigen (PCNA), which enables the evaluation of cellular
proliferation in the tumors to Cx43 and Cx46 levels,
it has proven an inverse correlation in a case of GJCs’
proteins (higher amounts of Cx43 were associated
with fewer PCNA-positive cells). In this context the
increase of the expression of specific bone tissue Cxs
could be used as adjuvant in the treatment of canine
osteosarcomas (56).
Role of connexins gene family in reproductive
systems processes
The male reproductive tract is composed of several
cell types interconnected through GJCs composed
with several varying isotypes of Cxs, depending on
the organ, the species and the developmental stages.
An expression of exclusively Cx43 genes was found
in testicular Leydig cells of various species. 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 of numerous species,
like human, mouse, rat, pig, and dog were found (Cx26,
Cx32, Cx33, Cx43). The knowledge on Cx expression
in germ cell lineage is highly limited; however, Cx43
was detected in human and dog germ cells (32).
During the following years, researchers have demonstrated the presence of different Cxs in the reproductive
system of different species of mammalian females. In
the ovary of many species, including humans, mice,
swine, bovine, ovine and canine Cx37 and Cx43 are
the most abundantly expressed connexins (7, 23, 48,
70). The essential aspect in the process of acquiring
developmental competence by oocyte is its proper communication with cumulus oophorus cells. The presence
of specific gap junction connections (GJCs) has been
demonstrated, with connexins being the most crucial
proteins building them (6).
Many studies in recent years have shown significant
expression of connexin 43 (Cx43) during both oocyte
(50) and granulosa cells (30, 31) in vitro primary
culture. This protein (GJA1, gap junction associated
protein, alpha 1, also known as Cx43) turns out to
be the main constituent in the connections between
individual GCs populations: mural-mural and muralCCs (68). Through gap-junctions, direct exchange of
substrates for both ions (Na+, Ca2+), metabolites and
secondary messengers up to 1.2 kDa (e.g. ATP) is
possible (69, 77). In recent years, many studies have
been conducted on the role of Cxs in oocyte maturation, the acquisition of developmental competence by
COCs, and consequently fertilization capacity. The
results show that the lack of these proteins may lead
to disorders of oocyte development processes, leading
to their inability to fertilize (2, 24, 76).
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Connexins and the canine reproductive system
In the available literature the authors have found
only a few publications on the presence of Cxs in the
reproductive tract of dogs. Most of them are related
to the occurrence of the gap junctions in the canine
testicular tissue. Recent studies reveal that GJCs, including a predominant connexin 43, between Leydig,
Sertoli and between Sertoli and germ cells participate
in the local regulation of spermatogenesis and it is
crucial for its initiation and maintenance (52, 54).
Only two studies about the expression of Cxs in
ovarian follicles in bitches during the estrous cycle
were found. The gene expression of both connexins
(connexin 43 (Cx43) and connexin 37 (Cx37)) were
observed in all stages of follicular development.
However, the mRNA levels of both genes remained
without changes at the final follicular growth, suggesting that, in contrast to other species, they may be
involved in the prolonged meiotic arrest (17, 79).
In conclusion, therefore, by studying the available
literature it can be stated that water channels and gap
– junction connections undoubtedly play an important
role in the regulation of the reproductive system function. Studies in pigs show a significant expression of
AQPs proteins in the most important reproductive
organs, and their close relationship with their function indicates their significant participation in cyclic
changes in particular cell types. In turn, connexins are
unquestionably the main building proteins of GJCs,
thus providing key oocyte – cumulus cell relationships
and ion and molecular exchange. The uniqueness of
the estrous cycle in bitches raises even more questions
and hypotheses about the molecular basis of their reproduction. In response to the still developing field of
carnivorous animal reproduction, the key seems to be
the necessity of further research, allowing for continued development of assisted reproductive techniques.
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