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Gapjunctionsand connexinsare critical forcoordinating cellular
functions in complex epithelia. In recent years there has been
increasedinterestin understanding the regulation and function
of gap junctions in both the testis and epididymis. Studies in
transgenic mice in which connexin 43 (Cx43) is mutated or
is knocked down only in Sertoli cells have demonstrated the
essential role of Cx43 in spermatogenesis and differentiation
of Sertoli cells. In the epididymis developmental studies have
shown a role for numerous connexins in the differentiation
of epithelial cells and communication between the basal
cells and both principal and clear cells. In both tissues several
factors, such thyroid hormones and androgens, are important
in regulating expression and function of connexins. Pannexins,
which form cellular channels but are structurally similar to
gap junction proteins, have been identified in both testis and
epididymis and, in the epididymis, are regulated by androgens.
The objective of this review is to summarize the advances that
have been made on the role and regulation of connexins and
pannexins in the testis and epididymis and their implication in
spermatogenesis and sperm maturation.

Introduction

Junctional complexes between cells are comprised of adherens,
tight and gap junctions. Adherens junctions are composed of
cadherins and nectins, and serve for cell adhesion, as the name
implies, and for cell recognition and intracellular signaling.
Tight junctions, composed principally of occludin and claudins,
restrict paracellular movement of ions by forming an imperme-
able barrier. Gap junctions are essential structural components
that mediate direct communication between neighboring cells.
Intercellular communication using gap junctions is critical for
several processes including cell growth and differentiation."
Histologically, gap junctions appear as punctate structures
between adjacent cells (Fig. 1A) and are formed by homomeric or
heteromeric hemichannels, referred to as connexons.? Each con-
nexon is comprised of an oligomer of six connexins (Cx) (Fig. 1).
These channels allow the free passage of ions and small molecules
of less than 1 kDa between adjacent cells. There are 21 different
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Cxs in humans; 20 different Cxs have been identified in other
mammals and these have been broadly subdivided into five sub-
families.*> Connexons can be composed of either the same Cxs
(homotypic) or different Cxs (heterotypic; Fig. 1B).> Not all Cxs
can interact with each other to form heteromeric connexons. For
example, Cx26 can form heteromeric channels with Cx30 and
Cx32, but not with Cx40.¢ One of the functions of Cxs within
a connexon is to provide selectivity to the gap junction. This has
been shown in experiments in which Cx43 was replaced by Cx26
in transgenic mice resulting in, among other things, the inhibi-
tion of spermatogenesis, abnormal mammary gland development
and altered cardiac functions.” Therefore, the spatio-temporal
expression of specific Cxs is critical for the development and
coordination of cellular events within epithelia. In addition to
the makeup of the connexon, connexons from one cell can also
bind to connexons comprised of different Cxs, resulting in a gap
junction that has different permeability properties from two con-
nexons composed of the same Cxs.>*

Connexons are assembled in the Golgi and transported to the
plasma membrane. Depending on the tissue, some connexons will
open, forming a hemichannel that can release small molecules
into the extracellular space. Connexons will dock with connex-
ons from adjacent cells forming an intercellular pore. These pores
will aggregate to form a gap junction plaque. Connexons have a
relatively short half-life of less than one hour and will be inter-
nalized into one of the two cells forming an annular junction.
The annular junction or connexosome, will then be degraded
by lysosomes and proteosomes (Fig. 2)."* With the exception of
Cx26, all Cxs are phosphorylated.® Alterations in the phosphory-
lation state of Cxs will influence the selectivity of the connexon.
In general, both hyper- and hypo-phosphorylated Cxs will result
in closing the connexon and decreasing intercellular communica-
tion.>® Intracellular pH is also a regulator of connexon function,
since decreased intracellular pH is associated with loss in inter-
cellular communication.” The physiological significance of this,
however, may be limited, and whether or not intracellular pH
plays a role in the gap junctions of reproductive tissues is unclear.’

The Testis

In the testis, intercellular gap junctional communication is
essential for the exchange of cellular messengers necessary for
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actively proliferating in the adult, in con-
trast to normal mice, in which Sertoli cells
differentiated and stopped proliferating at
two weeks of age, when the blood-testis
barrier was formed.'*"

Connexins regulate the selective perme-
ability of the connexon, and consequently
the gap junction. Plum et al.? replaced the
coding region of Cx43 with that of either
Cx32 or Cx40. While the knock-in mice
had some serious issues and early mortal-
ity, spermatogenesis was compromised in

both transgenic animal lines. Testes had

Figure 1. Schematic diagram representing the appearance and structural composition of gap
junctions. (A) Immunofluorescent photomicrograph of Cx32 in the rat epididymis. The gap

primary spermatogonia but the seminifer-
ous tubules were devoid of more advanced
germ cells. This implies that Cx43 cannot

junctions appear as punctate (green) structures between adjacent epithelial principal cells. Each
punctate structure represents hundreds of connexons that form the gap junctional plaque.

The white dotted line outlines a principal cell while the yellow dotted line outlines a basal cell.
(B) Each connexon or hemichannel, is comprised of six Cxs. Connexons can be comprised of

the same Cxs (homotypic) or different Cxs (heterotypic). The connexins which make up the
connexon determine its permeability. (C) Connexins are transmembrane proteins that have two
extracellular loops. Each extracellular loop has three cysteines (C) which allow connexons from
different cell types to dock with another connexon to form and intercellular pore.

be replaced by either Cx32 or Cx40 for
spermatogenesis to proceed. An interesting
point, however, is that in these transgenic
mice, germ cell populations were decreased
in embryos. Since this occurs before the
formation of the blood-testis barrier (post-

spermatogenesis.’”’® The first study reporting the presence of
Cxs in the testis was done by Risley and Tan," who identified
the presence of Cx43 in both Leydig cells and Sertoli cells. They
also reported the presence of Cx26 and Cx32 in the apical region
of the seminiferous tubule. Dye-coupling experiments indicated
that cellular communication between adjacent Sertoli cells was
non-selective, while communication between Sertoli cells and
developing germ cells favored the passage of positively-charged
biotin tracers." This exchange was asymmetric, since that dye
could be exchanged from Sertoli cells to spermatogonia but not
from spermatogonia to Sertoli cells. The expression of Cx43 in
the seminiferous tubule is stage-dependent, suggesting differ-
ences in gap junctional communication between Sertoli cells and
germ cells of different maturational stage.”” The importance of
gap junctional communication, especially Cx43, in the testis was
shown with mice lacking Cx43."° While these animals died at
birth due to cardiac insufficiency, there was an absence of devel-
oping germ cells in the testis of developing embryos.’® To further
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natal day 14 in the mouse and rat), and the
differentiation of Sertoli cells, it is clear
that Cx43 also plays a role in embryonic germ cell recruitment.
Francis and Lo* reported an increase in primordial germ cell
apoptosis in Cx43 knockout mice. This was associated with a
decrease in the expression of Bl-integrin which is necessary for
primordial germ cell migration. These may explain the reduced
number of germ cells observed in the testis of Cx43 knockout
mice as well as Cx43 knockout mice with either Cx32 or Cx40
knock-in.'®2

A recent study examined the effects of altered Cx43 function
using a mouse model of oculodentodigital dysplasia (ODDD),
in which there is a mutation in one of the extracellular loops of
Cx43.?? In humans, ODDD is caused by mutations in Cx43 that
are inherited in an autosomal fashion.? This dysmorphogenesis
syndrome is characterized by oligosyndactyly of fingers and toes,
abnormal cranial features and physiological problems associated
with cardiac and neurological functions, hearing and skin.? In
the testis and epididymis of the mouse ODDD model,* the
G60S mutation resulted in a decreased level of phosphorylated
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Figure 2. Schematic representation of the formation and degradation of gap junctions. Following their synthesis, Cxs enter the Golgi where the con-
nexons are assembled. The connexon is then transported and assembled into the plasma membrane. Open connexons will form gap junctional hemi-
chanels that release small molecules, such as ATP, Ca%, into the extracellular space. Connexons dock with connexons from the adjacent cells to form
an intercellular pore that will allow small molecules of less than 1 kDa to be exchanged between cells. The pores aggregate to form the gap junctional
plague. The connexons are then internalized into one of the cells to form an annular junction that will be degraded by lysosomal degradation.

Cx43 as well as decreased intercellular communication.?* While
the males were fertile, there was an increase in levels of germ cell
apoptosis, abnormal spermatogenesis, and the presence of many
degenerating seminiferous tubules.”® Epididymal sperm counts
were also reduced, as were total percent motility and several
sperm velocity parameters, suggesting that the mice were subfer-
tile. These results confirmed previous findings on the importance
of Cx43 in spermatogenesis, but also indicated that the presence
of Cx43 was not sufficient to maintain spermatogenesis, and that
functional communication between Sertoli cells and germ cells
was necessary.

Thyroid hormones (TH) play a critical role in the differen-
tiation of Sertoli cells.” Studies have indicated that treatment of
rats with the anti-thyroid drug n-propylthiouracil (PTU) dur-
ing pubertal development resulted in increased testicular size
and daily sperm production as a result of an increased number of
Sertoli cells in the testis.”>? St-Pierre et al.® showed that neona-
tal PTU treatment was associated with a decrease in Cx43 levels
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and with cytoplasmic localization of Cx43 in the testis. Gilleron
et al.?” using cultured Sertoli cells, then showed that TH regu-
lated the localization of Cx43 to the plasma membrane, and that
triiodothyronine (T3) could decrease Sertoli cell proliferation.
These two studies support the notion that TH regulate Sertoli
cell differentiation via Cx43. Interestingly, in Sertoli specific
Cx43-null mice, the TH receptor a (THRa) remains elevated
throughout adulthood.” In normal mice, THRa is high prior
to the differentiation of Sertoli cells and decreases thereafter.’*3!
TH therefore regulate Cx43 levels in Sertoli cells; once Cx43
levels increase, there is an inhibition of TH receptor levels and
therefore decreased TH action on Sertoli cells. This close associa-
tion between TH and Cx43 suggests that Cx43 is the main target
of TH on the testis. Once Cx43 levels increase and Sertoli cells
differentiate, the actions of TH are no longer necessary and the
system is shut down, or at the very least, significantly decreased.

The regulation of Cx43 by TH in Sertoli cells is highly con-
served in evolution and has been shown in fish.*>** Both the
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mammalian and fish Cx43 promoters contain TH response ele-
ments, and the regulation of Cx43 appears to occur via direct
transactivation of the GJal gene.**** In studies using immature
fish exposed to municipal wastewater effluent containing estro-

1.5 showed

gens and estrogenic-like substances, deMontgolfier et a
that trout testicular Cx43 and Cx31 increases precede changes in
testicular maturation. This observation suggests that changes in
Cxs may be a driving force in regulating germ cell development
during spermatogenesis.

In humans, correlations have been reported between decreased
3 Studies have

also reported decreased Cx43 in in situ carcinoma, in patients

Cx43 levels and infertility in azoospermic men.

with Klinefelter’s syndrome, as well as in infertile patients that
lack a portion of the Y-chromosome and have arrested spermato-
genesis.>”* What remains to be elucidated, however, is whether
or not changes in Cx43 precede effects on spermatogenesis in
mammals, as is suggested in fish studies, or if these occur as a
result of changes in spermatogenesis. If the former is the case,
then Cx43 could be a potential therapeutic target for certain
cases of azoospermia due to testicular failure. However, given the
ubiquitous distribution of Cx43 throughout the different organs
of the body, selectively targeting the testis represents a formidable
challenge.

The exact role of Cx43 in spermatogenesis has received con-
siderable attention, although its role(s) remain to be elucidated.
Cx43 connexons form gap junction plaques between adjacent
Sertoli cells as well as between Sertoli and germ cells.® A possible
mechanism by which Sertoli cells may regulate intercellular com-
munication could be regulating the turnover, or internalization
of gap junction plaques. It has been shown that c-Src is involved
in the internalization of gap junction plaques in Sertoli cells.”’
The interaction between c-Src and Cx43-containing gap junction
plaques appears to be regulated by the large GTPase dynamin2.%°
Whether or not this process is activated and deactivated during
spermatogenesis and whether or not it represents a critical role in
the regulation of spermatogenesis still needs to be demonstrated.

In the adult murine testis, Cx43 co-localizes with the tight
junction protein occludin in the area of the blood-testis bar-
rier.*"*> More recently, it has been shown that Cx43 is impor-
tant for the formation of tight junctions between Sertoli cells,
responsible for creating the blood-testis barrier.*#% Li et al.*
have reported that Cx43, along with plakophilin2, can alter the
transepithelial resistance of Sertoli cells in vitro, suggesting that
these two proteins interact in the regulation of tight junctions.
However, in mice lacking Sertoli cell-specific Cx43, a blood-
testis barrier was formed.” Furthermore, levels of occludin,
N-cadherin and B-catenin were all increased, while ZO-1 levels
were decreased. In the same study, similar results were obtained
using Sertoli cells in which Cx43 levels were knocked down
using antisense siRNA. While these results suggest that having
a functional blood-testis barrier is not the only requirement for
spermatogenesis to proceed, the question arises as to whether or
not the barrier is, in fact, fully patent and functional. Alterations
in adherens junctions indicate that the dynamic nature of the
blood-testis barrier is altered in Cx43 Sertoli-null mice. The tight
junctions of the blood-testis barrier are unique in that developing
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germ cells must be transported across the tight junctions from
the basal to the adluminal compartment. Thus, the dynamic
nature of testicular tight junctions requires precise interactions
between various types of cellular junctions to coordinate these
processes. However, the question remains as to how Cx43 gap
junctions accomplish this. Perhaps the asymmetric intercellular
communication between Sertoli cells and germ cells reported by
Risley et al.'* may activate signals from the germ cells back to the
Sertoli cells to regulate both the adherens and tight junctions of
the blood-testis barrier.

Several studies have reported that cadherins and other com-
ponents of adherens junctions are necessary for gap junction for-
mation. Increased E-cadherin-dependent cell-cell contacts are
associated with increased gap junctions.? Cx43 co-localizes with
N-cadherin (cadherin 2) in NIH3T3 cells, and these immuno-
precipitate together, suggesting that they form a multi-protein
complex.” Furthermore, anti-N-cadherin antibodies prevent
gap junctional communication in these cells,* suggesting a cru-
cial interaction between these two types of cellular junctions.
Similar regulation may occur in the testis which also expresses
N-cadherin and Cx43.%952

Interaction of ZO proteins with various Cxs, including Cx43,
is well-characterized. > ZO proteins appear to be important in
the localization of gap junctions and/or in recruiting signaling
molecules that regulate intercellular communication. Several
studies have demonstrated that Cxs interact with other tight
junctional proteins, such as occludin and claudins, in a variety
of tissues such as liver and endothelial cells’**% as well as in the
testis, where occludin is colocalized with Cx43 in Sertoli cells in
the area of the blood-testis barrier.*! Studies have also shown that
Cxs can modulate tight junction functions. Increased expression
of Cx32 in hepatocytes increased the number of tight junctional
strands and expression of occludin, CLDN1 and -2 and MAGI-1,
while decreasing paracellular permeability.”*>>* Similar obser-
vations have been reported for Cx26 overexpression in Caco-2
cells, which increases CLDN4 levels.®® Whether or not the per-
meability of the blood-testis barrier is changed in mice where
Cx43 is knocked down in Sertoli cells remains to be established,
but given the extensive literature on the role of Cldns in paracel-
lular transport of specific ions, and the close interaction between
adherens junctions and tight junctions, it would not be surprising
that the permeability of the barrier may be altered in these mice,
resulting in, or contributing to, the inhibition of spermatogenesis
observed in these testes.!®!%%3

Leydig cells also have gap junctions and express Cx4
The physiological functions of Leydig cells and their response
to LH appears to be unaltered by lack of Cx43."% Whether or
not there are other Cxs in Leydig cells remains to be established
and whether or not these may compensate for Cx43 in knockout
animals is unknown.

Clearly, all of these studies point to the critical nature of gap
junctional communication and connexins in spermatogenesis.
The challenge now is how to use this information in the develop-
ment of therapeutic strategies for treatment of male infertility or
in controlling male fertility, particularly since Cx43 is ubiqui-
tously expressed throughout the body.

3 14,61,62

Volume 1 Issue 4



The Epididymis

Early studies have revealed that sperm were , “ '

not simply retained in the epididymis to allow I ‘
for “aging,” but rather that the functional
maturation of sperm resulted from their
exposure to the luminal environment.®*®
Thus, the ability of the epididymis to pro-
vide the appropriate milieu for maturation
of spermatozoa is considered one of its most
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important functions. This milieu is cre-

ated by several processes, notably the absorp- L
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androgen-dependent. The primary function

of the epididymis is to provide a defined
environment necessary for sperm matura-

Figure 3. Schematic representation of the cellular localization of the different members of
cellular junctions in the epididymis.

tion. This environment involves proteins

secreted directly by epididymal epithelial cells. These proteins
interact with maturing spermatozoa, and contribute to acidifi-
cation of the lumen, as well as to detoxification of free radicals
and ion/organic molecule composition.” The composition of
the lumen changes along the length of the epididymis, presum-
ably to favor the final stages of sperm maturation and to main-
tain the sperm in a quiescent state until they are ejaculated.”
Coordinating cellular and physiological functions along the epi-
didymis is therefore critical to these functions. Morphologically
and physiologically, the epididymis can be subdivided into at
least four distinct regions: the initial segment, the caput, the
corpus and the cauda.” The epididymal tubule is lined with a
pseudostratified epithelium that contains five major cell types:
principal, basal, clear, halo and narrow cells. The most abundant
cell type found in the epididymal epithelium is the principal
cell.® Epithelial principal cells are the major protein-secreting
cells of the epididymis. Tight junctions between epididymal
epithelial cells are responsible for the formation of the blood-
66:6771 (Fig. 3). The barrier is composed of
numerous tight junction proteins including occludin and mul-

epididymis barrier

tiple claudins.”>”* Claudins have been shown to be critical for
regulating paracellular transport between adjacent cells and the
variations in the expression of claudins along the epididymis
suggest important differences in tight junction physiology along
the epididymis.®””> Segment-specific differences in epididymal
physiology are suggestive of a complex coordination of function.
Thus, cellular communication is critical to epididymal function,
and, as in other tissues, is regulated by gap junctions.

Gap Junctions in the Epididymis

Epididymal gap junctions were initially identified in epithelial
principal cells of the rat using freeze fracture electron micros-
copy.”® They reported that macular gap junctions were present
in the apical region of the epithelial cells and these were asso-
ciated with the tight junctions of the blood-epididymal barrier.
They also noted that gap junctions were present in the basal com-
partment of the epithelial cells. Pelletier,’”” using freeze fracture

www.landesbioscience.com
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electron microscopy in the mink, a seasonal breeder, showed that
gap junctions were present basal to the tight junctions but also at
the basal region of principal cells. He also reported that gap junc-
tions were present between principal and clear cells.

Cx43 was the first connexin to be identified in the epididy-
mis’® and was shown to be localized between principal and basal
cells. Cx43 was also present between clear and basal cells and
between myoid cells, particularly in the distal regions of the
epididymis. These data were interesting, since Cx43 was not
observed between adjacent principal cells or between principal
and clear cells, implying that the coordinated functions of the
epididymal epithelium involved direct interactions with basal
cells. Since specific Cxs confer the selective properties of the con-
nexons, these data also suggested that the molecules exchanged
between adjacent principal cells, or between principal and clear
cells, differed from those exchanged between principal and basal
cells, since Cx43 was not present between adjacent principal cells
or between principal and clear cells.

It is interesting to note that in efferent ducts, which lack basal
cells, Cx43 was localized apically between ciliated epithelial
cells.”® However, in the initial segment of the epididymis, where
basal cells were present, Cx43 was localized between principal
and basal cells. These observations suggest that the presence of
basal cells regulate, or at the very least influence, intercellular
communication in the epididymis. Studies have reported that
basal cells may regulate certain physiological aspects of princi-
pal and clear cells via prostaglandins. Thus the role of Cx43 in
epididymal physiology may be more complex than previously
thought. When discussing epididymal physiology, there is a ten-
dency to examine it from the lumen toward the base of the epi-
thelium; perhaps we should consider the alternative perspective:
that is, regulation from the blood toward the lumen, i.e., from
the base upwards. Certainly if this is the case for regulation of
epididymal function, then it makes sense that basal cells would
be a primary target of blood-borne regulators.

The localization of Cx43 between principal and basal cells has
now been observed in several species, including the water buffalo,
the stallion””® and human (unpublished). This would suggest
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that basal-principal cell intercellular communication appears to
be conserved between species, supporting its importance for epi-
didymal function.

In addition to Cx43, epididymal cells of the rat also express
transcripts for Cx26, 30.3, 31.1 and 32.%' In the proximal region
of the epididymis, Cx26 is expressed primarily in young ani-
mals, when the epithelium is undifferentiated, and is localized
to the apical region between epithelial cells.® In contrast, Cx32
is expressed in the epididymis of adult rat between adjacent prin-
cipal cells, as well as between principal and basal cells.®' This
implies that Cx32-mediated gap junctions are involved in direct
communication between adjacent principal cells. The local-
ization of Cx26 and Cx32 along the lateral plasma membrane
supports previous observations of the presence of gap junctions
between these cells.””%

Postnatal developmental events in the epididymis have been
well characterized. In the rat, cellular differentiation occurs
between days 16 and 44, and basal cells are present in the
epididymis by day 28.%4 As epididymal epithelial cells differenti-
ate into columnar and then into principal cells, there is a correla-
tion between levels of Cx26 mRNA in the proximal region of
the epididymis and the degree of differentiation.®#% As Cx26
levels decrease, there are concurrent increases in both Cx32 and
Cx31.1 mRNA levels. This switch in expression from Cx26 to
either Cx32 or Cx31.1 has been reported for keratinocytes dur-
ing differentiation.®> Epididymal Cx43 mRNA levels during rat
postnatal development display a similar pattern as Cx26, but the
levels do not decrease as dramatically as those of Cx26. This may
be linked to the appearance of basal cells by day 28, since Cx43
mediates the coupling of basal and both principal and clear cells,
and may explain why the pattern of Cx43 differs from that of
Cx26 during development.

In contrast to the proximal region of the epididymis, the post-
natal pattern of Cx31.1 levels in the cauda is low at day 7 and
increases rapidly to peak at approximately day 28.8' Cx32 mRNA
levels, on the other hand, are not detectable at day 7 and peak
by day 63. However, Cx43 mRNA levels in the cauda remain
unchanged and Cx26 levels are below detection level. These data
support the notion that epididymal Cxs are regulated not only in
segment-specific manner, but also independently of one another.

Regulation of epididymal connexins. There is still limited
information of the regulation of gap junctions or of Cxs in the
epididymis. One of the reasons for this has been the absence
of reliable cellular tools that can be used to understand regu-
latory mechanisms in the epididymis. The development of epi-
didymal cells lines from canine, murine, rat and from both fertile

and infertile human epididymis®®*

should provide more rapid
advances in the regulation of epididymal cell and molecular biol-
ogy including the regulation of Cxs.

Studies in the rat have shown that the levels, phosphoryla-
tion status and cellular targeting of Cx43 in the initial segment
of the epididymis are androgen-dependent.”® As indicated previ-
ously, Cx43 in intact adult rats is located between principal and
basal cells. However, in orchidectomized rats, Cx43 is also local-
ized between adjacent principal cells at their apical margins. This
change in cellular targeting is lost in orchidectomized rats when
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testosterone levels are maintained at physiological levels. These
results indicate that androgens are key regulators of Cx43 in the
epididymis and that cellular targeting of Cx43 is also regulated.
These observations further suggest that the regulation of intercel-
lular communication in the initial segment is different from other
regions. Other studies have reported that claudin-1 (CLDNI1), a
tight junction protein, is also regulated differently in the initial
segment of the epididymis.”* Since both Cx43 and CLDNI1 bind
to ZO-1, there may be certain commonalities in the regulation
of these two proteins in the initial segment, as opposed to other
regions of the epididymis. Certainly in the rat, the appearance of
the apical junctional complex appears to be much more extensive
in the initial segment than in other regions of the epididymis.”

In the boar, Lydka et al.”® reported that the administration
of the anti-androgen flutamide during gestation resulted in
decreased Cx43 levels in the cauda epididymidis during gesta-
tion. This decrease, which persisted to adulthood, was associated
with a decrease in androgen receptor levels, which were more pro-
nounced in the cauda, and an increase in apoptosis. The results
support the fact that androgens represent an important regulator
of Cx43 in the epididymis. Using orchidectomized rats in which
the epididymis is regressed and stimulating the epididymis with
dihydrotestosterone (DHT), Hamzeh and Robaire’ showed that
Cx31 is androgen-dependent. Their analyses also predicted that
epididymal Cx43 is regulated by EGF (epidermal growth factor)
and IGF via endothelinl and IGFBP3 (IGF binding protein 3).

Studies in the testis have reported that TH are essential regu-
lators of Cx43 and of the subsequent differentiation of Sertoli
and Leydig cells.”>?>% In the epididymis, PTU-induced neonatal
hypothyroidism resulted in a significant decrease in Cx43 levels
in the proximal region of the epididymis.?® Once PTU treatment
was stopped, the levels of Cx43 returned to control levels.”® Cx43
levels were not regulated by TH in the cauda epididymidis. As
with orchidectomy and testosterone replacement, CLDNT1 levels
in the proximal epididymis were also decreased by hypothyroid-
ism.?® Thus, the relationship between gap and tight junctions
appears to be finely regulated in epididymal function.

Functional regulation of epididymal connexins. Data
from recent studies using a transgenic mouse model for human
ODDD, in which there is a mutation in one of the extracellular
loops of Cx43, indicated that overall levels of both Cx43 and
phosphorylated Cx43 were significantly decreased in the epididy-
mis.?* Surprisingly, no consistent phenotype was evident in the
epididymis of these animals. Although unexpected, other stud-
ies have shown decreased Cx43 levels in human patients with
ODDD, but tissues such as skin generally appear to have a nor-
mal morphology.” Functionally, however, skin fibroblasts display
reduced proliferation and migration capabilities, and also express
less smooth muscle actin, suggesting that they are generally inef-
fective in differentiating.”

While the morphology of the epididymal epithelium in
ODDD transgenic mice was not altered in a consistent manner,
sperm motility was significantly decreased in these animals.
Since sperm motility is acquired during epididymal transit, we
speculated that there may be physiological alterations in epididy-
mal functions that result from the Cx43 mutation and these may
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be responsible for, or at least contribute to, observed differences
in sperm motility and velocity parameters.

Connexin Hemichannels

While the distribution of Cxs in the formation of gap junc-
tions, in spermatogenesis, and in epididymal function is well-
established, it has been generally held that connexons reached the
plasma membrane in a closed state until ‘docking’ with opposing
connexons. There is increasing information, however, that con-
nexons may reach the plasma membrane in an ‘open’ configura-
tion, thereby forming a large open pore or channel.'®*' These
channels or hemichannels, appear to be involved in the release of
ions and metabolic products such as ATP from the cell.}0%10%103
In osteocytes, stimulating the opening of Cx43-hemichannels
results in the release of prostaglandin E,."* Different studies
have suggested that connexons of several Cxs may have the abil-
ity to form hemichannels (Cx23, 26, 30, 30.2, 31.9, 32, 36, 37,
41.8, 43, 45, 45.6, 46, 50, 55.5 and 56).19%105106 The strongest
evidence of hemichannel formation has been from a study show-
ing that Cx46 and 50 can form hemichannels in transfected
Xenopus oocytes.'”” There is very little information to date as to
whether or not Cxs can form hemichannels in the male reproduc-
tive tract.'” However, since the testis, epididymis and prostate all
express many of the Cxs known to form, or suspected of forming,
hemichannels, the possibility remains that Cx-based hemichan-
nels exist in the male reproductive tract.

Several studies have reported the presence of functional Cx
hemichannels in the kidney and their role in the regulation of
ATP release, as well as in the regulation of ion secretion and
the control of blood volume and pressure.'®®'% Given the many
similarities and common embryonic origin of the epididymis
and the kidney,®®® it is possible, and even likely, that Cx-based
hemichannels exist in the epididymis. One can postulate that the
role of such hemichannels may be implicated in the regulation
of the composition of the epididymal lumen and that it may act
in concert with the blood-epididymis barrier in regulating the
epididymal luminal milieu that in turn allows for sperm matura-
tion. A second potential function of these hemichannels may be
in contributing to cell-cell paracrine signaling in the epididymis.
Given the requirements to coordinate cellular functions in the
epididymis in terms of modulating segmentspecific physiologi-
cal functions, the involvement of several factors or pathways are
likely.

As indicated above, Cx43 is perhaps the best studied Cx in
the male reproductive tract. Using HelLa cells as an experimental
model, it has been shown that Cx43 transfection can alter mem-
brane polarization, suggesting the occurrence of Cx43 hemi-
channels."" Likewise, in osteocytes in vitro, Cx43 hemichannels
can be stimulated to open, and these open hemichannels release
PGE,."" Since prostaglandins in the epididymis are synthesized

in basal cells and act on principal cells,"!

it is intriguing that
Cx43 localizes between basal and principal cells. Since prosta-
glandins exert their effects via plasma membrane receptors, it is
possible that Cx43 hemichannels in basal cells release PGE, to

act on principal cells. However, while Cx43 hemichannels can
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occur under in vitro conditions, are these functional in vivo?
Most of the Cx hemichannels have been observed to be open
under ischemic conditions'*""* and strong depolarization (+40
mV).""%15 Fyrthermore, Cx hemichannels are closed when intra-
cellular Ca?* levels are elevated, or in the presence of physiologi-
cal levels of extracellular Ca*, and under conditions in which
the plasma membrane is depolarized, suggesting that Cx hemi-
channels may not be functional under normal physiological
conditions.""*""® Thus, the exact physiological role of Cx-based
hemichannels remains contentious.’®' If these are functional
physiologically, they likely occur in either a tissue- or cell-specific
manner and under specific physiological conditions. Addressing
this issue remains a challenge for understanding the functions of
Cxs in the reproduction.

Pannexin Channels

In the past few years, a new family of three proteins, the pannex-
ins (Panxs), that are structurally similar to innexins, the inver-
tebrate gap junction proteins, has been identified. While Panxs
share sequence homology with innexins, they lack sequence
homology with the Cxs and, unlike Cxs, are heavily glycosyl-
ated.’?*'*! However, Panxs share the structural topology common
to all members of the gap junction protein superfamily.'**' As
a result of their homology to innexins,'?>'?® Panxs were initially
thought to form gap junctions. Studies suggested that Xenopus
oocytes transfected with Panxl, but not Panx2, could form
gap junctions when pairs of oocytes were incubated over a long
period of time.'”” However, this was not observed in any other
cell type and it is generally accepted that Panxs form hemichan-
nels exclusively.'?®

Panxs are integral transmembrane proteins with 4 transmem-
brane domains; each of the two extracellular loops contain 2 cys-
teine residues.’*'**'* The cytoplasmic NH,-terminal is highly
conserved between different Panxs, while the COOH-terminal
region varies quite a bit between Panxs.'** Transient expression
of Panx proteins has demonstrated that they accumulate in the
rough endoplasmic reticulum (RER) and the Golgi apparatus,
suggesting that Panx channels or pannexons, are assembled and
transported to the plasma membrane through the same secretory
pathway as the majority of Cxs.'”> However, unlike Cxs, which
are phosphoproteins, Panxs are glycosylated as they transit the
RER and Golgi apparatus. This modification is required for the
transport of pannexons to the plasma membrane and appears to
preclude close interactions between pannexons.'?*'21%° Panxl
has been the most studied Panx and, in addition to its ability to
assemble into homomeric hemichannels, it has also been demon-
strated to form heteromeric hemichannels along with Panx2.'%

The ability of Panxs to assemble into hemichannels and the
gating properties of these channels have been studied in Xenopus
oocytes' as well as in mammalian cell lines.’>'* It has been
demonstrated that the physiological properties of vertebrate
Panx channels are distinct from those of Cxs and ensure that
a unique, rather than a redundant, cellular role can be assigned
to this protein family. Upon activation, pannexons open into
large non-selective pores permeable to ions, small molecules and
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metabolites up to 1 kDa over a wide range of depolarization lev-
els, and have been shown to be insensitive to physiological lev-
els of extracellular Ca*. In addition, Panx hemichannels differ
from typical Cx channels by exhibiting much slower cellular
dynamics, larger currents with increasing depolarization, faster
kinetics of pore opening, larger unitary conductance, very weak
voltage gating and multiple substrates in single-channel record-
ings.!?>131134 The presence of Panx2 with Panx1 in heteromeric
hemichannels modified properties of the channels, since currents
with smaller amplitudes were recorded and peak currents were
significantly delayed compared with currents measured in Panx1
mRNA injected cells.'”

There now exists considerable evidence supporting a role for
Panxs in the formation of hemichannels, as opposed to gap junc-
tions, in non-junctional regions of the plasma membrane.'?"!
In addition, both the localization and functional properties of
Panx1 hemichannels suggest that they are perfectly suited for
Ca?* propagation waves.'*”!** Ca?* wave propagation is a mecha-
nism of cellular communication which consists of two distinct
pathways: the first involves the diffusion of Ca?*-mobilizing
second messengers, such as Ca’* itself or Ins(1,4,5)P,, from the
cytosol of one cell to that of another via gap junctional inter-
cellular communication; and the second, which is extracellular,
involves the diffusion of molecules released from one cell into
the extracellular space, which act upon the cell surface mem-

brane receptors of neighboring cells.!®

In many cell types, this
extracellular paracrine/autocrine pathway is mediated by the
release of ATP through vesicles and/or ion channels activating
ATP-sensitive purinergic receptors (P,Rs), which can be further
distinguished into metabotropic (P,Y) and ionotropic (P,X)
receptors.!*
also be involved in extracellular ATP release, a majority of Cx

Although there is evidence suggesting that Cxs may

hemichannels has been shown to close following elevation of
intra- and extracellular Ca?* levels, or during membrane depo-
larization, therefore limiting their ability to participate in the
1617 Panxl hemichannels
open in association with an increase in intercellular Ca?* and

extracellular Ca** wave propagation.

have been demonstrated to support a rapid ATP release, capable
of generating the ATP-specific current across the membrane.'?
Therefore, the properties of Panxl hemichannels support the
notion that Panxs are physiologically more suitable than Cxs for
ATP transport across the plasma membrane under a wider range
of conditions, a critical process for controlling intracellular Ca**
homeostasis and supporting efficient ATP release in non-contact
Ca’* wave propagation.'*

Panx1 channels have been demonstrated to physically interact
and work in synergy with ionotropic and metabotropic puriner-
gic receptors to support ATP-induced ATD release, the central
event of regenerative Ca** wave propagation in many cell types.'*
The role of Panxl in relation to this mechanism has been dem-
onstrated in the production of nitric oxide by endothelial cells,
causing relaxation of smooth muscle and vasodilation.'*® Panx1 is
involved in the release of ATP in response to ischemia and trig-

gers Ca?* waves in the endothelium;'?

133 in astrocytes;

in gustatory stimulation

106

in mammalian taste buds; and during the early

stage of the inflammatory response, where it associates with the
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purinergic receptors signaling cascade involved in the activation
of caspase-1 and the processing of interleukin 1B (IL-1B) from
macrophages.”** In accordance with these results, Panx1 was
found to be part of the P,X -receptor complex that mediates dye
uptake and the release of AT from erythrocytes and taste bud
cells.0¢18:133 Tt has also been proposed that Panx1 hemichannels
observed in the RER serve as functional pannexons for RER Ca?*
release channels, thus providing a conduit for the enigmatic Ca**
leak across the RER membrane.'” Panxl may also play a role
as a tumor suppressor and in neuronal necrosis following CNS
ischemia.'?

In the male, transcripts and proteins for Panx1 and 3 in the
testis and epididymis of the rat have been reported.’*® Three main
transcripts of 532, 500 and 311 bp were identified in the testis
and epididymis. Sequence analysis of these transcripts indicated
that the 311 bp transcript has a 211 bp deletion corresponding
to the 3" exon of Panxl. This region corresponds to the sec-
ond transmembrane domain and a portion of the cytoplasmic
loop (Fig. 4). The Panxl encoding-gene contains 5 exons and
several introns, allowing for alternative splicing events.'?’ It has
been demonstrated that Panx1 has an alternatively spliced exon
5 which leads to a 4 amino acid insert within the intracellular
C-terminus.'® In addition, Ma and colleagues'®’ identified a
novel difference in the intracellular C-terminus of human Panx1
consisting of the deletion of valine-377, encoded within exon 4.
This suggests that Panx1 is regulated at the mRNA level, and a
splice variant in which all of exon 3 is removed from the tran-
script occurs in the testis, in efferent ducts and in all regions of
the epididymis. Exon 3 codes for the second transmembrane
domain; thus, the predicted protein would essentially lack one
of its four transmembrane spanning regions. At the moment, the
function of this transcript is unknown.

Not surprisingly, multiple Panx1 and Panx3 immunoreactive
bands have been observed by western blot analyses, owing to the
120121136 Dyjfferences in

glycosylation have been reported in the different regions of the

extensive glycosylation of these proteins.

epididymis, suggesting that the regulation and/or cellular pro-
cessing of Panxl and Panx3 occurs in a cell type- and region-
specific manner with distinct subcellular localizations. In the
testis, Panxl is observed within the seminiferous epithelium,
where it appears to be expressed by the Sertoli cells at the level
of the blood-testis barrier and by peritubular myoid cells, while
Panx3 localizes to the interstitial space in areas of Leydig cells.
In the efferent ducts, both Panxs are expressed in the epithelium,
notably at the apical region of ciliated cells, while lateral plasma
membranes and the basal regions of non-ciliated and ciliated cells
are reactive for both Panxs. In addition, in the case of Panxl
only, the peritubular myoid cells are reactive. In the epididymis,
although both Panxs are expressed by principal cells, Panx1 local-
ization is restricted to the basal region of the epithelium, while
Panx3 is found at the apical region of the epithelium. Panx1 is
also expressed by basal cells and myoid cells, while Panx3 local-
izes to halo cells. Cx-based GJs are known to cluster at the plasma
membrane into dense arrays at locations of cell-cell contact.
This is typically visualized as a punctate staining and is usually
accompanied by a lack of cell surface staining in non-junctional
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areas.” This has been observed in many
. . . . Lumen
tissues, including the male reproductive
tract.”$80138139 Tn contrast, the distribution

profile of Panx1 and Panx3 reveals a relatively
Principal

even cell surface distribution, with limited
Cell ~—

clustering at junctional areas. In addition, the
two Panxs localize at non-junctional regions
of the plasma membrane, with Panxl at the
basal region of epididymal principal cells,
adjacent to the basement membrane and at
times overlying basal cells, while Panx3 local-
izes to the apical region of principal cells, adja-
cent to the epididymal lumen. These findings
are consistent with the distribution profile of
Panxl in non-GJ-forming erythrocytes and B
HeLa cells,'”'* and support the notion that

Panxs are involved in the formation of func-

tional single membrane channels in the male

reproductive tract. As previously reported in

4
1,12b140 wwe also

some human tissues for Panx
observed a punctate immunostaining for
Panx3 in the testis. These data suggest that
the organization of Panxs into junction-like
complexes may occur in some tissues, includ-
ing the male reproductive tract.

Studies in the epididymis have indicated
that orchidectomy results in an increase in
the number of Panxl and Panx3 immunore-
active bands, as well as of total protein levels
throughout the epididymis, while testoster-
one maintenance with orchidectomy reduces
the number of bands in the caput and corpus.
This suggests that testosterone and other tes-
ticular factors are involved in the post-trans-
lational modification of these Panxs. These
effects were attenuated in the cauda, sug-
gesting that the regulation of Panxs in this
segment is distinct from other epididymal
regions. While the use of orchidectomized
animals does have inherent limitations as an
experimental model, the regulation of Panxs
appears complex and involves multiple testic-
ular factors. Several other proteins have also
been reported to be androgen-repressed in the
epididymis.!¥143

The function of Panxs in the testis and
epididymis has yet to be clearly established.
However, it has been reported that epididy-
mal cells can release ATP into the lumen'
where there appears to be considerable crosstalk involving ATP
between the epididymal cells and the maturating sperm. Since
Panx3 is localized to the apical regions of the epididymis, it may
be implicated in the release of ATP into the epididymal lumen.
Panxl, on the other hand, localizes at the basal region of the epi-
didymal epithelium, where it is expressed by principal and basal
cells. Studies have shown that basal cells can reach the lumen of
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Figure 4. Schematic diagram representing the appearance and structural composition of
pannexon channels. (A) Immunofluorescent photomicrograph of Panx1 (left) and Panx3
(right) in the rat epididymis. Panx1 is localized between principal and basal cells while Panx3
is present at the apical region of the epithelium. (B) Pannexons are composed of 6 to 8 pan-
nexins. (C) Pannexins are transmembrane proteins that have two extracellular loops of differ-
ent lengths and a long carboxy terminal in the intra cellular space.

145,146

the epididymis and it has been suggested that they may be
involved in scanning and sensing the luminal milieu and mod-
ulating the functions of adjacent cells.'”” Furthermore, there is
evidence that basal cells release paracrine factors, such as prosta-
glandin E,, into the extracellular space, and activate correspond-

14

ing receptors on principal cells."® This results in an increase

in intracellular ¢cAMP and causes the activation of plasma
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Pannexin1

Spermatid

Spermatogonia
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Figure 5. Schematic diagram showing the immunolocalization of Panx1 in the seminifer-
ous tubule. Panx1 was localized to the basal compartment of seminiferous epithelium, and
suggestive of a reaction of the basal plasma membrane of Sertoli cells and in the myoid cells
surrounding the seminiferous tubule. Panx3 was not present in the seminiferous trubule but
was present in Leydig cells (not shown). Modified from a diagram of Clermont, The Sertoli cell

on other cellular junctions, particularly
the tight junctions which form the blood-
testis barrier, indicates that gap junction
intercellular communication may regulate
multiple key aspects of testicular func-
tion. As such, the Cxs, which form the gap
junctions, represent important but as yet
unexplored therapeutic targets for modulat-
ing male reproduction. In the epididymis,
data from our studies and those of others
have demonstrated that different cell types
of the epididymis communicate with one
another. Based on the expression of differ-
ent Cxs between different cell types, it is
clear that this communication is selective
between particular cell types, and this com-
munication may be implicated in the differ-
entiation of the epithelium as suggested by
switches in Cx expression during postnatal
cell differentiation in the epididymis. It is
evident that critical interactions between
epithelial cells, such as principal, clear and
basal cells occur, but the mechanisms and

1993; 21-5. Cache River Press.

physiological significance of these interac-
tions remain to be elucidated.

membrane channels, thereby modulating epithelial principal cell
secretion.® Thus, the basal presence of Panx1 in the epididymis
may regulate principal cell function and may also regulate the
secretion of ATP into the basal extracellular space for functions
as yet undefined.

Conclusions and Perspectives

The role of connexins and intercellular gap junctions, par-
ticularly in the testis, have been shown to be critical for sper-
matogenesis and Sertoli cell differentiation and function.
Asymmetric communication between Sertoli and developing
germ cells via gap junctions likely represents a key modula-
tor of germ cell maturation. The fact that changes in Cxs pre-
cede stages of development in some animal models supports
the notion that gap junctions between Sertoli cells and germ
cells may provide essential cues for stage-dependent matura-
tion of germ cells. Furthermore, the influence of gap junctions

The presence of Cx hemichannels in the
male reproductive tract remains unknown. However, initial
studies show that Panxs hemichannels are expressed in a com-
partmentalized fashion in both testis and epididymis. Studies
regarding the intercellular communication and cell signaling via
these structures may provide a better understanding of how gap
junctions and these large cellular channels may work together in
coordinating physiological functions in these tissues.
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