-

P
brought to you by .{ CORE

View metadata, citation and similar papers at core.ac.uk

provided by Serveur académique lausannois

Cardiovascular
Research

R Cardiovascular Research 62 (2004) 345-356

www.elsevier.com/locate/cardiores

Review

Contribution of connexins to the function of the vascular wall

Jacques-Antoine Haefliger™*, Pascal Nicod?, Paolo Meda®

# Laboratory of Molecular Biology, Department of Internal Medicine, University Hospital, 19-135S Centre Hospitalier Universitaire Vaudois, CHUV-1011,
Lausanne, Switzerland
® Department of Morphology, University of Geneva CMU, 1211 Genéve 4, Geneva, Switzerland

Received 30 September 2003; received in revised form 31 October 2003; accepted 17 November 2003

Time for primary review 26 days

Abstract

Gap junction channels provide an enclosed conduit for direct exchanges of signalling molecules, including ions and small metabolites
between cells. This system of communication allows cells to monitor the functional state of their neighbours, and is rapidly modulated to
continuously adapt to the immediate needs of groups of coupled cells. In the major arteries, endothelial cells may express three connexins
isotypes, namely Connexin37 (Cx37), Cx40 and Cx43, whereas the underlying smooth muscle cells may express Cx37, Cx40, Cx43 and
Cx45. Moreover, myoendothelial gap junctions have also been shown to be involved in the regulation of vascular tone. This review
highlights the regulation of vessel connexins in response to injury, as observed during experimental hypertension or wound repair, as well as
the consequences of loss of one connexin in different transgenic null mice. In view of the major endocrine role of the kidney in the control of
blood pressure, we also discuss the distribution of connexins in the kidney vasculature. Cx40 is present between endothelial cells of vessels
and glomeruli, as well as between renin-secreting cells, the modified smooth muscle cells which form the wall of the terminal part of afferent
arterioles. Modulation of Cx40 expression in a model of renin-dependent hypertension suggests that this connexin may be implicated in the
function of renin-secreting cells. Finally, to address the possible regulation of connexin expression by fluid pressure, we summarize the
effects of elevated transmural urine pressure on bladder Cx43 expression.
© 2003 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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1. Diversity of connexin expression in the arterial wall

The wall of arteries undergoes both physiological and
pathological changes in response to mechanical stress and
on exposure to hormonal stimuli. This wall consists of two
communication departments, the smooth muscle and the
endothelium, both of which are connected by gap junctions.
In the vascular wall, four connexins have been detected in a
pattern that varies depending on the cell type and the
compartment.

* Corresponding author. Tel.: +41-21-314-09-26; fax: +41-21-314-09-
68.
E-mail address: jhaeflig@chuv.hospvd.ch (J.-A. Haefliger).

2. The intima layer

The vascular endothelium consists of a continuous
monolayer of cells, lining the luminal surface of the entire
vascular system, and which provides a structural and met-
abolic barrier between the blood and the underlying tissues.
Endothelial cells are induced to migrate during the process
of new capillary blood formation and during repair of the
endothelial lining which result from injury of large vessels.
Moreover, the endothelium plays a central role in the
regulation of the vascular tone [1].

Communication between endothelial cells, as assessed by
diffusion of fluorescent dyes, has been demonstrated in both
large and micro-vessels [2—4]. Due to the necessity of
establishing a continous, non-thrombogenic covering during
the formation and renewal of blood vessels, endothelial cells
often move as sheets, in which groups of coupled cells
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migrate in a coordinate manner. The contribution of con-
nexins to this coordination has been tested by mechanically
removing endothelial cells within confluent monolayers,
which induces the cells bordering the experimental wound
to proliferate and to migrate into the denuded area. Using
cells derived from micro-vessels, it has been found that this
in vitro migration is locally associated within an increased
expression of Cx43 and coupling, which is not observed in
the quiescent cells distant from the wound [2,3,5]. Con-
ditions blocking migration, but not cell division, prevented
the coupling increase, and, conversely, a pharmacological as
well as a genetic inhibition of gap junctions channels altered
the movement of endothelial sheets, without affecting the
migration of individual cells, thus delaying the closure after
wound [3,5]. Connexins expression is not uniform in the
endothelium of all vessels and may vary depending on the
species. Thus, native endothelial gap junctions consist of
Cx37, Cx40 and Cx43, depending on the type of vessel and
its position in the vascular tree [6—16]. In large arteries,
Cx40 and Cx37 are widely distributed within the vascular
endothelium whereas Cx43 shows a more heterogeneous
expression pattern [6,12] (Figs. 1 and 2). The occurrence of
extensive endothelial cell coupling in situ [17] indicates that
connexins may coordinate the migration of endothelial cells
under in vivo conditions, as suggested by the in vitro
experiments [3,5]. To test this hypothesis, the spatial and
temporal expression pattern of endothelial gap junctions has
been investigated during healing of rat carotid artery after a

denudation injury [11]. Regeneration of the injured endo-
thelium was found to be first associated with a decreased
number of gap junctions, possibly as a result of the initial
cell injury [11], which, subsequently, returned to levels
found in uninjured controls. This process involved Cx43,
Cx40 and Cx37, that appeared colocalized to the same gap
junction plaque early in the regeneration process [10,11].
Within the 28-day duration of the study, the levels of Cx40
returned to the control levels observed in the uninjured
vessel, whereas those of Cx37 and Cx43 were higher [11].
This behaviour suggests that the three main vascular con-
nexins are differentially regulated to ensure specific patterns
of communications between cells, which vary during the
healing process. Co-expression of multiple connexins in a
single cell also makes possible the formation of heteromeric
connexons, providing a way to form many more channels
types that permitted in a homomeric configuration [18—21].
The existence of heteromeric connexons made of Cx43 and
Cx40 has been reported in vascular smooth muscle cells
[22] and channels made of Cx43 and either Cx45 or Cx37
may form as well [20,23]. The abundance of various
heteromeric channels may therefore be altered by changes
in the ratio of the connexins co-expressed by vascular cells,
providing a suitable mechanism for fine tuning of cell—cell
communication in the vascular wall.

Cx37 and Cx40 are the only connexins expressed by the
mouse aortic endothelium and, recently, the contribution of
these proteins has been studied in transgenic mice lacking

Fig. 1. Different connexins link the cells of large arteries. Immunofluorescence labeling reveals that the endothelial cells of large arteries express abundant
levels of Cx40 (A), lower amounts of Cx37 (B) and, in some restricted areas, even lower levels of Cx43 (C). The latter connexin, as well as Cx45 (D), is also
detected, as sparse spots in the vessel media, presumably corresponding to contacts between the smooth muscle cells of this pig coronary. L=lumen of vessel.

Bar, 50 um.
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Fig. 2. Cx40 and Cx37 form gap junction plaques between endothelial cells
of large arteries. Immunocytochemical staining using specific antibodies
against either Cx40 (A and B) or Cx37 (C and D) and protein A-coated gold
particles, reveal that the two connexins are concentrated in minute areas of
apposition (boxed in A and D) between the membranes of adjacent
endothelial cells (ec) of rat aorta. Note the absence of staining over nearby
smooth muscle cells (smc). At larger magnifications of the areas boxed in A
and D (B and C, respectively), the immunostained regions of the membrane
feature an appearance typical of gap junctions. smc=smooth muscle cell;
ec =endothelial cell, L=lumen of vessel. Bar, 1 um in A, 0.5 pm in D and
150 nm in B and C.

Cx40 (Cx40~'7) and/or Cx37 (Cx37"'7) in the aortic
endothelium [15,24]. The intercellular transfer of injected
dyes was found to be altered in Cx40-deficient aortic
endothelium, under conditions leading to upregulation of
Cx37 [15]. Other dye transfer experiments, testing interen-
dothelial cell communication in aortic segment of wild-type,
Cx37"/7, Cx407'7, Cx37"7~ Cx407'~, and Cx37" '~
Cx40~ '~ mice showed that both Cx37 and Cx40 are crucial
for endothelial cell communication. The two connexins are
mutually dependent on each other for optimal expression in

vascular endothelium, inasmuch as elimination of either
Cx40 or Cx37 resulted in a decrease of the non-ablated
connexin, whereas both Cx37 and Cx43 increased in the
media layer of Cx40~/~ mice [24]. Thus, it appears that, in
response to connexin deletion, a decrease in another, co-
expressed connexins occurs preferentially rather than a
compensatory upregulation, indicating that intercellular
communication is determined not only by the properties of
individual connexins, but also by the interactions of con-
nexins within heteromeric channels with novel properties
[20,21]. In an other study, however, lack of Cx40 in
endothelium was associated with an increase of Cx37
[15]. Mice lacking both Cx37 and Cx40 are not viable
beyond the first postnatal day and exhibit severe vascular
abnormalities [25]. They show localized hemorrhages in
different tissues, as well as blood vessel dilation and
congestion, suggesting that endothelial communication is
required for the normal development and/or functional
maintenance of portions of the mouse vasculature [25].

3. The media layer

Gap junction proteins may also coordinate the mechan-
ical contractions of smooth muscle cells, possibly to insure a
proper modulation of the vasomotor tone of the vessel wall.
Vasoconstriction and vasodilation travel rapidly along the
vessel network, due to the conduction of signals between
endothelial and/or smooth muscle cells [26] through gap
junctions. Vascular smooth muscle cells of both resistance
and conduit arteries express predominantly Cx43 and Cx45,
albeit Cx37 and Cx40 have also been reported in certain
vessels [8,14,27—32]. The space constant of the spreading
electrical signals within the media, as measured with a
partition chamber, demonstrates that vascular smooth mus-
cle cells behave as an electrical syncitium [26,33].

Within vessels, the endothelial and the smooth muscle
cells are separated by connective tissue and the internal
elastic membrane (Figs. 1 and 2). However, these two cell
types also establish close contacts with each other, via myo-
endothelial bridges that cross fenestration of the internal
elastic lamina [34,35]. This arrangement provides the basis
of different cell—cell communication pathways in hamster
arterioles. The effect of these connections varies in different
vessels, depending on the number of layers of smooth
muscle cells. In arterioles, in which a single layer of smooth
muscle surrounds the monolayer of endothelial cells, a
bidirectional electrical communication has been demonstrat-
ed [36,37]. Thus, a change in the membrane potential of
endothelial cells is electronically transmitted to smooth
muscle and, conversely, the membrane potential of endo-
thelial cells is influenced by that of smooth muscle cells.
This reciprocal influence serves to amplify the spreading of
cytosolic free calcium [38] and the transmission of hyper-
polarization induced by bradykinin from the endothelial
cells to smooth muscle cells [39]. The consequences of
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such a coupling is that the arteriolar wall works as func-
tional unit, with unique properties resulting from the inter-
play between excitable and nonexcitable components.

In muscular arteries, signal conduction is also efficient
from smooth muscle to endothelial cells [40], whereas
signals passing in the opposite direction are rapidly dissi-
pated in the multiple layers of the media [41]. Thus,
symmetrical electrical coupling can not be evidenced in
arteries, and heterocellular communication is unidirectional
due to an asymmetry in input resistance between the
coupled cells of media and intima. Calcium fluxes have
been shown to play a central regulatory role in vasomotion
and it has been demonstrated that exchange of cations
between smooth muscle and endothelial cells involves
heterocellular gap junction channels [42].

Sites of electrical communication between endothelial
and smooth muscle cells have been demonstrated in the
mesenteric vascular bed [34], as well as in the resistance
microvessels that control the blood flow to the hamster
retractor muscle [35]. This bidirectional transmission of
electrical and/or chemical signals ensures that both cell types
display equivalent membrane potential, thus contributing to
control blood flow and vasomotor responses along large
distances. Myoendothelial gap junctions may also account,
at least in part, for the response evoked by the endothelium-
derived hyperpolarization factor (EDHF) [43—47] in the
mesenteric vascular bed [34,48]. The relationship between
the existence of myo-endothelial gap junctions [8,34,35,49—
52], endothelial cell hyperpolarization and EDHF-induced
hyperpolarization of smooth muscle cells has been recently
studied in the rat mesenteric artery [48]. In this system,
EDHF-mediated vasodilation is prominent and stimulation
of the endothelium by acetylcholine (ACh) evokes a hyper-
polarization of both endothelial and smooth muscle cells,
which are connected by gap junctions. In contrast, in the
femoral artery, where there is no EDHF-dependent relaxa-
tion, ACh-evoked hyperpolarization was exclusively ob-
served in endothelial cells, consistent with the lack of
detectable myo-endothelial gap junctions. These data dem-
onstrate that transfer of endothelial hyperpolarization and/or
of small molecules from endothelial to smooth muscle cells
connected by gap junctions is essential and sufficient to
explain the EDHF induced effects in small vessels [48].

Typically, endothelial cells are more extensively inter-
linked by gap junctions than the smooth muscle cells of the
vascular wall, and gap junctional contacts between endo-
thelial cells and superficial smooth muscle cells of small
arteries and arterioles are established through discontinuities
of the internal elastic lamina. Thus, homocellular coupling
exists within both the endothelium layer and within the
smooth muscle cell layer of these vessels, and heterocellular
coupling also occurs between endothelial and smooth mus-
cle cell, mostly in the intima to media direction [8]. These
communications may be important during both the patho-
physiological and the experimental repair of a damaged
vessel.

4. Chronic hypertension alters the expression of
connexins in aorta

Blood pressure, blood flow and shear stress modulate
vascular diameter [39] and the integration of these forces
may be achieved by gap junctions since coupling of
vascular cells enables the rapid conduction of the electrical
signals generating vasomotor responses [35,53—56]. Sev-
eral studies have related the expression of endothelial
Cx43 to shear stress and to mechanical load [12,50,57—
59]. The regulation of blood flow requires the coordinated
response of resistance and feeding arteries and, in turn, the
proper function of these large vessels requires the coordi-
nation of the smooth muscle cells of the vascular media.
The aorta, which is a sparsely innervated and electrically
quiescent vessel, is likely to be particulary dependent on
gap junctional communications for coordinating the
responses of smooth muscle cells to diverse neural and
endothelial signals [54]. Conditions perturbing the function
of the aortic wall, as observed during chronic hyperten-
sion, are therefore expected to be associated to connexins
alterations. To test this hypothesis, we evaluated the effects
of chronic hypertension in two rat models resulting in a
similar increase in blood pressure, thickening of the aortic
wall and increase in the isobaric distensibility of the
carotid [60,61]. In the mineralocorticoid-salt model
(DOCA-salt), hypertension resulted from increased reten-
tion of sodium chloride in the presence of suppressed
renin secretion, whereas in the two kidney, one-clip model
(2K, 1C), the development of hypertension resulted from
the constriction of one renal artery and the ensuing
activation of the renin-angiotensin system [62]. In a third
rat model, in which a degree of hypertension similar to
that observed in both 2K, 1C and DOCA-salt models was
induced by inhibiting nitric oxide synthase (L-NAME
model), hypertension was associated with limited cardio-
vascular hypertrophy, but not with increased isobaric
carotid distensibility. Comparison of the three models,
showed a comparable increase of the Cx43 expressed by
the smooth muscle cells of the aortic media In the 2K, 1C
and the DOCA-salt hypertensive rats (Fig. 3). In contrast,
decreased levels of Cx43 were found in the smooth muscle
cells of L-NAME-treated rats, which failed to show in-
creased arterial distensibility.

When exposed to chronic hypertension, conduit arteries
show a preserved isobaric luminal diameter in spite of an
outward hypertrophic remodelling, which results from the
hypertrophy of smooth muscle cells and alterations of
extracellular matrix, and which modifies the mechanical
properties the vessels. Previous studies have shown that the
distensibility and compliance of various arteries are in-
creased under isobaric conditions in the 2K, 1C hyperten-
sive animals, but not after inhibition of nitric oxide syn-
thase, despite a thickening of the arterial wall which is
similar in both hypertensive models. The different changes
in Cx43 provide a clue that cell-to-cell communication
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Fig. 3. Cx43 expression is upregulated in the smooth muscle cells of aorta of chronically hypertensive rats. Immunofluorescence labeling of rat aorta using
specific antibodies, located Cx43 at discrete spots dispersed throughout the media layer, presumably at homotypic smooth muscle cell contacts (A). A sizable
increase in the number and size of these spots was observed in the thickened aortic media of rats made hypertensive for four weeks after partial obstruction of
one renal artery (B). Due to the focus plane, the limited amount of Cx43 sparsely expressed by some endothelial cells is not detectable in these figures.

L=Iumen of vessel. Bar, 50 um.

mediated by connexins may contribute to regulate the
elasticity of the vascular wall.

Antibodies against Cx40 decorate punctate regions of
large arteries, where the membranes of adjacent endothelial
cells are closely apposed and feature the pentalaminar
appearance typical of gap junctions (Figs. 1 and 2). In
contrast, no labeling is detected in the smooth muscle cells
and connective fibers of the same vessels (Figs. 1 and 2).
The transcript of Cx40 was found increased in the aorta of
2K, 1C animals [63], as well as after balloon injury [64].
The molecular mechanism whereby an increase in blood
pressure enhances the expression of both Cx40 [63,65] and
Cx43 genes in the aorta, while selectively changing only the
former connexin species in the hypoperfused kidneys [63],
is still undetermined. Cx43 is expressed by endothelial cells
of large arteries [66], but almost exclusively at sites where
branching or flow division is expected to create high
turbulence [12]. Induction of a flow disturbance in a
segment of abdominal aorta which was experimentally
reduced by clipping, further demonstrated that Cx43 ex-
pression is increased by hemodynamic forces in vivo [12].
Together, these studies indicate that Cx40 and Cx43 may
represent suitable, tissue-specific markers to monitor the
changes induced by hypertension in the vasculature. The
altered expression of Cx43 in the aortae of hypertensive rats,
which is predominantly attributed to changes occuring in the
smooth muscle cells of the media, further raises the possi-
bility that this protein may contribute to lack of autoregu-
lation of arterial distensibility.

Studies in a genetic model of hypertension have demon-
strated similar levels of Cx43 in the mesenteric arteries of
spontaneously hypertensive and of control Wistar—Kyoto
(WKY) rats [67], whereas the endothelium of tail arteries of
spontaneously hypertensive rats (SHR) showed a significant
decrease in Cx43, Cx40, and Cx37, as judged by immuno-
histochemistry [68]. In contrast, Cx45 [30] has been shown
to increase in cerebral arteries of SHR animals, resulting in
alterations of electrical connectivity between smooth muscle
cells of brain vessels, but not of aorta and femoral artery. In

rats made hypertensive by treatment with L-NAME or
angiotensin II, no change in Cx45 was observed, suggesting
that neither increased blood pressure nor angiotensin II are
directly implicated in the increase in Cx45 observed in SHR
rats [69].

5. Deleting vascular connexins in transgenic mice

To investigate the function of Cx43 in endothelial cells,
independently from that the connexin may play in smooth
muscle cells, an endothelial-specific Cx43 deletion was
studied in mice. In one study, loss of Cx43 in the
endothelium was found to cause hypotension and brady-
cardia [70]. This hypotension was associated with a
marked elevation in the plasma levels of nitrate (an
indicator of nitric oxide production), plasma angiotensin
I and angiotensin II [70]. In another study, however, lack
of Cx43 in endothelium appeared to have no effect on
resting blood pressure [71]. The difference between the
two transgenic models may be explained by a significant
decrease in the levels of Cx43 of aortic smooth muscle
cells [70], which would then indicate that lowered expres-
sion of Cx43 between smooth muscle cells is critical for
the regulation of vasomotor tone.

Loss of Cx45 after replacement of the coding region of
the Cx45 gene by the bacterial B-galactosidase reporter
gene, has shown that Cx45 is expressed in the smooth
muscle layer of vessels and, to a much less extent, also in
the endothelium at least at early stages of development [72].
Thus, full disruption of the Cx45 blocks vascular develop-
ment after the normal initiation of vessel formation, and
impairs the differentiation of smooth muscle cells. As a
result, Cx45~’ ~ mice showed a narrowing or the absence of
the dorsal aorta and rare blood vessels in the yolk sac, due to
reduced levels of hematopoiesis, possibly caused by defec-
tive TGFp signaling [72].

In mice lacking Cx40 [73,74], loss of this protein was
shown to impair the conduction of dilatory signals along
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arterioles, indicating that Cx40 plays a role in the propaga-
tion of the vasodilations which are initiated by the local
administration of acetylcholine (Ach) or bradykinin [75].
These results demonstrate a crucial role of Cx40 in mouse
microcirculation. The Cx40-deficient mice were also hyper-
tensive, indicating also a role of Cx40 in the control of
blood pressure, possibly as a result of impaired endothelium-
dependent dilation in response to Ach, and of lack of
coordination between down-stream and up-stream vessels
[75]. Moreover, a spontaneous and irregular vasomotion was
observed in a few Cx40-deficient mice that lead to arteriolar
constriction, thus contributing to increase vascular resistance
[75]. Further studies have recently shown that impaired
action or release of endothelial nitric oxide, as well as
alterations in the efficiency of other endothelial dilators,

were not responsible for the hypertension of Cx40~ '~ mice
[76]. Also, this hypertension does not seem to be caused by
alterations in the renin-angiotensin system, in spite of the
fact that Cx40 is strongly expressed in the renin-secreting
cells [76].

The generation of mice lacking either Cx37 and Cx40
[24,25,73,74] or Cx45 [72] has provided evidence for the
biological function of gap junctions in the development and/
or functional maintenance of mouse vasculature. There are
similarities in the phenotype of Cx45 '~ and Cx37 '~
Cx40~ '~ mice as both animals types show abnormally
enlarged blood vessels and endothelium-lined cavernous
vascular spaces [25,72]. However, these animals also differ
from each other, inasmuch as Cx37 '~ Cx40~/~ mice do
not show obvious anomalies of yolk sac vasculature or

Fig. 4. Cx40 is expressed in the interlobular and afferent arterioles of rat kidney. Immunostaining with specific antibodies (A) and in situ hybridization with
selective antisense cDNA probes (B) show that Cx40 is expressed by the endothelial cells of interlobular arteries of rat kidney. The two approaches also detect
Cx40 in glomerular capillaries (C and D) and in the portion of the afferent arteriole (arrows) which is juxtapposed to a glomerulus (C and D). Immunostaining
reveals that this region corresponds to the portion of the afferent arteriole that contains renin-producing cells (E). Double exposure of the same area showed that
most of the Cx40 (green signal) actually colocalised with that of renin (red signal), resulting in a yellow staining at the distal part of the afferent arteriole

(arrow) (F). g=glomerulus; L=Iumen of vessel. Bar, 25 pum.
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failure of smooth muscle cell formation. Moreover, unlike
Cx37"/~ Cx40~ '~ animals, Cx45~ '~ display narrowing
of some vessels and die much earlier, due to critical defects
in all three embryonics blood vessel systems (vasculature of
yolk sac, placenta and embryo proper). These distinct
phenotypes may be due to cell-specific differences in the
expression of various connexins.

6. Connexins of kidney vessels

In the kidney the juxtaglomerular region accomodates
smooth muscle cells, endothelial cells, mesangial cells,
macula densa cells and the renin-producing cells that are
located in the distal part of the afferent arterioles. All these
cell types are connected by gap junctions which also connect
the endothelial and the renin-producing cells of the afferent
arteriole [77—80]. Accordingly, mRNAs for nine connexins

species, referred to as Cx26, Cx32, Cx30.3, Cx31, Cx37,
Cx40, Cx43, Cx45 and Cx46, have been found in the kidney
[77,81]. With regard to vessels, Cx43 is expressed by the
endothelial cells of medium size and small kidney arterioles,
including the afferent arterioles [63], but not by the media
cells of the latter vessel and, barely, by glomerular capillaries
[63]. Immunolabeling of kidney sections further showed that
Cx40 is expressed by most endothelial cells of vessels and
glomeruli, as well as by the renin-secreting cells [63,82,83]
(Figs. 4 and 5).

Ryan et al. [84] have recently demonstrated that cells
of the renin-expressing line AS4.1 form gap junctions
with both endothelial cells and smooth muscle cells, and
express RNAs coding for Cx40, Cx37, Cx43 and Cx45.
In vivo, the predominant connexin of the preglomerular
rat vasculature is Cx40, present in the media of the distal
parts of the afferent arterioles, whereas Cx40 and Cx37
connect the endothelial cells of the proximal parts of

Fig. 5. Cx40 links the cells of the juxta-glomerular apparatus, which control blood pressure. Immunostaining of the juxta-glomerular apparatus of a rat kidney,
locates Cx40 at minute areas of apposition between the membranes of renin-containining cells (box 1), as well as between those of endothelial cells (box 2).
Higher magnification views of the areas boxed in panel A are shown in panels B (box 2) and C (box 1). Immunostaining for renin, using gold particles of 9 nm
diameter, showed the hormone within characteristic secretory granules (D). Further immunostaining of the same section, using particles of 15 nm diameter,
shows that Cx40 (arrow in D) is also found at contacts between renin-producing (rpc) and enthothelial cells (ec). g=glomerulus; rbc=red blood cell;
ec =endothelial cell; rpc=renin-producing cell; L=Ilumen of afferent arteriole. Bar, 1 um in A, 150 nm in in (B—D).
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these vessels [83]. Only a weak staining for Cx43 has
been observed in the media of the afferent arteriole [82].
Together, these data indicate that cells of the preglomer-
ular vessels are, presumably, well coupled. Accordingly,
the afferent arteriole admits vascular conducted responses
[85,86], and the tubulo-glomerular feedback response
elicited by the macula densa may propagate more than
a millimeter upstream the glomerulus, along preglomeru-
lar vessels [86]. Coupling within preglomerular vessels is
likely provided by Cx40, a connexin that could form both
homo-(endothelial-endothelial or smooth muscle cell-
smooth muscle cell) or hetero-cellular (endothelial-renin)
connections (Figs. 4 and 5).

In view of the major endocrine role of the kidney in the
control of blood pressure, we have investigated connexin
expression in a renin-dependent model of hypertension
after clipping one renal artery of rat kidney (two kidney,
one-clip-2K, 1C-model). Northern blot analysis of polyA™
RNA demonstrated that, compared to sham-operated ani-
mals, the hypertensive 2K, 1C animals featured an increase
in Cx40 mRNA expression in both left (clipped) and right
(unclipped) kidneys. In contrast, Cx43 mRNA expression
was only increased in the latter organ. Antibodies con-
firmed that the levels of Cx40 were actually increased in
the kidneys of hypertensive animals due, at least in part, to
enhanced expression of this protein in the renin-secreting
cells. These data indicate that cell-to-cell communication
mediated by Cx40 may be implicated in the function of
renin-secreting cells, hence participating in the control of
blood pressure [63]. Accordingly, Cx40-deficient mice
were found to be hypertensive when compared to wild-
type controls [75]. To test whether enhanced release of
renin may be the cause of the observed hypertension, the
vasoconstriction induced by angiotensin II was blocked
using candesartan, a AT1 receptor antagonist. Under these
conditions, arterial blood pressure was reduced in both
wild type animals and in mice lacking Cx40. However,
Cx40~'~ mice still exhibited a higher blood pressure than
controls, suggesting that the acute pressure effects of
angiotensin II were not responsible for the observed hyper-
tension [76]. We are currently developing a model to eval-
uate the consequence of the loss of Cx40 between renin-
secreting cells (Haefliger et al., unpublished) in chronically
hypertensive mice featuring increased levels of circulating
renin.

7. Cx43 of smooth muscle cells is increased by stretching

Due to the rapid turnover of connexins, the plasticity of
their tissue-specific expression in response to various stim-
uli, and the fast dynamics of the channels these proteins
form, signaling via connexin channels can ensure a moment-
to-moment, as well as a chronic remodeling of intercellular
circuits [87]. The bladder is a sparsely innervated and
electrically quiescent tissue, in which intercellular signaling
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Fig. 6. Stretching of smooth muscle cells increases Cx43 expression. In
control rats, the bladder (asterisk) contains at rest a minimal volume of urine
(A). Eight hours after the surgical obstruction of the low urinary tract, the
bladder dilates (B), due to a tenfold increase in the volume of retained urine
(C). This change resulted in a stretching of smooth muscle cells that was
associated to increased expression of Cx43 (D). ***p<0.001. Bar, 3 mm.
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is likely to be particulary dependent on gap junctional
communication. Intercellular communication must ensure a
coordinated response of the cells forming the detrusor
muscle to ensure normal bladder function. To test this
hypothesis, we evaluated the effects of elevated transmural
urine pressure on the expression of Cx43 by bladder smooth
muscle cells [88,89]. Using a model of bladder outlet
obstruction in the rat (Fig. 6), a progressive increase of
Cx43 mRNA and protein was detected as a function of
bladder dilation [88]. Maximum transcript expression
occured 7—8 h after obstruction, whereas removal of the
urethral ligature decreased Cx43 mRNA expression within 4
h [88]. In cell culture, smooth muscle cells of guinea-pig and
human detrusor muscle are coupled by gap junction channels
containing at least Cx43 [90,91]. Recently, the role of
intercellular communication mediated by Cx43 was evalu-
ated during bladder overactivity, following 6 weeks of partial
urethral outflow obstruction [89]. Under these conditions,
Cx43 was also increased at the transcript and protein levels,
in parallel with an increase in spontaneous bladder contrac-
tions, which were reduced in the presence of heptanol.
Moreover, carbachol-precontracted bladder strips from
obstructed animals were more sensitive to the heptanol-
induced relaxation than strips from empty bladders [89].
Outlet obstruction is a common medical disorder which leads
to a rearrangement of smooth muscle cells within the bladder
wall and to alterations of their function. The mechanisms
underlying these changes remain mostly unknown. The
available data indicate that, by integrating signals during
urine storage, and the associated mass action on the detrusor
smooth muscle cells, Cx43 may be relevant in this context.
Measurements of electrical impedance have shown that
detrusor cells are electrically coupled [92]. At least in the
guinea-pig, the propagation of spontaneous excitation, and
associated calcium waves propagate between smooth muscle
cells through gap junctions [93]. Thus, the increase in Cx43
observed after stretch may be important to regulate bladder
tone and contractility, by changing the asynchronous con-
tractile activity which is typical of control, adult bladder into
a more coordinated contraction.

8. Conclusions and perspectives

The over-active dilated bladders, as well as the hyper-
trophied aortae of hypertensive rats, are examples of quies-
cent organs. In vessels, an increase in connexin expression
may be implicated in the structural and functional alterations
that take place after mechanical stretch, and could represent
a compensatory response to the numerous insults associated
with increased fluid pressure, possibly to control the elas-
ticity of the bladder, or vessel wall. Thus, Cx43 appears to
be an early-activated sensor of mechanical changes, which
is presumably required for proper adaptation of the elasticity
and contractibility of the smooth muscle cells to increased
transmural pressure. The mechanism underlying the stretch-

induced changes in connexin expression remains to be
elucidated. The finding that these changes take place within
hours and are reversible within the same time course,
indicate that connexin modulation is an early event associ-
ated with stretch and the ensuing increase in transmural
pression, as well as with the return of these two parameters
to control values. The time course of these changes is also
significantly faster than that required to observe structural
wall changes, such as smooth muscle cell hypertrophy and
hyperplasia, suggesting that alterations of the normal con-
nexin pattern may induce the subsequent structural and
functional changes in muscle. In this perspective, it is worth
mentioning that AP-1, a transcription factor implicated in
the MAPK-mediated gene regulation induced by osmotic
stress, and AP-1 binding activity, are both increased by
shear stress in endothelial cells [94—96]. It is therefore
possible that the increased levels of Cx43 mRNA observed
in the muscle layers of stretched bladders, may also be
induced by the higher AP-1 transcription factor activity
which is observed under such conditions [97]. An involve-
ment of AP-1 activity in the induction of Cx43 expression
has been demonstrated in smooth muscle cells of human
myometrium at term [98], and may be also involved in the
upregulation of Cx43 expression in other types of smooth
muscle cells. This consideration does not exclude the
participation of other factors. Thus, angiotensin II has been
shown to upregulate Cx43 expression in other types of
cultured neonatal rat myocytes [99] and mechanical stretch
induces the receptors for this hormone in the bladder,
similarly to multiple other receptors, transcription factors,
growth factors [100]. These findings show that connexins,
and noticeably Cx43 are modulated in vivo, under condi-
tions of mechanical stress.
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