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Abstract

Cellular interaction in blood vessels is maintained by multiple communication pathways, including gap junc-
tions. They consist of intercellular channels ensuring direct interaction between endothelial and smooth mus-
cle cells and the synchronization of their behavior along the vascular wall. Gap-junction channels arise from
the docking of two hemichannels or connexons, formed by the assembly of six connexins, and achieve direct
cellular communication by allowing the transport of small metabolites, second messengers, and ions between
two adjacent cells. Physiologic variations in connexin expression are observed along the vascular tree, with
most common connexins being Cx37, Cx40, and Cx43. Changes in the level of expression of connexins have
been correlated to the development of vascular disease, such as hypertension, atherosclerosis, or restenosis. Re-
cent studies on connexin-deficient mice highlighted key roles of these communication pathways in the devel-
opment of these pathologies and confirmed the need for targeted pharmacologic approaches for their preven-
tion and treatment. The aim of this issue is to review the current knowledge on the implication of gap junctions

in vascular function and most common cardiovascular diseases. Antioxid. Redox Signal. 11, 267-282.

Introduction

COORDINATION of vascular responses is essential for the
control of normal vascular function. Cell-to-cell coupling
via gap junctions forms a vital component in this coordina-
tion (4, 23, 30). Gap junctions allow the exchange of metabo-
lites, ions, and other messenger molecules between adjacent
cells (98). In vascular cells, gap junctions enable changes in
membrane potential to be propagated electrotonically via
coupling between endothelial cells (ECs), smooth muscle
cells (SMCs), or ECs and SMCs, or a combination of these,
via the myoendothelial junction (ME]). Gap junctions may
also play a role in slower physiologic processes, such as cell
growth, differentiation, and development.

Gap junctions consist of connexins (Cx), a family of pro-
teins that form channels linking the cytoplasm of adjacent
cells (98). Six radially arranged connexins form single-mem-
brane channels, hemichannels or connexons, which align
with their counterparts in adjacent cell membranes to form
a complete intercellular channel. All connexin molecules
have four membrane-spanning domains, two extracellular
domains, and a cytoplasmic carboxy-terminal tail of varying
length that has an important role in the regulation of the gat-
ing properties of the channel. The opening and closing of
gap-junction channels can be controlled posttranslationally
by various growth factors (64), and the permeabilities of gap-

junction channels are unique for each connexin isoform.
Hemichannels can contain a single connexin subtype (a ho-
momeric connexon) or multiple connexin subtypes (a het-
eromeric connexon). Homomeric connexons can form ho-
motypic intercellular channels consisting of the same
connexon subunits in neighboring cells, or a heterotypic in-
tercellular channel that consists of different connexon sub-
units. Given that 21 mammalian connexins have been char-
acterized (113), a large number of physiologically distinct
channel types may be formed, thus providing potential for
diversity of gap-junctional intercellular communication
(GJIC).

In the vascular wall, only four connexins have been found
in ECs and SMCs: Cx37, Cx40, Cx43, and Cx45 (33, 48, 59,
73, 119, 132). Before the characterization of connexin sub-
types, earlier studies suggested that the size and abundance
of gap junctions vary in different regions of the vascular tree
and change with disease states such as atherosclerosis and
hypertension (106, 107). Interestingly, the distribution of con-
nexins has also been shown to vary between individual vas-
cular beds of one species, between the same vascular beds
of different species, as well as during embryologic develop-
ment and the progress of disease (46, 107). In this article, we
review the current knowledge on the implication of gap junc-
tions in vascular function and the most common cardiovas-
cular diseases.
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Gap Junctions in Large Arteries

Transmission and scanning electron microscopy (TEM and
SEM), as well as immunohistochemistry, demonstrate that
the ECs of the large arteries are particularly well coupled
with connexins. In general, Cx40 and Cx37 are abundantly
expressed in elastic (aorta) and muscular (coronary) arteries
of various species (11, 119, 132), whereas the expression of
Cx43 is restricted to the ECs at branch points of these arter-
ies (33). Functionally, the large-vessel ECs have been dem-
onstrated to be coupled with dyes such as lucifer yellow and
carboxyfluoresceine, indicating open gap-junction channels
(111). Several studies have detected changes in connexin ex-
pression or changes in dye-transfer-mediated intercellular
communication in response to different flow patterns across
the ECs (26); however, the functional significance of these
observations is not yet known.

Within the SMCs of the large arteries, gap-junction link-
age of the cells allows the coordination of intracellular cal-
cium-mediated contraction along the length of the vessel, a
concept that has been extensively demonstrated (28). This is
in contrast to the fact that gap junctions between SMCs are
usually found between small sections of plasma membrane
and do not resemble those of ECs (i.e., large gap-junction
plaques between tightly sealed opposing plasma mem-
branes). Besides coordination of vessel constriction, other
roles for gap junctions in the large arteries may also exist, as
suggested by Reidy et al. (93). Their experiments consisted
of inserting a catheter at the anterior end of the aorta, which
they found to cause an increase in thymidine (a marker for
cellular mitosis) uptake in the SMCs down the length of the
thoracic and abdominal aorta (93). This suggested that long-
distance communication along SMCs in the larger vessels
might play a role in regulation of mitosis. To test the idea
that the factors inducing SMC proliferation were not
paracrine mediated (i.e., carried in the direction of blood
flow), they alternatively placed the indwelling catheter
through the iliac to the posterior base of the abdominal aorta
and again found increased thymidine uptake along the
length of the vessel up to the thoracic aorta. Data that ap-
pear to correlate this were recently obtained from mice with
SMC-targeted deletion of Cx43. In this mouse model, the re-
moval of Cx43 in the SMCs caused a significant increase in
SMC proliferation (70). Similar to the role for Cx43 in mi-
gration of neural crest cells (76), the regulation of SMC pro-
liferation by Cx43 might also critically depend on the level
of GJIC, because reducing Cx43 expression by half did not
induce an increase in SMC proliferation, but reduced SMC
proliferation instead (15). Although the mechanism remains
to be elucidated, these data suggest that Cx43-based com-
munication along the SMCs in the large vessels may be re-
sponsible for dictating cell-division rates, and thus also pos-
sibly SMC differentiation.

Gap Junctions in Resistance Vessels

Anatomic and immunohistochemistry evidence implicates
ECs of the resistance vessels as a highly coupled tissue, sim-
ilar to the ECs of large arteries. Some of the initial work to
address the functional presence of gap junctions was per-
formed by Little ef al. (74), in which they demonstrated that
biocytin, lucifer yellow, carboxyfluorescein, and ethidium
bromide could rapidly move between ECs in hamster cheek
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pouch arterioles (74). Both Cx40 and Cx43 were found to be
the potential mediators of the dye transfer (73). Cx43 appears
to be especially important for calcium communication in
ECs, as convincingly demonstrated in vivo from mouse lung
ECs that used caged second-messenger compounds that
were UV flashed to release IP; or Ca?". They found that re-
lease of the caged compounds induced a calcium wave
among ECs, but that the calcium communication between
the ECs was severely diminished in mice with EC-specific
deletion of Cx43 (85). Taken together, extensive data from
the literature [for review (23)] indicate that ECs of the resis-
tance vessels are a highly coupled tissue.

In arteriolar SMCs, it is thought that GJIC allows coordi-
nation of vessel constriction. This has shown to be the case
by electrical coupling in multiple experiments (3). However,
experiments to show coupling in terms of dye transfer within
resistance vessels have given mixed results (74, 105). Al-
though, as previously mentioned, gap-junctional plaques be-
tween SMCs are not similar to those between ECs, making
immunofluorescent punctate detection, and thus verification
of traditional gap-junction plaques, very difficult in vivo (77).
Itis clear that more work on the role of gap junctions in SMCs
is required to clarify this issue.

A unique aspect of resistance-vessel physiology is the de-
gree to which the ECs and SMCs are integrated via direct cell
contact (as demonstrated in Fig. 1 with F-actin distribution)
to control vascular function. The integration occurs via nu-
merous paracrine factors [e.g., prostaglandins and nitric ox-
ide (NO)], as well as through gap junctions. The gap junc-
tions reside in structures termed ME]J, which are not found
in the large vessels (e.g., aorta, carotid). These cellular ex-
tensions from the ECs (mostly), or the SMCs, break through
the extracellular matrix (ECM)-enriched internal elastic lam-
ina so that direct cell-cell contact is achieved (see Fig. 2 for
an example). Anatomically, these structures are prominent
in all arteriole beds examined; however, they have been for
the most part too small (~0.5 X 0.5 um) and at a too-con-
fined location for studies at the light-microscopy level. For
this reason, any study on the proteins expressed (including
connexins) at the MEJ has had to rely exclusively on TEM.
This has limited studies on the function of the MEJ and is
likely responsible for some of the current controversy that
has begun regarding the function of gap junctions at the ME].

Evidence from TEM (100, 115) and dye-transfer experi-
ments (74) confirmed that gap junctions are found in MEJs
across species and tissue beds. Connexin subtypes have been
more difficult to detect for the reason cited earlier, but re-
cent data found Cx37 and Cx40 in rat brain arterioles (37),
Cx40 and Cx37 separately or in combination in rat mesen-
tery (79, 101), Cx40 and Cx43 in mice arterioles (47) (also in
vivo; B.E. Isakson, unpublished observation), and Cx43 in hu-
man subcutaneous resistance arteries (66). This indicates that
the connexins composing the gap junctions at the ME]s are
likely dependent on the species and the vascular bed being
examined.

Physiologically, multiple studies on an endothelium-de-
rived hyperpolarizing factor (EDHF) provided the vast ma-
jority of the evidence for functional gap junctions between
ECs and SMCs at the MEJs. The EDHF phenomenon is based
on the observation that stimulation of ECs with acetylcholine
produces a vascular dilatory molecule (the “EDHF”) that
moves from ECs to SMCs through gap junctions (presum-
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FIG. 1.

Focal planes of in situ mouse cremaster arteriole. Mouse cremaster arterioles were stained with phalloidin to

mark actin in endothelium and smooth muscle and were observed under an Olympus Fluoview confocal microscope in
different focal planes. (A) SMCs overlay the arteriole, with the arrow indicating orientation. (B) In the same field of view
as A, ECs can be seen running perpendicular to the orientation of SMCs. (C) Another focal plane from the same arteriole
in A and B, where the image is viewed transversely. In this orientation, actin can be seen linking the ECs and SMCs, pre-
sumably at the ME] (*¥). With these different focal planes, one is able to detect with certainty the connexin localization within

each cell type. Bar is 15 pum.

ably), even when inhibitors for prostaglandins and NO are
present. This process appears to be dependent on an increase
in EC [Ca?"];, but not necessarily a change in EC membrane
potential (82, 81). Surprisingly, as might be expected for gap
junction-based communication after an increase in [Ca®"];
(8), the SMCs do not display a corresponding increase in
[Ca2*]; (which would cause dilation), but instead respond
by dilating. Controversial information still remains as to the
nature of the EDHF signal. It has been demonstrated that
Ca?* “sparks” can induce SMC hyperpolarization and re-
laxation (83), and although a Ca?* spark in SMCs in response
to EC has not been demonstrated, this could possibly occur
if the current moves from EC through gap junctions to SMCs
(81), or possibly Ca?* itself (50), activating ryanodine recep-

FIG. 2. Myoendothelial junction in mouse cremaster ar-
teriole. Usually, the use of electron microscopy is required
to identify the ME] in arterioles. In this electron micrograph,
an EC extension is seen breaking through the internal elas-
tic lamina and making contact with an SMC at the ME]J (*).
Baris 1 um.

tors, the characteristic receptors of a Ca2* spark. Multiple
factors have also been implicated, including most recently
hydrogen peroxide (H,O;) (75). The complexity of the ME]
environment has made this work difficult and limited with
standard in vivo techniques and, as such, has required inno-
vative new techniques, which have only recently begun to
show some interesting results (79).

Although the previously described early EDHF work
demonstrated interactions between ECs and SMCs, the di-
rect evidence for gap junctions in EDHF comes from a series
of articles demonstrating that application of connexin-
mimetic peptides selectively blocked SMC response (16, 20,
54). This observation is based on data indicating that pep-
tides derived from the extracellular loop of Cx37, Cx40, and
Cx43 could specifically and reversibly block gap junctions at
the ME]. With another technique, ECs were loaded in vivo
by a pinocytotic method (47) by using hypotonic and hy-
pertonic solutions that introduced a Cx40 antibody into the
cells (79). The authors demonstrated an EDHF block, possi-
bly indicating that the Cx40 antibody in the ECs blocked gap
junctions at the ME]J. Both observations are consistent with
the idea that gap junctions play a role in EDHF coupling.
These data correlate strongly with observations of a dimin-
ishing EDHF response as the artery size increases (100, 108),
a pattern that is mimicked by the appearance of the ME]s in
arteries (4, 94).

Evidence for functional gap junctions at the MEJ is not al-
ways readily apparent. Recent experiments have questioned
coupling at the ME] in the conducted response (12, 110). In
particular, Siegl et al. (110) demonstrated that microinjection
of carboxyfluorescein dye in either ECs or SMCs failed to
couple together the opposing cell type (110). It is possible
that carboxyfluorescein may be impermeable to the gap junc-
tions at the ME] [due to dye selective permeability through
connexin isoforms (27)], as they were also unable to see dye
transfer among ECs, a highly coupled cell type (110). How-
ever, the authors were also unable to obtain similar mem-
brane potentials in ECs and SMCs, again indicating that open
gap-junction channels at the ME]J were not readily apparent
(110). Because no coupling was found either in ECs, SMCs,
or between ECs and SMCs in the vessels tested, and con-


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2115&iName=master.img-000.jpg&w=360&h=117
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2115&iName=master.img-001.jpg&w=238&h=197

270

nexins are readily expressed in these particular vessels (77),
itis very likely these gap-junction channels were present, but
closed. This process can occur because connexin proteins are
highly regulated to open or close a gap-junction channel [e.g.,
in response to phosphorylation (63)]; indeed, closed gap
junction channels have been hypothesized to be an impor-
tant part of regulating cellular communication (10). It is clear
that more work on this concept is required.

Last, few data have focused on SMC-to-EC communica-
tion through the ME], although three different model sys-
tems (two in vivo and one in vitro) have demonstrated that
an increase in SMC [Ca2*]; causes an increase in EC [Ca2™];,
which is mediated by gap junctions at the ME] (25, 50, 62).
Two of these models independently demonstrated that in-
ositol 1,4,5-trisphosphate (IP3) moves from SMCs to ECs
through gap junctions to induce the change in EC [Ca?*];
(50, 62), which subsequently induces NO release (25). This
may prove to be an important mechanism in which resis-
tance vessels are able to control vasoconstriction originating
in the SMCs.

Problems in Connexin Research

Studies of the physiologic role of gap junctions in the vas-
culature have been difficult to obtain with confidence be-
cause the mechanism of action from almost all known phar-
macologic gap-junction inhibitors is not known, and they
have multiple nonspecific effects [e.g., see discussion in (30)].
Inhibitors like oleamide and halothane are very potent, but
they have an inherent problem of closing large numbers of
other membrane channels. However, even inhibitors that
have been described to have, when used at low dose, mini-
mal nonspecific effects, like heptanol (114), carbenoxolone
(99), glycyrrhetinic acid (9), and connexin mimetic peptides
(123), have had problems associated with their use. For ex-
ample, after application of carbenoxolone to bovine aortic
ECs, Cx43 mRNA expression was reported to be 2 to 3 times
higher, corresponding with increased Cx43 protein expres-
sion at the plasma membrane, indicative of a negative-feed-
back loop with gap junctions (99). Pharmacologically then,
it is clear that confirmation of results with multiple gap-junc-
tion inhibitors should always be used.

Because connexin mRNA and protein do not normally cor-
relate (1), detection of protein expression with connexin an-
tibodies becomes vital for experimental purposes. The speci-
ficity of connexin antibodies, immunocytochemistry in
particular, continues to produce conflicting data. One way
to solve this problem has been the use of cell lines that do
normally not express connexin proteins in appreciable lev-
els. For this reason, use of HelLa cells transfected with con-
nexin plasmids has been considered a good method for test-
ing antibody specificity; however, the plasmids generated
are usually derived against a human sequence, rather than
the mouse or rat sequence, which is generally used experi-
mentally. Concurrent testing of the antibodies on tissue from
connexin-knockout animals (48) should help alleviate some
of these problems. Last, issues regarding antibody access or
inaccessibility due to different protein confirmation states or
interaction with other proteins have rarely been addressed
but may be of particular importance (35, 128).

Information regarding the role of gap junctions in vascu-
lar physiology has evolved from studies on knockout mice,
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demonstrating the importance of these animals (29, 69).
However, connexin-knockout mice have also been reported
to have important drawbacks resulting from compensatory
effects. In particular, the Cx40~/~ mouse has been demon-
strated to have decreased expression of Cx37 as well as cel-
lular reorganization of Cx43 (48, 111), making physiological
interpretation from experiments in these animals very diffi-
cult. Therefore, it becomes increasingly clear that we must
further develop other methods whereby gap-junction phys-
iology could be studied (e.g., antisense or lentiviral shRNA
delivery) that may have more minimal nonspecific effects.

Gap Junctions in Hypertension

Elevated blood pressure is a common health problem with
widespread and sometimes devastating consequences. Al-
though hypertension remains often asymptomatic until late
in its course, it is one of the most important risk factors for
coronary heart disease and cerebrovascular accidents. Fi-
nally, it may lead to cardiac hypertrophy with heart failure,
aortic dissection, and renal failure. The detrimental effects of
elevated blood pressure increase continuously as the pres-
sure increases (57).

The magnitude of arterial pressure depends on two he-
modynamic variables: cardiac output and total peripheral
resistance. Cardiac output is influenced by blood volume;
consequently body sodium homeostasis is central to blood-
pressure regulation. Total peripheral resistance is predomi-
nantly determined at the level of the arterioles and depends
effectively on its lumen size. Primary hypertension accounts
for ~90-95% of the cases; this essential hypertension is
thought to result from an interaction of genetic and envi-
ronmental factors that affect cardiac output, peripheral re-
sistance, or both (57). The remaining 5-10% of hypertension
cases are mostly secondary to renal disease or to atheroscle-
rotic narrowing of the renal artery, both affecting the
renin—angiotensin system and sodium homeostasis.

Hypertension and connexin expression

A large number of studies report changes in Cx expres-
sion in spontaneous hypertensive rats (SHRs) or after in-
duction of hypertension in animal models of the disease. Un-
fortunately, these studies appear not always consistent,
possibly due to intrinsic differences in the experimental
models used, and sometimes different results have been ob-
tained by using the same animal model. For example, ob-
servations on changes in connexins in SHRs are mixed: Cx40
and Cx37 are consistently reduced in ECs, but both increased
and decreased arterial Cx43 has been reported in these rats
(42,53,97,96, 136). Moreover, in certain arteries (mesenteric),
no differences in Cx43 mRNA could be observed between
SHRs and their control Wistar-Kyoto rats, questioning the
correlation between gap junctions and hypertension (117).
Interestingly and possibly more relevant, normalization of
blood pressure in the SHRs by using an angiotensin-con-
verting enzyme inhibitor or candesartan restores endothelial
connexin expression to normal in parallel with the normal-
ization of blood pressure (53, 97).

In general, the increased expression of Cx40 and Cx43 is
observed on induction of renal hypertension, by using the
rat DOCA-salt, and the two-kidney, one-clip Goldblatt
(2K1C) procedure (38, 39, 127). With an elegant combination
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of different models, it was hypothesized that Cx43 expres-
sion might be sensitive to hemodynamic changes such as an
increase in intravascular pressure, rather than reacting to
renin, because Cx43 is elevated in the SMCs of the aortas in
both high-salt and 2K1C models of hypertension, models
that display opposite changes in plasma renin (41). In con-
trast to the renovascular models, hypertension induced by
inhibition of NO synthase is associated with a decreased
Cx43 expression (40, 42, 127, 136). In addition, endothelial
Cx37, but not Cx40, was reduced in these models (136). In-
terestingly, the changes in endothelial Cx43 and Cx37 ex-
pression in N(w)-nitro-L-arginine methyl ester—induced hy-
pertension were reversed by treatment with carvedilol, an
adrenergic blocker (136).

Cx40-deficient mice and hypertension

Recent studies indicate that Cx40 plays an important role
in blood-pressure regulation. Deletion of the Cx40 gene in
mice results in a marked, sustained hypertension (21, 22).
This deletion was associated with segmental constrictions
and irregular vasomotion in small arterioles, suggesting a di-
rect link between connexins, peripheral resistance, and blood
pressure (23, 22). However, a series of recent reports suggest
a strong association between renin secretion and Cx40 ex-
pression (56, 58, 122). In Cx40-deficient mice, both synthesis
and plasma levels of renin secretion are increased. Moreover,
the investigators observed increased number of renin-se-
creting cells as well as altered distribution of the renin-se-
creting cells in the afferent arterioles. Importantly, they
showed that the major dysfunction in Cx40-deficient mice
appeared to depend on local blood flow—induced signalling
in the afferent arteriole, a concept that was elegantly con-
firmed in perfused kidney by using a gap-junction blocker
(122).

Cx40 genetic polymorphism is associated
with hypertension

Two closely linked polymorphisms in the promoter region
of the Cx40 gene have been associated with atria-specific ar-
rhythmias (31, 36). Recently, the same research group has in-
vestigated whether (a) these polymorphic variants are asso-
ciated with hypertension, and (b) they interact with blood
pressure in healthy individuals. They found a significant
contribution of the minor Cx40 allele or genotype (S44AA/
R71GQG) to the risk of hypertension in men. In addition, they
observed in the healthy control population a significant ef-
fect of Cx40 genotype and sex on systolic blood pressure (32).
These findings not only confirm a strong association between
Cx40 and hypertension but also identify these polymor-
phisms as a risk factor for the disease.

Gap Junctions in Atherosclerosis

Cardiovascular diseases represent the leading cause of
death in developed countries and are increasing worryingly
in developing countries as the access to food becomes eas-
ier. Atherosclerosis is the most important cardiovascular dis-
ease, with life-threatening complications such as myocardial
infarction, cerebral infarction, and aortic aneurysm. It de-
velops silently over years and usually becomes symptomatic
after the fourth decade. Hypercholesterolemia, obesity,
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smoking, hypertension, diabetes, and infection by microor-
ganisms are classic risk factors that promote atherosclerosis
by triggering inflammation or endothelial injury or both.
This chronic immunoinflammatory disease progressively
narrows the lumen of medium and large arteries by accu-
mulation of lipids, monocyte-derived macrophages, which
recruit T lymphocytes, and migration and proliferation of
SMCs in the vascular wall (34, 43, 57, 71, 95).

From endothelial injury to atherosclerotic plaque rupture

Traditional risk factors of atherosclerosis have been shown
to trigger endothelial activation. By cumulating these dele-
terious signals, activated endothelium becomes dysfunc-
tional, as indicated by the loss of its antiadhesive properties
toward leukocytes, and increased permeability to circulating
lipids. Antiadhesive and antiinflammatory genes are shut
down, and many proinflammatory genes are upregulated in
activated endothelium. In particular, new expression of ad-
hesion molecules and concomitant release of chemoattrac-
tants and cytokines favor the rolling and transmigration of
monocytes and T lymphocytes, which accumulate in the
subendothelial compartment. Monocytes proliferate and
progressively mature into macrophages, which express
scavenger receptors to take up lipids. This process becomes
unremitting when they turn into foam cells, unable to clear
oxidized low-density lipoproteins (LDLs) yielded by free
radicals and accumulated in their cytoplasm. Oxidized LDLs
are highly antigenic, potent chemoattractants, thus enhanc-
ing the inflammatory response. This initial step of athero-
sclerotic process, which is called “fatty streak,” occurs more
frequently in areas of altered shear stress [i.e., branch points
of arteries (Fig. 3)], where inappropriate flow decreases
genes associated with differentiated ECs and SMCs (19).

As the inflammatory response progresses, growth factors
and cytokines produced by the dysfunctional endothelium
and monocytes/macrophages induce the migration of SMCs
from the media to the intima. Once they have reached the
inner part of the vessel, they proliferate, undergo phenotypic
modulation, and produce ECM, thus constituting to the so-
called “fibrous cap” that surrounds the atherosclerotic
plaque (Fig. 4). Both macrophage foam cells and SMCs are
subjected to apoptosis and therefore release their lipidic con-
tent in the necrotic core of advanced atherosclerotic plaques
(Fig. 5). Decreased numbers of SMCs and further breakdown
of the ECM by metalloproteinases, mostly released from
macrophage foam cells, weakens the fibrous cap and might
induce plaque rupture (121). This will then bring the highly
thrombogenic plaque content in direct contact with the
bloodstream and will trigger thrombosis at the site of the le-
sion, resulting in occlusion of the vessel, impairing blood
flow, and causing ischemia of the tissue.

Connexin expression and atherogenesis

The presence of newly recruited inflammatory cells in the
vicinity of ECs and SMCs modify the normal vascular envi-
ronment; this cellular interplay is tightly influenced by
paracrine release of cytokines, chemokines, and growth fac-
tors. During the past 15 years, evidence has been seen of the
contribution of direct cell-cell communication involving con-
nexins in the development of atherosclerosis.
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FIG. 3. Expression of connexins at the arterial bifurcation. In healthy arteries, under a laminar flow, ECs express both Cx37
and Cx40. Medial SMCs (mSMC) display Cx43. Circulating monocytes express low levels of Cx37. Under low or oscillatory
shear stress, ECs become dysfunctional and express Cx43. Monocytes and T lymphocytes are recruited by the dysfunctional
endothelium and migrate over the EC barrier into the subendothelium. Macrophages (indicated as MO) start to express higher
levels of Cx37. The dysfunctional endothelium slowly progresses over years to a fatty streak characterized by accumulation of
lipids in the macrophages, which hence transform to macrophages foam cells with continued expression of Cx37.

Important changes in the pattern of vascular Cx expres-  “prone-to-rupture” vessel. As the cellularity of vulnerable
sion in human vessels and in animal models of atheroscle-  plaque is very poor, the expression of Cx is reduced, and one
rosis have been reported. The expression of Cx evolves as  can speculate that GJIC will be decreased, with the remain-
the disease progresses (Figs. 3-5) from a “healthy” vessel, to  ing cells being very sparse. Alterations of Cx expression in
a dysfunctional endothelium, with early fatty streak to a  the different vascular cells might have several consequences

Early atheroma

Cx378Cx40

e -"_/_Z_TE:{_;

FIG. 4. Expression of connexins in early atheroma. Under the influence of cytokines and growth factors secreted by the
dysfunctional endothelium and infiltrated inflammatory cells, medial SMCs migrate to the intima, where they proliferate.
Lipids start to accumulate outside the cells and within ECM secreted by intimal SMCs. Cx43 expression is upregulated in
intimal SMC (ISMC), especially in the developing fibrous cap. ECs continue to express both Cx37 and Cx40, and macro-
phage foam cells still express Cx37.


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2115&iName=master.img-002.jpg&w=444&h=150
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2115&iName=master.img-003.jpg&w=444&h=305

VASCULAR CONNEXINS

273

Advanced atheroma

Cx37

Cx37&Cx43

FIG. 5.

Expression of connexins in advanced atheroma. The fibrous cap completely covering the lesion area is com-

posed of intimal SMCs and ECM. Extracellular lipids including cholesterol crystals (easily recognized in histology) are
accumulated within the necrotic core composed of debris of apoptotic cells and degraded ECM. Macrophage foam cells
close to the necrotic core express both Cx37 and Cx43. ECs still express Cx37 and Cx40 with two exceptions: ECs cov-
ering the lesion stop to express connexins, and those of shoulder regions start to express Cx43. In the fibrous cap, ex-
pression of Cx43 in intimal SMCs decreases as the lesion becomes more complicated. Medial SMCs beneath the lesion

start to express Cx37.

on the molecular messages that are exchanged between these
cells. The loss of one Cx between two adjacent cells would
then hamper the passage of a particular type of signaling
molecules, crucial to cell function.

Cx43 expression is normally restricted to medial SMCs of
healthy vessels. Polacek and Davies (89) were the first to ob-
serve a concomitant expression of Cx43 mRNA in macro-
phage foam cells from human carotid arteries, even if Cx43
was not expressed by their precursor peripheral blood mono-
cytes and the loss of Cx43 expression in intimal SMCs in ath-
erosclerotic plaques (90). Later, a coordinated scenario was
demonstrated, with a first upregulation of Cx43, followed by
the previously described loss of Cx43 by medial SMCs un-
derlying atherosclerotic plaques (6). These dynamic changes
were further confirmed in a mouse model of atherosclerosis
(59). Cx43 appears in ECs of the shoulder regions of the ath-
erosclerotic lesion (59).

In a healthy vessel, Cx37 is expressed by ECs and circu-
lating monocytes (59, 130). Once monocytes start to infiltrate
into the vessel wall over a dysfunctional endothelium and
progressively transform to macrophages, they exhibit in-
creased levels of Cx37, which is maintained in fatty streaks.
In advanced atheromatous plaques, Cx37 is downregulated
in ECs and starts to be expressed by medial SMCs beneath
the atherosclerotic lesion.

Cx40 expression is restricted to ECs of healthy vessels.
Its pattern of expression is not affected until advanced ath-
erosclerotic plaque forms; it is then strongly downregu-
lated. So far, no Cx expression has been found in ECs cov-
ering advanced atherosclerotic lesions. As Cx has been
implicated in tissue repair, the understanding of vascular
lesions and arterial remodeling might benefit from stud-
ies on the expression of Cx in adventitia, fibroblasts, and
perivascular tissues.

Local factors in favor of atherosclerotic development
modify Cx expression

Disturbed hemodynamic forces at particular sites of the
vascular tree that are of crucial importance in atherogenesis
are known to affect the expression of vascular Cx or GJIC
between vascular cells (17, 19, 24, 52, 61). Low shear stress
or complex flow disturbances affect both EC and SMC be-
havior, directly by modifications of pressures exerted on cells
and mechanical forces between cells, or indirectly by affect-
ing the local soluble factors. In other words, while stimula-
tion of mechanical sensors is disturbed, antiatherogenic tran-
scription factors and antiadhesive substances such as NO are
shut down. In contrast, proatherogenic transcription factors,
adhesive proteins, and proinflammatory cytokines are en-
hanced (45). As a result, inflammatory cells more easily in-
filtrate these regions. Both mechanical strain and fluid shear
stress have been shown to upregulate Cx43 expression in ECs
and SMCs (17, 61). Moreover, disturbed flows induce the dis-
ruption of GJIC between ECs and upregulation and disor-
ganization of Cx43 (24). Recent data demonstrate that flow-
induced GJIC between human ECs is primarily mediated by
Cx40, with a lesser contribution of Cx37 and Cx43 (26).

In addition, in vitro studies have shown that cytokines,
growth factors, or substances expressed in the vicinity of vas-
cular cells during development of atherosclerotic lesions
modify Cx expression. Thus, TNF-« altered the Cx expres-
sion pattern and reduced GJIC in human ECs (120). Treat-
ment with thrombin led to upregulation of Cx43 associated
with increased synthetic activity, yet also enhanced contrac-
tile differentiation of aortic SMCs, and only growth arrest by
contact inhibition led to progressive reduction in Cx43 ex-
pression (80). Surprisingly, PDGF-BB, known to modulate
the SMC phenotype in vitro (44), did not affect Cx43 expres-
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sion in this study. Cx43 expression was reversibly increased
in hypoxic cultures of rat aortic SMCs, which exhibited en-
hanced intercellular communication in fluorescence recov-
ery after photobleaching (FRAP) experiments (18). Interest-
ingly, high glucose levels as observed in diabetes (a
pathology associated with high risk of cardiovascular dis-
eases) reduce Cx43-mediated microvascular endothelial cell
communication (102). Moreover, as it releases high amounts
of growth factors and cytokines, perivascular adipose tissue,
which expresses Cx43, might contribute to the development
and/or progression of atherosclerosis through multiple
mechanisms, such as proliferative, proinflammatory, pro-
thrombotic, and oxidant effects [for a review, see (55)].
Whether Cx43 is involved in the atherogenic effect of
perivascular adipose tissue remains to be determined.

Accumulation and oxidative modification of LDLs is a key
component to the development and progression of athero-
sclerosis (5, 68, 112). The oxidation of LDL gives rise to min-
imally oxidized LDL (78). Some of these oxidized phospho-
lipids have been demonstrated to have extensive biologic
activity, in particular the phospholipid derivatives of oxi-
dized 1-palmitoyl-2-arachidonoyl-sn-3-glycero-phosphoryl-
choline (OxPAPC). For example, one of the components of
OxPAPC, 1-palmitoyl-2-oxovaleroyl-sn-glycero-3-phospho-
rylcholine (POVPC) can activate protein kinase A (PKA),
whereas 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphoryl-
choline (PGPC) activates PKC (67, 125, 126). This presents a
fascinating possibility for differential regulation of proteins
(e.g., connexins), especially in terms of phosphorylation.
Thus far, studies have focused exclusively on inflammatory
effects of oxidized lipids on ECs, SMCs, and leukocyte func-
tion (78), with few studies focusing on the effects of oxidized
phospholipids on GJIC.

The functional consequences of changes in connexin pro-
tein expression during atherosclerosis, coupled with the ex-
tensive evidence for OxPAPC involvement in the develop-
ment of atherosclerosis, gives rise to the possibility of an
interaction between OxPAPC and connexins. Recent work
demonstrated that all of the vascular connexins in large ves-
sels are altered in response to direct application of OXPAPC
to mouse carotid vessels, or cultures of ECs and SMCs (49),
mimicking very similar although not exact patterns of con-
nexin expression demonstrated in atherosclerotic plaques
(59). The key difference in connexin expression is that Cx43
was upregulated in SMCs in response to the OxPAPC,
whereas in advanced mouse atherosclerosis, Cx43 is largely
absent from the intimal SMCs. Because OXPAPC is a mix-
ture of oxidized phospholipids, it is possible that the multi-
ple components with biologic activity may be having differ-
ential effects, and so experiments using OxPAPC species will
be necessary to dissect which is capable of inducing changes
in a particular connexin subtype, in either ECs or SMCs.
Functionally, it was noted that after OXPAPC application,
biocytin dye transfer was no longer capable of passing be-
tween cells, indicating that the gap junctions were closed by
OxPAPC, a function attributed to Cx43 phosphorylation (49).
Application of OxPAPC and its individual species has re-
cently been shown to induce SMC differentiation (86). This
fits closely to the observation made by several laboratories
that a correlation exists between connexins and SMC differ-
entiation in atherosclerosis (80, 91). Taken together, these
data are strong evidence for a direct interaction between Ox-
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PAPC and connexin in regulation not only of connexin pro-
tein expression, but of gap-junction function as well.

Lessons from animal models

Two well-characterized mouse models are used to study
the development of atherosclerosis (13): the low-density
lipoprotein-receptor knockout mice (LDLR™/7) and the
apolipoprotein E (ApoE~/7) knockout mice, which have in
common the deletion of genes participating in the transport
of lipoproteins. Mutations in the corresponding genes in hu-
mans result in familial hypercholesterolemia, a risk factor for
atherosclerotic development, which is frequently associated
with early myocardial infarction.

Deletion of the LDLR impairs the hepatic uptake of LDL
and recirculation of cholesterol. ApoE is also necessary for
the uptake of lipoproteins. Thus, both LDLR™/~ and
ApoE~/~ mice have high cholesterol levels, even more pro-
nounced in ApoE’/ ~ mice. It is, however, necessary to feed
LDLR™/~ mice a high-cholesterol diet to induce significant
hypercholesterolemia and consecutive atherosclerotic le-
sions (51), whereas ApoE~/~ mice spontaneously develop
atherosclerotic lesions, which become even more important
with a high-cholesterol diet (88, 138, 137). The time course
and distribution of plaques in the arterial tree are repro-
ducible and present a great similarity to the human athero-
sclerotic lesions. The main limitation of these mouse models
is that they lack the spontaneous rupture of plaques. Other
animal models are therefore being used.

The Watanabe heritable hyperlipidemic (WHHL) rabbit
produces a mutant receptor for plasma LDL that is not trans-
ported to the cell surface at a normal rate. As it partly mim-
ics some human atherosclerotic plaque ruptures, it is also a
frequently used animal model (2, 109). More recently, ath-
erosclerosis and restenosis have been studied in pigs (44),
which are closest to humans in terms of size and anatomy,
and spontaneously develop atherosclerotic lesions in the ab-
dominal aorta. Interestingly, natural pig strains produce mu-
tants for lipoproteins.

As they are genetically well defined, mice can be easily in-
terbred with other knockout mice lacking genes of the Cx
family. We have demonstrated that ApoE~/~ mice lacking
Cx37 and fed a high-cholesterol diet develop accelerated ath-
erosclerotic lesions in both the thoracic-abdominal aortas
and aortic sinuses (130). We further showed that Cx37
hemichannels borne by monocytes/macrophages limit their
adhesion and recruitment to the subendothelium by an au-
tocrine release of ATP, thus explaining the protection this
protein confers against atherosclerosis (130).

Cx43 is important in cardiac development and function.
Cx43 plays a role in the looping of the ascending limb of the
heart tube and the development of the right ventricle and
the outflow tract, and Cx43-knockout mice die at birth of se-
vere cardiac malformations (92). Heterozygous Cx43-defi-
cient mice, expressing 50% of the Cx43 normal level, have
thus been crossbred with LDLR ™/~ mice. Cx43*/*LDLR ™/~
and Cx43%/7"LDLR™/~ mice have comparable elevated
serum cholesterol and triglyceride profiles, leukocyte counts,
body weight, and respond similarly to a high-cholesterol
diet. Comparison between these two groups of mice fed a
high-cholesterol diet allowed us to observe that atheroscle-
rosis progression was reduced by 50% in both the aortic roots
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and the thoracic-abdominal aorta of Cx43*/~LDLR™/~
mice. Atherosclerotic lesions were less complex, as attested
by a reduction in the number of inflammatory cells and a
thicker fibrous cap with a high-collagen content and large
numbers of SMCs, which resulted in a more stable plaque
phenotype [i.e., less susceptible to rupture (60, 129)]. These
data suggested that, in contrast to Cx37, Cx43 has an athero-
genic effect.

As described earlier, Cx40-knockout mice have also been
generated, but present characteristics of hypertension (21, 22,
122), an independent risk factor for atherosclerosis. There-
fore, we recently established a mouse model with selective
deletion of Cx40 in endothelium by using the Cre-LoxP sys-
tem under the control of the Tie2 promotor. The endothe-
lium-specific deletion of Cx40 did not affect mean arterial
pressure or heart rate in mice (14). Preliminary data also in-
dicate that the surface of atherosclerotic lesions in ApoE™/~
mice lacking endothelial Cx40 is larger as compared with
that in control animals fed a high-cholesterol diet, suggest-
ing that Cx40 has atheroprotective potential (14). The loss of
Cx40 in the endothelium covering early atherosclerotic le-
sions might thus further facilitate the development of ath-
erosclerosis. The mechanism by which Cx40 is atheropro-
tective should be explored.

Cx37 genetic polymorphism influences the risk of
cardiovascular disease

Recently, research demonstrated an association of a poly-
morphism in the Cx37 gene, a protein normally expressed in
ECs but also found in monocytes and macrophages, with ar-
terial stenosis and myocardial infarction in humans (7, 72,
130, 131, 134). The Cx37 C1019T polymorphism results in a
nonconservative amino acid shift from a proline to a serine
at codon 319, in the regulatory intracellular carboxy termi-
nus of Cx37 protein. The human Cx37 genotype was then
also shown to predict survival after an acute coronary syn-
drome (65). In this context, the observation that expression
of Cx37-319S or Cx37-319P by transfection of a human mac-
rophage cell line revealed differential adhesiveness to sub-
strates is of particular importance (130). This may be caused
by increased permeability of the Cx37-319P hemichannels for
ATP, thus providing a potential mechanism by which the
Cx37-1019T variant protects against atherosclerosis.

Drugs influencing the development of
atherosclerotic plaques

The 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase inhibitors, the so-called statins, have been
proven to be highly effective in the management of hyperc-
holesterolemia and in the prevention of atherosclerotic vas-
cular disease. As inhibitors of HMG-CoA reductase, the pri-
mary pharmacodynamic effect of statins is to inhibit the
synthesis of cholesterol by the liver. The reduction of cho-
lesterol in hepatocytes leads to the compensatory increase of
hepatic LDLRs, followed by an increase in cholesterol up-
take by the liver and a reduction of circulating lipoproteins.

The beneficial effects of statins were considered to depend
initially on the reduction of LDL cholesterol, followed by the
subsequent regression of atherosclerotic lesions. However,
the observation that lipid lowering by means other than
statins, such as ileal bypass surgery, required markedly more
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time to manifest clinical benefits pointed to additional effects
from this class of drugs. Many data support more direct cho-
lesterol-independent beneficial effects of statins on athero-
sclerosis or plaque rupture (103). They include increased syn-
thesis of NO, inhibition of free radical release, decreased
synthesis of endothelin-1, inhibition of LDL cholesterol oxi-
dation, increased availability of endothelial progenitor cells,
reduced number and activity of inflammatory cells in ather-
osclerotic lesions, increased SMC proliferation and differen-
tiation, reduced production of metalloproteinases, and inhi-
bition of platelet adhesion/aggregation. As more of such
pleiotropic effects are discovered, increasing understanding
exists on how statins mediate their actions.

Chemically, statins competitively inhibit HMG-CoA re-
ductase, thereby reducing the availability of L-mevalonate
and consequently the biosynthesis of cholesterol as well as
prenylated proteins (Fig. 6A). Prenylated proteins or iso-
prenoids, such as farnesylpyrophosphate (FPP) and ger-
anylgeranylpyrophosphate (GGPP), are important for the
posttranslational modification (prenylation) of proteins in-
volved in normal cell functions. More recently, statins were
also hypothesized to disrupt cholesterol and sphingolipid
membrane microdomains, so-called lipid rafts, which are es-
sential platforms for the initiation of signal transduction.

Only a few studies have examined the effects of statins on
connexins. The expression of Cx43 was examined in vitro in
primary human vascular cells isolated from saphenous veins
in the presence of three different statins, the lipophilic sim-
vastatin and atorvastatin and the hydrophilic pravastatin.
Each of the statins effectively reduced the expression of Cx43
in ECs and in SMCs in a dose-dependent manner, and this
effect was abolished in the presence of L-mevalonate (60).
Cx43 was typically immunolocalized along the cell mem-
branes of contacting SMCs. Simvastatin treatment strongly
reduced the amount of Cx43 immunolabeling; however, the
subcellular localization of Cx43 was not affected by the
statin. Mechanistically, the statin-induced reduction in Cx43
in SMCs seems to involve geranylgeranylated proteins. As
shown in Fig. 6B, the statin-induced reduction in Cx43 ex-
pression was reversed by 400 uM mevalonate and the iso-
prenoid intermediate GGPP (10 uM), but not by 10 uM FPP.
Furthermore, 10 uM geranylgeranyl transferase inhibitor
type I (GGTI-286) reduced Cx43 expression, an effect simi-
lar to the one observed with statins, whereas the farnesyl
transferase inhibitor FTI-277 (3 wM) was without effect
(Fig. 6B).

In vivo studies on LDLR™/~ mice treated orally with
pravastatin displayed a more stable plaque phenotype [i.e.,
atheromas contained fewer inflammatory cells and dis-
played thicker fibrous caps, which had more interstitial col-
lagen and concentric layers of SMCs (60)]. As described be-
fore, a similar plaque phenotype was observed in atheromas
of Cx43"/~LDLR™/~ mice. Interestingly, immunostaining
on atheromas in pravastatin-treated mice showed reduced
Cx43 expression throughout the entire atherosclerotic lesion.
This decreased expression of Cx43 in the statin-treated mice,
as compared with control animals, was confirmed by West-
ern blotting of their aorta protein extracts. In another study,
it was shown that mouse aortic endothelial connexins and
gap junctions were downregulated during long-term hyper-
lipidemia. Short-term treatment with simvastatin led to re-
covery of Cx37 expression but not Cx40 expression (135).



+
H,0

Acetoacetyl-CoA

+
Acetyl-CoA

HMG-CoA ——— > Mevalonate —> Mevalonate-PP ——— > Isopentenyl-PP

Squalene
Epoxidase NB-598

. Isopentenyl-Adenosine
Statins 6-Fluoromevalonate

I I

HMG-CoA Mevalonate-PP
Reductase Decarboxylase

Dimethylallyl-PP
Squalestatin 1

Squalene Famesyl-PP
Squalene
Synthase

Geranyl-PP

Cholesterol Famesyl Trans-Prenyl

Transferase Transferase 2-cis Geranyl-PP
All-trans Geranyl-PP l
FTI —| Dolichols
Geranylgeranyl
Transferase |, Il
Ubiquinone
|—GGTI
Prenylated
proteins
Famesylated proteins, e.g. Ras, Nuclear Geranylgeranylated proteins, e.g. Rho,
laminin, Peroxysomal proteins, ... Rac, Rab, Rap, G-protein vy subunit, ...
B
100
;\O\ -
£
g 60
@
)
3 _
X
O
20 1
C S S S S GGTI FTI
M GGPP FPP
C
Cx43 — | SR S S S g
[raCling o | ce—— —— —— cp— r—— ——

FIG. 6. (A) Metabolic pathway of mevalonate and cholesterol. The enzymatic reactions and their pharmacologic inhib-
itors are indicated. (B, C) To investigate the metabolic pathway involved in statin-induced modulation of Cx43 expression
in primary human saphenous vein SMCs (C), cells were stimulated for 24 h with simvastatin (S) alone or in combination
with chemical compounds affecting the downstream signalling pathway of HMG-CoA, such as mevalonate (M; 400 uM),
farnesyl transferase inhibitor (FTI-277; 3 uM), or geranylgeranyl transferase inhibitor type I (GGTI-286; 10 uM), or with the
isoprenoid intermediates FPP or GGPP (at 10 uM each). A typical example of a Western blot for Cx43 is shown in (C). Bar
chart illustrates quantification of Cx43 expression (normalized to B-actin) in five independent experiments.



VASCULAR CONNEXINS

Based on these two studies, the general hypothesis at pres-
ent is that hyperlipidemia, a major risk factor of atheroscle-
rosis, reduces Cx37 and Cx40 in ECs but induces Cx43 ex-
pression in ECs and SMCs. Interestingly, these connexin
expression profiles are reversed by statins (e.g., increased
Cx37 and Cx40 expression in ECs but decreased Cx43 in ECs
and SMCs). Besides hyperlipidemia, smoking is another con-
ventional risk factor of atherosclerosis, thus providing a ra-
tionale for studying the effect of nicotine and/or statins on
Cx43 expression and GJIC in human ECs (116). Expression
of Cx43 was dose-dependently reduced by nicotine. This ef-
fect was due to posttranscriptional modification, involving
enhancement of Cx43 proteolysis, and was mediated via ac-
tivation of acetylcholine receptors sensitive to nicotine
(nAChRs). The effect of nicotine was attenuated by various
statins, even in the presence of mevalonate, so thus through
mechanisms outside the prenylation pathway. Interestingly,
Cx43 has been found in lipid rafts (104). Whether the statin-
induced nicotine effects on Cx43 involve lipid rafts remains
to be investigated.

Gap Junctions in Restenosis

Development of atherosclerosis in coronary arteries re-
sults in ischemic heart disease. In addition to coronary by-
pass surgery, two common and effective mechanical treat-
ments exist for coronary atherosclerosis: percutaneous
transluminal coronary angioplasty (PTCA), which consists
of disruption of the developing atherosclerotic plaque by
means of balloon-catheter distention, and the implantation
of a stent after PTCA. However, renarrowing of the vessels
at the site of intervention hampers their long-term efficacy
and the so-called “restenosis” occurs in 30-60% of the pa-
tients after angioplasty (118), and 5-30% of the patients af-
ter stent implantation (84). Restenosis mechanisms are not
fully understood and are the subject of many investigations.
Both intimal hyperplasia and arterial remodeling contribute
to the reduction of arterial caliber. The parietal traumatism
induced by the balloon distention triggers platelet aggrega-
tion and the formation of a mural thrombus. In addition to
the mechanical injury, the balloon-catheter also stretches the
artery, thus inducing an exaggerated and accelerated re-
sponse to injury, involving the recruitment and rapid infil-
tration of inflammatory cells (57). Endothelialization repairs
the lining of the damaged vasculature and is crucial to pre-
vent thrombosis and restenosis. Both GJIC and purinergic
signaling contribute to re-endothelialization of human EC by
regulating both intra- and extracellular Ca?* stores (139). The
release of growth factors and proinflammatory cytokines by
platelets, leukocytes, and SMCs, in addition to the loss of en-
dothelial antiproliferating agents such as NO, modulates the
phenotype of SMCs, shifting them from a quiescent and
“contractile” phenotype to a “synthetic,” proliferating, and
less differentiated one. SMCs start to proliferate 2448 h
after angioplasty and migrate toward the intima on the
fourth day. They synthesize abundant ECM, which further
contributes to intimal hyperplasia. The maximal intimal
thickening is reached after 2-3 months, after which SMCs re-
turn to a “contractile” phenotype, the wall is remodeled, and
intimal thickening stops.

Stenting has become the treatment of choice because it pro-
vides a mechanical support to the vessel and extends its
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internal diameter to avoid reocclusion of the vessel after
angioplasty. However, the combined use of systemic an-
tithrombotic drugs or the use of drug-eluting stents does not
completely circumvent restenosis. Most important functions
that should be fulfilled by “the ideal stent” are to decrease
SMC proliferation to prevent in stent restenosis while in-
creasing EC migration and proliferation to cover the stent,
thus allowing the restoration of endothelial antiadhesive
properties.

After ballooning in the rat carotid artery, Cx43 was up-
regulated in intimal and medial SMCs concomitant with
their activation and phenotypic modulation (133). Enhanced
Cx43 expression in SMCs and macrophages of restenotic le-
sions has been confirmed in different species (15, 87, 90, 124).
Cx437/~LDLR™/~ mice, expressing reduced levels of Cx43,
displayed restricted intimal thickening after balloon-disten-
tion injury in the carotid artery (Fig. 7), despite marked en-
dothelial denudation and SMC activation, as compared with
control littermate Cx43"/*LDLR~/~ mice. The reduction of
Cx43 resulted in decreased macrophage infiltration and SMC
migration and proliferation, associated with accelerated re-
endothelialization, suggesting that Cx43 targeting could be
anovel therapeutic strategy to prevent restenosis after PTCA
or stent implantation.

Concluding Remarks

The previous sections have provided support for an im-
portant role of connexins in vascular physiology and a
largely multifaceted role in the development of disease. So
far, research has mostly concentrated on the roles of the three
major vascular connexins; however, this does not preclude
interesting expression patterns and regulatory functions for
other gap-junction proteins (for example, Cx45 or Cx31.9) in
blood vessels. After many years of research on the relation
between gap junctions and longitudinal conduction along ar-
terioles, we only recently have begun to understand the com-
position of the MEJ. This has begun to open up an increas-
ing understanding of the signaling from ECs to SMCs, and
vice versa. Disruption or alteration of this intercellular sig-
naling pathway may have considerable implications for de-
velopment of disease as well. After a decade of investiga-
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FIG. 7. Balloon-injury in mice with reduced Cx43 ex-
pression. Representative Van Gieson-Miller staining of
carotid cryosections 14 days after balloon distention injury
in Cx43"/"LDLR/~ mouse (left) and in a Cx43*/"LDLR /"~
mouse (right). Neointimal hyperplasia is reduced in
the Cx437/"LDLR™/~ mouse as compared with its
Cx43"/*LDLR~/~ mouse littermate control. Bar is 100 um.
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tions of changes in connexin expression in diseased vessels,
we have been helped by the availability of connexin-defi-
cient mice to recognize the roles of these proteins in disease
development. Thus, Cx40 appeared critical in blood-pressure
regulation at the level of the control of renin secretion. Cx37
has a protective role against atherosclerosis by controlling
ATP-dependent monocyte adhesion. Monocyte adhesion is
critical for many other immunoinflammatory disorders as
well. In contrast to Cx37, Cx43 seems to possess atherogenic
properties. Interestingly, the upregulation of this protein ob-
served in most vascular disease states can be downregulated
by drugs commonly used in clinics, such as statins and ad-
renergic blockers. Last, increasing attention is seen in cardi-
ology clinics to a person’s genetic makeup with respect to
risk stratification and disease prevention. Polymorphisms in
connexin genes are therefore of particular interest.
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