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Summary
Atherosclerosis, a progressive disease of medium- and
large-sized arteries, constitutes the major cause of death
in developed countries, and is becoming increasingly prevalent in developing countries as well. The main consequences of atherosclerosis are myocardial infarction,
cerebral infarction and aortic aneurysm. This inflammatory
disease is characterised by specific intimal lesions where
lipids, leukocytes and smooth muscle cells accumulate in
the arterial wall over time. Risk factors for atherosclerosis
can mainly be divided into two groups: i) risk factors induced by environment and behaviour (e.g., Western diet,
smoking and sedentary lifestyle) and ii) genetic risk
factors. Multiple epidemiological studies have associated a
single nucleotide polymorphism (SNP) in the GJA4 gene,
coding for connexin37 (Cx37), with increased risk for atherosclerosis and myocardial infarction. Connexins form
gap junctions or hemi-channels that mediate an exchange
of factors between i) the cytosol of two adjacent cells or ii)
the cytosol and the extracellular environment, respectively.
The GJA4 SNP codes for a proline-to-serine substitution at
amino acid 319 in the regulatory C-terminus of the Cx37
protein, thereby altering basic and regulatory properties of
its gap junction- and hemi-channels. In this review we dis-

cuss current evidence for mechanisms that link the GJA4
SNP to atherosclerosis or thrombus formation after plaque
rupture.
Key words: atherosclerosis; thrombosis; connexin; gap
junction; genetic polymorphism

Atherosclerosis
The main consequences of atherosclerosis, an inflammatory disease of medium- and large-sized arteries, are
myocardial infarction (MI), stroke, peripheral artery disease (PAD) and aortic aneurysm. This disease causes more
morbidity and mortality in the Western world than any
other disorder [1]. Moreover, since the Western way of
life is quickly spreading to other parts of the world,
atherosclerosis-related diseases are currently rapidly
spreading to the rest of the world as well. Therefore, atherosclerosis is a major threat to human health worldwide. As
a consequence, the atherosclerotic process has been studied extensively using both samples from humans as well
as animals models. These studies have revealed that atherogenesis, the process of plaque development, follows distinct phases during which specific cells have their own
roles (see [2–7] for excellent reviews). The disease is gen-

List of abbreviations
ACS

Acute coronary syndrome

GSK-3

Glycogen synthase kinase-3

ADP

Adenosine diphosphate

HIF

Hypoxia-inducible factor

AMI

Acute myocardial infarction

IMT

Intima-media thickness

ATP

Adenosine triphosphate

IP3

Inositol triphosphate

C1019T

Cytosine-to-thymine substitution at position 1019

LDL

Low-density lipoprotein

CAD

Coronary artery disease

LDLr-/-

LDL receptor deficient

cAMP

Cyclic adenosine monophosphate

MI

Myocardial infarction

CL

Cytoplasmic loop

MMPs

Matrix metalloproteases

CT

COOH-terminus

NO

Nitric oxide

Cx

Connexin

NT

NH2-terminus

ECs

Endothelial cells

oxLDL

Oxidised low density lipoprotein

EL

Extracellular loop

PAD

Peripheral artery disease

ELs

Extracellular loops

PDGF

Platelet-derived growth factor

eNOS

Endothelial nitric oxide synthase

SMCs

Smooth muscle cells

FMD

Flow-mediated dilatation

SNP

Single nucleotide polymorphism

GJA4

Gap junction protein alpha 4 gene

TRAP-6

Thrombin receptor activator for peptide 6

GJIC

Gap junctional intercellular communication

Swiss Medical Weekly · PDF of the online version · www.smw.ch

Page 1 of 10

Review article

Swiss Med Wkly. 2012;142:w13553

erally considered as a chronic inflammatory and healing
response to endothelial cell injury [6, 8–10]. The specific
pathways contributing to endothelial injury or dysfunction
are not completely understood but include well-known risk
factors for the disease such as hypertension, hypercholesterolemia, toxins from cigarette smoke, homocysteine and
hemodynamic factors [5, 11–13]. Moreover, atherosclerotic lesions are not randomly localised along the arterial tree.
They tend to occur at dividing points and ostia of branches
exiting vessels where disturbed blood flow patterns occur
[14, 15]. Dysfunctional endothelial cells (ECs) show increased endothelial permeability, enhanced leukocyte and
platelet adhesion, and altered gene expression [5, 16]. Lowdensity lipoprotein (LDL) accumulates within the intima,
the sub-endothelial layer of the vascular wall. LDL is subsequently oxidised through the action of reactive oxygen
species that are generated by ECs or macrophages in the intima. The presence of oxidised LDL (oxLDL) is implicated
in plaque development via several pathways: i) oxLDL
enhances expression of adhesion molecules, chemotactic
proteins and growth factors by ECs, resulting in recruitment of monocytes and other inflammatory cells [5]; ii) the
presence of oxLDL inhibits production of athero-protective
nitric oxide (NO) [17], thereby reducing vasodilator activity; iii) oxLDL is ingested by macrophages (present in the
initial lesion due to activation of the attracted monocytes)
through the scavenger receptor and accumulates in these
phagocytes, thus transforming them to foam cells (i.e. macrophages containing large lipid droplets) [5]. Foam cells
secrete pro-inflammatory cytokines and thus further contribute to the development of an inflammatory environment
and leukocyte recruitment in the initial lesion [5]. Over
time, foam cells die due to apoptosis and necrosis leaving
behind a mass of cellular debris in the centre of the plaque
called the necrotic core [5]. In addition to the secretion of
pro-inflammatory cytokines, macrophages, activated ECs
and locally adherent platelets secrete growth factors, such
as platelet-derived growth factor (PDGF), which cause migration of vascular smooth muscle cells (SMCs) towards
the intima [2, 5, 18, 19]. Initially, these SMCs cover the
plaque and give rise to the fibrous cap through secretion
of extracellular matrix, most notably collagen [20]. Therefore, attraction of SMCs is important for plaque stabilisation. However, as the lesion progresses, enzymes (e.g.
matrix metalloproteases (MMPs)) secreted by activated inflammatory cells start to degrade the extracellular matrix
deposited by the SMCs [20]. Thinning of the fibrous cap
results in an unstable plaque prone to rupture [20, 21]. Most
clinical events related to atherosclerosis, such as myocardial and cerebral infarction, are caused by the rupture of the
cap, which exposes the highly thrombogenic material in the
plaque to the blood stream [21]. This induces the formation
of a thrombus, which might occlude the vessel and cause
ischemia in the tissue irrigated by it. In conclusion, atherosclerosis is a complex disease involving crosstalk between
various cells and molecules. It is therefore of vital importance to understand the cellular and molecular mechanisms
underlying the risk factors involved in the development of
this pathology. Risk factors of atherosclerosis are typically
subdivided into modifiable (environmental) ones, such as
hyperlipidemia, hypertension, cigarette smoking, diabetes,
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sedentary lifestyle and C-reactive protein, and non-modifiable factors, like increasing age, male gender and family
history [13]. Although a Mendelian genetic disorder, such
as familial hypercholesterolemia, has been found in a small
percentage of cases, the familial predisposition is multifactorial relating to inheritance of a multitude of genetic
polymorphisms [22, 23]. In recent years, many epidemiological studies have linked genetic polymorphisms in at least
100 human genes to increased risk for atherosclerosis using
different clinical endpoints [23]. Mechanistic understanding for some of these gene polymorphisms has been obtained from additional studies on knockout mice. In this review we discuss current insights regarding the role of one
of these genetic risk factors, a gene polymorphism for connexin37 (Cx37), in plaque development and in thrombus
formation, the ultimate consequence of plaque rupture.

Connexins, connexons and gap
junctions
Connexins are a family of trans-membrane proteins with
20 members in mice and 21 in humans (see [24] for a review regarding connexin regulation and function). Connexin genes were cloned for the first time in 1986 [25]. They
are relatively simple and consist of a 5’-untranslated exon,
an intron of varying length, an exon that contains the uninterrupted coding region and a 3’-untranslated region. The
nomenclature used to indicate connexin genes is based on
similarities between gene sequences and the length of the
cytoplasmic loop [26]. It separates the connexins into four
groups: alpha, beta, gamma and delta. In this system Cx37
is called alpha4 (GJA4), since it is the fourth connexin of
the alpha group to be identified [26]. The nomenclature of
connexin proteins is different; they are named according
to their predicted molecular weight [26]. Thus, Cx37 has
a predicted molecular weight of around 37 kD. Connexin
proteins consist of four trans-membrane helices, two extracellular loops (ELs), a cytoplasmic loop (CL) and cytoplasmic NH2- and COOH-termini (NT and CT) [27].
Connexins do not function as single proteins. Six connexins assemble into connexons, also called hemi-channels,
and two connexons from neighbouring cells dock in the ex-

Figure 1
Connexins form connexons composed of six connexins in the Golgi
apparatus. Thereafter, connexons can be inserted in the plasma
membrane where they can function as connexons (hemi-channels;
left) or as gap junctions (right) if they dock to a connexon
expressed by a neighbouring cell. Connexons allow exchange of
small molecules (<1000 Da) between the cytosol and the
extracellular space. Gap junctions allow passage of similar
molecules between adjacent cells.
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tracellular space to form a full gap junction channel (fig. 1)
[24]. Connexons can consist of one type of connexin (homomeric connexon) or of different connexins (heteromeric connexon). Connexins enter as monomers in the endoplasmic reticulum (e.g., Cx43 [28]), they oligomerise in
the Golgi apparatus and then traffic along microtubules towards the plasma membrane [29, 30]. During intracellular
trafficking, the connexon generally remains closed to avoid
exchange of diffusible factors between the cytosolic and
intra-vesicular compartments. Moreover, connexons generally remain closed after insertion into the plasma membrane [24], but they can switch to an open state depending on environmental factors (e.g., the intracellular and
extracellular Ca2+ concentration [24], presence of arginine
etc.). Such open hemi-channels allow passive exchange of
small molecules (<1000 Da; e.g., adenosine triphosphate
(ATP), Ca2+, cAMP and IP3) through their hydrophilic pore
between the cytosol and the extracellular space. These exchanges have physiological roles; they are important for
cell volume regulation, paracrine and autocrine signalling
[24, 31].
More classically, connexins are important for mediating
exchange of cytosolic factors between two adjacent cells.
This exchange can occur when two hemi-channels dock via
a non-covalent mechanism and form a gap junction channel (fig. 1). Whether two connexons can dock is mainly
determined by the properties of the ELs [24, 32–35]. Gap
junctions are agglomerations of multiple (sometimes thousands) gap junction channels and their typical appearance
with electron microscopy was first recognised and described in 1967 [36]. Again, a gap junction channel can
consist of two identical connexons or of two different connexons. The former gap junction channel is called homotypic while the latter type is called heterotypic. Gap junctions are found in almost every tissue and are involved
in various processes, such as cellular growth, proliferation
and differentiation, synchronisation of contractions in the
heart and spreading of vasodilation in different vascular
beds [24].
Many groups have used in vitro studies with transfection
of communication-deficient tumour cell lines or expression
in oocytes to characterise properties of channels formed
by individual connexins (see for example [37] and [38]).
As mentioned above, it appeared that the highly conserved
ELs mainly regulate docking properties [24, 32–35]. Interestingly, patch clamp measurements revealed that gap junction channels or hemi-channels formed by different connexins display different biophysical characteristics in terms
of unitary conductance, open probability and permeability
[37, 39]. Thus, hemi-channels consisting of Cx37 may allow other molecules to pass compared to hemi-channels
consisting of Cx43. In contrast to the EL regions, the CL
and CT are variable in length and composition. These domains regulate the activity of connexin channels and its responses to changes in its environment. CT-mediated regulation of channel properties frequently involves changes
in the phosphorylation status of the CT by various kinases
[40, 41]. In addition, the CT interacts with several binding
partners (e.g., calmodulin, eNOS and tight junction proteins [42–45]). Such interactions of the CT with other proteins may also have consequences for channel activity [42,
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45]. In addition to acute regulation of channel activity, the
phosphorylation status of the CT has been proposed to be
one of the regulators of gap junction assembly and removal
from the plasma membrane [46]. Indeed, connexins have a
relatively short half-life ranging from 1 to 5 hours [30].
Knockout mice have also been used extensively to study
the function of connexins in vivo [43, 47–49]. However, interpretation of these studies is not always simple since connexins have overlapping functions, and thus expression of
a particular connexin may compensate for loss of another
[50] or may not cause a phenotype because the basal expression of other connexins is sufficient to maintain normal connexin function. For instance, knockout of a connexin (e.g., Cx40) was shown to increase expression of Cx37
[51] in endothelial cells. However, in a more recent study,
knockout of Cx40 caused decreased expression of Cx37 in
the endothelium but increased expression in the media [43].
Finally, endothelial-specific knockout of Cx40 decreased
the expression of Cx37 in these cells [52]. Thus, a general
consensus regarding the effect of absence of Cx40 on Cx37
has not been reached and will require more work. Finally, it
has been shown that, in some cases, knockout of a connexin may lead to a reduced expression of another connexion
[43, 53].

Expression of connexins during
atherosclerosis
Four connexins are expressed in the vasculature. In healthy
arteries, Cx37 and Cx40 are mainly expressed by ECs
where both are in a complex with eNOS, suggesting that
they may have a role in NO-mediated endothelium-dependent vasodilatation [43, 45, 54]. In addition, it has been
shown that Cx40 is required for the spread of endotheliumdependent vasodilatation in small arteries, such as mouse
arterioles [55]. Some ECs at branching points of arteries,
regions submitted to a highly turbulent flow, have been
shown to over-express Cx43 in addition to Cx37 and Cx40
[56]. SMCs in the arterial media express Cx43 and Cx45.
Interestingly, studies on the atherosclerosis model of LDL
receptor-deficient (LDLr–/–) mice showed that the expression of connexins in large arteries like the aorta changes
during atherosclerosis (fig. 2, table 1 and [54]). Moreover,
plaques at different stages (e.g., early fatty streak or ad-

Figure 2
Connexins are differentially expressed during atherosclerotic
plaque development. In the healthy vessel wall (left), Cx37 is
expressed by ECs and monocytes. In contrast, at the site of an
atherosclerotic plaque (right), Cx37 is expressed by SMCs and
macrophages and is no longer expressed by the endothelium
overlaying the lesion.
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vanced atheroma) are characterised by a specific pattern of
connexin expression [54]. In early atheromas ECs express
Cx37 and Cx40. In addition, macrophage-derived foam
cells present express Cx37. Cx43 expression in intimal
SMCs is up-regulated. In advanced atheromas, connexin
expression has changed even more. ECs covering an advanced atheroma no longer express connexins, with the exception of ECs at the shoulder region that express Cx43.
Foam cells close to the necrotic core express both Cx37
and Cx43, and Cx43 expression in intimal SMCs in downregulated. SMCs in the medial layer of the artery beneath
an advanced atheroma start to express Cx37. As described
before, each connexin forms gap junction- and hemi-channels with different conductance, permeability and regulation properties. Therefore, the change in connexin expression pattern might differentially regulate the communication between the different atheroma-associated cell types
involved.

Cx37: a prognostic marker in disease?
Mutations and polymorphisms in genes coding for connexins have been associated with various pathologies such
as several types of cancer, deafness and lymphedema (see
[57] for a recent review). Mutated Cx37 was first described
to be a tumour-associated antigen in murine Lewis lung
carcinoma cell lines [58]. Subsequent studies in various
human lung and breast cancers revealed polymorphisms
rather than mutations in the GJA4 gene [59–61].
Krutovskikh and colleagues in 1996 described a first GJA4
gene polymorphism that resulted in an amino acid change
(valine-to-isoleucine) at codon 130 situated in the CL of
the Cx37 protein [61]. Subsequently, a second interesting
polymorphism corresponding to a cytosine-to-thymine substitution at position 1019 (C1019T) was discovered in the
human population [62]. This single nucleotide polymorphism (SNP) results in a non-conservative proline-to-serine
amino acid change in the CT of Cx37, and Cx37-319P
was shown to be over-represented in individuals exhibiting
significant atherosclerotic plaques in the common carotid
artery in a Swedish population [62]. Being located in the
regulatory CT of a connexin protein, it was immediately
speculated that this SNP could have significant impact on
channel function. On the one hand, the serine residue in
Cx37-319S is part of a serine-rich area of the protein and
predicted to be subject of phosphorylation by glycogen
synthase kinase-3 (GSK-3). On the other hand, proline
residues, like the one in Cx37-319P, are known to cause
bends in polypeptide chains. Consequently, loss of this
amino acid may affect the tertiary structure of the Cx37 Cterminal domain and its possibility to interact with other
proteins. Indeed, detailed patch clamp studies on transfected cells revealed functional differences between human

Cx37 polymorphic gap junction- and hemi-channels under
basal conditions [63]. Surprisingly, subsequent studies
identified a unique site in Cx37-319P for phosphorylation
by GSK-3. Phosphorylation of this serine 321 site in
Cx37-319P was associated with reduced gap junctional intercellular communication (GJIC), whereas GJIC remained
unaffected by similar treatment in Cx37-319S expressing
cells [64], suggesting that the regulatory properties of those
two types of gap junction channels are also different. Since
the original study by Boerma and colleagues [62], the
Cx37-C1019T polymorphism has been shown to associate
with carotid intima-media thickness (IMT), coronary artery
disease (CAD), acute myocardial infarction (AMI) or MI
in several but not all populations investigated (table 2)
[65–76]. Moreover, data suggests that this polymorphism
can be used as a prognostic marker for carotid IMT, ACS,
MI or ischemic stroke (table 2) [62, 77, 78]. Interestingly,
in young Finns, a population in which the Cx37 SNP is
not directly associated with carotid IMT, CAD or flow-mediated dilatation (FMD), it has been shown that this polymorphism affects other cardiovascular risk factors such as
smoking and homocysteine [12]. Furthermore, the C1019T
SNP has been associated with PAD in type 2 diabetics suggesting that it may play a role in the peripheral vasculature
as well [79].

Role of Cx37 in plaque development
Since many of the pathologies for which Cx37 is a prognostic marker are caused by atherosclerosis, it has been
hypothesised that Cx37 has a role in the atherosclerotic
process and that this role is influenced by the different
Cx37 polymorphisms. This hypothesis has recently been
tested using Cx37-deficient animals on an atherosclerosisprone ApoE–/– background [49]. On a high cholesterol diet,
Cx37-deficient mice developed atherosclerosis more rapidly compared to Cx37-expressing ApoE–/– littermates [49].
Interestingly, in vivo adoptive transfer experiments, in
which macrophages extracted from a mouse are injected into another mouse, showed that deletion of Cx37 from macrophages but not from ECs caused enhanced recruitment
to atherosclerotic lesions, suggesting that Cx37 has a role
in monocyte adhesion. These results were confirmed on a
limited number of mice using monocytes instead of macrophages, suggesting that Cx37 affects monocyte transmigration into the intima [49]. Subsequently in vitro studies on isolated monocytes and macrophages demonstrated
that the presence or absence of Cx37 modulates adhesion,
one of the early steps of leukocyte recruitment. As the experiments were designed on individual monocytes and no
gap junctions were formed between them, it suggested that
hemi-channels might play a role in the regulation of cell adhesion. ATP has been shown to inhibit monocyte adhesion

Table 1: Expression of connexons during atherosclerotic plaque development. ND: not determined.
Healthy vessel

Early atheroma

Advanced atheroma

Endothelial cells

Cx37, Cx40

Cx37, Cx40

Cx43 (only in shoulder region).

Monocytes / macrophages

Cx37

Cx37

Cx37, Cx43 (in cells close to lipid core)

Smooth muscle cells (intima)

–

Cx43

Cx43

Smooth muscle cells (media)

Cx43

Cx43

Cx37, Cx43

Platelets

Cx37

ND

ND
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[80, 81] and to pass through gap junctions [82, 83]. Therefore, a link between Cx37 in monocytes/macrophages and
ATP secretion was investigated. Indeed, Cx37-expressing
monocytes/macrophages released more ATP in the extracellular environment than Cx37-deficient cells. In addition,
when extracellular ATP was degraded by the enzyme
apyrase, increased adhesion of Cx37-expressing monocytes/macrophages was observed [49]. Altogether, these
experiments suggested that Cx37 mediates a decrease in
leukocyte adhesion through an autocrine ATP-dependent
mechanism. Of note, these macrophages also displayed increased ATP- and Cx37-dependent adhesion to endothelial cells in culture [49]. As aforementioned, the C1019T
polymorphism has functional consequences and is a prognostic factor for several pathologies that are at least partly
caused by atherosclerosis [62, 63, 65–68, 71, 72, 77, 78].
It was therefore hypothesised that the Cx37 SNP polymorphism may also affect monocyte adhesion. Indeed, expression of Cx37-319S or Cx37-319P in a communication
deficient monocyte cell line resulted in decreased cell adhesion due to increased ATP secretion [49]. Interestingly,
cell adhesion was even more reduced by expression of
Cx37-319P compared to expression of Cx37-319S [49].
Therefore, individuals carrying Cx37-319P may be protected against early atherosclerosis due to decreased monocyte
adhesion. Hence, the C1019T polymorphism may be used
as a prognostic biomarker to screen for individuals at risk
for plaque development.

Role of Cx37 in platelets
Rapid formation of a blood clot is required to avoid excessive loss of blood after vascular injury. However, rapid
thrombus formation may be a disadvantage after plaque
rupture. Thus, individuals displaying decreased blood clot
formation after vascular injury, like individuals treated with

platelet inhibitors, may be better protected against acute
events during which a thrombus or multiple thrombi cause
blood vessel occlusion and ischemia. Thrombus formation
involves three phases; initiation, extension and perpetuation. Each of these stages requires synchronised actions of
multiple cells and thus a fine-tuned intercellular communication. This suggests that platelets, blood cells involved
in blood clotting, may display communication via gap junctions during this process. To assess whether platelets express connexins, we recently performed immunofluorescence microscopy and Western blots on protein isolated
from resting and activated platelets [47]. These experiments showed that platelets express Cx37 but not Cx40 or
Cx43 [47]. Expression of Cx37 was not confined to platelets alone since Cx37 expression was also observed in their
precursors, megakaryocytes [47].
Mice lacking Cx37 displayed decreased bleeding time in
a tail transection model [47] suggesting that Cx37 is involved in either blood clotting or the vasomotor response
induced by vascular injury. However, ex vivo vasomotor responses in Cx37-deficient mice were unaltered compared
to wild-type mice. In addition, Cx37-deficient mice displayed enhanced thrombo-embolism after injection of a
mixture of collagen and epinephrine in the jugular vein
[47] suggesting that the prothrombotic phenotype of these
mice might be due to changes in platelet aggregation. This
was further investigated using platelet aggregation assays
performed on platelets isolated from Cx37-deficient and
control mice. Indeed, irrespective of the agonist used (i.e.,
arachidonic acid, ADP, collagen or thrombin), aggregation
of platelets isolated from Cx37-deficient mice was enhanced compared to aggregation of platelets isolated from
control mice [47]. In another experiment, platelets isolated
from wild-type mice were used to study the effect of blockage of gap junctions on platelet aggregation. In line with
the aggregation assays performed on the platelets isolated

Table 2: Overview of studies on possible associations between the GJA4 SNP and diseases involving, at least to some extent, atherosclerosis.
Disease / surrogate marker

Association /
prognostic factor

Population

Study size

Ref

Carotid IMT

C allele

Swedish males

1155 subjects

[62]

CAD

T allele

Taiwanese males / females

177 patients, 102 controls

[72]

MI

T allele

Japanese males / females

2819 patients, 2242 controls

[71]

CAD

T allele

Japanese males / females

3085 patients, 2122 controls

[70]

CAD

T allele

Japanese males / females

1011 patients, 650 controls

[94]

AMI

T allele

Sicilian males

97 patients, 196 controls

[68]

CAD / MI

C allele

Swiss males / females

597 patients, 184 controls

[78]

CAD

No association /
prognostic factor

Irish males / females

416 patients, 490 sibling controls

[74]

Carotid IMT, carotid artery compliance,
brachial artery FMD

No association /
prognostic factor

Finnish males / females

1440 individuals

[73]

CAD

C allele

Northern Han Chinese males /
females

502 patients, 410 controls

[65]

MI

T allele

Sicilian males

97 patients, 196 controls

[67]

Acute coronary syndrome (ACS)

T allele

American males / females

695 ACS patients

[77]

Ankle brachial blood pressure index

T allele

Japanese males / females

2288 type 2 diabetics

[79]

ACS

No association /
prognostic factor

Czech males / females

1686 ACS patients

[75]

Ankle brachial blood pressure index

T allele

Czech females

178 type 1 diabetics, 111 type 2 diabetics, 862
controls

[69]

Carotid IMT, ischemic stroke

T allele

Taiwanese males / females

3330 subjects

[66]

Ischemic stroke

No association /
prognostic factor

Taiwanese males / females

958 patients, 2196 controls

[76]
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from Cx37-deficient mice, inhibition of gap junctions using
a connexin-mimetic peptide caused increased platelet aggregation compared to wild-type platelets treated with a
control peptide [47]. Interestingly, this was also the case for
aggregation of human platelets using another pharmacological connexin inhibitor (alpha-glycyrrethinic acid) [47].
In the latter experiment it was noted that platelets isolated
from some individuals (in this case 3 out of 6) display
more pronounced aggregation in response to collagen,
arachidonic acid or TRAP-6 suggesting that the Cx37 SNP
may be involved in platelet aggregation responses. Thus,
96 healthy male volunteers of Caucasian descent participating in a Swiss platelet function study were genotyped for
the Cx37 polymorphism. Indeed, subjects homozygous for
GJA4-1019C, coding for Cx37-319P, displayed increased
platelet responses compared with individuals carrying the
GJA4-1019T allele [47]. Although the study awaits further
confirmation in a larger population, the results indicate that
the Cx37 SNP may constitute a marker for platelet reactivity. Finally, Cx37-319P gap junction channels displayed
decreased permeability for neurobiotin, a Cx37-permeant
tracer molecule [47]. Altogether, these data provided the
first evidence that the establishment of GJIC between
Cx37-expressing platelets may be a mechanism to limit
thrombus propensity. The authors propose a model in
which an anti-aggregating signal, such as cAMP, may
spread more efficiently between platelets through
Cx37-319S gap junction channels, thereby limiting exaggerated accumulation of platelets. However, it should be
kept in mind that the data are also consistent with a model
in which decrease of GJIC between Cx37-319P platelets
enhances the intracellular concentration of pro-aggregating
signals in the newly recruited platelets at the edge of the
thrombus resulting in further recruitment.

Future perspectives
In conclusion, studies on knockout mice have revealed that
Cx37 is atheroprotective. Presence of Cx37 hemi-channels in monocytes decreases ATP-dependent monocyte adhesion, resulting in a reduced build-up of plaques [49]
and presumably more stable lesions [84]. Cx37-319S polymorphic hemi-channels are less permeable for ATP than
Cx37-319P hemi-channels, which leads to stronger monocyte adhesion [49, 63]. Thus, Cx37-319P could function as
a protective genetic variant by specifically delaying the recruitment of monocytes to atherosclerotic lesions. Another important finding from studies on knockout mice is that
communication through Cx37 gap junction channels limits
thrombus propensity [47]. Cx37-319P gap junction channels display decreased intercellular communication [64]
resulting in augmented platelet aggregation responses in
Cx37-319P bearing individuals. These 2 mechanistic results onto the Cx37 SNP might seem in conflict with each
another at first sight if one would consider that the risk
for MI is a simple sum of the number of macrophages in
the atherosclerotic lesion and thrombosis following plaque
rupture. The vulnerability of an atherosclerotic lesion is indeed strongly determined by its inflammatory cell component, but additional factors play a role as well. Recently, increasing evidence points to intraplaque haemorrhage as a
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critical factor in promoting atherosclerotic lesion instability. Vasa vasorum, a network of microvasculature originating primarily in the adventitia of large arteries, become
activated during atherosclerosis in human and mice [85].
Micro-vessel content is known to increase with plaque progression, a process that is likely stimulated by plaque hypoxia, reactive oxygen species and hypoxia-inducible factor
(HIF) signalling [86]. However, plaque micro-vessels are
immature and fragile and the distorted integrity of the
micro-vessel endothelium likely leads to intraplaque haemorrhage. The associated accumulation of red blood cellderived cholesterol and rapid expansion of the necrotic
core as well as the influx of macrophages involved in red
blood cell and iron phagocytosis places the plaque at increased risk for rupture [86–88]. Human atherosclerotic
lesions have also been shown to contain lymphatic vessels [86] and, similar to blood micro-vessels, lymphatic
micro-vessel content also increases with plaque progression [89]. The role of lymphatic vessels in atherosclerosis
is at present unclear. Interestingly, Cx37 has been shown
to regulate arteriogenesis, angiogenesis and vasculogenesis
in a mouse model of post-ischemic hindlimb recovery [90,
91]. Moreover, failure of lymphatic valve formation and
lymph drainage has been recently reported in Cx37-deficient mice [92, 93]. Future studies on mice with cell-specific deletion of Cx37 should reveal the relative importance of
Cx37 in monocytes/macrophages, platelets, blood ECs and
lymphatic ECs with respect to plaque stability. It would be
premature to design pharmacological strategies to specifically target Cx37 hemi-channels in monocytes or gap junction channels in platelets until additional insight has been
obtained on this matter.
It is more realistic is to believe that the GJA4 SNP may in
the near future be used as a prognostic marker for myocardial infarction or recurrence of events for example. Obviously, multi-factorial diseases are influenced by differential expression of various genes and screening patients for
one marker only may not be very useful. However, it may
be worthwhile to consider the use of this SNP in combination with the other polymorphisms associated with atherosclerosis [23] to screen which prognostic marker(s) are
present in a given patient. Ultimately, such a genetic profiling would allow clinicians to, at least in theory, adapt
therapy to the need of the individual patient and obviously,
in the current era of personalised medicine, this seems a
promising prospect.
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Figures (large format)

Figure 1
Connexins form connexons composed of six connexins in the Golgi apparatus. Thereafter, connexons can be inserted in the plasma membrane
where they can function as connexons (hemi-channels; left) or as gap junctions (right) if they dock to a connexon expressed by a neighbouring
cell. Connexons allow exchange of small molecules (<1000 Da) between the cytosol and the extracellular space. Gap junctions allow passage
of similar molecules between adjacent cells.

Figure 2
Connexins are differentially expressed during atherosclerotic plaque development. In the healthy vessel wall (left), Cx37 is expressed by ECs
and monocytes. In contrast, at the site of an atherosclerotic plaque (right), Cx37 is expressed by VSMCs and macrophages and is no longer
expressed by the endothelium overlaying the lesion.
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