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Abstract Connexins and pannexins form connexons,

pannexons and membrane channels, which are critically

involved in many aspects of cardiovascular physiology. For

that reason, a vast number of studies have addressed the

role of connexins and pannexins in the arterial and venous

systems as well as in the heart. Moreover, a role for con-

nexins in lymphatics has recently also been suggested. This

review provides an overview of the current knowledge

regarding the involvement of connexins and pannexins in

cardiovascular physiology.
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Abbreviations

ATP Adenosine triphosphate

CGRP Calcitonin gene-related peptide

Cx Connexin

ECs Endothelial cells

eNOS Endothelial nitric oxide synthase

NO Nitric oxide

Panx1 Pannexin1

PDZ PSD-95, disk large, zonula occludens-1

VSMCs Vascular smooth muscle cells

ZO-1 Zonula occludens-1

Introduction

Connexins and pannexins are families of transmembrane

proteins that are expressed throughout the mammalian

body. Both connexins and pannexins are inserted into the

cell membrane as hexamers called connexons or pannex-

ons, respectively. These structures can function as

transmembrane channels that allow diffusion of small and

soluble factors, such as calcium ions, adenosine triphos-

phate (ATP) and cyclic adenosine monophosphate, from

the cytosol to the extracellular space or vice versa [1].

Connexons can dock to a connexon expressed by an

adjacent cell, thereby forming a gap junction channel [2].

Gap junction channels are crucial for direct cell-to-cell

communication and are thus critical for many aspects of

mammalian physiology. In contrast, pannexons are more

typical membrane channels, which open to the extracellular

space. The role of pannexins in physiology is less clear,

although new evidence is showing a role for pannexin

channels in the immune response and inflammation in a

number of systems [3–6].

Connexins in the heart

With the extensive focus on the role of gap junctions in the

heart over the past decades [7], one would think that we

know everything there is to know about them, but our

knowledge of these structures continues to grow. Gap

junctions were thought to be stand-alone structures that had

the singular role of passing electrical current directly from
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the cytoplasm of a cardiomyocyte to the cytoplasm of the

neighboring cardiomyocyte, thus propagating the electrical

signal across the working myocardium. Studies have now

shown that cardiac gap junctions form complexes with a

myriad of other proteins to accomplish connexin localiza-

tion, regulation, coordinated function and turnover. These

complexes regulate every aspect of connexin life [8].

Therefore, it is not the connexin alone that accomplishes

electrical propagation in the heart, but rather a coordinated

interaction within cells between connexins and other pro-

teins which, taken together, have the overarching role of

maintaining electrical propagation and coordinated cardiac

contraction. Much of the study of these complexes has

focused on 1 of the cardiac connexins, connexin43 (Cx43),

but based on the extensive roles that binding partners play,

it seems likely that the other connexins will be found to

utilize protein partners as well.

Over the years, every corner of the heart has been

examined for the connexin isoform that regulates normal

function in each particular compartment. It is generally

agreed upon that if one were to grind up the whole heart

and look for the types of connexins found, 3 individual

isoforms would be found, namely Cx40, Cx43 and Cx45.

In addition, there were early reports of Cx30.2 in the

conduction system of the mouse, leading to discussion on

whether this connexin regulated conduction velocity [9],

but the human orthologue Cx31.9 was found to not occur in

the human heart [10], indicating that it might play a spe-

cies-specific role. The primary isoform in the heart, based

solely on quantity, is Cx43. Like all cardiac connexins,

Cx43 is not unique to the heart. In fact, this connexin

isoform is almost ubiquitously expressed across the body

systems, although not in every tissue type. Cx43 in the

heart is found both in the ventricular myocytes in large

quantities as well as in the atrial myocytes and the distal

His Purkinje fibers [11], and is located at the intercalated

disks of the individual myocytes in both compartments of

the heart. Cx40 has a more restricted expression pattern,

being found in the atria [12, 13] and Purkinje fibers [14],

but not in the ventricular myocytes. The third connexin in

the heart is Cx45, which is found in low levels primarily in

the ventricular myocytes, where it appears to colocalize

with Cx43 at the intercalated disk [15] and in the con-

duction system [12]. Early studies showed that gap

junctions are clusters of channels located at the end of the

cardiomyocytes in normal heart [16, 17]. Fluorescence

imaging of normal atrial tissue shows that connexins

appear to cover the surface of the cardiomyocyte when the

cell is imaged in the longitudinal aspect, while a view of

the transverse aspect of the cell shows that connexins are

localized around the perimeter of the intercalated disk

(Fig. 1). Ventricular connexins are localized similarly at

the intercalated disks of the cardiomyocytes [17, 18].

During the early studies which looked at localization of

cardiac gap junctions, researchers did not focus solely on

the myocytes of the heart [19]. In fact, these studies

specifically looked for junctional contacts in other cell

types of the heart as well, including where fibroblasts and

cardiomyocytes are in close contact. No other cell type

except the cardiomyocyte showed gap junctions and no

junction between heterologous cells types was found [19].

More recent studies have reviewed the possibility that

junctions occur between cardiomyocytes and fibroblasts

[20–23], but definitive proof of these interactions in vivo is

still lacking [24, 25]. It is interesting to note that the basic

structural studies were prescient of much of the focus of

work today, including showing the first indication that

cardiac gap junctions get disordered upon loss of normal

cardiac function [26] and the presence of specialized

membrane domains that were hypothesized at the time to

be involved in formation of the junctional plaques [26]. It

is these specialized membrane domains that are now the

subject of great study, as we have begun to realize that

connexins do not function alone at the intercalated disk

within myocytes of the heart.

The role of these connexins in cardiac conduction has

been studied extensively, written about exhaustively and

described in excellent reviews over the years [7, 27, 28].

Therefore, the present paper will focus on the role of

connexins within protein complexes within the heart and

will discuss how these complexes play a role in normal

cardiac physiology.

Discovering cardiac gap junctions

In 1952, Silvio Weidman showed that electrical current

injected into a single cell in a Purkinje strand spread along a

distance considerably larger than the length of a single cell,

which suggested that electrical charge could move rapidly

between 2 cells by a low resistance conduit [29]. Since that

time, researchers have spent years examining the structure,

composition and function of the gap junction channel [30].

Based on the offset positioning of cardiomyocytes in rela-

tion to each other, this perimeter localization suggests that

the primary connections the connexin make is not to the cell

that is attached at the site of the intercalated disk, but rather

it is to the cells on either side. This suggests that conduc-

tance across the myocardium does not go in a direct line

from site of stimulation to the final cardiomyocyte, but it

spreads in an elliptical manner with a wave of conductance

passing over the surface of the heart. This was predicted by

the modeling of electrical conduction in the heart done by

Madison Spach in the 1990s and early 2000s [31, 32], and

elegantly visualized using cardiac optical mapping by José

Jalife’s group [33].
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A clear role for gap junction channels in electrical con-

duction emerged that included a role for gap junctions in

regulating conduction from the nodal tissue down into the

working myocardium both in the atria and in the ventricle.

The tightly regulated junctional conduction allows for a uni-

form passage of current across the working myocardium in

order to facilitate contraction in an orderly fashion. As posited

by early localization studies in the heart [34], this orderly

conduction is facilitated by the preferential localization of the

gap junctions to the terminal ends of the cardiomyocytes,

which allows for directed current flow [7, 35, 36]. All of the

cardiac connexins have 3 channel states that affect the con-

ductance of the channel. They can be fully open, in the

residual state where they are almost closed yet have a lower

conductance level, or fully closed [37], and the individual

connexins eachhave a different regulation of this conductance

[30, 38]. To further complicate the story, the cardiac con-

nexins have the potential to formboth homotypic gap junction

channels, those made up of a single connexin isoform, as well

as heterotypic channels that consist of more than 1 connexin

isoform [36]. This sets the stage for complex conductance

patterns in the heart. In areas where 1 connexin is dominant,

such as found in the ventricular myocardium where Cx43

dominates, the conductance is based on the single connexin

conductance for Cx43. In the atria, Cx40 is present, but Cx43

is there as well and studies have shown that these 2 connexins

colocalize in atrial myocytes [39]. Electrophysiological

studies suggest that these 2 connexins form rectifying het-

erotypic gap junctions, which could have a major impact on

conduction through the atria [40]. In fact, it has been shown

that changes in the make-up of connexins in atrial myocytes

affects conduction through strands of atrial myocytes with a

loss of Cx43 leading to an increase in rate of conduction when

Cx40 is absent and a decreased rate in atrial myocytes lacking

Cx43 [41]. These data suggest that the partnership between

these 2 connexin isoforms is key in the formation of the

normal conduction rate through the atrial compartment and

loss of 1 connexin or the other during disease states may lead

to abnormal conduction and potentially arrhythmias. Overall,

it is clear that coupling of myocytes via gap junctions plays a

key role in normal electrical propagation in the heart.Multiple

studies have focused on the complexities in this process, and

reviews [30] on the how, where and why of connexins in

cardiac conduction are numerous and give more information

on this topic than is allowable in the space provided here.

Connexin protein complexes in normal heart

A less studied role of connexins in cardiac cells is the

potential role within protein complexes, although more

studies are emerging on this topic each year. It appears that

Fig. 1 Immunostaining of Cx40 (a) and Cx43 (b) in atrial myocytes,

showing in the longitudinal aspect that both connexins localize to the

intercalated disk (arrow). Double labeling shows that they are highly

colocalized in normal atria. (c) Transverse sections of atrial myocytes

at the level of the intercalated disk show that the primary localization

of both connexins in these myocytes is around the circumference of

the cell (d, e) and that colocalization is extensive at this site (f). This
suggests that the functional gap junctions in atria may have

intermediate junctional properties when compared with pure Cx43-

or pure Cx40-containing gap junctions
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the normal function of gap junctions in the heart requires

the coordinated interaction between the connexin subunits

of the gap junction channel and numerous other binding

partners within the cardiomyocyte. It has now been shown

that connexins bind to a number of other cellular proteins,

including scaffolding proteins, kinases, other junctional

proteins and even to ion channels [42]. The roles that these

interactions play in normal cardiac function are not yet

clear, although a picture is emerging that the localization

and function of connexins are regulated by these interac-

tions and, in turn, connexins regulate the proteins they bind

to. To date, studies have shown that binding partners are

important in every aspect of the life cycle of Cx43,

including its oligomerization and trafficking to cellular

membranes, its insertion at the intercalated disk, its func-

tion as an ion channel and even its turnover rate [42]. To

understand how these proteins are all coordinated is an

ongoing project and likely to provide many more years of

work for researchers in the field. To begin, formation of a

gap junction channel from individual connexins has been

shown to require the interaction of Cx43 with other pro-

teins in the cell [42–45].

Formation of gap junction channels and their targeting

to cardiomyocyte membranes requires that connexins

interact with a number of protein partners in a stepwise

fashion. Initial studies on trafficking of gap junctions

suggested 2 mechanisms, 1 within the canonical Golgi

pathway and 1 external to that pathway [46, 47], but only

the non-cardiac Cx26 was suggested to use the external

pathway. It is now clear that gap junction channels are

formed and trafficked via the Golgi/endoplasmic reticu-

lum pathway [48] and assembly of the oligomers of

connexins occurs after exit from the endoplasmic reticu-

lum [49]. Each of these steps requires that connexins

interact with a different protein partner. These oligomers

are thought to traffic to the membrane through interaction

with lipid rafts containing caveolin-1 [50]. New infor-

mation on how trafficking occurs in the polarized

myocytes of the heart shows that binding to a chaperone

protein end-binding protein 1 is required for normal

localization of at least Cx43 to the intercalated disk [51]

and that the actin cytoskeleton plays an important role as

well [52]. This pathway is vital for the normal function of

the heart, as it has been shown that the turnover time of

Cx43 is quite rapid, necessitating a constant restocking of

gap junctions in normal cardiomyocytes [53]. Degradation

of gap junction channels has also been shown to require

binding partners [54, 55]. These studies show that the

formation of gap junction channels and their movement

within cells is highly dependent on protein–protein

interactions.

Other roles for protein–protein interactions of connexins

in normal heart function have also been studied. The first

connexin found to have regulating binding partners was

Cx43. The story with Cx43 began with the observation that

the tight junction associated protein zonula occludens-1

(ZO-1) interacted with the carboxyl terminal domain of

Cx43 [44, 56]. ZO-1 is a scaffolding protein that contains

multiple PSD-95, disk large, zonula occludens-1 (PDZ)

domains, which serve in multiple systems to form func-

tional protein complexes. This led to the idea that a protein

complex maintained Cx43 at cell membranes [57, 58].

Further studies by these groups and others proceeded to

show that the interaction between these 2 proteins was

regulated by the non-receptor tyrosine kinase c-Src, with

activation of c-Src leading to a loss of Cx43 at the car-

diomyocyte cell membrane [43, 59–61]. Due to the fact

that loss of Cx43 at myocyte membranes is strongly

associated with the development of cardiac arrhythmias,

the role of the regulation of Cx43-containing protein

complexes has been an important topic of study [45, 62]. It

is now clear that in the heart the interaction of Cx43 with

ZO-1 forms an important functional complex of proteins

that is required for normal physiology.

Studies have looked at other types of proteins that might

be associated with the protein complex that contains Cx43,

the so-called Cx43 interactome. An interesting finding was

that the pore-forming subunit of the cardiac sodium chan-

nel Nav1.5 interacts with Cx43 [63–65]. Mario Delmar’s

group carefully stepped off the changes in Cx43 with

alterations of the desmosomal protein plakophilin-2 [66],

interactions of desmosomal proteins plakophilin-2 and

ankyrin-G with the sodium channel [67] and the associa-

tion of Cx43 with the sodium channel within a single

protein complex [65]. The finding that these 2 channels,

which have both been found to be vital to cardiac con-

duction, work together has led to a unified theory of Cx43

and sodium channel function, suggesting that not only does

Cx43 regulate electrical signals in the heart directly via gap

junctional coupling, but also via regulation of the cardiac

sodium channel [68].

Regulation of connexins by phosphorylation is equally

important and the interaction of connexins with kinases has

been studied extensively [69–71]. Cx43 was first discov-

ered to be a phosphoprotein, suggesting that rather than

being an unregulated channel that cellular activity may

determine the level of coupling between myocytes [72]. It

is well documented that Cx43 contains multiple phospho-

specific residues, which have the potential to be regulated

by numerous kinases [69, 70, 72, 73]. Some phosphoryla-

tion events work to close the gap junction channel [74–76],

while others appear to maintain the channel in the open

configuration [70, 77]. As phosphoproteins, connexins are

regulated by dephosphorylation as well, with protein

phosphatase-1 shown to interact with Cx43 to regulate its

phosphorylation state [78, 79]. Thus, interactions with
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kinases and phosphatases are important in regulating

whether the gap junction channel passes electrical signals.

In normal heart, these phosphorylation and dephosphory-

lation events are kept in balance, allowing for maintenance

of electrical propagation. A plethora of studies have shown

that alteration of the phosphorylation status leads to gap

junction dysfunction, indicating that when interactions of

Cx43 with either kinases or phosphatases are altered,

electrical coupling between cells is compromised [69–78,

80].

Finally, in a new chapter of understanding cardiac

conduction, which is taken from an older chapter in neu-

roscience [81], ephaptic transmission has been resurrected

as a possible alternative pathway for electrical passage

through the heart. Ephaptic transmission is the transmission

of the electrical signal from a cell to its neighbor in the

absence of a functional gap junction or ion channel/synapse

type process. It has been postulated in other systems that

connexin hemichannels may be the conduit for the released

electrical signal [82]. Traditional studies have shown that

loss of connexins leads to a complete block of electrical

transmission [83]. This has suggested that the gap junction

is the only required structure, which has slowed interest in

this type of electrical transmission. With the finding of the

interaction of Cx43 with the sodium channel, suggesting

microdomain involvement in conduction, interest has

revived in this area of study. In a new study, these types of

interactions were examined in a model of edema, which

showed that along with gap junctional coupling and sodium

channel function, regulated via the interaction between the

2 as discussed above. It was shown that increasing the

distance between cells during edema decreased electrical

transmission. Computer modeling suggested that the

decrease was in part due to changes that could not be

related to gap junction or sodium channel function and

have now suggested that ephaptic transmission may play a

role in slowing of conduction under disease conditions [84,

85]. As of yet, the role of ephapses in the heart needs,

however, further investigation.

Taken together, it appears that the proteins which

interact with Cx43 regulate trafficking to the membrane,

localization at the intercalated disk, function of the gap

junction channel, conduction and turnover. The goal of this

is to ensure that cardiac conduction occurs unimpeded in

normal heart. The key complex is the one in which Cx43

sits at the sarcolemma and where it may regulate conduc-

tion through separate mechanisms, namely direct gap

junctional coupling and regulation of sodium channel

activity, and possibly via formation of an ephapse. This

tripartite mechanism makes sense when considering how

critical it is for the heart to have a safety factor for

conduction.

Pannexins in the heart

Pannexins are ATP-releasing pores that are activated

under conditions of cellular stress [86]. Initial studies

suggesting that pannexins were found in cultured car-

diomyocytes sparked interest in a potential role for these

channels in normal heart physiology [87]. It was suggested

that the Panx1 isoform was the channel responsible for the

large conductance chloride channel found in cardiomy-

ocytes. The authors of that study showed that over time in

culture, the chloride channel disappeared, but upon

transfection with Panx1, it was seen again in the cells. It is

not clear whether the Panx1 channel itself released the

chloride or if the presence of Panx1 allowed for another

channel to function, but in either case, it suggested a role

for Panx1 in cardiomyocytes. Further experimentation has

made it clear that pannexins are present in intact cardiac

myocytes and that these channels play a role in cardiac

pathology, specifically in the expansion of fibrosis fol-

lowing cardiac injury [88]. It was shown that ischemic/

hypoxic conditions lead to the opening of Panx1 channels

in cardiomyocytes and to the release of ATP that activated

neighboring fibroblasts to differentiate towards myofi-

broblasts. This activation has been shown to be a key

factor in the development of cardiac fibrosis in the injured

myocardium [25]. Additionally, as pannexins were found

to be localized to T-tubules where they interact with

synapse-associated protein 97 [88], there may be a role for

pannexins in the regulation of other synapse-associated

protein 97-interacting ion channels [89, 90]. Further

studies on this interesting channel in the heart are war-

ranted to determine if there are functions for pannexins in

healthy myocardium or if its role is solely restricted to

injury responses.

Connexins in conduit arteries

Conduit arteries, including the aorta, carotid, iliac,

femoral and brachial arteries, function as low resistance

pathways to visceral organs and limbs. In healthy conduit

arteries, endothelial cells (ECs) mainly express Cx37 and

Cx40 [91], whereas vascular smooth muscle cells

(VSMCs) express Cx43 [91]. Whether or not Cx45 is

expressed by VSMCs of conduit arteries remains elusive.

Studies using antibodies have reported expression of

Cx45 in the aorta of rats and mice [92, 93], but a more

recent study in which distribution of enhanced green

fluorescent protein expressed under the control of the

Cx45 promoter was used suggests that its expression is

restricted to the femoral artery [94]. The physiological

roles for connexins in conduit arteries seem to be limited
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to the endothelium. In ECs of conduit arteries, gap

junctions synchronize agonist-induced calcium responses

[95, 96]. One would, therefore, expect that Cx40-deficient

mice, which exhibit a downregulation of endothelial Cx37

along with Cx40 [94, 97–99], would display reduced

endothelium-dependent relaxation in response to acetyl-

choline and this is indeed the case [97]. Whether this

endothelial dysfunction is due to a direct effect of Cx40-

deficiency and Cx37 deficiency on synchronization of

calcium or to indirect effects, such as effects mediated via

the reported interactions between Cx40, Cx37 and

endothelial nitric oxide synthase (eNOS) [97, 100],

remains to be addressed. Furthermore, gap junctions have

been shown to participate in relaxation due to endothe-

lium-dependent hyperpolarization in rabbit iliac arteries

[101]. Finally, studies performed with pharmacological

inhibitors have suggested that gap junctions are involved

in the release of contractile factors by ECs in the aorta of

spontaneously hypertensive rats [102].

Endothelium lining conduit arteries is highly sensitive

to hemodynamic shear stresses acting at the vessel luminal

surface in the direction of blood flow [103]. Wall shear

stress, the frictional force between blood and the

endothelium, is an important determinant of endothelial

cell function and also regulates connexin expression [104].

Indeed, Cx43 is moderately expressed or absent in qui-

escent arterial endothelia, but is induced locally in areas

facing a disturbed blood flow pattern, such as arterial

bifurcations or branch points [105]. Multiple in vitro

studies have confirmed this correlation between Cx43

expression and disturbed flow [106–108]. Cx37 also

appears to be a shear stress regulated gene. It is highly

expressed in the endothelium in straight portions of the

arterial tree, which are exposed to high laminar shear

stress, and absent at arterial bifurcations and branch points

that experience oscillatory shear stress [105, 109]. It has

recently been demonstrated that the flow-responsive tran-

scription factor Krüppel-like factor 2 mediates the

induction of Cx37 expression by high laminar shear stress

in ECs, which in turn allows for synchronization of

physiological responses in the arterial endothelium [109].

Consequently, the opposite expression patterns of Cx37

and Cx43 in arterial regions exposed to different hemo-

dynamic conditions induces endothelial communication

compartments that may be relevant to the focal vulnera-

bility of atherosclerosis (Fig. 2).

The pathophysiological roles of connexins in conduit

arteries have been studied extensively. These studies have

mostly focused on their contribution to atherosclerosis and

neointima formation after injury. Similar to other inflam-

matory diseases, atherosclerotic plaque development is

characterized by transmigration of leukocytes, such as

monocytes, neutrophils and T-lymphocytes, over the

endothelial barrier. This transmigration process is under

the control of paracrine intercellular communication,

involving adhesion molecules, cytokines and chemokines.

It turns out that endothelial Cx40 and Cx37 in macro-

phages are also anti-atherogenic by inhibiting leukocyte

adhesion resulting in reduced recruitment to the

atherosclerotic lesion [99, 110]. In contrast, Cx43 is an

atherogenic protein [111, 112]. Neointima formation may

be considered as a wound healing response after arterial

damage induced by balloon catheterization followed or not

by the placement of a stent. The role of Cx43 has been

extensively studied in this maladaptive repair process. It

was already shown at the end of the previous century that

balloon catheter injury in the rat carotid artery results in an

upregulation of Cx43 in VSMCs in the neointima 9 days

after the injury [113]. Interestingly, changes in the

expression of Cx43 in the media preceded the changes in

the intima and were already apparent at 1-day post-injury

[113]. Remarkably, a global 50 % reduction of Cx43

expression reduced neointimal formation by decreasing

the inflammatory response and, in addition, the migration

of VSMCs after acute balloon injury [114]. However,

specific deletion of Cx43 in VSMCs rather seems to

enhance neointimal formation [115]. More recently, it has

been suggested that blockade of Cx43 hemichannels

reduces neointimal formation after vascular injury [116].

Nonetheless, this study relied on carbenoxelone to inhibit

Cx43 hemichannels and did thus not directly yield insight

into the contribution of hemichannels versus gap junction

channels.

Fig. 2 Schematic overview illustrating how shear stress patterns

affect Cx37 or Cx43 expression at the carotid bifurcation
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Pannexins in conduit arteries

Panx1 is expressed in the endothelium throughout the

arterial tree [117]. Panx1 is also expressed in VSMCs.

However, Panx1 expression is higher in VSMCs from

smaller arteries and arterioles compared to large arteries

[117]. Whether or not pannexins play a physiological role

in conduit arteries is a matter of debate. It has been

reported that conduit arteries from Panx1-deficient animals

display slightly reduced endothelium-dependent relaxation

[118]. One should, however, consider this conclusion with

caution since these measurements have been performed on

saphenous artery, which is generally considered to be a

muscular resistance artery [119]. A definitive role for

Panx1 in the maintenance of vasomotor function in conduit

arteries thus remains to be proven. Panx2 and Panx3 are not

expressed in conduit arteries [117]. Whether pannexins

contribute to pathophysiological processes in conduit

arteries has not yet been investigated.

Connexins in resistance arteries and arterioles

Resistance arteries are precapillary vessels with diameters

ranging from 100 to 300 lm. These arteries passively regu-

late resting resistance and actively contract or relax to control

organ perfusion [120]. Obviously, these processes require a

large degree of synchronization between ECs and VSMCs,

mostly since the ECs sense the need for contraction or

relaxation and the VSMCs do the actual work. It is, therefore,

interesting to note that the typical vascular connexins are

present in homocellular, but also heterocellular gap junctions

in various types of resistance arteries [121–124], suggesting

that these may provide a pathway by which ECs can control

the function of the adjacent VSMCs and thereby regulate

vascular physiology. Indeed, it has been shown that gap

junctions servemany physiological roles within the resistance

vasculature. Thus, they are involved in relaxation induced by

endothelium-dependent hyperpolarization [125–131]. Fur-

thermore, hyperpolarization evoked in either ECs or VSMCs

can spread a relatively large distance from its source to

neighboring cells via gap junctions causing remote dilatation

[132–136]. Importantly, gap junction-induced spread of

dilatation is not only observed in the direction of blood flow,

as would be the case for soluble factors secreted in blood, but

also in retrograde direction. Moreover, such spreading

responses are not restricted to dilatations. Indeed, they can

also be evokedwith contractile stimuli. Furthermore, they can

be observed in resistance arteries, arterioles and capillaries. In

this respect, arterioles of Cx40-deficient mice display irreg-

ular vasomotion and spontaneous vessel closure [137].

Conducted dilatation appeared to be reduced in arterioles

from Cx40-deficient mice, suggesting that Cx40 is of critical

importance for this phenomenon [133, 138]. A more recent

study addressed possible differences between the spread of

hyperpolarization induced by an agonist, such as acetyl-

choline, or by an opener of potassium channels, like pinacidil

[135]. Spreading dilatation induced by acetylcholine was not

affected by Cx37-deficiency and reduced by deletion of Cx40

[135]. However, spreading dilatation induced by pinacidil

was not affected by either Cx37-deficiency or Cx40-defi-

ciency [135]. In lung capillaries, Cx43 andCx40 seem to be of

vital importance for spreading responses. In this respect,

Cx43 is implicated in the spread of pro-inflammatory cal-

cium-dependent responses [139] and Cx40 seems involved in

the spread of signals from oxygen sensing cells towards

upstream arterioles [140]. In addition to their roles in relax-

ation mediated by endothelium-dependent hyperpolarization,

it has also been shown that gap junctions act as pathways that

allow for endothelial feedback on vasoconstriction [141,

142]. When an agonist, such as phenylephrine, activates

VSMCs and thereby causes an increase in the cytosolic cal-

cium concentrations, gap junctions between ECs and VSMCs

allow for diffusion of calcium towards the ECs, where it

activates eNOS to produce nitric oxide (NO), a well-known

vasodilator. Finally, it has been suggested that gap junctions

are involved in the spread ofNO fromECs towardsVSMCs in

the rat aorta and in rat mesenteric vessels [143].

Given the roles of connexins in vasomotor responses,

one could reason that vascular connexins may be involved

in blood pressure regulation and hypertension. Cx37-defi-

cient mice display normal blood pressure [135], thus

making a role for this connexin in blood pressure home-

ostasis unlikely. The role of Cx43 is less clear, as blood

pressure is not affected by specific removal of Cx43 from

VSMCs [115] in mice, but both no effect [144] or a blood

pressure-lowering effect [145] has been reported in mice

with endothelial-specific deletion of Cx43. Finally, Cx40-

deficient mice are hypertensive, but the contribution of

arterial Cx40 to this hypertensive phenotype is probably

marginal at best, since blood pressure in Cx40-deficient

mice can be normalized by treatment with angiotensin

receptor antagonists [146]. Moreover, restoration of Cx40

in renin-producing cells largely reduces the hypertension in

Cx40-deficient mice [98]. Conversely, selective deletion of

Cx40 from renin-producing cells induces hypertension

[147] and finally selective deletion of Cx40 from the

endothelium only does not affect blood pressure [99, 147].

Pannexins in resistance arteries and arterioles

In resistance arteries, Panx1, but not Panx2 or Panx3, is

expressed by ECs and VSMCs, with the exception of

arteries of less than 100 lm where Panx3 is detectable

[117, 148]. Panx1 is important in the physiology of
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resistance arteries, mostly through its capacity to form

channels that release purines, including ATP. Indeed,

Panx1 channels were first shown to control blood flow

indirectly by releasing ATP from erythrocytes in response

to mechanical stress, initiating calcium elevation in ECs

through the stimulation of purinergic receptors, which then

induces the release of NO leading to relaxation of VSMCs

and vasodilatation [149]. Panx1 also seems to play a role in

phenylephrine-induced vasoconstriction of thoracodorsal

resistance arteries through association of Panx1 and

alpha1-adrenergic receptors in VSMCs [148]. The authors

propose that activation of adrenoceptors expressed by

VSMCs leads to contraction as a consequence of an

increase in the intracellular calcium concentration and

opening of Panx1 channels, which release ATP that can

subsequently further enhance the contraction by activation

of P2Y receptors [148]. Interestingly, experiments in which

site-directed mutagenesis or mimetic peptides where used

revealed that a specific sequence in the intracellular loop of

Panx1 seems to be crucial for this link between noradren-

ergic and purinergic signaling [150]. However,

contradicting results have been reported as well. First, a

study using another muscular resistance artery of Panx1-

deficient mice reported enhanced rather than reduced

phenylephrine-induced contractions [118]. Moreover, there

is also no evidence that Panx1 channels releasing ATP

have any role in the constrictor actions of alpha1-adreno-

ceptor activation of small resistance arteries [151]. Clearly,

more studies are needed before a consensus will be reached

regarding involvement of Panx1 in alpha1-adrenergic

receptor-mediated effects. It has also been suggested that

release of calcitonin gene-related peptide (CGRP) from

sensory–motor nerves can cause opening of Panx1 chan-

nels expressed by VSMCs in mouse mesenteric arteries

[152]. However, as also noted by the authors, the physio-

logical or pathophysiological relevance of CGRP-induced

Panx1 channel opening remains to be determined [152].

Finally, Panx2 is expressed in the middle cerebral artery

[153], but whether this or the expression of Panx3 in very

small arteries has functional consequences is unknown.

Connexins in lymphatics

The lymphatic system is of crucial importance for tissue

drainage, intestinal lipid absorption and the regulation of

immune responses [154]. Interestingly, a few decades ago,

gap junction-like structures, composed of at least Cx43

[155], were reported in the sinus wall of rabbit popliteal

lymph nodes [156] and it is now clear that at least 3 con-

nexins, namely Cx37, Cx43 and Cx47, are expressed in the

lymphatic endothelium [157, 158]. With respect to the

physiological role of gap junctions in the lymphatic system,

it should be noted that early ex vivo experiments performed

on isolated lymphatics and in vivo experiments performed

on rat mesenteric lymphatics suggested that gap junctions

are responsible for the coordination of retrogradely prop-

agated contractile responses [156, 159]. More recently, 2

independent studies used genetically engineered mice to

specifically study the role of connexins in lymphatic

development [157, 158]. It appeared that Cx43 and Cx37

are implicated in the initial development of the jugular

lymph sac and, importantly, in the formation of lymphatic

valves. Interestingly, Cx37 seems to play a similar role in

the development of venous valves [160]. Finally, mutations

in Cx47 and Cx43 genes have been linked to diseases of

lymphatic vasculature, most notably primary and sec-

ondary lymphedema [161]. Whether Cx43 or Cx47 play a

role in lymphatic physiology is currently unclear. Fur-

thermore, whether pannexins are expressed in lymphatic

vessels and contribute to their physiological processes has

not yet been investigated.

Conclusion

Connexins and pannexins are integral components of the

cardiovascular system. While studies on pannexins are in

the infant stage and so far only indicate a role for these

channels in arterial physiology and in the diseased myo-

cardium, it is clear that gap junctions and the connexins

that form them form an integral part in normal cardiovas-

cular physiology. The roles of connexins in resistance

arteries and arterioles seem, at first sight, straightforward

[132]. Thus, they permit exchange of small molecules

between ECs and VSMCs via myoendothelial gap junc-

tions and synchronize tissue responses, thereby allowing

for retrograde spreading of dilatations and contractions.

However, from recent work onto electrical conduction in

the heart, we have learned that the role of connexins is

more complex than originally anticipated. Rather than

being simple passive electrical conduits, it appears as if

they play a more active role in overall coordination of

conduction through their involvement with protein–protein

complexes [162, 163]. While the vast majority of studies

have been done on cardiac Cx43, further studies on the

other cardiovascular connexins may show that these con-

nexins also coordinate electrical or metabolic signaling by

working together with a compilation of protein partners

rather than as individual channel units. In this light, Cx37

interacts with eNOS and via this interaction may regulate

the activity of the enzyme or, conversely, the conductance

of the Cx37 channel [100]. Additionally, it has been shown

that Cx40 forms a complex with the tight junction associ-

ated protein ZO-1 [164]. Overall, these studies suggest that

the connexin interactome is crucial for cardiovascular
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physiology, as it would allow for coordinated regulation of

the connexin function, the function of sodium channels in

the heart and the endothelial production of vasodilators.

Thus, the coordinated electrical propagation in the heart as

well as the coordinated vasomotor responses is likely not

only due to a direct conduction via gap junctions, but also

on the composition of proteins found within the scaffold at

the cellular junctional membrane. This obviously has

consequences for future connexin-targeted therapies in the

setting of cardiovascular disease.
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