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Plasma membrane–associated channels known as gap junctions, along with their protein building 
blocks—connexins—have an important functional role in a range of immunological processes, 
including heart function, cell growth and specialization, and early development. Spanning basic 
science and potential clinical applications, Connexin Cell Communication Channels: Roles in the 
Immune System and Immunopathology assembles and synthesizes four decades of the most 
important research carried out in this field.

The book first provides a historical overview of the discovery of these membrane channels in cells and 
tissues of the immune system. It describes their general molecular and biological characteristics and 
examines how they participate in the evolution, organization, function, and regulation of leukocytes, 
as well as their interaction with other tissues. 

The next section examines immunologically related disease scenarios where gap junctions and 
connexins have been shown to play a fundamental role. The contributors explain how gap junctional 
communication participates in the establishment and maintenance of immunological properties such 
as antibody and cytokine production, as well as lymphocyte immune surveillance in both physiological 
and pathological conditions. The book explores the most important technical approaches used and 
how they have been specially adapted to answer key biological questions particular to the mobile 
nature of leukocytes. It also describes the most recent understanding of how gap junctions and 
connexins participate in antigen recognition, cross-presentation, lymphocyte activation, and in the 
assembly and function of the immunological synapse. 

Finally, the book focuses on the latest progress made on translating the knowledge gained to specific 
treatment modalities. Topics in this section include approaches for reducing scarring and cardiac 
arrhythmia, combating inflammation in the central nervous system, and enhancing epithelial tissue 
repair. A comprehensive view of achievements in this promising field, the book will inform and update 
specialists, clinical practitioners, and those studying the potential for commercial applications.
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Preface
Cells collaborate and communicate, working as a team. This is especially evident in 
our tissues and organs. The key proteins acting as membrane channels that enable 
direct communication or cross talk between attached cells are connexins (Cxs), a 
family of around 22 closely homologous proteins in vertebrates that oligomerize 
generating a hexameric arrangement in the membrane with a central pore. Aligned 
head to head, groups of these Cx hemichannels form a gap junction—a well-estab-
lished structure that provides a conduit connecting directly cell interiors.

An important and surprising finding in the cell communication/signalling field 
has been widespread detection of functional Cx channels in cells comprising the 
immune system. Morphologically mature gap junctions are rarely recognized in the 
immune system except in lymphoid tissues, and intensive recent research has pointed 
to the functional roles of Cx hemichannels residing in the cell’s plasma membrane. 
Normally closed, these hemichannels when they become leaky present cells with a 
severe metabolic disability as they lose control of the dynamics between the cyto-
plasm and the surrounding milieu. Environmental insults such as hypoxia, oxidative, 
osmotic, and mechanical stresses can provide challenges to the gating integrity of 
hemichannels as they become permeable for example, allowing, the leakage of ATP 
and glutamate. In the immune system especially the loss of purinergic molecules 
poses signalling problems and can modify the interaction of not only immune cells 
but also with endothelial and other cells depending on location.

The identification of Cx hemichannels, especially those built up of Cx43, as key 
cell communication regulators and their easy accessibility to direct modulation 
by “chemical blockage” has opened up the field to an ever-increasing translational 
applications and these are described in specific chapters. A wide range of “mimetic 
peptide” reagents are finding potentially important applications in diseases induced 
by hypoxia in the brain and cardiovascular systems. Also, the use of antisense RNA 
reagents provides an alternative and complementary way of addressing the conse-
quences of Cx channel dysfunction in several diseases as illustrated in many chap-
ters and especially in relation to diabetes. The development of peptide mimetics that 
confine their targeting to hemichannels and avoid deleterious action on gap junction 
functions (e.g., as in addressing cardiac arrhythmia as opposed to hypoxic damage) 
are on the horizon and will provide an added level of selectivity in targeting hemi-
channels. These can aid in dissecting the physiological and pathological roles of Cx 
channels especially in the immune system itself and in lymphoid cells and organs. 
Finally, the implication of pannexin (Panx) channels similar younger but unrelated 
cousins of the Cx hemichannels are considered by various authors.
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Prequel: Gap Junctions, 
Hemichannels, and 
Cell-to-Cell Signalling
William Howard Evans and Ernesto Oviedo-Orta

I.1 INTRODUCTION

Gap junctions are strongly adhesive junctions of porous construction that enable 
cells to communicate/signal directly with each other. Gap junctions consist of closely 
packed arrays of hexameric protein channels that provide direct inter-cytoplasmic 
continuity in cells (Figure I.1). The term “gap” is a historic misnomer and derives 
from observations that lanthanum salts revealed a narrow 2 nm extracellular space 
between attached cells now known to be bridged by the component channels; at the 
time, these studies identified important morphological and functional differences 
between gap and tight junctions. In reality, gap junctions underpin cell−cell coop-
eration that is essential for orchestrating metabolic, electrical, and mechanical cell 
behavior in tissues and organs. A large number of channel units are compressed into 
a plaque in the membrane, but this does not necessarily mean that all channels are 
open and functional. Thus, small gap junction plaques size found in components of 
immune and other systems need not compromise the extent, and the importance of 
intercellular communication for electrophysiological evidence shows that as few as 
20% of the channel structures in a large gap junction are active, with these being 
mainly those newly recruited to the edges of junctional plaques (Gaietta et al., 2002). 
Gap junction channels are weakly selective and allow small molecules and ions (gen-
erally up to 1200 Da) to pass from cell to cell while restricting the passage of larger 
molecules that might compromise cellular individuality.
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Connexin (Cx) hemichannels (connexons) are biogenetic precursors of gap junc-
tions and, unsurprisingly, the two categories of channels display similar permea-
bility properties (see Table I.1). Cx hemichannels dock head to head with closely 
aligned partner hemichannels in neighboring cells as they become attached to the 
rims of preexisting gap junction plaques. Hemichannels were once regarded as non-
functional closed channels in transit prior to their incorporation after docking into 
gap junctions. It was strongly argued that were hemichannels to assume an open 
configuration they could seriously compromise cell permeability and viability and 
lead ultimately to apoptosis. However, it is now well established that they display 
an array of distinctive functions, with channel gating sensitive to external/internal 
metabolic, oxidative, osmotic, and mechanical stresses (Evans et al., 2012). Indeed, 
it is now becoming clear that hemichannel operation is controlled by an array of 
intracellular protein kinase cascades and intracellular calcium-dependent processes 
that are fundamental to cell signalling (Figure I.2).

I.2 CONNEXINS, PANNEXINS, AND INNEXINS

These are biochemically different classes of channel forming membrane-embedded 
proteins. Cxs oligomerize to form hexameric channels with the subunits surrounding 

Connexin

Homomeric
connexin hemichannel

Heteromeric
connexin hemichannel

Gap junction channel unit

Homotypic

Heterotypic

Heteromeric

Connexin oligomerization to generate
single/double channels

Extracellular

Cytoplasm

Connexin topography in membraneGap junction plaque

Intercellular gap

Plasma membrane

Homomeric
connexin hemichannel

Cell 2

Cell 1

Heteromeric
connexin hemichannel

Intercellular gap

N
C

S - S

FIGURE I.1 Diagrammatic structure of a gap junction linking two cells and the compos-
ite hemichannels. Cxs oligomerize to form homomeric or heteromeric hemichannels. These 
dock to form the basic gap junctional unit that may be homomeric, heterotypic, or hetero-
meric depending on the class of Cxs made by the cooperating cells and their arrangements in 
the channel. Gap junction plaques vary in size depending on the number of functional units. 
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a central pore. In vertebrates, over 20 Cxs have been found and they are expressed 
in all nucleated cells except sperm and adult skeletal muscle (Sohl and Willecke, 
2004). Cxs display tetraspan membrane topography with cytoplasmic amino and 
carboxyl tails and a single intracellular loop (Figure I.1). The two disulfide-linked 
extracellular loops are highly conserved in all Cxs and are crucial for the docking 
of the hemichannel pairs that form the basic gap junction double-channel unit. The 
main determinant accounting for the size range of Cxs (23–58 kDa) is the length 
of the cytoplasmically orientated carboxyl tail where phosphorylation sites are 
located; in Cx43, there can be up to 11 sites, mainly on serine and threonine resi-
dues (Solan and Lampe, 2009; Jeyaraman et al., 2011; Marquez-Rosado et al., 2011). 
Most Cxs are phosphoproteins excepting Cx26 that has a short cytoplasmic tail. 
Phosphorylation is likely to modulate Cx channel gating, for example, phosphoryla-
tion of Cx43 by protein kinase C is implicated in cardiac ischemia (Saurin et al., 
2002; Heyman et al., 2009). Hemichannel operation is also directly regulated by 
calcium and membrane depolarization (Saez et al., 2005) (Figure I.2). The cytoplas-
mic carboxyl tail of Cx43 interacts with the protein’s intracellular loop, a process 
proposed to explain how the channel opens and closes in gap junctions as well as 
in Cx hemichannels (Delmar et al., 2004; Ponsaerts et al., 2010). The cytoplasmic 
tail also interacts with several cytoskeletal and scaffolding proteins such as tubulin, 
ZO1, and catenin (Giepmans, 2004).

Cx hemichannels allow cells to monitor the external environment and to respond 
to unfavorable contingencies (Scemes et al., 2009). The release of ATP across these 
channels provides a mechanism for para-cellular purinergic signalling (Figure I.3). 

Calmodulin

Nitric oxide

Phospholipase A
No synthetase

Arachidonic acid Membrane
depolarization

Cell exterior

Hemichannel

ATP

P2Y receptor

[Ca2+]i

Protein kinase C
P38 MAP kinase

Calmodulin kinase

FIGURE I.2 Schematic showing a phalange of signalling components converging at a Cx 
hemichannel in the plasma membrane. A major regulator is calcium but other factors control-
ling hemichannels include phosphorylation especially by protein kinase C of the cytoplas-
mically located carboxyl tail of Cx43 as well as nitrosylation and membrane polarization. 
(Modified from de Vuyst, E. et al., 2009. Cell Calcium, 46, 176–87.)
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Roles for Cx hemichannels in cell adhesion have been proposed (Bao et al., 2011; 
Cotrina et al., 2008; Elias et al., 2007; Wong et al., 2006), and they may also act as 
sensors and regulators of cell cycling (Vinken et al., 2011).

Most cells express more than one Cx, and a large number of permutations of 
various Cx components that make up hemichannels and gap junctions can provide a 
basis for channel selectivity, a possibility supported by the varying electrical char-
acteristics and dye coupling properties of channels constructed of different Cxs 
(Bedner et al., 2011; Heyman et al., 2009).

Pannexins (Panxs) are not so well studied as Cxs, and the proteins do not share 
amino acid sequence homology (D’hondt et al., 2011; Shestopalov and Panchin, 2008). 
Three Panxs, Panx1, Panx2, and Panx3, are found in vertebrates (Table I.1). Panx1, in 
contrast to all Cxs, is glycosylated on the second extracellular loop possibly explain-
ing why Panxs function as channels in the plasma membrane and are disinclined to 
form gap junctions (Sosinsky et al., 2011). Little information is currently available on 
whether Panxs are phosphorylated. Cx and Panx channels are highly expressed in 
neurons and astrocytes where they are associated with various physio-pathological 
roles (Thompson et al., 2008). Panx channels also participate in purinergic intercel-
lular signalling in the immune system, especially in T-cell receptor regulation (Bopp 
et al., 2007). Cx and Panx channels release ATP that acts as a paracellular messenger. 
Release of ATP and its metabolites that bind to P2Y and P2Xn receptors (Figure I.3) 
provides these channels with intercellular signalling potential and a basis for playing 
key roles in inflammatory events that underpin a range of pathologies, also involv-
ing cytokines and other pro-inflammatory molecules (Scemes et al., 2009) (see also 

TABLE I.1
Properties of Gap Junction, Cx, or Panx Channels

Gap Junctions Cx Channels Panx Channels

Dodecameric paired 
hexamers

Hexameric structures. Six 
extracellular loop cysteines

Octameric structures. Four 
extracellular loop cysteines

Composed of over 20 Cxs; 
wide tissue distribution

Composed of 22/23 Cxs; wide 
tissue distribution

Panx1, Panx2, Panx3. Especially 
abundant in neural tissues

Nonglycosylated; 
phosphorylated

Nonglycosylated; 
phosphorylated

Panx1 is glycosylated and 
palmitoylated Panx2 is palmitoylated

Connect directly cytoplasms 
of attached cells

Connect cytoplasm with 
extracellular milieu; closure 
is protective

Mainly closed; opening allows cells to 
connect with external environment and 
signal by a paracellular mechanism

Pharmacological 
manipulation difficult

Blocked quickly by, e.g., Cx 
mimetic peptides

Inhibited by probenecid, carbenoxalone

Permeable to cAMP, 
calcium, IP3

Permeable to ATP, glutamate, 
glutathione, calcium 

Permeable to ATP; Open Panx 
channels may generate “death pore”

Closed internally by high 
calcium

Opened by low external 
calcium. Calmodulin and 
calcium regulate internally

Relatively unaffected by external 
calcium. Calmodulin independent

Unitary conductance 15–300 ps Unitary conductance 475–550 ps
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Chapters 8, 10, 11, and 15). Cx and Panx channels remaining in open configura-
tion can lead to apoptosis (Saez et  al., 2010). Cleavage of Panx1 channels by cas-
pases causes channel opening and appears to be a key step linking their operation to 
cytoplasmic activation (Chekeni et al., 2010). Panx1 forms hexameric oligomers and 
Panx2 is reported to be an octameric channel (Sosinsky et al., 2011).

Innexins are found in invertebrates. They demonstrate some amino acid sequence 
homology with Panxs but little homology with Cxs. All three classes of proteins 
show tetraspan topography in the membrane (Fushiki et al., 2010).

I.3  CLINICAL IMPORTANCE AND PROSPECTS FOR THERAPEUTIC 
MANIPULATION OF CX AND PANX CHANNELS

Gap junctions have been largely out of bounds to direct pharmacological manipu-
lation. However, undocked Cx and Panx channels in nonjunctional areas of the 
plasma membrane are more accessible. Short peptides mimicking sequences in the 
two extracellular loops of Cxs named Gap 26 and 27 (Evans and Leybaert, 2007) 
selectively, rapidly, and reversibly block Cx hemichannels; gap junctions are also 
inhibited by the peptides at later times following application of the peptides depend-
ing on such factors as cell geometry and the balance between hemichannel and 
gap junction communication (Bodendiek and Raman, 2010; Evans and Leybaert, 
2007; Herve and Dhein, 2010). A number of Cx channel functions have been stud-
ied using these mimetic peptides and include the acceleration of spinal cord repair 
(see Chapter 14), brain and wound healing (Chapter 15), as well as retinal (Danesh-
Meyer et al., 2012) and cardiac ischemia (Hawat et al., 2010), lung inflammation 

Environmental contingencies/
e.g., mechanical/shear/oxidative stress

ADP, AMP, adenosine paracrine intercellular communication/signalling
ATP

Hc Hc Hc
Purinergic
receptors

GJ
IP3

Ca2+

IP3

Ca2+ Ca2+

Ca2+ Ca2+ Ca2+

Ca2+Ca2+
ER

Ca2+
Hemichannel (Hc)

Gap junction intercellular communication

FIGURE I.3 Propagation of Ca waves across linked cells occurs directly via gap junctions 
and/or indirectly via a paracellular route. An increase in Ca in a stimulated cell spreads to 
neighboring cells directly via gap junctions and involves the spread of metabolic mediators 
such as IP3. Para-cellular communication mechanisms involves the release of ATP across 
hemichannels which then acts on purinergic receptors in neighboring cells leading ultimately 
to intercellular propagation of the Ca signalling response. (Modified from Evans, W. H. and 
Leybaert, L. 2007. Cell Communication and Adhesion, 14, 265–73.)
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(Sarieddine et al., 2009), and adhesion of inflammatory cells (Wong et al., 2006). 
The mimetics increase human dermal fibroblast migration implying a role for Cx 
hemichannels in cell movement and contact (Wright et al., 2012). These channels 
also underpin neural transmission linked to fear and memory (Bissiere et al., 2011) 
and epileptiform activity in the hippocampus (Thompson et al., 2008). The mimetic 
peptides used in these broad investigations may act by inducing “virtual” docking, 
inhibiting gap junction formation and/or by blocking molecular and ionic traffic 
through Cx hemichannels. By blocking the release of ATP and glutamate from cells, 
the peptides provide a useful strategy to reduce cell death especially in neurons and 
may thus become useful in addressing many pathologies such as Alzheimer’s dis-
ease, diabetes, and ischemia. Peptides designed from the intracellular loop of Cxs 
also disrupt Cx hemichannels and limit ATP permeation with minimal effects on 
blockage of gap junctions and these mimetic peptides show therapeutic potential for 
they also reduce damage caused by cardiac hypoxia (De Vyust et al., 2009). Short 
peptides corresponding to the cytoplasmic tail of Cx43 influence cardiac remodel-
ling and arrhythmia (O’Quinn et al., 2011). See also Chapter 13. Cx mimetic pep-
tides have been used to unravel complex metabolic and mechanical relationships 
between smooth muscle and endothelium and in diabetes. A complementary and 
alternative approach for disrupting gap junctional communication uses antisense 
mRNA probes to Cxs (Chapters 14 and 15).

I.4  STRUCTURE, ASSEMBLY, AND BREAK DOWN OF GAP 
JUNCTION CHANNELS

Progress in obtaining high-resolution models of gap junctions has been slow. Models 
of gap junctions constructed of Cx43 (Gaietta et al., 2002, Unger et al., 1999), Cx26 
(Maeda et al., 2009), and Cx32 (Pantano et al., 2008) have helped elucidate how Cxs 
are arranged in the membrane to form a pore extending across essentially a double 
membrane in gap junctions. The crystal structure of Cx43 has provided new inputs 
into the molecular determinants of ion permeation characteristics such as conduc-
tance, current−voltage relationships, and charge selectivity of the channel (Harris, 
2001).

Cxs are rapidly degraded with half-lives of 1−5 h (except for Cx46 in the lens 
that has an extended life time). Short protein life times allow cells to regulate more 
precisely expression levels of the channels. In contrast, Panxs have longer half-lives. 
Cxs are co-translationally inserted by ribosomes into the endoplasmic reticulum, 
and they oligomerize into closed hemichannels as they traverse along the secretory 
pathway to the plasma membrane (Martin and Evans, 2004). Some Cxs (e.g., Cx26) 
may also utilize a more ancient posttranslational mechanism with the protein directly 
inserted into the plasma membrane (Ahmad and Evans, 2002). Degradation of gap 
junctions commences by removal into cells of nonfunctioning units from the central 
areas of gap junction plaques generating annular structures that then disperse and 
disappear (Laird, 2010). This autophagic process is a key regulatory act in ensuring 
rapid turnover of gap junctions (Lichtenstein et al., 2011). There is also proteosomal 
break-down of Cxs.
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I.5 CX MODIFICATIONS IN DISEASE

Mutations in Cx genes are linked to human disease (Dobrowolski and Willecke, 
2009) (Table I.2). Over 200 mutations in Cx32 are linked to the peripheral demy-
elinating neuropathy Charcot−Marie−Tooth X-linked disease. These mutations 
impact on channels in the paranodal loops and Schmidt−Landermann incisures 
of myelinated Schwann cells. The mutations (missense, frameshift, deletion, and 
nonsense) lead to a failure of Cx32 to oligomerize into functional hemichannels 
and/or to traffic to the plasma membrane. Mutations in Cx26 and 30 are associ-
ated with autosomal recessive nonsyndromal hearing abnormalities. Of around 
50 mutations found in Cx26, many are related to the functionality of the cochlea 
featuring potassium circulation from the interstitial space and involving cochlear 
supporting cells. Mutations in Cx26, Cx30, and Cx31 are also associated with 
skin disorders (see Chapters 12 and 15). Cx47 mutations are associated with 
Pelizaeus−Mezbacher disease (Ostergaard et al., 2011) and also primary lymph-
edema (Ferrell et al., 2010). Cx43 is widely expressed and is the default Cx identi-
fied in many tissues. Mutations in Cx43 give rise to oculodentodigital dysplasia, 
a syndromic condition affecting a range of cells in the body. Despite its wide 
distribution, fewer mutations are associated with Cx43, but it is more prone to 
dysregulated expression.

TABLE I.2
Properties of Major Mouse/Human Cxs

Cx
Chromosome 

Mouse
mRNA 

(kb)
Cells/Tissues 

Where Present Disease Involvement

Cx26 14 2.4 Mammary gland, 
liver, skin, cochlea

Deafness, palmoplantar 
hyperkeradosis

Cx30 14 20.23 Skin, cochlea Deafness, ectodermal dysplasia, 
hair loss

Cx31 4 1.9,
  2.3

Skin, cochlea Deafness, erythrokeratoderma 
variabilis

Cx32 X 1.6 Liver, 
oligodendrocytes

Peripheral neuropathy; Charcot−
Marie−Tooth X-linked disease

Cx36 2 2.9 Neurons, retina Visual defects

Cx37 4 1.7 Endothelium, ovaries Bleeding

Cx40 3 3.5 Heart, endothelium Atrial arrhythmia, hypertension

Cx43 10 3 Over 37 tissues and 
organs

Atherosclerosis, cardiac arrhythmia, 
and oculodentodigital dysplasia

Cx45 11 2.2 Heart, brain thalamus, 
bladder

Atrial fibrillation

Cx46 14 2.8 Lens Cataract

Cx47 — — Lymph nodes, myelin Lymphedema, Pelizaeus−Mezbacher

Cx50 3 8.5 Lens Cataract
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I.6 CXs IN THE VASCULATURE AND IMMUNE SYSTEMS

Endothelial cells of the vasculature express Cx37, Cx40, and Cx43 and smooth 
muscle cells express Cx43 and Cx45 (Johnstone et  al., 2009). In the heart, there 
is variable expression of Cx40, Cx43, and Cx45 in different anatomical regions of 
the organ (Jansen et al., 2010). Knockout of cardiac Cx expression has unveiled the 
complex interplay of the various Cx channels regulating propagation of vasomotor 
activity, the pathology of hypertension and vasomotor function in renal hemody-
namics (Brisset et al., 2009). Even platelets express Cx37 suggesting a role in the 
pathogenesis of thrombosis (Angelillo-Scherrer et al., 2011).

The widening roles of Cxs and their partner proteins, Panxs, in the immune sys-
tem and inflammatory responses are increasingly appreciated and prompted this 
monograph. Cx43 is emerging as a key player in the immune system, for example, 
in T-cell activation (Oviedo-Orta et al., 2010), a process that is associated with the 
immunological synapse (Mendoza-Naranjo et al., 2011; Woehrle et al., 2010). Further 
roles for Cxs in the immune system (Chapters 1 to 6) and in inflammation (Chapters 
7–12) are described and discussed in this book . Inflammatory pathologies appear to 
be related mainly to changes in expression levels of the channels and therefore the 
intensity of intercellular communication occurring within specific time frames and 
operating within and across physiological niches.

I.7  EFFECTS OF TOXINS, CYTOKINES, VIRUSES, 
AND NANOPARTICLES

Pathogenic bacteria produce toxins that influence Cx/Panx-dependent cell signalling 
(Ceelen et al., 2011). A plethora of cellular mechanisms are influenced directly or 
indirectly by metals, many released from environmental and anthropogenic sources 
(Vinken et  al., 2010). Calcium enables important signalling functions inside cells 
as its concentration varies between different membrane-bound compartments lead-
ing to important effects on the operation of membrane channels and receptors, not 
least Cx hemichannels (de Vuyst et al., 2009). Metal toxicity is frequently carcino-
genic (Naus and Laird, 2010) with Cxs implicated in chemically induced glioma 
and breast cancer possibly via indirect effects on cell migration and cell cycle events 
(Kameritsch et al., 2011). Cytokines are potent modulators in inflammation and cell 
proliferation; interleukins and TNF-α have been shown to influence gap junctional 
communication (Lemenager et al., 2011).

Hemichannels and gap junctions are penetrated by human immunodeficiency 
virus (HIV-1) that acts on astrocytes and leads to disruption of the blood−brain bar-
rier (Eugenin et al., 2011). Also, in HIV-1 infection, ATP is released from cells via 
Panx channels and acts on purinergic receptors leading to activation of a protein 
kinase and resulting in membrane depolarization (Seror et al., 2011).

Nanoparticles released from implanted metal joints (e.g., cobalt-chromium ortho-
pedic joint replacements) damage DNA and chromosomes especially in cell bilayers 
but not in monolayers. These nanoparticles disrupt Cx/Panx ATP-dependent cell sig-
nalling/communication that are key processes involved in metabolically integrating 
various cell bilayers in body organs (Bhabra et al., 2009; Sood et al., 2011).
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Thus, in a range of tissues and organs including those of the immune system 
emphasized here, the involvement of Cx and Panx hemichannels and gap junctions 
in endogenous and environmentally induced physio-pathological situations is widely 
evident. Information detailed in this prequel should reinforce the key roles of these 
membrane channels that fulfil ever-widening activities in addition to their well-
established fundamental intercellular communication/signalling functions.

REFERENCES

Ahmad, S. and Evans, W. H. 2002. Post-translational integration and oligomerization of 
connexin 26 in plasma membranes and evidence of formation of membrane pores: 
Implications for the assembly of gap junctions. Biochemical Journal, 365, 693–9.

Angelillo-Scherrer, A., Fontana, P., Burnier, L. et al. 2011. Connexin 37 limits thrombus pro-
pensity by downregulating platelet reactivity. Epub, 124, 930–9.

Bao, B., Jiang, J., Yanase, T. et al. 2011. Connexon-mediated cell adhesion drives microtissue 
self-assembly. FASEB Journal, 25, 255–64.

Bedner, P., Steinhäuser, C., Theis, M. 2011. Functional redundancy and compensation among 
members of gap junction protein families? Biochimica et Biophysica Acta, 1818(8), 
1971–84.

Bhabra, G., Sood, A., Fisher, B. et al. 2009. Nanoparticles can cause DNA damage across a 
cellular barrier. Nature Nanotechnology, 4, 876–83.

Bissiere, S., Zelikowsky, M., Ponnusamy, R. et al. 2011. Electrical synapses control hippo-
campal contributions to fear learning and memory. Science, 331, 87–91.

Bodendiek, S. B. and Raman, G. 2010. Connexin modulators and their potential targets under 
the magnifying glass. Current Medicinal Chemistry, 17, 4191–230.

Bopp, T., Becker, C., Klein, M. et al. 2007. Cyclic adenosine monophosphate is a key compo-
nent of regulatory T cell-mediated suppression. The Journal of Experimental Medicine, 
204, 1303–10.

Brisset, A. C., Isakson, B. E., and Kwak, B. R. 2009. Connexins in vascular physiology and 
pathology. Antioxidants and Redox Signaling, 11, 267–82.

Ceelen, L., Haesebrouck, F., Vanhaecke, T. et al. 2011. Modulation of connexin signaling by bacte-
rial pathogens and their toxins. Cellular and Molecular Life Sciences: CMLS, 68, 3047–64.

Chekeni, F. B., Elliott, M. R., Sandilos, J. K. et al. 2010. Pannexin 1 channels mediate “find-
me” signal release and membrane permeability during apoptosis. Nature, 467, 863–7.

Cotrina, M. L., Lin, J. H. C., and Nedergaard, M. 2008. Adhesive properties of connexin hemi-
channels. Glia, 56, 1791–8.

Danesh-Meyer, H. V., Kerr, N. M., Zhang, J., Eady, E. K., O’Carroll, S. J., Nicholson, L. F., 
Johnson, C. S., and Green, C. R. 2012. Connexin43 mimetic peptide reduces vascu-
lar leak and retinal ganglion cell death following retinal ischaemia. Brain, 135(Pt 2), 
506–20.

D’hondt, C., Ponsaerts, R., de Smedt, H. et al. 2011. Pannexin channels in ATP release and 
beyond: An unexpected rendezvous at the endoplasmic reticulum. Cellular Signalling, 
23, 305–16.

de Vuyst, E., Wang, N., Decrock, E. et al. 2009. Ca2+ regulation of connexin 43 hemichannels 
in C6 glioma and glial cells. Cell Calcium, 46, 176–87.

Delmar, M., Coombs, W., Sorgen, P. et al. 2004. Structural bases for the chemical regulation 
of Connexin43 channels. Cardiovascular Research, 62, 268–75.

Dobrowolski, R. and Willecke, K. 2009. Connexin-caused genetic diseases and corresponding 
mouse models. Antioxidants & Redox Signaling, 11, 283–95.

Elias, L. A., Wang, D. D., and Kriegstein, A. R. 2007. Gap junction adhesion is necessary for 
radial migration in the neocortex. Nature, 448, 901–7.



xxvi Prequel

© 2010 Taylor & Francis Group, LLC

Eugenin, E. A., Clements, J. E., Zink, M. C. et  al. 2011. Human immunodeficiency virus 
infection of human astrocytes disrupts blood−brain barrier integrity by a gap junction-
dependent mechanism. Journal of Neuroscience: The Official Journal of the Society for 
Neuroscience, 31, 9456–65.

Evans, W. H., Bultynck, G., and Leybaert, L. 2012. Manipulating connexin communication 
channels: Use of peptidomimetics and the translational outputs. J Membr Biol, 245(8), 
437–49.

Ferrell, R. E., Baty, C. J., Kimak, M. A. et al. 2010. GJC2 missense mutations cause human 
lymphedema. American Journal of Human Genetics, 86, 943–8.

Fushiki, D., Hamada, Y., Yoshimura, R. et al. 2010. Phylogenetic and bioinformatic analysis of 
gap junction-related proteins, innexins, pannexins and connexins. Biomedical Research-
Tokyo, 31, 133–42.

Gaietta, G., Deerinck, T. J., Adams, S. R. et al. 2002. Multicolor and electron microscopic 
imaging of connexin trafficking. Science, 296, 503–7.

Giepmans, B. N. 2004. Gap junctions and connexin-interacting proteins. Cardiovascular 
Research, 62, 233–45.

Harris, A. L. 2001. Emerging issues of connexin channels: Biophysics fills the gap. Quarterly 
Reviews of Biophysics, 34, 325–472.

Hawat, G., Benderdour, M., Rousseau, G. et al. 2010. Connexin 43 mimetic peptide Gap26 
confers protection to intact heart against myocardial ischemia injury. Pflugers Archiv: 
European Journal of Physiology, 460, 583–92.

Herve, J. C. and Dhein, S. 2010. Peptides targeting gap junctional structures. Current 
Pharmaceutical Design, 16, 3056–70.

Heyman, N. S., Kurjiaka, D. T., Ek Vitorin, J. F. et  al. 2009. Regulation of gap junctional 
charge selectivity in cells coexpressing connexin 40 and connexin 43. American Journal 
of Physiology. Heart and Circulatory Physiology, 297, H450–9.

Jansen, J. A., van Veen, T. A., de Bakker, J. M. et al. 2010. Cardiac connexins and impulse 
propagation. Journal of Molecular and Cellular Cardiology, 48, 76–82.

Jeyaraman, M. M., Srisakuldee, W., Nickel, B. E., and Kardami, E. 2012. Connexin43 phosphor-
ylation and cytoprotection in the heart. Biochimica et Biophysica Acta, 1818(8), 2009–13.

Johnstone, S., Isakson, B., and Locke, D. 2009. Biological and biophysical properties of vas-
cular connexin channels. International Review of Cell and Molecular Biology, 278, 
69–118.

Kameritsch, P., Pogoda, K., and Pohl, U. 2012. Channel-independent influence of connexin 43 
on cell migration. Biochimica et Biophysica Acta, 1818(8), 1993–2001.

Laird, D. W. 2010. The gap junction proteome and its relationship to disease. Trends in Cell 
Biology, 20, 92–101.

Lemenager, T., Richter, A., Reinhard, I. et al. 2011. Impaired decision making in opiate addic-
tion correlates with anxiety and self-directedness but not substance use parameters. 
Journal of Addiction Medicine, 5, 203–13.

Lichtenstein, A., Minogue, P. J., Beyer, E. C. et al. 2011. Autophagy: A pathway that contrib-
utes to connexin degradation. Journal of Cell Science, 124, 910–20.

Maeda, S., Nakagawa, S., Suga, M. et al. 2009. Structure of the connexin 26 gap junction 
channel at 3.5 A resolution. Nature, 458, 597–602.

Márquez-Rosado, L., Solan, J. L., Dunn, C. A., Norris, R. P., and Lampe, P. D. 2012. 
Connexin43 phosphorylation in brain, cardiac, endothelial and epithelial tissues. 
Biochimica et Biophysica Acta, 1818(8), 1985–92.

Martin, P. E. and Evans, W. H. 2004. Incorporation of connexins into plasma membranes and 
gap junctions. Cardiovascular Research, 62, 378–87.

Mendoza-Naranjo, A., Bouma, G., Pereda, C. et  al. 2011. Functional gap junctions accu-
mulate at the immunological synapse and contribute to T cell activation. Journal of 
Immunology, 187, 3121–32.



xxviiPrequel

© 2010 Taylor & Francis Group, LLC

Naus, C. C. and Laird, D. W. 2010. Implications and challenges of connexin connections to 
cancer. Nature Reviews. Cancer, 10, 435–41.

O’Quinn, M. P., Palatinus, J. A., Harris, B. S., Hewett, K. W., and Gourdie, R. G. 2011. A pep-
tide mimetic of the connexin43 carboxyl terminus reduces gap junction remodeling and 
induced arrhythmia following ventricular injury. Circ Res, 108(6), 704–15.

Ostergaard, P., Simpson, M. A., Brice, G. et  al. 2011. Rapid identification of muta-
tions in  Gjc2 in primary lymphoedema using whole exome sequencing combined 
with linkage analysis with delineation of the phenotype. Journal of Medical Genetics, 
48, 251–5.

Oviedo-Orta, E., Perreau, M., Evans, W. H. et al. 2010. Control of the proliferation of activated 
CD4+ T cells by connexins. Journal of Leukocyte Biology, 88, 79–86.

Pantano, S., Zonta, F. and Mammano, F. 2008. A fully atomistic model of the Cx32 connexon. 
PloS One, 3, e2614.

Ponsaerts, R., de Vuyst, E., Retamal, M. et al. 2010. Intramolecular loop/tail interactions are 
essential for connexin 43-hemichannel activity. The FASEB Journal: Official Publication 
of the Federation of American Societies for Experimental Biology, 24, 4378–95.

Saez, J. C., Retamal, M. A., Basilio, D. et al. 2005. Connexin-based gap junction hemichan-
nels: Gating mechanisms. Biochimica et Biophysica Acta, 1711, 215–24.

Saez, J. C., Schalper, K. A., Retamal, M. A. et  al. 2010. Cell membrane permeabilization 
via connexin hemichannels in living and dying cells. Experimental Cell Research, 316, 
2377–89.

Sarieddine, M. Z., Scheckenbach, K. E., Foglia, B. et al. 2009. Connexin43 modulates neutro-
phil recruitment to the lung. Journal of Cellular and Molecular Medicine, 13, 4560–70.

Saurin, A. T., Pennington, D. J., Raat, N. J. et al. 2002. Targeted disruption of the protein kinase 
C epsilon gene abolishes the infarct size reduction that follows ischaemic precondition-
ing of isolated buffer-perfused mouse hearts. Cardiovascular Research, 55, 672–80.

Scemes, E., Spray, D. C., and Meda, P. 2009. Connexins, pannexins, innexins: Novel roles 
of “hemi-channels”. Pflugers Archiv: European Journal of Physiology, 457, 1207–26.

Seror, C., Melki, M. T., Subra, F. et al. 2011. Extracellular ATP acts on P2Y2 purinergic recep-
tors to facilitate HIV-1 infection. Journal of Experimental Medicine, 208, 1823–34.

Shestopalov, V. I. and Panchin, Y. 2008. Pannexins and gap junction protein diversity. Cellular 
and Molecular Life Sciences: CMLS, 65, 376–94.

Sohl, G. and Willecke, K. 2004. Gap junctions and the connexin protein family. Cardiovascular 
Research, 62, 228–32.

Solan, J. L. and Lampe, P. D. 2009. Connexin43 phosphorylation: Structural changes and 
biological effects. The Biochemical Journal, 419, 261–72.

Sood, A., Salih, S., Roh, D. et al. 2011. Signalling of DNA damage and cytokines across cell 
barriers exposed to nanoparticles depends on barrier thickness. Nature Nanotechnology, 
6, 824–33.

Sosinsky, G. E., Boassa, D., Dermietzel, R. et al. 2011. Pannexin channels are not gap junction 
hemichannels. Channels, 5, 193–7.

Thompson, R. J., Jackson, M. F., Olah, M. E. et al. 2008. Activation of pannexin-1 hemichan-
nels augments aberrant bursting in the hippocampus. Science, 322, 1555–9.

Unger, V. M., Kumar, N. M., Gilula, N. B. et al. 1999. Three-dimensional structure of a recom-
binant gap junction membrane channel. Science, 283, 1176–80.

Vinken, M., Ceelen, L., Vanhaecke, T., and Rogiers, V. 2010. Inhibition of gap junctional intercel-
lular communication by toxic metals. Chemical Research in Toxicology, 23(12), 1862–7.

Vinken, M., Decrock, E., de Vuyst, E. et al. 2011. Connexins: Sensors and regulators of cell 
cycling. Biochimica et Biophysica Acta, 1815, 13–25.

Woehrle, T., Yip, L., Elkhal, A. et al. 2010. Pannexin-1 hemichannel-mediated ATP release 
together with P2X1 and P2X4 receptors regulate T-cell activation at the immune syn-
apse. Blood, 116, 3475–84.



xxviii Prequel

© 2010 Taylor & Francis Group, LLC

Wong, C. W., Christen, T., Roth, I. et al. 2006. Connexin37 protects against atherosclerosis by 
regulating monocyte adhesion. Nature Medicine, 12, 950–4.

Wright, C. S., Pollok, S., Flint, D. J., Brauder, J. M., and Martin P.E.M. 2012. The connexin 
mimetic peptide Gap27 increases human dermal fibroblast migration in hyperglycaemic 
and hyperinsulinaemic conditions in vitro. Journal of Cellular Physiology, 227, 77–87.



© 2010 Taylor & Francis Group, LLC

Section 1

Immunology and Cell Biology





3

© 2010 Taylor & Francis Group, LLC

Communication in the 
Immune System by 
Connexin Channels

Ernesto Oviedo-Orta and William Howard Evans

1.1 INTRODUCTION

In recent years, we have seen a burst of evidence supporting the role of gap junction 
intercellular channels in immune functions, and their roles as fundamental struc-
tures underpinning immune regulation have become increasingly evident. Advances 
in connexin biology proceeded in parallel with discoveries in the field of immunol-
ogy that have revolutionized our understanding of the subject. The discovery and 
expansion of knowledge related to T cells with suppression activity (now known as 
regulatory T cells), the realization that antigen cross-presentation is a fundamental 
mechanism to prime and maintain immune responses, and the discovery of Th17 
cells that have been shown to play a key role in bridging innate and adaptive immune 
responses are just a few examples.

Immune responses and immunovigilance are established not only to protect us 
from diseases caused by the invasion of microorganisms but also to maintain inter-
nal homeostasis that keep at bay autoimmune processes with the potential to lead to 
life-threatening pathological conditions. From the differentiation of pluripotent stem 
cells located in primary lymphoid organs to the production of well-differentiated 
effector T and B lymphocytes, immune responses rely on a complex network of inter-
actions ranging from direct cell-to-cell contacts to responses triggered by soluble 
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factors such as cytokines or growth factors secreted in a paracrine or endocrine way. 
Both arms of the immune system, namely innate and adaptive, are required for the 
successful outcome of any of these responses and also to reestablish the lost equilib-
rium disturbed by the insult in the first place. Both arms are equipped with “sensor” 
molecules on the plasma membrane of leukocytes that regulate in a positive (activa-
tion) or a negative (suppression) way their multiple internal metabolic responses. 
Most importantly, some of these receptors permit the identification of the primary 
insult (i.e., the T or B cell receptors) allowing its specific and efficient elimination. 
Cross-talk between lymphocytes and their surrounding cellular and molecular envi-
ronment would not be possible without these membrane receptors.

This chapter goes beyond the traditional structural description of gap junction 
channels and connexins in cells and organs of the immune system, and places them 
in the functional environment in which they develop as active contributors to meta-
bolic and cellular responses and analyzes their importance in immunity. We describe 
some of the most important historical discoveries and provide a prospective analysis 
of the role of these channels in immunoregulation and highlight important questions 
that will require answers in the next decade.

1.2  EARLY OBSERVATIONS POINTING TO ROLES FOR 
CONNEXINS AND GAP JUNCTIONS IN THE IMMUNE SYSTEM

The observation that lymphocytes can form aggregates after stimulation with 
phytohemagglutinin (PHA) and other similar polyclonal stimulators was the trig-
ger for Hülser and Peters (1972) to study whether direct electrical communica-
tion occurred between these cells. These studies were carried out at a time when 
evidence of the existence of gap junction channels was already emerging in tis-
sues such as liver and heart and when their discovery was driven by the use of 
a combined approach based on electrophysiological and morphological studies, 
especially electron microscopy. Hülser and Peters (1972) also used bovine lym-
phocytes immobilized in agar and stimulated with PHA to measure variations in 
the electrical current compared to control nonstimulated cells. They observed a 
high ohmic resistance in the membrane of stimulated cells that had established 
close contact and related this to the possibility that direct intercellular transfer of 
metabolites was occurring between cells. These findings were corroborated by 
Oliveira-Castro and coworkers in 1973 (Oliveira-Castro et al., 1973) using periph-
eral blood-derived human lymphocytes. In addition to the lower membrane poten-
tials and high ohmic resistances observed, these authors showed that the effect 
was maintained for long period of time (up to 48 h) and related these observations 
with mechanisms involved in metabolic cooperation and cell division in these cells 
(Oliveira-Castro et al., 1973).

Following these observations, other investigators identified structures that could 
account for the permeability characteristics noted using the same or similar sources 
of cells. Zones where intercellular contacts were seen as early as 1 h after PHA 
stimulation in pseudopod-like processes. These membrane areas were separated by 
a gap of 30 Å, and the thickness of the junctional complex was approximately 200 Å, 
corresponding with the earliest gap junction structures (Gaziri et al., 1975). Similar 
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structures were also found by electron microscopy in macrophages in culture ori-
ented in a linear chain (Levy et al., 1976).

The first ultrathin sections and freeze-fracture electron microscopy were car-
ried out using rabbit agglutinated lymphocytes obtained from peripheral blood 
and the spleen. After 4 h in culture, particles were occasionally observed as 
aggregates of small clusters between areas of membrane contacts (Kapsenberg 
and Leene, 1979). Gap junction-like structures were also detected in vitro by 
freeze-fracture electron microscopy in monocyte-macrophage colony-forming 
cells derived from canine bone marrow (Porvaznik and MacVittie, 1979). In this 
case, endotoxin-stimulated dog serum was used as a stimulator, which induced 
the appearance of approximately 9.3 nm hexagonal particles with a center-to-cen-
ter spacing of 10.4 nm on the membrane P-face fractures. On the E-faces, highly 
ordered arrays of pits with 8.7 nm center-to-center spacing were noted (see also 
Chapter 2) (Porvaznik and MacVittie, 1979). These observations suggested that 
the synthesis of gap junctions was occurring in macrophages and it was induced 
by soluble factors in inflammatory serum, known today to be related to secreted 
cytokines and growth factors.

1.3  DISCOVERY OF GAP JUNCTIONS AND CONNEXINS IN 
PRIMARY AND SECONDARY LYMPHOID ORGANS

Following Porvaznik’s observations (Porvaznik and MacVittie, 1979) described 
above, Watanabe (1985) showed for the first time, using electron microscopy, that 
gap junctions were present between bone marrow stromal cells. These studies 
were followed by others that showed the presence of gap junctions using electron 
microscopy and intercellular dye transfer using murine bone marrow-derived cells 
(Umezawa and Hata, 1992; Watanabe, 1985). A series of elegant experiments by 
Rosendaal and Krenacs (Krenacs and Rosendaal, 1995), and described in Chapter 
2, demonstrated the role that gap junctions and connexins played in communication 
between stromal cells and also between stromal and hematopoietic cells. These were 
some of the earliest functional demonstrations showing that hematopoietic stem cell 
growth was likely to be underpinned by gap junctions and used a wide range of tech-
niques, including electron and fluorescence microscopy and dye transfer (Krenacs 
and Rosendaal, 1995, 1998a,b; Krenacs et al., 1997).

Initially, it was believed that Cx43 was the only connexin expressed by the hema-
topoietic system. However, further studies reported the expression of other con-
nexin proteins, and encoding mRNAs for Cx26, Cx30.3, Cx31, Cx31.1, Cx32, Cx37, 
Cx40, Cx45, and Cx50 in murine bone marrow primary cells (Cancelas et al., 2000; 
Hurtado et al., 2004; Paraguassu-Braga et al., 2003).

Gap junction proteins are also expressed in the thymus, a primary lymphoid organ 
responsible for the maturation of T lymphocytes. Ultrastructural data first showed 
the existence of gap junctions in the thymus between thymocytes and nurse epithelial 
cells (Carolan and Pitts, 1986). The presence of direct cell-to-cell communication 
mediated by gap junctions was also demonstrated in human and murine thymic epi-
thelial cells by means of in situ and in vivo immunohistochemical labeling as well as 
in vitro dye transfer and double whole-cell patch clamping experiments (Alves et al., 
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1994, 1995, 1996). These experiments highlighted for the first time the presence 
and likely importance of gap junction channels and metabolic endocrine coupling 
of thymic cells that underpinned the organ’s development. They also pointed toward 
the potential selectivity of the expression and function of these structures as poor 
intercellular coupling was found between epithelial and thymocyte pairs. Moreover, 
no intercellular communication was demonstrated between cultured phagocytic cells 
and thymic cells in in vitro cultures (Alves et al., 1995). Most recently, it has been 
shown using a mouse model in which Cx43 was deleted in the immune system, while 
maintaining normal cardiac function after birth (because Cx43 KO mice dye around 
birth time), that there were no differences in thymocyte development or in the ability 
of lymphocytes to transmigrate to peripheral lymphoid organs (Nguyen and Taffet, 
2009). This study contrasted with previous and some recent data showing that gap 
junction-mediated communication in the thymic epithelium plays a role in exerting a 
regulatory role in cell coupling (Nihei et al., 2010; Savino et al., 1999), an effect that 
seems to be phylogenetically conserved in the thymus as it was demonstrated in both 
mouse and human thymic epithelial cell preparations (Nihei et al., 2010).

The above studies provided a starting point to carry out further research into 
how gap junction channels and connexins impinged on other components of the 
immune system, including secondary lymphoid organs. These comprise a network 
of encapsulated tissues distributed throughout the body, which play a fundamental 
role in the initiation, maintenance, and maturation of immune responses. Secondary 
lymphoid organs such as lymph nodes and spleen contain stromal supporting cells, 
antigen-presenting cells (APCs) such as follicular dendritic cells, and macrophages 
and immature lymphocytes distributed in well-defined areas. Lymph nodes “filter” 
antigens derived from the external environment, which gain access to these organs 
through mucosal tissues, while blood-born antigens are dealt with by the spleen. In 
these organs, immature B and T cells encounter antigens and acquire the necessary 
properties to fight them in specific ways. A similar process occurs in what are called 
tertiary tissues, which are mainly confined to the mucosal surfaces and which are 
made of nonencapsulated aggregates of cells with a similar makeup. The latter are 
also involved in tolerance and homeostasis as they are located in places where a large 
number of diverse, but harmless, antigens enter the body constantly.

In 1995, the demonstration of gap junctions in secondary lymphoid organs was 
provided by Krenacs and Rosendaal (Krenacs and Rosendaal, 1995). These authors 
investigated the expression of Cx26, Cx32, and Cx43 in normal, activated, and dis-
eased human lymphoid tissue using single and double immunolabeling and confocal 
laser scanning microscopy (Krenacs and Rosendaal, 1995). Cx43 was expressed in 
follicular dendritic cells, around lymphoendothelial cells, and in the vascular endo-
thelium, including high endothelial venules. Cx26 and Cx32 were not detected but 
Cx26 was found expressed in tonsil epithelium. Most Cx43 was expressed in the 
sinus lining cells of lymph nodes involved in malignancies and in follicular dendritic 
cells in the light zone of germinal centers where maturating, but still proliferating, 
lymphocytes are localized (Krenacs and Rosendaal, 1995).

These findings were extended using a combination of techniques to study the 
role of direct intercellular communication in the formation of germinal centers. 
Experiments using antigenic challenge studied the formation of secondary follicles 
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containing a meshwork of Cx43 and noted that the amount of gap junctions made 
of this protein was higher in the light zone of germinal centers. At the same time, 
gap junctions were found between follicular dendritic cells and B lymphocytes 
paving the way for further studies aiming to elucidate their role in antibody pro-
duction (Krenacs and Rosendaal, 1995; Oviedo-Orta et al., 2001).

1.4  PERIPHERAL BLOOD LEUKOCYTES: ARE THERE CONNEXINS?

Why should floating, circulating, cells need to express connexins if they physically 
do not interact with each other? Or do they? This fundamental question delayed for 
years the acceptance by the immunologists of the expression of connexins by periph-
eral blood lymphocytes. The evidence accumulated pointed to the fact that only 
when cells are present in a tridimensional environment that facilitates tight proxim-
ity among them, and provided that other conditions such as exposure to appropri-
ate stimuli are met, they are capable of expressing connexins and communicating 
directly via gap junction channels. It has now become clear that the expression of 
connexins is highly regulated in circulating leukocytes. Pioneering work by Saez’s 
group provided preliminary evidence concerning the expression and modulation of 
Cx43 in leukocytes isolated from peripheral blood and stimulated with lipopoly-
saccharide (LPS). They measured the subcellular distribution of Cx43 in hamster 
leukocytes before and after activation with endotoxin in in vitro and in vivo. Cx43 
was detected in peritoneal-derived macrophages 5–7 days after LPS-induced inflam-
mation and also after ischemia–reperfusion using a hamster cheek pouch model 
(Jara et al., 1995). These studies provided evidence suggesting a role of gap junction 
channel formation between transmigrating leukocytes and endothelial cells. Using 
electron microscopy, they demonstrated the formation of small appositions between 
these two types of cells and also between activated leukocytes (Jara et al., 1995).

The expression of connexins and the establishment of gap junction channels 
between defined subpopulations of human peripheral blood-derived T and B lym-
phocytes and also natural killer (NK) cells soon followed (Oviedo-Orta et al., 2000). 
This work provided evidence that Cx43 was the major connexin expressed at mRNA 
and protein levels in lymphocytes and that Cx40 expression by these cells was con-
fined to secondary lymphoid organs such tonsils, which may relate to inflammation. 
This work also showed for the first time that both homologous and heterotypic cell 
populations can establish a regulated bidirectional gap junction-mediated commu-
nication, which can be blocked by the use of connexin mimetic peptides, highly 
specific gap junction channel blockers (Desplantez et al., 2012; Evans et al., 2006; 
Oviedo-Orta et al., 2000). Most importantly, blockage of gap junction intercellu-
lar communication between lymphocytes by the mimetic peptide channel blockers 
reduced the synthesis of IgM, IgG, and IgA, and completely blocked the synthe-
sis of the mRNA of important lymphocyte cytokines such as interleukin-10 (IL-10) 
and significantly reduced the synthesis of interleukin-2 (IL-2) and interferon gamma 
(IFNγ) (Oviedo-Orta et al., 2001).

These observations paved the way to formulate experimental strategies aiming 
to advance knowledge on the contribution of connexin channels in immunoregula-
tion. New experimental tools have been deviced or adapted to study gap junction 
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intercellular communication and connexin expression in the immune system and in 
the context of related pathologies.

An element of great importance to this discussion is the finding that bidirec-
tional intercellular communication through gap junction channels can potentially 
underpin lymphocyte development and effector responses. Intercellular channel 
rectification exists during heterologous lymphocyte interactions, suggesting a role 
for these intercellular connexin channels in the polarization of immune responses 
(Oviedo-Orta et al., 2000). Driven by these results and by the demonstration that 
gap junctions are involved in antigen cross-presentation (Neijssen et al., 2005), the 
differential expression of Cx43 in mouse-derived CD4+ Th0, Th1, and Th2 lym-
phocyte subpopulations was investigated and demonstrated that gap junction chan-
nel communication was operational in primary macrophages in vitro. While all 
lymphocyte subsets expressed Cx43, CD4+ Th1 cells showed the highest levels (see 
also Chapter 5). Likewise, dye transfer between lymphocytes and macrophages 
occurred in all groups with a higher degree of communication observed with Th1 
lymphocytes. Under inflammatory conditions induced by coculturing cells in the 
presence of LPS, dye transfer between cells was inhibited and was similar between 
macrophages and CD4+ Th1 and Th2 lymphocytes (Bermudez-Fajardo et al., 2007). 
These results suggest that gap junction-mediated communication can be modulated 
by lymphocytes in the absence of specific antigenic stimulation and provided fur-
ther support for connexin channel involvement in immune regulation. However, 
these basic observations merit further experimental evaluation. The demonstration 
that lymphocyte gap junctional communication significantly contributes to subset 
polarization or the determination of the fate of specific immune responses will add 
a new physiological and therapeutic dimension to their role. In this regard, further 
studies are required to address and extend many of these fundamental questions 
and thus position gap junction channels and connexins among the key molecular 
components of the immune system.

1.5  LYMPHOCYTE GAP JUNCTIONAL COMMUNICATION 
AND ANTIGEN-MEDIATED RESPONSES

The immune system has evolved a specialized system capable of recognizing, assess-
ing, and dealing with self- and foreign antigens in a specific way. Such specializa-
tions rely on molecular structures and mechanisms present in the principal cellular 
components of the system, namely T and B cells and APCs. Cx43 is the main protein 
in gap junctions in the immune system and has been recently shown to form part of 
the immunological synapse (Mendoza-Naranjo et al., 2011). It appears increasingly 
likely that Cx43 is involved in intracellular and intercellular signaling leading to 
lymphocyte activation (Machtaler et al., 2011; Oviedo-Orta et al., 2010). Cx43 is also 
likely to play a crucial role in phagocytosis (Anand et al., 2008) and antigen cross-
presentation (Neijssen et al., 2005) and to be involved in antigen-specific effector 
T cell responses, including cytotoxic T cell (CTL) killing of tumor cells (Benlalam 
et al., 2009). Despite extensive evidence, practical barriers such as the inability 
to adhere lymphocytes to tissue culture supports or the short life span of primary 
cells have limited the study of the role of gap junction channels during lymphocyte 



9Communication in the Immune System by Connexin Channels

© 2010 Taylor & Francis Group, LLC

development. Animal models, especially the use of tissue targeted knockout mice, 
have helped to shed light on the potential role of Cx43 in central (thymic) and periph-
eral immune responses in physiological and inflammatory conditions (Nguyen and 
Taffet, 2009).

Of special note is the demonstration of Cx43 channels within the immunological 
synapse (Mendoza-Naranjo et al., 2011) and its involvement in CD4+ T cell prolifera-
tion and sustained clonal expansion after CD3 and CD28 engagement (Elgueta et al., 
2009; Oviedo-Orta et al., 2010), suggesting for the first time that in addition to pep-
tide antigen presentation and recognition, intercellular signaling involving metabolic 
exchange through gap junction channels is a requirement to achieve cross-cellular 
activation. This connexin-mediated communication maximizes the use of energy 
resources required by cells. Perturbation of gap junction channels by blocking agents 
can alter the expression of costimulatory molecules (Elgueta et al., 2009) but had a 
limited effect on cytokine production by T cells (Oviedo-Orta et al., 2010). Such 
observations also raise fundamental questions about the contribution of these inter-
cellular channels in specific stages of cell activation.

Finally, the analysis of how these connexin channels are regulated or contribute 
to the regulation of immune responses cannot obviate the contribution of the antigen. 
Perhaps the next generation of studies will focus on this fundamental element to pin-
point functional and even structural differences in the context of immune responses 
and will open up new avenues for the application of this vast knowledge to specific 
pathological conditions. Recently, Benlalam et al. (2009) have shown that gap junc-
tions made of Cx43 could be part of the principal components involved in antitumor 
responses upon bacterial infection by facilitating the transfer of processed antigenic 
peptides from tumor cells to DCs and enhancing their elimination by CTLs. This 
study reinforces the possibility that gap junctions also contribute to enhance antigen-
specific antitumor killing by bacteria or bacteria-derived components (Fuchs and 
Bachran, 2009; Terman et al., 2006).

1.6  PANNEXIN CHANNELS: IMPLICATIONS FOR 
THE IMMUNE SYSTEM

Pannexins (Panx) are, in many ways, considered as proteins with some functions that 
are similar to those carried by connexins. Although their amino acid sequences are 
entirely different, both proteins have a similar topology in the membrane, crossing 
it four times and with cytoplasmic N and C termini, two extracellular loops, and a 
single intracellular loop. Both proteins oligomerize intracellularly to generate chan-
nels in the membrane that are poorly selective. There are three Panx proteins cur-
rently identified, whereas there are up to 22 Cx proteins with Cx43 being the most 
widely distributed and as described above is present in cells of the immune system. 
For example, Panx1 and Panx3 are glycosylated, a posttranslational modification 
required for trafficking to the plasma membrane, whereas Cx are not glycosylated 
but are subject to phosphorylation and nitrosylation. Cx hemichannels in the plasma 
membrane dock with partner proteins in neighboring cells to form gap junction inter-
cellular channels whereas Panx do not and are thus referred to as merely channels 
(see Penuela et al. (2012) and this volume’s Prequel).
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Panx are present at high levels in the central nervous system. Recently, several 
reports have appeared indicating their presence in cells of the immune system. Here, 
they are implicated in purinergic signaling involving the release of ATP through their 
channels. For example, ATP release by Panx channels activates T cells and results 
in Ca influx (Schenk et al., 2008). Similarly, Panx1 is a channel involved in ATP 
release in apoptosis, although it is not involved in the activation of the inflammasome 
(Chekeni et al., 2010; Qu et al., 2011). ATP release through pannexin channels act on 
P2Y2 receptors that facilitate HIV infection (Seror et al., 2011).

Panx1 has been implicated in the Toll-like receptor-independent inflammasome 
(Kanneganti et al., 2007). There is much debate concerning the relative roles of Panx1 
channels and Cx hemichannels in the release of ATP by cells and further work is 
required to resolve these issues. Panx1 channels are found at higher levels intracellu-
larly than Cx hemichannels that engage in the biogenesis of gap junctions. Moreover, 
Panx channels and Cx hemichannels also react in different manners to changes in 
Ca2+ levels, suggesting different roles in Ca2+ signaling. The area of Panx functions is 
rapidly advancing and their role in the activation of immune cells is sure to progress.

1.7 WHERE DO WE GO FROM HERE?

Since connexins and gap junction channels are present and are functional in cells 
of the immune system and contribute to the initiation and maintenance of immune 
responses, future research is likely to focus on providing answers to the following 
questions:

Do lymphocyte gap junctions equip the immune system with an extra level of 
selectivity? It is known that the existence of homotypic versus heterotypic or homo-
meric versus heteromeric connexin channels (see this volume’s Prequel) may provide 
one element of selectivity in these channels. However, even in the presence of homo-
typic/homomeric interactions, the establishment of gap junction channels between 
heterotypic cells can also contribute to another level of regulation. This analysis 
leads us to formulate another important question.

What molecular interactions and pathways underpin gap junction channel regu-
lation in different subsets of immune cells? This question is starting to receive some 
answers. Machtaler et al. (2011) have recently evaluated the regulatory role of Cx43 
in the development of responses by B cells. These authors found that Cx43 is required 
to restore and sustain B cell receptor (BCR)-mediated Rap1 activation, a GTPase that 
participates in BCR activation and cell adhesion. More specifically, the C-terminal 
tail of Cx43 was responsible for the interaction with LFA-1 and CXCL12, which 
mediate spreading and adhesion of these cells to endothelial cells (Machtaler et al., 
2011). Other studies show that specific T cell subsets respond specifically to macro-
phages previously activated with atherogenic stimuli generating differential intracel-
lular signaling events classically linked with T cell receptor (TCR) engagement and 
lymphocyte activation (Rueban Jacob Anicattu Issac, Alexandra Bermudez-Fajardo, 
Emmanuel Dupont, Christopher Fry, and Ernesto Oviedo-Orta, unpublished data). 
Exploration of these molecular components of intracellular regulation will poten-
tially open up therapeutic avenues and shed light on this yet unexplored field.
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Since connexins form part of the immunological synapse, how do connexins 
interact with membrane receptors and signaling proteins and how do connexins 
influence synapse regulation? The evidence so far points to a closer link with the 
adhesion components of the synapse, and therefore, further elucidation of the mac-
romolecular structure of the overall synapse is needed.

Is there a partial or absolute contribution of connexins to the activation, dif-
ferentiation, and maturation of cells during the development of immune responses? 
Most of the knowledge produced so far represents data of snapshots taken from in 
vitro or ex vivo experiments. The use of in vivo models and/or, for example, three-
dimensional cultures may also provide us with valuable information on the temporal 
changes occurring during activation, and maturation of immune responses.

What roles do hemichannels play in the development of the immune response? 
Evidence is already in hand for their role in CD4 T cell activation (Oviedo-Orta 
et  al., 2010). Hemichannels are constructed of connexins or pannexins (see this 
volume’s Prequel) and important differences occur between direct communication 
across gap junctions and purinergic signaling involving ATP release.

Finally, studies designed to assess the role of connexins and gap junctions in 
immune regulation, namely regulatory T cell responses, are crucial to know if they 
play a role in maintaining homeostasis and in pathological inflammatory or tumoral 
immune responses and many of these are considered in other chapters.
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2.1 INTRODUCTION

Maturation, functional activation, and migration of cells of the hematopoietic-
immune system are based on interactions between the mobile immune cells and 
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a dynamic framework formed by stromal, endothelial, and dendritic cells (DCs) in 
the central and peripheral immune tissues (Delves and Roitt, 2000). Their interac-
tions involving soluble growth factors and adhesion molecules act locally either on 
adjacent cells or on those at short distance, which do not explain alone the high 
degree of structural and functional order, observed in hematopoiesis and the immune 
response in these tissues. Gap junction direct cell–cell communication channels 
can couple large compartments of the scaffolding cells into networks for coordi-
nating their functions, while also mediating mutual interactions with hematopoi-
etic/immune cells (Rosendaal et  al., 1991; Krenacs et  al., 1997). Functioning gap 
junctions (and partly hemichannels too) have been established and their related 
connexins (Cxs) detected at the mRNA, protein, and ultrastructural levels in the 
hematopoietic-immune system, including the bone marrow, thymus, spleen, lymph 
nodes, and mucosa-associated lymphoid tissues (MALT) (Krenacs and Rosendaal, 
1995; Rosendaal, 1995; Oviedo-Orta and Evans, 2004; Neijssen et  al., 2007). By 
now, all kinds of hematopoietic/lymphoid cells of the innate and adaptive immune 
system are shown to form Cx channels and functioning gap junctions, except mature 
red blood cells. Furthermore, connexin expression and function are modulated dur-
ing development and regeneration, or by pathological conditions of the hematopoi-
etic-immune system (Saez et al., 2003). For instance, they can be upregulated during 
posttherapy regeneration and downregulated in malignant tumors. These results and 
Cx gene perturbation experiments underline the significance of Cx channels in the 
regulation of hematopoiesis and immune functions.

Immune and accessory cells involved in gap junction interactions are localized to 
selective compartments in central and peripheral lymphoid tissues where dedicated 
microenvironment supports the finest host defense response. This chapter summa-
rizes the distribution of connexins in the bone marrow, thymus, and peripheral lym-
phoid organs and briefly highlights the related potential of homo- and heterocellular 
gap junction interactions in immune functions. Pathological dysregulation of con-
nexin expression in malignant neoplasms of the bone marrow (leukemias) and of the 
lymphoid germinal center, that is, follicular lymphomas and follicular dendritic cell 
(FDC) sarcomas, are also briefly addressed.

2.2 RELEVANCE OF STRUCTURAL CORRELATIONS

Both major lines of approaches, that is, structural or functional techniques have 
got their advantages and limitations in proving relatively rare gap junction struc-
tures or coupling events in highly motile immune cells. It is clear by now that 
functional activation-related upregulation of gap junctions has resulted in the 
breakthrough in their convincing detection (Rosendaal, 1995; Krenacs et al., 1997; 
Krenacs and Rosendaal, 1998a; Ovideo-Orta and Evans, 2004; Neijssen et  al., 
2007; Scheckenbach et  al., 2011). Nevertheless, functional results in simplified 
culture models where cells are broken away from their microenvironment ignore 
tissue complexity. However, equally limited conclusions can be drawn from struc-
tural studies, which do not inform on the mechanisms of action of connexins. As a 
result, careful analysis and correlation of results gained with both approaches must 
be considered for reaching the most realistic conclusions for in vivo situations, 
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where redundant regulatory mechanisms may further complicate clear views 
(Laird, 2006).

Their submicroscopic size and relative rarity caused major difficulties in detecting 
gap junctions in lymphoid tissues and cells (Rosendaal et al., 1994). Ultrastructural 
methods, including transmission and freeze fracture electron microscopy, were used 
initially. Techniques of molecular morphology rendering molecular information to 
traditional histology then prevailed, including immunohistochemistry for in situ 
protein detection and in situ hybridization for localizing gene transcripts. However, 
the limited resolution of light microscopy prevented the detection of submicrosco-
pic signals, particularly where they were rare. The major breakthrough came from 
the exploitation of immunofluorescence microscopy, particularly when combining 
with confocal laser scanning. This approach allowed the precise recognition of small 
fluorescing Cx signals against the dark background throughout the whole sample 
thickness by multilayer scanning (Z-stacking) and also to reveal the relations of 2–4 
target proteins in the same sample by using double-multiple labeling (Krenacs et al., 
2010b). However, fluorescent samples may fade quickly, which limits the potential 
of static field-by-field scanning for large samples or for later reevaluation. Digital 
microscopy creates permanent archives of microscopic slides that can be analyzed 
with computer software at any time later (Krenacs et al., 2010a). The Pannoramic 
Scan instrument (3DHITECH Ltd., Budapest) we use in multichannel, multilayer 
fluorescent mode allows Cx plaques along with additional phenotypic or functional 
proteins to be reliably detected within whole slides for convenient examination with-
out time limitations, including automated image/signal analysis. This approach, 
which is demonstrated in this chapter, allows the systemic screening of connexins 
in a wide range of normal and diseased tissues. Immunomorphological correlations 
of connexins and gap junctions in the hematopoietic-immune system offer essential 
clues for the critical translation of in vitro and in vivo functional and molecular-
genetic results into wider contexts on their roles in tissues and organs.

2.3 CONNEXINS AND GAP JUNCTIONS IN BONE MARROW

Immune cells of either the innate or the adaptive immune system stem from the 
bone marrow, where pluripotent precursors are produced, get committed into lin-
eage-restricted leukocyte subtypes and mature for effector functions either there 
or in the thymus (Delves and Roitt, 2000). Blood cell formation and maturation 
take place within the microenvironment of the intersinusoidal spaces made up by a 
three-dimensional meshwork of irradiation-resistant stromal cells and endothelial 
cells (Metcalf, 1989). This stromal scaffolding responds to soluble growth factors, 
sets up adhesion interactions with migrating blood cells, and mediates direct cell–
cell communication through gap junctions (Rosendaal et al., 1991). Accumulating 
data of genetic and functional perturbations of gap junction coupling and connexin 
expression suggest the importance of gap junction communication in the regulation 
of hematopoiesis (Montecino-Rodriguez and Dorshkind, 2001). Further support for 
this came from the highly upregulated connexin expression in conditions related to 
enhanced hematopoiesis in the neonatal marrow and post-chemo- or radiotherapy 
regeneration (Rosendaal et al., 1994; Krenacs and Rosendaal, 1998a).
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2.3.1 Structural EvidEncE of BonE Marrow Gap JunctionS

Although electrophysiological signs of gap junctions were noted 50 years ago 
(Hulser and Peters, 1971, 1972) and ultrastructural hallmarks were also reported 
soon later in homotypic hematolymphoid cell cultures (Levy et al., 1976; Porvaznik 
and MacVittie, 1979; Kapsenberg and Leene, 1979; Neumark and Huynh, 1989), 
the confirmation of gap junctions in the bone marrow tissue was ambiguous for a 
long time with the available ultrastructural techniques (see Rosendaal et al., 1994). 
The submicroscopic size of gap junctions, their relative rarity in resting marrow, 
and the special orientation of cell membranes required for ultrastructural identi-
fication may explain these difficulties. In addition, the pentalaminar ultramicro-
scopic structures resembling gap junctions in mice and chick marrow when treated 
with tannic or gallic acid could not be validated for some time (Campbell, 1980, 
1986; Watanabe, 1985). Nevertheless, ultrastructural confirmation came from bone 
marrow of upregulated gap junctions, that is, in genetically anemic mice where 
they were found between reticular cells and between reticular and adventitial cells 
(Yamazaki, 1988), and in regenerating marrow after cytotoxic treatment showing 
all possible homo- and heterocellular interactions of stromal and hematopoietic 
cells (Rosendaal et al., 1994).

The functional evidence of direct cell–cell communication through gap junctions 
was established between bone marrow stromal cells (Umezawa et  al., 1990) and 
between them and hematopoietic cells in mice long-term cultures using Lucifer yel-
low dye transfer (Rosendaal et al., 1991; Krenacs and Rosendaal, 1998a; Rosendaal 
and Krenacs, 2000). Electrophysiological coupling between stromal cells was also 
confirmed (Dorshkind et al., 1993). Cx43 was then identified as the principal Cx iso-
type in marrow stromal cells and their adjacent osteoblasts and adipocytes (Figure 
2.1a and b) (Umezawa and Hata, 1992; Dorshkind et  al., 1993; Rosendaal et  al., 
1994). It also turned out that osteoblasts also form a functional unit through Cx43 
coupling with their other progeny bone-forming osteocytes (Civitelli, 2008). These 
findings can raise the possibility that the blood-forming and bone-forming cell net-
works are functionally linked through gap junctions. Cx43 has still remained the 
major Cx protein in the bone marrow despite one group detecting nine different 
connexins at the mRNA level in S-17 murine bone marrow stromal cells (Hurtado 
et al., 2004). However, in mouse marrow and stromal cell lines, only Cx45 and Cx31 
mRNA could be convincingly found besides that of Cx43 (Cancelas et al., 2000).

2.3.2  Gap JunctionS in norMal, rEGEnErativE, and lEukEMic 
HEMatopoiESiS

The amount of Cx43 gap junctions in resting bone marrow and the degree of commu-
nication in its fresh long-term cultures was low (Rosendaal et al., 1994; Rosendaal, 
1995; Krenacs and Rosendaal, 1998a; Montecino-Rodriguez and Dorshkind, 
2001). However, coupling in this ex vivo bone marrow increased substantially 2 h 
after harvesting in culture, which suggested that connexins and their gap junction 
channels are regulated by soluble factors (Rosendaal, 1995). Indeed, the amount 
of bone-marrow-related gap junctions and direct cell–cell communication could 
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be modulated by a number of physiological, pathological, and pharmacological 
stimuli. For instance, the differentiation-related retinol treatment upregulated while 
hydrocortisone and IL-1 down-regulated gap junction expression and coupling in 
murine bone marrow stromal cells (Dorshkind et al., 1993; Hurtado et al., 2004). 
Also, significantly elevated numbers of gap junctions were noted in genetically ane-
mic Sl/Sld mice compared to their wild-type littermates (Yamazaki, 1988). Human 
bone marrow stromal cells of acute lymphoid or myeloid leukemic marrow (ALL or 
AML) showed downregulated Cx43 and gap junction coupling to be normalized in 
patients’ samples showing complete remission upon successful chemotherapy (Liu 
et al., 2010).
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FIGURE 2.1 Cx43 gap junctions in the cell membranes (arrowheads) of mouse FBMD1 
bone marrow stromal cells (a), and in osteoblasts (arrows), and between hematopoietic cells 
(arrowheads) in newborn mouse marrow (b). Cx43 is upregulated significantly (p < 0.001–
0.01) in mouse marrow regenerating after cytoablative treatment with 5-FU (c). In resting 
human adult, bone marrow Cx43 is consistently seen on adipocyte membranes (arrows) but 
only few in between hematopietic cells (d, inset and arrowheads). Confocal laser scanning 
(a and b) and digital microscopy (d).
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The testing of Cx43 expression in neonatal, adult, and regenerating mice marrow 
and in normal and leukemic human bone marrow also showed that gap junctions 
may not play an important role in resting adult hematopoiesis (Rosendaal et  al., 
1994; Krenacs and Rosendaal, 1998a). However, based on their high upregulation, 
gap junctions should be important where there is substantial need for progenitor 
cell proliferation, that is, in developmentally active neonatal marrow in epiphy-
seal marrow of developing bones and in regeneration following cytoablation with 
5-fluorouracil (5-FU) (Figure 2.1b and c). Forced stem cell division resulted in the 
elevation of gap junctions by two orders of magnitude in bone marrow stroma and 
osteoblastic cells at very early stage of regeneration before a recognizable number 
of blood cells formed compared to that of resting untreated marrow (Rosendaal 
et al., 1994). Gap junctions were also elevated in a few leukemic bone marrows 
with increased stromal/ hematopoietic cell ratio, including myelodysplastic syn-
drome, and acute lymphoblastic leukemia (ALL) and acute myeloblastic leukemia 
(AML) (Krenacs and Rosendaal, 1998a).

The considerable irradiation resistance of gap junctions and their cell coupling in 
marrow stromal cells may contribute to the postirradiation recovery of regenerating 
bone marrow (Umezawa et al., 1990; Yamazaki and Allen, 1991). In line with this, 
the preservation of Cx43 plaques on adipocyte membranes in human and mouse bone 
marrow (Figure 2.1d) (Krenacs and Rosendaal, 1998a) may also assist in regaining 
hematopoietic phenotype and functions following trauma with massive blood loss, 
although dye coupling vanished during irradiation-provoked stromal-adipocytic cell 
transition in vitro (Umezawa et al., 1987).

Besides its finding in bone marrow stromal cells, Cx43 gap junction protein 
was also identified on CD34+ hematopoietic progenitors (Rosendaal et al., 1994) 
and in Mac1+ myeloid but not in lymphoid (B220+) progenitors (Hurtado et al., 
2004). Long-term bone marrow culture experiments on pharmacological blocking 
of Cx43 gap junctions in stromal cells raised the idea that gap junction commu-
nication may regulate the proliferation and maintenance of hematopoietic stem 
cells (HSC) (Rosendaal et  al., 1997; Ploemacher et  al., 2000). This was in line 
with the decreased support of late-appearing clones, which originate from less 
differentiated precursors, in cobblestone forming area assay (CAFC week 3–5) by 
genetically Cx43-deficient, thus communication-deprived, stromal cells (Cancelas 
et  al., 2000). Similarly, genetic upregulation of Cx43 gap junctions elevated the 
undifferentiated myeloid cell fraction, while downregulation of Cx43 supported 
myeloid cell differentiation in S-17 murine stromal cells-based long-term cultures 
(Bodi et al., 2004).

2.3.3 HEMatopoiEtic dEfEctS upon connExin GEnE aBlation

Genetically connexin43-deficient homozygous (Cx43−/−) and heterozygous (Cx43+/−) 
mice also highlighted the importance of gap junction Cx-s in the generation of 
hematolymphoid cells. Since Cx43−/− mice die perinatally, hematopoietic organs 
in the embryo such as liver, spleen, and thymus were studied. The results showed 
reduced numbers of granulocyte-macrophage colony-forming units (GM-CFUs) and 
erythroid bursts unit (BFU-Es) in fetal liver from 2-week-old Cx43−/− mice embryos 
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compared to age-matched wild-type controls (Cancelas et  al., 2000). Targeted 
 ablation of Cx43 gene also resulted in lower numbers of CD4+ and T cell receptor-
expressing thymocytes and surface IgM+ B lymphocytes both in Cx43−/− and in 
Cx43+/− newborn mice compared to their Cx43+/+ littermates (Montecino-Rodriguez 
et  al., 2000). Marrow stromal cell coupling was also impaired. Heterozygous 
(Cx43+/−) stromal cells showed intermediate levels of dye coupling between those 
of the homozygous knockout (low) and wild-type (sizable) animals (Reaume et al., 
1995). However, adult heterozygous animals did not develop hematopoietic defects, 
which also support the primary importance of gap junction communication in early 
hematopoiesis and regeneration. In line with this, Cx43+/− mice produced only 20% 
of blood cells 9 days after 5-FU treatment of that of wild-type animals (Montecino-
Rodriguez and Dorshkind, 2000).

Though Cx32 could not been detected in the bone marrow by most groups, Cx32 
knockout mice showed impaired hematopoiesis (Hirabayashi et  al., 2007). C-Kit 
positive lineage negative murine HSC were shown to express Cx32 mRNA and 
protein, although the latter result was not convincing. Nevertheless, Cx32 KO mice 
exhibited delayed regeneration following chemical cell abrasion with 5-FU and ele-
vated risk for leukemic transformation when treated with the genotoxic methyl nitro-
sourea (MNU). These findings suggest that Cx32 plays a role in protecting HSCs 
from chemical abrasion and from leukemogenesis, while supporting regeneration. 
From the other end, normal bone marrow stroma could inhibit the proliferation of 
leukemic cells, which, however, increases the resistance of tumor cells to cytotoxic 
treatment (Paraguassu-Braga et al., 2003).

In conclusion, gap junctions are possibly involved in the early phase of blood 
formation when forced generation of hematopoietic progenitors is at high demand, 
for example, in neonatal marrow, in developing epiphyseal marrow, and in regenerat-
ing marrow. However, wild-type bone marrow stromal cells can also use alternative 
regulatory pathways to support hematopoiesis. This was reflected by the elevated 
blood cell formation from Cx43 heterozygous progenitors compared to wild-type 
progenitors (Rosendaal and Stone, 2003), and the similar blood-forming capacity 
of Cx43 wild-type and knockout fetal liver hematopoietic cells on wild-type stroma 
(Rosendaal and Jopling, 2003).

2.4 GAP JUNCTIONS IN THYMUS

Thymus is the primary lymphoid organ where CD4+/CD8+ double-positive pre-
cursor T lymphocytes mature into antigen-specific CD4+ or CD8+ single-posi-
tive T cells. Besides T lymphocyte populations, the thymus microenvironment is 
made up of DCs of bone marrow monocytic origin, mesenchymal fibroblasts, and 
sinus endothelial cells, and a meshwork of thymic epithelial cells (TECs) (Boyd 
et al., 1993). Negative selection of T cells reactive for self-antigens and the com-
mitment toward CD4+ or CD8+ mature but naïve T cell fate is based on crucial 
interactions between thymocytes and TECs. TECs (possibly stromal and endothe-
lial cells too) express Cx43 (Figure 2.2) but neither Cx26 nor Cx32 was detected 
in the thymus (Alves et al., 1995). TEC showed both homocellular communica-
tion and occasional heterocellular coupling with thymocytes. Later, Cx43 and 
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Cx30.3 transcripts and proteins were confirmed in thymocytes but no homocel-
lular coupling between them was observed (Fonseca et al., 2004). Similar to that 
in bone marrow, thymic recovery in Cx43+/− heterozygous mice after cytoablative 
treatment with 5-FU was only 30% of that of the Cx43 wild-type animals, which 
clearly shows the involvement of gap junctions in thymic functions (Montecino-
Rodriguez and Dorshkind, 2001).

Hormone secretion and gap junctions in TEC were shown to be mutually regu-
lated. The first proof of this was the reversible inhibition of thymulin production in 
TECs with the gap junction blocker heptanol (Alves et al., 1995). Then, thymulin 
secretagogues such as IL-α and IL-1β, progesterone, estrogen, testosterone, adreno-
corticotropic hormone, and growth hormone were described to inhibit TEC coupling 
as opposed to cell proliferation (thymidine incorporation), which was increased for 
these agents (Head et  al., 1997; Alves et  al., 2000). On the contrary, locally pro-
duced neuropeptides that can influence vascular resistance through smooth muscle 
such as vasopressin (that may elevate vascular resistance) or vasoactive intestinal 
polypeptide (VIP; that is known to cause coronary vasodilatation) could upregulate 
TEC coupling, possibly through elevated c-AMP levels (Alves et  al., 2000). TEC 
functions could be inversely modulated through activating c-AMP, for example, by 
epinephrine for upregulation of Cx43 protein, mRNA, and cell coupling, or through 
PKC (protein kinase-C) activation by phorbol ester for downregulating the same 
features (Nihei et al., 2010). During age-related thymic atrophy, thymocyte output 
of the thymus is markedly decreased due to the decline of IL-7 by TECs but without 
significant change in the number of gap junctions (Andrew and Aspinall, 2002). Gap 
junctions in the thymus, therefore, are likely to be involved in the regulation of TEC 
functions and the concomitant T cell maturation/selection, which may also be influ-
enced directly through occasional TEC–thymocyte coupling.

Cort

Med

(a) (b)

FIGURE 2.2 (See color insert.) Cytokeratin-positive TEC processes (a—purple; b—
green) between thymocytes in the thymus cortex (Cort) and less in the medulla (Med) (a) 
are associated with Cx43 gap junctions (b—red; colocalization with green results in yellow 
color—arrows). Immunoperoxidase and immunofluorescence digital microscopy.
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2.5  GAP JUNCTIONS SUPPORT INNATE AND ADAPTIVE 
CELLULAR IMMUNITY ALL OVER THE BODY

Cells of the innate immunity, including neutrophil leukocytes, monocytes/macro-
phages, and NK cells, can act in any injured or infected tissue and may use gap junc-
tions, which is reviewed both in Chapters 8, 11, and 12 of this book and earlier by 
Brenda Kwak’s group (Chanson et al., 2005; Scheckenbach et al., 2011). For instance, 
human monocytes and macrophages elevated their Cx43 expression, dye coupling, 
and transmigration through blood–brain barrier upon functional activation with the 
combination of lipopolysaccharide (LPS) with IFN-γ or TNF-α with IFN-γ (Eugenin 
et al., 2003). In atherosclerosis, which represents a local progressive inflammatory 
disease, Cx43 can be upregulated in activated monocytes/macrophages and Cx37 in 
atherosclerotic plaques, while Cx43 can also be associated with activated neutrophil 
leukocytes (Polacek et al., 1993; Morel et al., 2009).

While the effector and memory cells of the humoral immune response are pro-
duced in lymphoid organs, cytotoxic T cell activation with viral and tumor antigens 
can happen anywhere in the body through MHCI molecules by any nucleated cell. 
The cellular arm of the adaptive immune system mediated by cytotoxic T cells also 
utilizes gap junction communication as it is reviewed in this book and earlier by 
Neijssen and coworkers (2007). Since gap junctions can be established between most 
cell types, including immune cells, cross-presentation of peptide antigens contain-
ing 8–10 amino acids has been demonstrated through direct cell coupling (Neijssen 
et al., 2005). This can secure the elimination of virally infected cells with their adja-
cent neighbors by cytotoxic T cells.

The benefits of Cx43 gap junction induction in immune cells have been recently 
related to important tumor-controlling functions. Elevated Cx43 expression and cou-
pling upon priming DCs with melanoma cell lysate in combination with TNF-α showed 
the facilitation of the cross-presentation of melanoma antigen, which boosted antitumor 
T cell response (Mendoza-Naranjo et al., 2007). Also, bacterial (Salmonella) infection 
was shown to induce Cx43 expression and cell coupling that are usually lost in murine 
melanoma cells (Saccheri et  al., 2010). Preprocessed tumor antigens were then effi-
ciently cross-presented between DC through gap junctions to activate cytotoxic T cells 
and control both the infected and adjacent uninfected melanoma cells. These approaches 
can be exploited in cancer vaccination, for example, in melanoma immunotherapy.

The expression of Cx43 mRNA and protein was recently demonstrated in CD4+ 
lymphocyte subpopulations (Th0, Th1, and Th2), which could couple to primary 
macrophages in vitro, favoring Th1 cell–macrophage interactions (Bermudez-
Fajardo et al., 2007). Also, FoxP3/CD4+ regulatory T cells (T-reg) were also shown 
that can mediate immune tolerance through Cx43 gap junctions either in conven-
tional CD4+ T helper cells or in antigen-presenting DCs (Bopp et al., 2007). Intimate 
interactions and gap junction coupling were demonstrated in these cell relations with 
two-photon laser scanning microscopy showing the intercellular transfer of c-AMP, 
which suppressed the major Th1 cytokine IL-2 in CD4+ T cells or down-regulated 
costimulatory molecules and promoted IL-10 (supporting Th2 response) production 
in DCs. This T-reg control of DC activation through gap junctions was used to inhibit 
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cytotoxic T cell response and edema in experimental contact hypersensitivity (Ring 
et al., 2010). These data show that the cellular immune response can also be regu-
lated at diverse levels through gap junction communication.

2.6  CONNEXINS AND GAP JUNCTIONS IN PERIPHERAL 
IMMUNE TISSUES

Peripheral lymphoid organs, that is, the spleen, tonsils, lymph nodes, and MALT, are 
the catalytic sites of the humoral immune response, which is strictly organized both 
structurally and functionally (Delves and Roitt, 2000). Antigen-specific B and T 
lymphocytes representing the two interrelated arms of the adaptive immunity reside 
here at well-defined regions (Figure 2.3a). Lymphoid tissues act as special filters 
that trap external antigens that recirculating immune cells continuously survey for 
neutralization and elimination (Katakai et al., 2004a). Lymphoid tissues offer the 
finest microenvironment formed by meshworks of fibroblastic reticular cells (FRC), 
vascular- and lymph-endothelia, and FDC as well as antigen-presenting DC for the 
most efficient activation and expansion of lymphocytes (Fossum and Ford, 1985). 
Germinal centers of secondary lymphoid follicles play essential roles in controlling 
B cell proliferation, selection, and isotype switching, resulting in high-affinity effec-
tor and memory B cells (Gatto and Brink, 2010). Random interactions though adhe-
sion molecules and soluble factors (Delves and Roitt, 2000) do not explain alone the 
high structural order and regulation throughout the humoral immune response even 
when considering the well-arranged conduits of FRC and collagen matrix (Katakai 
et al., 2004b). Gap junctions can form in all kinds of accessory and immune cells 
and through homocellular and heterocellular interactions, they are involved in the 
mediation and coordination of immune functions (Krenacs and Rosendaal, 1998b; 
Ovideo-Orta and Evans, 2004; Neijssen et al., 2007).

A series of in situ evidence on lymphoid gap junctions has been collected in tis-
sue sections using electron microscopy, immunofluorescence, and in situ hybridization. 
However, T cell-dependent humoral immune response requires the germinal center 
microenvironment, which is equally difficult to study in vivo and to model in vitro. 
Therefore, functional in vitro data on gap junctions mainly relate to mitogenic (phytohe-
magglutinin (PHA)) or LPS-activated B cells or mixed T–B cell populations that largely 
represent T cell-independent response without the major germinal center functions 
related to affinity selection/maturation and isotype switching (Gatto and Brink, 2010).

2.6.1  Structural EvidEncE of Gap JunctionS in HuMoral iMMunE rESponSE

The progressive upregulation of Cx43 gap junctions in regional lymph nodes of mice 
upon antigen challenge provided in vivo evidence on the potential contribution of gap 
junctions to the humoral immune response (Krenacs et al., 1997). Repeated immu-
nization with lysozyme resulted in fully formed secondary follicles around FDC 
meshworks densely decorated with Cx43. Gap junctions were also found all over 
human secondary lymphoid tissues. In all these sites, high density of Cx43 was iden-
tified around FDC and B cells, and in lymphoendothelial cells, less protein in high 
 endothelial venules (HEV) and FRC as they were phenotyped with double labeling 
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FIGURE 2.3 (See color insert.) Cx43 in human lymph nodes (all except d) and tonsil (d). 
(a) Secondary lymphoid follicles localize most CD20-positive B cells (green) and Cx43 (red-
yellow), while the perifollicular T cell region is only sparsely labeled for these antigens. (b) 
High-power view shows strong and particulate Cx43 labeling around follicular B cells (red) 
(green) on B cell membranes (inset; green, asterisks) and in the germinal center (GC) and 
few in the mantle zone (MZ). (c) Cx43 (red) partly colocalizes with CD20 (green) in B cell 
membranes (yellow). (d) Cx43 transcripts are also found in germinal center cells (GC) and 
in epithelial (Ep) cells in human tonsil. (e) In the germinal center, the dark zone (DZ) full 
of proliferating B cells (green) carry much less Cx43 (red) than the light zone (LZ) where B 
cells mature by interacting with FDC. (f) Colocalization of Cx43 (red) with the FDC-related 
desmoplakin (green) in the germinal center; inset shows a cross section. (g) Scanning elec-
tron microscopy of B lymphocytes (dashed circles) enveloped by FDC (arrowheads) in the 
germinal center. (h) Freeze fracture hallmarks ordered particles and pits (between arrows) 
in the FDC cell membrane. (i) Pentalaminar ultramicroscopic structure (middle) consistent 
with a gap junction and the normal membrane distance (arrowhead) between FDC processes. 
Multifluorescent digital microscopy (a–c and e–f) and confocal laser scanning (b inset and f).
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(Figure 2.3a–c) (Krenacs and Rosendaal, 1995). The intensity and density of Cx43 
signal in sinus lining cells adjacent to Hodgkin’s lymphoma and Langerhans’ cell 
histiocytosis was proportional to the tumor cell infiltration, suggesting an activation-
related role for gap junctions in endothelial lymphoid cell interactions, which was 
proved later (Ovideo-Orta et al., 2002). Transcripts of the Cx43 gene were revealed 
in similar tissue associations as the protein (Figure 2.3d). In the germinal center, 
the distribution of Cx43 protein correlated well with that of FDC by decorating 
mainly the light zone and much less the highly proliferating dark zone (Figure 2.3e). 
Accordingly, most Cx43 colocalized with desmosomal proteins (Figure 2.3f) (desmo-
plakin and desmoglein) and complement receptors CD21 and CD35, which are known 
to serve homophile adhesion and antigen binding, respectively, on FDC (Krenacs and 
Rosendaal, 1995). Freeze fracture and ultrastructural hallmarks, plaques of ordered 
particles and close membrane appositions, respectively, were also confirmed in and 
between FDC processes with electron microscopy (Figure 2.3g–i). T helper cells, 
which are important in the maturation and maintenance of secondary lymphoid fol-
licles and in the Ig isotype switching in B cells (de Vinuesa et al., 2000), can also 
form Cx43 gap junctions (Bermudez-Fajardo et al., 2007; Ovideo-Orta et al., 2010), 
so as FRCs (fibroblastic reticular cells) and DCs (dendritic cells) (Neijssen et  al., 
2007). Similar distribution of gap junctions was observed in other lymphoid organs. 
In human spleen, a high amount of Cx43 was seen in B cell follicles, sinus lining lym-
phoendothelial cells, stromal cells, and adipocytes, and some were associated with 
T cells in the periarteriolar lymphoid sheet (PALS) (Figure 2.4a–f). Recently, Cx45, 
but not Cx43, was detected in mice lymph node DCs; however, muscle injury could 
induce Cx43 expression in them in regional lymph nodes (Corvalan et al., 2007).

2.6.2  functional EvidEncE of Gap JunctionS in HuMoral 
iMMunE rESponSE

Studies in ex vivo germinal centers, set up from low-density cell fractions of human 
tonsil, including activated B and T cells and FDC, showed that Cx43 gap junctions 
appeared very early to be progressively upregulated in time (Krenacs et al., 1997). In 
freshly isolated round cells, Cx43 was detected primarily in IgG+ and less in IgM+ 
and traces in IgD+ B cells (Krenacs and Rosendaal, 1998b). From 2h on CD35+ 
FDC processes and membranes gradually enveloping CD19+, B cells were deco-
rated with Cx43 plaques at B cell contact areas by forming cell clusters resembling 
germinal centers. Dye microinjection technique revealed that FDC processes within 
these clusters were functionally coupled with each other and also with CD19+ B cells 
(Krenacs et  al., 1997). Therefore, gap junction coupling was confirmed in FDC–
FDC and FDC–B cell interactions.

Later, a series of functional studies proved the humoral immune response-related 
roles for gap junctions. Cx43 mRNA and protein were detected both in circulating and 
in tonsil-derived human T and B lymphocytes as well as in circulating NK cells, while 
Cx40 was found in isolated tonsil lymphocytes (Ovideo-Orta et al., 2000). Stimulation 
with PHA or LPS increased Cx40 and Cx43 expression, respectively. Specific gap 
junction inhibitors connexin mimetic peptide and 18α-glycyrrhetinic acid reduced 
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the secretion of immunoglobulins IgM, IgG, and IgA, both in purified B cells and in 
mixed lymphocyte cultures (Ovideo-Orta et al., 2001). Inhibition of IL-2 and IL-10 
transcripts, which are crucial cytokines of Th1 and Th2 response initiation, was also 
observed when blocking gap junctions. These findings suggested that gap junction cou-
pling may contribute to direct metabolic cooperation between immune cells.

Bone marrow-derived DCs that catalyze B cell response through priming T 
helper cells for B cell activation were also shown to require gap junction coupling 
for their efficient activation (Matsue et al., 2006). LPS plus IFN-γ or TNF-γ plus 
IFN-γ induced Cx43 mRNA expression, dye-coupling, and upregulation of costimu-
latory molecules CD80, CD86, and MHCII, which could be inhibited with Cx43 
mimetic peptide. In addition, the importance of Cx hemichannel activity was also 
demonstrated in the expansion of CD4+/CD25− T helper cells upon antigen activation 
(Ovideo-Orta et al., 2010).

Lymphocytes were also shown to communicate through gap junctions with endo-
thelial cells during transendothelial migration both upon entering through HEVs 
or when leaving the lymphoid organs through medullary sinus endothelial cells 
(Ovideo-Orta et al., 2002). Furthermore, gap junction expression and coupling could 
be selectively modulated through histamine receptors (H1 or H2) in human high 
endothelial cells (HUTEC), which are involved in lymphocyte homing to immune 
tissues (Figueroa et al., 2004). Activation of H1 or H2 receptors resulting in elevated 

(a)
FOLL FOLL

PALS

PALS(b) (c)

(d) (e) (f )

FIGURE 2.4 (See color insert.) (a) In human spleen, most Cx43 (red) is also found in the 
germinal centers of lymphoid follicles (FOLL) along few T cells (CD3, green). (b) The follicle 
is full of CD20-positive B cells (green) and Cx43 (red-yellow) while adjacent periarteriolar 
lymphoid sheet (PALS) include only few B cells and Cx43. (c) Higher-power view of the PALS 
seen on b. (d) Cx43 protein (red-yellow) in the cell membrane of a CD3-positive (green) T cell 
(arrow). (e) Dense Cx43 labeling in sinus lining lymphoendothelial cells (arrow). (f) Stromal 
cells (arrow), adipocytes (arrowhead), and vascular endothelia (asterisk) in the splenic cap-
sule are also strongly Cx43 positive. Multifluorescence digital microscopy.
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Ca2+ or c-AMP levels induced the inhibition or support of coupling and membrane 
bond Cx43 levels, respectively.

2.7  GAP JUNCTIONS IN FOLLICULAR LYMPHOMA 
AND FDC SARCOMA

Follicular lymphoma is an indolent but incurable B cell lymphoma, which responds 
to chemotherapy but relapses frequently and can transform to aggressive, diffuse, 
large B cell lymphoma (Horning and Rosenberg, 1984). Instructive and responsive 
tumor microenvironment, including FDC, affects follicular lymphoma behavior by 
direct interactions and growth factors/cytokines (Glas et  al., 2007; de Jong et  al., 
2009). Disrupted FDC pattern revealed with C3d complement receptor (CD21) stain-
ing showed correlation with the rapidly transforming disease, while another FDC 
biomarker, the low-affinity IgE receptor (FcεRII or CD23), did not prove such cor-
relation. This may be explained by the functional heterogeneity and modulation of 
FDC by the interrelated lymphoma (Glas et al., 2007).

Preliminary data on three cases of follicular hyperplasia and 10 cases of follicu-
lar lymphoma showed downregulation of Cx43 gap junctions along the increasing 
tumor grade by being at the lowest level in grade III lymphoma samples (Figure 
2.5a–d). The impairment involved less membrane bond Cx43 along FDC processes 

(a) (b) (c)

(d) (e) (f )

FIGURE 2.5 (See color insert.) Cx43 protein in malignant lymphoid disease involving 
FDC. (a) High density of intracytoplasmic Cx43 (red) in fragmented FDC (arrow) in a grade I 
follicular lymphoma. (b) Colocalization (yellow) of Cx43 (red) with CD20 (green) in a merged 
image of (a). (c) Further fragmentation and intracytoplasmic delocalization of Cx43 (red) in 
FDC in a grade II follicular lymphoma, double stained for B cells (CD20, green). (d) Loss 
of most Cx43 (red, arrowheads) in a grade III follicular lymphoma of elevated proliferation 
(Ki67, green). (e–f) CD35-positive (e, green) pleiomorphic FDC sarcoma cells (dashed circle) 
are fully negative for Cx43 (f, green). Arrowheads show few Cx43 on reactive lymphoid cells. 
Multifluorescent digital (a–d) and confocal laser scanning (e–f) microscopy.
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and cytoplasmic delocalization at still high concentrations of Cx43 in abortive, 
multinucleated FDC, which then lost most of its processes and gap junctions. The 
downregulated or missing gap junctions can possibly contribute to FDC destruction 
and the progression of the follicular lymphoma.

FDC sarcoma (FDCS) results from the malignant transformation of FDC itself, 
which can recur or form metastases in 20–25% of the cases (Soriano et al., 2007). It 
can be identified with the traditional FDC markers CD21, CD23, and CD35. In the 
two low-grade cervical cases, few intracytoplasmic Cx43 particles were detected 
but Cx43 was completely missing from the high-grade nodal FDCS of poor progno-
sis, while adjacent processing of reactive stromal cells demonstrated cell membrane 
positivity as an endogenous control (Figure 2.5e and f). Therefore, similar to other 
tissues, gap junctions are also impaired in malignant cell transformation involving 
or affecting FDC in lymphoid tissues.

2.8  STRUCTURAL CORRELATIONS OF GAP JUNCTION 
FUNCTIONS IN LYMPHOID TISSUES

Cx43 and functional cell coupling has been detected in most resident and mobile 
cells in the lymphoreticular tissues as it is summarized in Figure 2.6 (Krenacs and 
Rosendaal, 1995; Oviedo-Orta and Evans, 2004; Neijssen et al., 2007). Therefore, 
gap junctions may contribute to the coordination of functions within bone marrow 
and lymphoid tissue compartments through the relevant scaffolding formed by bone 
marrow stromal cells, FRC, FDC, lymphatic and vascular endothelia, DCs, and 
TECs (Alves et al., 1995; Rosendaal et al., 1997; Krenacs and Rosendaal, 1998a,b). 
These accessory cells can also communicate through gap junctions with HSCs in the 
bone marrow (Rosendaal et al., 1994), recirculating memory B and T lymphocytes 
in the lymph nodes, and with cells of the innate immunity such as monocytes/mac-
rophages, leukocytes, and NK cells at the periphery (Oviedo-Orta and Evans, 2004; 
Neijssen et al., 2007; Scheckenbach et al., 2011).

Host defense-related activation is the most common requirement for Cx and gap 
junction detectability in immune cells due to their upregulated expression and cou-
pling under these conditions. The short half-life of Cx43 between 2 and 4 h fits to the 
rapid and transient cell interactions and coupling following immunological activa-
tion (Evans et al., 2006). Since all immune-related cells utilize Cx43, the potential 
permutations between cell types to establish gap junctions with each other possibly 
outnumber those that have been confirmed so far. Also, as multiple rather than single 
Cx expression is regular in most cell types, more Cx isotypes may be expected in 
immune tissues.

As immune cells enter or leave lymphoid tissues, they can interact and couple 
with endothelial cells (Ovideo-Orta et al., 2002). In the thymus, functionally coupled 
TECs regulate thymocyte maturation (Alves et al., 1995). Both inside and outside 
peripheral lymphoid tissue gap junctions mediate viral and tumor antigen cross-
presentation between nonimmune cells and DCs (Neijssen et al., 2005) and immune 
tolerance by T-reg cells to DCs (Bopp et al., 2007). Also, blocking of gap junctions 
reduces immunoglobulin secretion in B cells or IL-2 and IL-10 levels in T cells 
(Ovideo-Orta et al., 2001). Gap junction coupling is also required between DCs for 
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their efficient activation and T helper cell priming that catalyze humoral immune 
response (Matsue et al., 2006). Cx hemichannels may also be important in T helper 
cell expansion (Ovideo-Orta et al., 2010).

Cx43 gap junctions are highly upregulated in the germinal centers upon immune 
challenge on FDC meshwork, which forms a functional syncytium and can also 
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FIGURE 2.6 (See color insert.) Summary drawing on published connexin and gap junction 
interactions in the hemato-lymphoid tissues, and in circulating and local inflammation-related 
cells as reviewed in this chapter and by Krenacs and Rosendaal (1998b, 2000), Ovideo-Orta 
et  al. (2004), Neijssen et  al. (2007), and Scheckenbach et  al. (2010). The following direct 
cell–cell interaction can be potentially mediated through Cx43 gap junctions. (a) In the bone 
marrow: BMSC (bone marrow stromal cells) with BMSC; with osteoblasts (OB), with sinus 
endothelial cells, with adipocytes, with HSC (hematopoietic stem cells), and with monocytes 
(Mo). Cx32, protein, and mRNA (in HSC) and Cx45 mRNA (in BMSC) were also detected. (b) 
In the spleen: thymus endothelial cells (TEC) with TEC and with thymocytes. Cx30.3 mRNA 
was also found in thymocytes. (c) In circulating and local immune response-associated cells: 
granulocyte with granulocyte and with endothelium; macrophage with macrophage, with 
endothelium and with smooth muscle (Cx37 was also detected in these contexts); antigen-
presenting dendritic cell (DC) with monocyte, with tissue cells, and with regulatory T cells. 
Circulating T cells and B cells (NK cells and mast cells) may also form homocellular and 
heterocellular coupling. (d) In the peripheral lymphoid organs, DCs with T helper cells and the 
latter with B cells; Homocellular coupling between lymphoendothelial (L-end) and vascular 
endothelia (HEV); endothelia with lymphocytes; fibroblastic reticular cells (FRC) with FRC, 
with endothelial cells, and with follicular dendritic cells (FDC); FDC with FDC, with B cells 
(centrocytes—Bcc, memory cells—Bm, and less with centroblasts—Bcb) and with follicular 
T cells (see also Figures 2.1 through 2.5).
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couple germinal center B cells (Krenacs et al., 1997). FDC embrace and may also 
form common Cx channels with follicular T helper cells. However, FDC lose Cx43 
gap junction along elevating tumor grades, which is accompanied with more aggres-
sive behavior in follicular lymphoma and FDC sarcoma. Although it is still specu-
lative, these findings raise several functional roles for gap junctions to be further 
elucidated in the germinal center: (1) FDC may assist as a communication network 
for propagating local signals to distant lymphocytes of either T or B cell phenotype 
and FDC throughout germinal centers that can modulate the adherence, migration, 
and differentiation of activated B cells; (2) direct FDC–B cell coupling in the light 
zone may transmit rescue signals of unknown nature for positive B cell selection 
(Lindhout et al., 1995); and (3) gap junction coupling can also be a pathway to con-
trol FDC growth and the size of lymphoid follicles that control is lost in follicular 
lymphoma. High levels of c-AMP in reactive light zone (Knox et al., 1993), which 
is known to upregulate Cx43 and can induce both cell differentiation (Mehta et al., 
1996) and apoptosis (Insel et al., 2012), may support this idea.

Further potential gap junction-mediated interactions in lymphoid organs involve 
the following: (1) FDC–DC coupling since recent data show DCs to continuously 
sample FDC-presented antigens, which in turn may induce immune tolerance with-
out T-reg involvement (McCloskey et  al., 2011); (2) B cell can also sample FDC-
presented antigen in a similar way to DCs, but may not be able to generate the 
epitope-sized peptides for gap junction cross-presentation; and (3) in the light zone 
of germinal center B cells, T cells and macrophages contact FDC and can potentially 
establish Cx43 gap junctions in any combinations.

Further complexity of the immune functions of Cx-s relates to unpaired Cx 
hemichannels and channel-unrelated interactions. Cx hemichannels can com-
municate with the extracellular milieu by releasing active metabolites, includ-
ing ATP, glutamate, NAD+, and prostaglandin E2, which can activate membrane 
receptors through autocrine or paracrine interactions (Evans et  al., 2006). Cx 
hemichannel activity has already been confirmed in T helper cells (Ovideo-Orta 
et  al., 2010). A wide range of intracytoplasmic molecular interactions between 
Cx-s and signaling protein kinases and phosphatases, including those involved in 
tumor development and promotion or with cell adhesion and cytoskeleton assem-
bly-related proteins, have been revealed but their immune functions still need to 
be elucidated (Laird, 2006).

Connexins and gap junctions have already been shown to be involved in many 
aspects of innate and adaptive immune functions either inside or outside lym-
phoid tissues. Further relevant results are still expected to come and will assist in 
prevailing over the resistance against gap junctions by the wide immunological 
community.
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Approaches for Studying 
the Role(s) of Gap 
Junctions in the Immune 
System

Aaron M. Glass, Thien D. Nguyen, 
and Steven M. Taffet

Although gap junctions were first described in the immune system in the 1970s (Dos 
Reis and De Oliveira-Castro, 1978; Gaziri et al., 1975; Oliveira-Castro et al., 1973), 
our knowledge of how connexins might participate in immune function remains 
incomplete. Of all the connexin family members, connexin 43 (Cx43) is the most 
widely expressed isoform in the mammalian body, including the immune system. 
Cx43 has been reported to be expressed in lymphocytes (Oviedo-Orta et al., 2000), 
neutrophils (Diaz et al., 1995; Zahler et al., 2003), natural killer cells (Oviedo-Orta 
et al., 2000), dendritic cells (Matsue et al., 2006; Neijssen et al., 2005), monocytes/
macrophages (Anand et  al., 2008; Bermudez-Fajardo et  al., 2007; Chadjichristos 
et  al., 2010; Eugenin et  al., 2003; Jara et  al., 1995; Neijssen et  al., 2005; Polacek 
et al., 1993), and mast cells (Vliagoftis et al., 1999). Expression of connexins among 
immune cells is not limited to mice, as studies have identified family members in 
rats, hamsters, canines, horses, and humans, suggesting that expression of connexins 
in the immune system is an evolutionarily conserved phenomenon. Based on this 
widespread expression among numerous immune cell types, and across a spectrum 
of mammalian species, it is hypothesized that Cx43 serves some purpose in immune 
function.

Some of the immune functions in which gap junctions and Cx43 have been sug-
gested to act include antigen cross-presentation (Mendoza-Naranjo et  al., 2007; 
Neijssen et al., 2005), regulatory T cell inhibition (Bopp et al., 2007), inflammation 
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(Martin et al., 1998), phagocytosis (Anand et al., 2008), wound healing (Chanson 
et al., 2005), dendritic cell maturation (Matsue et al., 2006), B cell antibody produc-
tion (Oviedo-Orta et al., 2001), and immune responses to pathogens (Anand et al., 
2008; Oloris et al., 2007; Sarieddine et al., 2009). Additionally, Cx43 may play an 
active role in processes that are responsible for the development of the immune sys-
tem, such as hematopoiesis (Oviedo-Orta and Howard Evans, 2004; Presley et al., 
2005; Rosendaal and Stone, 2003; Montecino-Rodriguez and Dorshkind, 2001; 
Montecino-Rodriguez et al., 2000; Bodi et al., 2004; Cancelas et al., 2000). This 
becomes evident during events that require increased levels of hematopoiesis, such 
as neonatal development and hematopoietic recovery after chemotherapy.

Early studies on connexins in immunity relied heavily on chemical inhibitors 
to close connexin channels. These agents, which included long-chain alcohols and 
glycyrrhetinic acid (or derivatives thereof), were effective at blocking channels but 
had the disadvantage of acting promiscuously on multiple connexin isoforms. The 
pharmacology of gap junctions has been reviewed extensively by Srinivas et  al. 
(2004). Unfortunately, there are few specific drugs for the modulation of gap junc-
tion function. Long-chain alcohols (heptanol and octanol) have long been used 
as uncoupling agents. Their mechanisms of action are unknown, although altera-
tion of membrane fluidity is thought to be the primary target. General anesthetics 
have also been shown to uncouple gap junctions (Burt and Spray, 1989). Again, the 
mechanism is unknown and this effect is not specific to gap junction proteins. Some 
agents such as butanedione monoxime are thought to modify phosphorylation of 
gap junctions, leading to uncoupling (Herve and Sarrouilhe, 2002). Flufenamic acid 
has been shown to be an effective inhibitor of gap junctions but the mechanism is 
thought to be indirect and not specific to any connexin protein (Srinivas and Spray, 
2003). Perhaps among the more specific inhibitors are the glycyrrhetinic acids 
(Davidson et al., 1986, Goldberg et al., 1996), which may also alter phosphorylation 
(Guan et al., 1996). The most significant shortcomings of the glycyrrhetinic acids 
are their lack of specificity for different connexin proteins and the lack of a specific 
mechanism of action. Interestingly, quinine blocks a subgroup of gap junction chan-
nels (Srinivas et al., 2001) but does not block gap junctions formed by the connexins 
found in the heart.

Specific inhibition of gap junction formation has been demonstrated with the use 
of extracellular loop peptides (Boitano and Evans, 2000; Evans and Boitano, 2001; 
Kwak and Jongsma, 1999). It is thought that these peptides inhibit gap junctions by 
preventing connexin docking in the extracellular gap. These effects are slow and the 
interaction requires high concentrations of peptide (Dahl et al., 1994). The specific-
ity of these peptides has also been called into question: Wang et al. (2007) demon-
strated that these peptides targeted connexins less precisely than had been previously 
suggested.

In particular, the discovery of pannexin channels in immune cells has complicated 
the interpretation of inhibitor-based studies. Pannexins have been identified in many 
immune cells (Marina-Garcia et  al., 2008, Pelegrin and Surprenant, 2006, 2007, 
Pelegrin et al., 2008, Woehrle et al., 2010a,b), and pannexin channels are sensitive to 
many of the inhibitors of connexin channels. Pannexins are susceptible to inhibition 
by carbenoxolone (Bruzzone et al., 2005, Locovei et al., 2006) and are actually more 
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sensitive to mefloquine than are channels formed by connexins (Iglesias et al., 2008). 
There is also inhibition of pannexin channels by some of the gap junction “specific” 
peptides (Wang et al., 2007). Thus, inhibition of junctions by a variety of chemical 
agents is open to alternative interpretation.

3.1  MOLECULAR MANIPULATION OF CX43 LEVELS 
IN IMMUNE CELLS

As an alternative to the use of pharmacological inhibitors, the role(s) of connexins 
in immunity can be studied by altering connexins at the level of gene expression. 
This can be achieved either through the introduction of specific wild-type or mutant 
connexin isoforms into target cells, or by silencing the expression of endogenous 
connexins. Owing to their anionic and hydrophilic nature, the DNA and RNA sub-
strates required to achieve gene-level manipulation are unable to enter cells by dif-
fusion alone. They must, therefore, be introduced into target cells, generally by one 
of the two distinct strategies: transfection or transduction. Transfection refers to the 
use of transient disruption of the plasma membrane (and in some cases, the nuclear 
envelope) to achieve insertion of genetic material into cells, whereas transduction is 
gene delivery using a viral vector. Each of these two strategies for the introduction 
of genetic material has inherent advantages and disadvantages that must be weighed 
before deciding which to employ.

Owing to the lower cost of reagents, greater biosafety, and existence of semiop-
timized commercially available kits, transfection is often the first choice for genetic 
manipulation of mammalian cells. Transfection can be carried out via biochemi-
cal methods or physical methods. Common chemical methods include transfection 
mediated by diethylaminoethyl (DEAE)-dextran, calcium phosphate, and cationic 
lipid reagents. Chemical methods feature a positively charged transfection reagent, 
which is first combined with the genetic material to be introduced. By virtue of the 
net negative charge of DNA and RNA, an electrostatic attraction drives the forma-
tion of genetic material–transfection reagent complexes. Fortuitously, the positive 
charge of the complexes facilitates their attachment to the target cell surface, trig-
gering their uptake by endocytosis. Physical methods rely on the disruption of the 
cell membrane to achieve introduction of genetic material. The only method in 
widespread use is electroporation. Electroporation involves the delivery of electri-
cal pulses that increase transmembrane potential, ultimately causing the formation 
of hydrophilic pores that allow the passage of DNA or RNA. If successful, the pores 
reseal following penetration of the genetic material, leaving the integrity and viabil-
ity of most target cells intact. A variation of the electroporation technique called 
Nucleofection (Lonza AG) is a proprietary technology that claims to deliver genetic 
material directly into the target cell nucleus.

Unfortunately, an obstacle to using genetic manipulation in immune studies is 
presented by the fact that most immune cells and derived cell lines are refractory 
to transfection. Macrophages exemplify the intransigent nature of immune cells to 
transfection and, as mentioned before, encompass a central focus of our studies of 
Cx43 in immune function. Therefore, in this section, we will review the existing 
literature, with a focus on murine macrophages.
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In the late 1990s, a handful of studies were undertaken to determine the most 
effective methods for transfection of macrophages and macrophage-like cell lines. 
Mack et al. (1998) compared calcium phosphate-, cationic liposome-, electropora-
tion-, and DEAE-dextran-mediated transfection in cultured human macrophages 
harvested from peripheral blood. Their findings identified DEAE-dextran to be the 
most effective method. In contrast, using a similar luciferase reporter gene construct 
in the mouse macrophage-like cell line RAW264.7, Thompson et al. (1999) found 
DEAE-dextran to be among the most unreliable methods, instead obtaining the best 
results from electroporation. Using the RAW264.7 and NR 383 cell lines, Dokka 
et  al. (2000a) found lipofection to be effective, but did not test electroporation. 
Their work suggests that the most successful transfections of these cell types can 
be carried out using the Lipofectamine (Invitrogen) system in combination with the 
 arginine-rich DNA-binding protein, protamine. In our own studies, and in the work 
of others, we found that electroporation has been highly effective in transfecting the 
RAW264.7 macrophage-like cell line (Tomaras et al., 1999; O’Donnell and Taffet; 
2002), but was not successful with primary macrophages or other macrophage cell 
lines (J774 and P388.D1). The variability in these results may reflect interspecies 
differences and differences in the cell lines tested. No reports have described the 
true efficiency of transfection and the relative toxicity of the method. Only Dokka 
et al. (2000a,b) provided a quantification of the toxicity of the different transfection 
methods by lactate dehydrogenase release. One point that these authors agree upon 
is the difficulty of introducing exogenous DNA into macrophages.

Several theories exist to explain the difficulty introducing genetic material into 
macrophages by transfection. One major cause of low transfection efficiency into 
macrophages is thought to be the presence of contaminating endotoxin, especially 
lipopolysaccharide (LPS) in DNA preparations (Dokka et al., 2000a). Macrophages 
are extremely sensitive to even low levels of this contaminant and respond with the 
generation of toxic reactive oxygen species, especially hydroxyl radicals, which can 
lead to cell death.

It has been appreciated for some time that treatment of cultured peritoneal mouse 
macrophages with LPS results in cell death by apoptosis (Albina et  al., 1993). 
Experiments utilizing bone marrow-derived macrophages from Type I TNF-α 
receptor knockout (KO) mice suggest that this effect is mediated by TNF-α in an 
autocrine manner (Xaus et  al., 2000). If this is true, LPS treatment or endotoxin 
contamination results in the secretion of TNF-α from macrophages, leading to sub-
sequent TNF receptor signaling and culminating in the induction of apoptosis.

This may account for the success of employing lipofection in macrophages and 
macrophage-like cells as compared to cells transfected using other techniques (Dokka 
et al., 2000a). Lipofection of peritoneal macrophages and a related microglial cell line 
has been shown to uncouple LPS stimulation from downstream effectors (mitogen- 
activated protein (MAP) kinases) (Leon-Ponte et  al., 2005). This would effectively 
blunt the macrophage response to endotoxin contamination: reducing cell death and 
increasing transfection efficiency. As much a cautionary tale as one of success, however, 
this study implies that polycationic lipids likely have many unintended effects on mac-
rophage biology. These effects should be considered before embarking on functional 
studies of macrophages transfected with connexin isoforms utilizing these techniques.
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Macrophages are not the sole population of immune cells for which transfec-
tion remains a technical challenge; the same is true for lymphocytes. The difficulty 
is compounded in lymphocytes, as it seems that, while lipofection may improve 
transfection efficiency into macrophages, it does little to ameliorate the production 
of TNF-α and consequent apoptosis in primary lymphocytes. Several studies have 
detailed the difficulties in transfecting T-lymphocytes with exogenous cDNA. Ebert 
and Fink found that cultured human lymphocytes, when lipofected, released high 
levels of TNF-α and underwent apoptosis (Ebert et al., 1997). Since lymphocytes 
lack TLR4 and its coreceptor, CD14, and are unable to respond to contaminating 
LPS, a separate mechanism of apoptosis induction may be necessary to explain these 
results (Mattern et al., 1998). A simpler explanation may be that the Ebert and Fink 
study was performed on cultured ficoll-separated mononuclear cells, not pure lym-
phocytes, meaning that bystander transfection of monocytes could have occurred. 
These transfection-activated monocytes may have been responsible for the high lev-
els of TNF-α observed.

Another factor that has been proposed to limit the efficiency of transfection 
of macrophages and other immune cells is methylation-mediated gene silencing 
(Escher et al., 2005). Escher et al. found that, following transfection with a num-
ber of common reagents, the CMV promoter used to drive reporter gene expression 
became methylated, preventing expression of the reporter gene. Application of the 
DNA methylation inhibitor 5-azacytidine enhanced reporter gene expression effi-
ciency to nearly 100% of RAW264.7 cells with minimal impact on cell viability. 
Unfortunately, epigenetic modifying compounds, such as the 5-azacytidine used in 
this study, undoubtedly produce many off-target effects, confounding the effects of 
expression or silencing of the gene of interest.

Alternate transfection techniques, such as nucleofection (Lonza), where plasmid 
DNA is electroporated directly into the nuclei of target cells, have been attempted 
with varied success. As mentioned above, we and others at our institution have uti-
lized the Nucleofector on both primary macrophages and macrophage lines (Glass 
and Taffet, unpublished data), generally with disappointing results. A unique varia-
tion of this technology was pioneered by Van De Parre et  al. (2005) who found 
that the introduction of plasmid DNA by Nucleofection resulted in apoptosis of 
J774A.1 macrophage-like cells. In contrast, introduction of mRNA by nucleofection 
resulted in expression of the reporter gene (CMV-eGFP) in 60–75% of cells without 
a concomitant reduction in viability. Despite the expectation that (relative to DNA) 
mRNA is short-lived within cells, expression of an eGFP reporter gene electro-
porated into monocyte-derived dendritic cells remained detectable (around 30%) 
after five days (Van Tendeloo et al., 2001). Even considering these initial reports 
of success, electroporation of mRNA has yet to gain widespread popularity as an 
alternative to lipofection.

RAW264.7 cells are, in our experience, among the easiest macrophage lines to 
transfect (Foster et al., 1997; O’Donnell and Taffet, 2002; Taffet et al., 1990; Tomaras 
et al., 1999). These cells may be ideal for Cx43 studies, as they do not appear to 
express detectable levels of Cx43 (Glass and Taffet, unpublished results) and can be 
successfully transfected using a wide variety of techniques. These cells are similar to 
macrophages but have a number of shortcomings that limit their usefulness.
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Although the literature is peppered with a few reports of successful, high- 
efficiency transfection of immune cells, these remain the exception, rather than the 
rule. Virtually all of these reports involve the use of cell lines, further intimating at 
the technical difficulties of transfecting primary immune cells.

Since Cx43 is expressed in macrophages from several sources as well as other 
immune cells, silencing of endogenous connexin is an ideal approach to teasing out 
the functional significance of its presence. In contrast to transfection of exogenous 
genes into macrophages and related lines, silencing of endogenous gene expression 
has been met with greater success, as is evidenced by several papers that have reported 
accomplishing satisfactory knockdown of target gene expression. Investigators have 
used polycationic lipid reagents for delivery of siRNA to RAW264.7 cells (Anand 
et al., 2008; Amarzguioui et al., 2006) and even bone marrow-derived macrophages 
(Akinc et al., 2008).

Other groups claim greater success with nucleofection and electroporation for 
delivery of siRNA. Zhang et al. have reported an almost complete knockdown of 
target gene expression in bone marrow-derived macrophages, as indexed by both 
mRNA levels and protein activity (Zhang et al., 2009). One report (Anand et al., 
2008) describes the silencing of Cx43 in the RAW264.7 macrophage-like cell line. 
Interestingly, we could not find any other reports of connexin gene silencing in mac-
rophages or lymphocytes. Ultimately, at this point, several technical hurdles must 
be overcome before transfection of exogenous genes or silencing constructs into 
immune cells becomes trivial. The vast majority of studies that have featured these 
techniques have employed cell lines as opposed to primary macrophages and lym-
phocytes. A more desirable alternative for the study of macrophages may be mouse 
or human primary macrophages derived in culture.

The major alternative to transfection for gene delivery or silencing in mamma-
lian cells is viral transduction. Common strategies encompassed by transduction are 
the use of adenoviral, and retro/lentiviral manipulation. Both these techniques have 
been attempted on immune cells with varying degrees of success.

Adenoviruses are double-stranded DNA viruses that are minor causes of upper 
respiratory tract infections in the human population. Viruses of this family have been 
used for several decades as vectors for the delivery of exogenous genes to cells due 
to the fact that they offer several advantages over other viral vectors, including (1) a 
DNA genome, making manipulation practical; (2) an ability to infect many cellular 
targets with high efficiency, including nondividing cells; and (3) a large capacity for 
gene inserts. After entry into target cells, genes delivered by adenoviral vectors do not 
incorporate into a cell’s chromosomes, eliminating the possibility of random inser-
tion disrupting the genome of the target cell. This is unfortunate in the case of divid-
ing cell lines since the viral genes become diluted in successive generations. Several 
studies have employed adenoviral systems for the delivery of Cx43 to cells, including 
primary rat myoblasts (Reinecke et al., 2004) and macrophages (Anand et al., 2008).

Unfortunately, there are complications to the use of adenoviral vectors for gene 
delivery into immune cells. Infection of primary immune cells with adenovirus results 
in the production of inflammatory cytokines and type I interferon (Sakurai et al., 2008, 
Zsengeller et al., 2000). It has also been reported that adenoviral infection can induce 
TNF-α production and maturation in dendritic cells, evidence that the effects of this 
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gene delivery strategy may exceed the effects of the delivered gene itself (Philpott 
et al., 2004). These issues are compounded by the fact that some types of macrophages, 
such as alveolar, do not express high levels of the Coxsackie-Adenovirus receptor, the 
main protein required for cellular entry by the virus (Kaner et al., 1999).

Perhaps more common in the manipulation of immune cells is the use of ret-
roviruses or lentiviruses, RNA viruses capable of reverse transcribing their RNA 
genomes into cDNA, which is then integrated into the target cell’s genome. Retroviral 
and lentiviral transduction systems are ideal for the delivery of exogenous genes, as 
well as silencing of endogenous genes. Lentiviruses offer the advantage of the abil-
ity to transduce dividing and nondividing cells alike, while retroviruses are only 
capable of integration into cells undergoing division.

Retroviruses have been used in several studies to express, or silence, Cx43. 
As examples, retroviruses have been used to deliver Cx43 to a myoblast cell line 
(Reinecke et al., 2004), into skeletal muscle myoblasts (Tolmachov et al., 2006), and 
to deliver a GFP-tagged connexin construct into a human embryonic stem cell line 
(Moore et al., 2008). Silencing of Cx43 using retro- or lentiviral transduction has 
been demonstrated in osteoblastic and osteocytic cell lines (Plotkin et al., 2008), and 
multiple breast cancer cell lines (Shao et al., 2005).

Multiple studies have used retroviral or lentiviral vectors for the genetic manipu-
lation of immune cells. Various retroviruses have been successfully used to trans-
duce bone marrow-derived murine macrophages (Pan et al., 2008; Zeng et al., 2006), 
human monocyte-derived macrophages (Leyva et al., 2011), bone marrow-derived 
dendritic cells (Stewart et al., 2003), and human cytotoxic T cells (Zhou et al., 2003).

Biosafety is a concern when using viruses for genetic manipulation since most 
viral vectors are capable of infecting humans as well as target cultured cells or ani-
mals. As a feature to enhance safety, most commercially available adenoviral and 
lentiviral vectors are engineered to be replication incompetent. Generally, this is 
achieved by separating genes that are necessary for replication (E1/E3 or gag/pol 
for adenovirus and lentivirus, respectively) from remaining viral genes. To produce 
infectious virus, the missing genes are added in trans, by using a pretransformed 
packaging cell line (in the case of adenovirus) or by cotransfecting packaging cells 
with replication genes simultaneously with viral genes (for lentivirus). Under these 
conditions, virus replication occurs within the packaging cell line but the viral 
progeny cannot undergo replication after infecting target cells. Despite this safety 
feature, working with infectious virus still demands moderate technical care and 
precautionary biosafety measures, details that must be considered before embarking 
on connexin research using any viral transduction strategy.

3.2 TRANSGENIC AND KO MICE

The Cx43 KO mouse has been in existence since 1995 but has been of limited 
use in studying the immune response due to the neonatal lethality of Cx43 dele-
tion (Reaume et al., 1995). Much has been gained by studying Cx43 heterozygotic 
mice (Anand et  al., 2008; Kwak et  al., 2003; Montecino-Rodriguez et  al., 2000; 
Montecino-Rodriguez and Dorshkind, 2001; Rosendaal and Stone, 2003). Three 
approaches will be described to circumvent the issue of neonatal lethality. These 
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are the use of fetal hematopoietic stem cells (HSC) from a KO mouse to repopulate 
an irradiated host; the direct culturing of fetal HSC to produce macrophages or den-
dritic cells; and the use of conditional or tissue-specific knockout animals.

Radiation chimeras are a commonly used model to study the role of specific genes 
in the immune system, where deletion of the gene of interest is lethal and does not 
allow the transgenic animal to reach adulthood (Duran-Struuck and Dysko, 2009; 
Iwasaki, 2006; van Os et al., 2001). Normally, bone marrow cells are used to recon-
stitute lethally irradiated mice. However, since both bone marrow and fetal liver 
contain abundant pluripotent stem cells, irradiated mice can also be reconstituted 
with cells derived from fetal liver (Eckardt and McLaughlin, 2008). In cases such as 
Cx43, where the genetic deletion results in neonatal death, fetal liver cells are prefer-
able to bone marrow cells (Navarro and Touraine, 1989; Nguyen and Taffet, 2009).

In models where wild-type bone marrow or fetal liver cells are transplanted into 
wild-type hosts, immune cells such as monocytes, dendritic cells, and neutrophils 
can be found in the spleen by day 7 after implantation of the hematopoietic cells 
(Ogawa et al., 1996). By day 21, peripheral lymphoid cell reconstitution may be nor-
mal, which includes the presence of the NK, T, and B cells. However, these cells 
may not be fully matured and functional in terms of possessing full effector capa-
bilities (Ojielo et al., 2003). During this recovery period, irradiated mice are immu-
nocompromised and susceptible to opportunistic infections, necessitating a specific 
pathogen-free environment and a regimen of prophylactic antibiotics.

Ideally, engrafted donor cells should have a marker for easy identification, making 
it possible to assess the success of implantation and the degree of chimerization. In 
the case of the model we developed (Nguyen and Taffet, 2009), we have used varia-
tions in the CD45 isoforms expressed on the leukocytes of common mouse strains to 
monitor reconstitution. C57BL/6 mice normally express the CD45 isoform CD45.2 
but genetically modified mice express the SJL-associated isoform, CD45.1 (Kiel 
et al., 2005; Teshima et al., 2002) on a C57BL/6 background. By employing donor and 
recipient animals with different CD45 isoforms, we were able to monitor the degree 
of chimerization by assessing CD45.1 and CD45.2 positive cells by flow cytometry.

An alternative donor cell marking system uses CD90.1/CD90.2 (Stohlman et al., 
2008). Although hematopoietic stem cells have been shown to express CD90, this 
marker can be effectively used to track T cell expansion because of its limited cel-
lular distribution (Haeryfar and Hoskin, 2004). Additionally, other proteins that are 
not normally expressed in murine cells have been used as markers for chimerization. 
For example, fluorescent markers such as GFP (Janssen et al., 2010) have been used to 
track the expansion of donor hematopoietic stem cells, in this case requiring geneti-
cally modified mice or transduction of the GFP transgene into donor stem cells.

We have successfully used the radiation chimera model (Figure 3.1) to study the 
repopulation of immune organs in irradiated animals with cells derived from the 
fetal livers of Cx43 KO mice (Nguyen and Taffet, 2009). These studies demonstrated 
that immune organs can be efficiently repopulated with donor-derived cells, resulting 
in host animals that have a normal constitution of immune cells. Using this model, 
we sought to test the findings of other models of Cx43 in immunity.

It has been suggested that gap junction communication has a role in thymocyte 
development (Fonseca et al., 2004; Montecino-Rodriguez et al., 2000). Interestingly, 
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it has been reported that Cx43 heterozygote embryos and neonates exhibit increased 
thymic cellularity when compared to littermates with normal Cx43 expression 
(Cx43+/+) (Montecino-Rodriguez et al., 2000). This includes an increased frequency 
of double-positive (CD4+/CD8+) thymocytes, but a decreased frequency of CD4+ 
thymocytes. However, these differences become less apparent over time, with the 
thymic composition achieving similarity between heterozygotes and wild-type lit-
termates by 4 weeks after birth.

Similarly, in experiments conducted involving reconstituting irradiated mice with 
either Cx43+/+ or Cx43+/− bone marrow, Montecino-Rodriquez et  al. (2000) found 
that reconstituting Cx43+/+ hosts resulted in normal thymic cellularity, whether the 
donor cells were Cx43+/+ or Cx43+/−. In contrast, there was reduced thymic cellularity 
when the host was Cx43+/−, regardless of donor genotype. This suggests that expres-
sion of Cx43 in the thymic stroma, rather than in the thymocytes themselves, is the 
determinant factor in thymic cellularity. Nonetheless, these experiments uphold the 
importance of Cx43 expression in the thymus.

Given the results of these studies, we hypothesized that a complete absence of 
Cx43 expression would further skew thymocyte development. To address this ques-
tion, we created chimeric mice in which greater than 99% of thymocytes were derived 
from the donor CD45.2 population. Surprisingly, there seemed to be no effect of the 
absence of Cx43 expression on the ability of thymocytes generated from fetal liver-
derived stem cells to repopulate the thymus. Cx43+/+, +/−, and −/− fetal liver cells were 
equally effective when assessed by cell number, by a proportion of CD45.2 positive 
cells, as well as by markers of thymocyte differentiation (CD4 and CD8 expression) 
(Nguyen and Taffet, 2009). In the end, we could find no significant differences in the 
thymus populations of either Cx43+/− or Cx43−/− radiation chimeras compared to chi-
meras created using donor cells expressing wild-type levels of Cx43.

Owing to this lack of difference in the radiation chimeras, we performed stud-
ies similar to those done by Montecino-Rodriquez et  al., looking for differences 
in the thymocyte profiles of nonchimeric Cx43+/− mice (Montecino-Rodriguez and 
Dorshkind, 2001; Montecino-Rodriguez et al., 2000). In contrast to their results, we 
did not find any difference in the proportion of double-positive thymocytes. However, 
when thymocytes were analyzed by first gating on CD3+ cells, significant differ-
ences in the single-positive thymocyte populations were observed between Cx43+/− 
mice and their wild-type littermates (Nguyen and Taffet, 2009). Specifically, there 

Cx43–/– donor
106 fetal liver cells
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animal1100 radCx43+/+

recipient 8 weeks

FIGURE 3.1 Radiation chimera model. Fetal liver cells from Cx43−/− mice were used to 
reconstitute irradiated mice.
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was a decrease in the percentage of CD4+ cells and a subsequent increase in CD8+ 
thymocytes. These results support the general findings of Montecino-Rodriquez 
et  al.—in our chimeric mice, since recipient animals express wild-type levels of 
Cx43 independently of donor cell genotype, results from both groups imply that the 
Cx43 content of the thymic stroma is more important than that of thymocytes in the 
development of T cells.

We also assessed the T cell populations in the periphery. As shown in Figure 3.2, 
both Cx43+/+ and Cx43−/− cells effectively reconstituted lymph nodes; however, at 
80%, the reconstitution was not as complete as that of the thymus or spleen, probably 
due to the presence of longer-lived, radio-resistant, memory populations in the lymph 
nodes (Nguyen and Taffet, 2009). However, the proportion of CD4+ and CD8+ cells 
in the lymph nodes was similar in chimeras generated from both Cx43+/+ and Cx43−/− 
donors. As with the spleen (Nguyen and Taffet, 2009), B cell repopulation in the 
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lymph nodes was unaffected by Cx43 depletion. Overall, both T and B lymphocyte 
populations could be successfully reconstituted in the absence of Cx43.

T cells were apparently capable of effective migration from the bone marrow to 
the thymus and then to the spleen and lymph nodes, while B cells could move from 
the bone marrow to the spleen and lymph nodes. This result was unexpected, given 
that Cx43 has been suggested to be critical for leukocyte migration (Oviedo-Orta 
et al., 2002).

Although Cx43 expression in immune cells seems to be dispensable for lympho-
cyte development, Cx43 has been reported to have roles in lymphocyte immune 
effector functions. In terms of B cells, it was shown that blocking gap junction 
communication in mixed lymphocyte cultures significantly reduced the secretion 
of immunoglobulins and IL-10. In particular, production of IgG, IgM, and IgA 
was greatly reduced following exposure to connexin mimetic peptides (Evans and 
Boitano, 2001; Oviedo-Orta et al., 2001). In our own studies, we analyzed antibody 
production by immunization with the T-dependent antigen KLH, which requires 
T cell interaction with antigen-presenting cells as well as B cells, and did not see a 
defect in antibody production.

Similar to lymphocytes, we did not detect a difference in macrophage production 
from Cx43−/− fetal liver cells (Nguyen and Taffet, 2009). We used a standard model 
of peritoneal inflammation to induce a substantial macrophage response. Animals 
that were irradiated and allowed to reconstitute were injected intraperitoneally with 
Brewer’s thioglycollate broth. Peritoneal lavage was performed after 72 h and the 
populations of inflammatory cells were analyzed. No significant differences were 
observed in the counts of responding cells between chimeric animals reconstituted 
from Cx43+/+, +/−, or −/− donors. In all cases, approximately 97% of the recovered cells 
were CD45.2 (donor) positive and greater than 60% of these cells were CD11b pos-
itive macrophages (Nguyen and Taffet, 2009). This result implied that leukocyte 
transmigration was not dependent on Cx43 expression, as had been predicted by in 
vitro models (Zahler et al., 2003).

The radiation chimera model is an interesting model in which to study the role 
of Cx43 in immune function. We have demonstrated the successful reconstitu-
tion of T and B lymphocytes, monocytes, and neutrophils in these animals. Basic 
immune functions are preserved as attested by the ability to produce antibody and 
respond to inflammatory stimulation (Nguyen and Taffet, 2009). Additionally, we 
have maintained chimeric animals of all Cx43 genotypes for several months after 
reconstitution, indicating that basic immune function persists. Further studies on 
T cell regulation (Bopp et al., 2007), immunity to bacteria (Anand et al., 2008), and 
antigen cross-presentation (Neijssen et al., 2005, 2007; Saccheri et al., 2010) will be 
of great interest in the future.

3.3 CULTURE OF CELLS DIRECTLY FROM FETAL LIVER

It is widely accepted that hematopoietic stem cells can be cultured in the presence of 
growth factors to produce a variety of myeloid cell types. Originally, media condi-
tioned by the fibroblast cell line L-929 was used to stimulate the production of mac-
rophages from bone marrow progenitor cells as well as the proliferation of peritoneal 



48 Connexin Cell Communication Channels

© 2010 Taylor & Francis Group, LLC

macrophages elicited using thioglycollate media (Hara and Ogawa, 1978; Stewart 
et al., 1975). The culture of bone marrow cells with L-cell conditioned media, and 
more recently, recombinant M-CSF, results in a population that is essentially 100% 
macrophages based on flow cytometry. Therefore, this is a technique that can yield a 
large number of essentially pure macrophages from a limited number of donors. One 
limitation of bone marrow derivation of macrophages is that marrow is most easily 
harvested from adult mice, limiting the technique’s application to genes that do not 
result in pre- or neonatal lethality, such as Cx43. As the murine fetal liver has long 
been recognized as a potent source of granulocyte and macrophage progenitor cells 
(Cline and Moore, 1972; Moore and Williams, 1973), it is possible to culture macro-
phages from a fetal liver in cases where the deleted gene, such as Cx43, is essential 
for postnatal viability (Crowley et  al., 1997; Underhill et  al., 1998; Levine et  al., 
2005; Kanazawa and Kudo, 2005; Soni et al., 2006; Ogawa et al., 2004). We have 
recently been employing this technique to study the function of murine macrophages 
with a Cx43−/− genotype.

In Figure 3.3, we show the flow cytometry from cultures of fetal liver-derived cells 
from Cx43+/+, +/−, and −/− mice. For this type of study, mice heterozygous for the gene 
in question were mated, and fetuses were removed at approximately 12–15 days of 
gestation. It is at this time that the liver has the highest content of HSC (Morrison 
et al., 1995). Once the fetal livers had been removed and placed in culture, a sample of 
the remaining fetal material was used for genotyping. After 24 h, nonadherent cells 
of identical genotypes were pooled and cultured in M-CSF supplemented media for 
1 week. The adherent cells contain fibroblasts that may overgrow the culture. This 
technique provides (assuming a Mendelian inheritance) macrophages that are homo-
zygously and heterozygously knocked out of the gene of interest, as well as wild-type 
macrophages for comparison from within the same litter. As shown in Figure 3.3, 
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FIGURE 3.3 Analysis of macrophages cultured from fetal liver cells. Cx43+/+, Cx43+/−, and 
Cx43−/− fetal liver cells were cultured in M-CSF for 7 days and assessed for the proportion 
of cells expressing the macrophage marker CD11b. The unstained wild-type cells are repre-
sented by the gray filled area. Cells stained for CD11b are Cx43+/+ (gray line), Cx43+/− (light 
black line), and Cx43−/− (heavy black line). There was no Cx43 dependence to in vitro mac-
rophage production.
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nearly all the cells (>99%) from Cx43+/+, +/−, and −/− fetal livers are positive for the mac-
rophage marker CD11b. We could not detect any difference in cell yield from the dif-
ferent genotypes. Thus, large numbers of nearly pure macrophages can be produced 
from Cx43 KO mice.

We have also analyzed the functional activity of the macrophages derived from 
these cultures. In Figure 3.4, we show the phagocytic potential of the macrophages 
from one such culture. Fetal liver macrophages cultured from Cx43+/+, +/−, and −/− mice 
were exposed to zymosan particles labeled with Texas Red for 1 h and opsonized 
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with normal mouse serum. After washing, we assessed the capability of these cells 
to phagocytose zymosan. Microscopic analysis indicated that most of the zymosan 
appeared to be internalized (data not shown). Flow cytometric analysis was used to 
determine the percentage of cells that had taken up zymosan and the relative amount 
of internalized particles was assessed as mean fluorescence intensity (MFI). We did 
not detect any significant difference in either the percentage of cells that had taken 
up particles or the amount of zymosan particles ingested. We have performed similar 
studies with other types of particles such as bacteria and antibody-coated erythro-
cytes but have not detected a defect in phagocytosis among macrophages lacking 
Cx43.

In a recent publication, it was reported that macrophages from Cx43 KO fetal 
livers were not capable of phagocytosis (Anand et  al., 2008). These investigators 
assessed macrophages isolated directly from fetal livers. These cells were isolated 
by adherence and were not generated in culture. Thus, the function of these mac-
rophages may represent a state that is induced by changes in the liver due to Cx43 
depletion. In our study, the adherent cells were removed and the nonadherent cells 
were cultured. Therefore, the environment in which the macrophages were cultured 
was identical for all three genotypes. Under these conditions, we found that phago-
cytosis was not dependent on Cx43 expression. The culturing of macrophages from 
Cx43 KO fetal liver cells is a useful option in exploring the impact of reduced or 
absent Cx43 expression in macrophage function.

3.4 CONDITIONAL AND TISSUE-SPECIFIC KNOCKOUTS

In the past, the lack of viable adult models of Cx43 deletion due to neonatal lethal-
ity has hindered the study of Cx43′s role in physiological systems at later stages of 
murine development. Transgenic models that delete Cx43 in specific tissues while 
maintaining expression in the cardiovascular system (cre/loxP technology) would 
be extremely useful in overcoming these obstacles. Some examples of using the cre/
loxP system to study the role of Cx43 in specific nonimmune tissues are endothelial 
cells (Liao et al., 2001), heart (Gutstein et al., 2001), Sertoli cells (Sridharan et al., 
2007), smooth muscle (Doring et  al., 2007), oocytes (Gershon et  al., 2008), and 
astrocytes (Requardt et al., 2009). Interestingly, there are only limited studies of cre/
loxP depletion of Cx43 in immune cells.

Experiments done by Presley et al. (2005) deleted Cx43 by cre/loxP technology 
using the Mx1-promoter. The goal of this study was to examine the contribution 
of Cx43 expression within the stromal compartment of the bone marrow. These 
studies showed that depletion of Cx43 in bone marrow stromal cells significantly 
decreased the short-term hematopoietic recovery as assessed by measurements of 
peripheral blood cell count. In this case, Mx1 expression is activated in response 
to exposure to poly IC. Mice were analyzed for hematopoietic regenerative ability 
after  5-fluorouracil treatment. The investigators noted a 90% reduction of Cx43 in 
the bone marrow in the induced Mx-Cre/Cx43flox/flox mice. This depletion resulted in 
a defect in short-term repopulation ability but not a long-term defect (Presley et al., 
2005). In this study, there was no note of an impact on immune function in the Cx43 
depleted animals. In a second study, Cx43 was depleted throughout the mouse using 
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an estrogen receptor responsive cre (Eltzschig et al., 2006). In this cre system, treat-
ment of the animals with 4-hydroxytamoxifen results in Cx43 depletion in multiple 
tissues. In this study, it was shown that ATP release by neutrophils is dependent on 
Cx43. Although this was a useful method to produce Cx43-deficient neutrophils, the 
depletion was not specific to neutrophils alone.

In 2011, Kuczma et al. (2011) produced a mouse that utilized cre under the CD4 
promoter to deplete Cx43 in T lymphocytes. This study showed normal development 
of conventional T cells. Cx43-depleted CD4+ and CD8+ cells developed normally 
and migrated to lymph nodes and spleen. The primary difference noted was a greatly 
decreased proportion of Foxp3+ cells, which was accompanied by increased popula-
tions of activated T cells. The authors concluded that the expression of FoxP3 was 
dependent on Cx43 expression.

It should be noted that CD4-cre is not specific to CD4+ lymphocytes alone. Since 
all T cells pass through a double-positive (CD4+, CD8+) stage during thymic devel-
opment, the cre recombinase is expressed, excising and deleting the floxed Cx43 
in CD8+ T cells as well (Lee et al., 2001). It is interesting to note that CD4 is also 
expressed in some macrophages, and that transgenes expressing CD4 promoter 
sequence are active in those cells (Hanna et al., 1994). It is not clear whether there is 
any expression of cre recombinase in macrophages of CD4-cre transgenic animals.

Given the extraordinary benefits of tissue-specific cre/loxP technology, and ready 
availability of Cx43 “floxed” animals, this model system may represent the future 
of the study of connexins in immune function. Currently, animals are available that 
express cre recombinase under several immune cell-specific promoters. For macro-
phages, mice have been developed to express cre under the macrophage lysozyme 
(m-lyz) promoter (Clausen et al., 1999), as well as the CD11b promoter (Ferron and 
Vacher, 2005). Other immune cell types can be studied using mice expressing cre 
under the promoters for CD11c (dendritic cells) (Melillo et al., 2010), CD19 (B cells) 
(Rickert et  al., 1997), and lck (T cells) (Zhang et  al., 2005; Lee et  al., 2001). Of 
course, this list is not exhaustive and new cre/loxP immune models are being devel-
oped continuously.

Both the cre/loxP technology and the radiation chimera mouse models described 
here are similar in that the overall goal is to bypass the lethal cardiovascular abnor-
malities in Cx43 KO mice. Cre/loxP technology has the advantage of being a less 
invasive and “cleaner” transgenic model in which to delete Cx43 in specific immune 
cell types versus our Cx43 radiation chimera model (Nguyen and Taffet, 2009) where 
all immune cells have Cx43 depleted.

When embarking upon studies of the functional role of connexins in the immune 
system, investigators today have the benefit of multitudinous approaches. In contrast 
with early investigations, blocking endogenous channels using chemical inhibitors 
and transfection of immune cell lines for expression of normal, tagged, or mutant con-
nexins are no longer the only available approaches to identifying how these proteins 
contribute to immune cell function. Such approaches remain powerful tools, just as 
the studies that employed them remain critically relevant to the field. Improvements 
to these approaches, and the development of entirely new methods such as more 
specific inhibitors, Nucleofection, improved transduction, chimeric mice, and cre/
loxP technology, have offered, and will continue to offer, new perspectives. We look 
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forward to the next two decades, and beyond, of research into the role(s) of connex-
ins in immunity. With the foundations that have been laid, they will undoubtedly be 
even more fruitful than those of the past.
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Gap Junctions in 
Antigen-Presenting Cells

Pablo J. Sáez, Kenji F. Shoji, and Juan Carlos Sáez

4.1 INTRODUCTION

Dendritic cells (DCs) constitute a heterogeneous cell population that emerges in the 
bone marrow (BM) from a macrophage and DC precursor, generating the following: 
(1) a common DC precursor and (2) a monocyte precursor (Liu and Nussenzweig 
2010). In addition, DCs can also emerge from monocytes under inflammatory condi-
tions (Shortman and Naik 2007). Two major categories of DCs have been established 
as follows: (1) conventional (cDCs) and (2) inflammatory DCs. DC differentiation is 
reached by the former during resting steady-state conditions, while the latter do so 
during inflammatory conditions (Merad and Manz 2009). In addition, cDCs can be 
classified into several subtypes that share the ability to pick up, process, and present 
antigens to T cells. DC subtypes can be recognized through the expression of differ-
ent cell surface markers, pattern cytokine secretions, migration pathways, locations, 
and functions (Shortman and Naik 2007). Although plasmacytoid DCs (pDCs) are 
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crucial in the interferon I-mediated immune responses (Shortman and Naik 2007), 
they are outside the scope of this review. Immature DCs recognize “danger sig-
nals,” which includes pathogen-associated molecular patterns (PAMPs) and damage- 
associated molecular patterns (DAMPs). They activate DCs, which in turn activate 
T cells after antigen presentation (Kono and Rock 2008).

DCs are highly specialized antigen-presenting cells (APCs), named “profes-
sional” APCs. Other immune cells, such as macrophages and B cells, are also 
APCs but less efficient than DCs (Janeway et  al. 1987; Kleindienst and Brocker 
2005; Kurt-Jones et  al. 1988; Mosser and Edwards 2008). After antigen uptake, 
DCs expose it at the cell surface in the major histocompatibility complex class II 
(MHC II), which is recognized by T cell receptors (TCR) located at the cell surface 
of T cells (Krummel and Cahalan 2010). For antigen presentation, DCs migrate 
through lymphatic vessels from periphery to lymph nodes (LNs), or other second-
ary lymphoid organs (SLOs), where naïve T cells reside (Randolph et  al. 2005). 
Antigen recognition induces a highly regulated maturation process in DCs that 
includes upregulation of molecules associated with antigen presentation, cell adhe-
sion, migration, and cellular communication (Corvalán et al. 2007; Reis e Sousa 
2006; Saccheri et al. 2010).

Once antigen-bearing DCs reach lymph nodes, they show slow motility but also 
frequently show shape changes and cellular process extensions. This cell dynamic 
allows transient contacts (minutes) with T cells, also observed in other SLOs (Bousso 
2008). Later on, DCs lose their motility and establish long-lasting contacts (hours) 
with T cells, allowing the formation of a very specialized contact zone named 
immunological synapse, required for T cell activation and proliferation (Bousso 
2008; Krummel and Cahalan 2010). Changes in protein distribution occur during 
the formation of the immunological synapse. Such changes allow the formation of 
supramolecular activation clusters (SMACs) that contain a centralized accumulation 
of TCR–MHC II complexes (cSMAC), surrounded by a peripheral zone (pSMAC) 
where transmembrane interactions occur (Krummel and Cahalan 2010). The immu-
nological synapse formation provides proper cell adhesion, which allows gap junc-
tion channels (GJCs) to form and stabilize (Sáez et al. 2000). This is an important 
mechanism for cellular cross talk.

The following two protein families can constitute GJCs: connexins (Cxs) and 
pannexins (Panxs), although Panx GJCs have only been demonstrated in osteoclasts 
(Ishikawa et al. 2011). Each GJC is formed by two hemichannels (HCs), which are 
oligohexamers of Cxs or Panxs (although Panx2 might form octamers) provided by 
adjacent cells (Figure 4.1) (Ambrosi et al. 2010; Sáez et al. 2003). They allow direct 
intercellular transfer of ions and small molecules, including cyclic nucleotides, ino-
sitol triphosphate (IP3), micro ribonucleic acid (RNA), and antigenic peptides up 
to ~1800 Da (Harris 2007; Katakowski et al. 2010; Neijssen et al. 2005; Orellana 
et al. 2009). Although, Cxs and Panxs are tetraspanning membrane proteins with 
similar membrane topology. They differ in several other features, including lack of 
significant homology in primary structure and number of extracellular cysteines (six 
in Cxs and four in Panxs, although Cx29 also has four), number of family members 
(21 for Cxs and 3 for Panxs), and glycosylation state (Cxs are proteins and Panxs are 
glycoproteins) (Figure 4.1) (D’Hondt et al. 2009).
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Several Cxs have been detected in immune system cells, Cx43 being the most 
ubiquitously expressed even by DCs (Corvalán et  al. 2007; Matsue et  al. 2006; 
Mendoza-Naranjo et al. 2007; Neijssen et al. 2007; Saccheri et al. 2010; Sáez et al. 
2000). GJC-mediated intercellular communication has been demonstrated in vitro 
between stimulated, but not resting, murine and human DCs (Concha et al. 1988; 
Matsue et al. 2006; Mendoza-Naranjo et al. 2007). In addition, gap junctional com-
munication between DCs and T cells has been observed after antigen exposition, 
suggesting their involvement in immunological synapse and local signaling (Elgueta 
et  al. 2009). Other immune cells express GJCs under inflammatory conditions, 
which allow the rapid spread of activating or inhibitory signals between neighbor-
ing cells (Bopp et al. 2007; Ring et al. 2010). Because GJCs might contribute to the 
activation of the immune response and induction of T cell-mediated suppression, a 
rising interest of immunologists in GJC-mediated intercellular communication has 
occurred during the last decade.

Here, we summarize the current knowledge on GJC expression in APCs during 
inflammation or antigen presentation, and we discuss their possible role in amplify-
ing, upregulating, or downregulating the immune responses.

FIGURE 4.1 Scheme of gap junction channels, hemichannels, connexins, and pannexins. 
Left: two adjoining cells forming a gap junction channel (GJC) plaque at the cell interface. 
Each cell presents hemichannels (HCs) formed by subunits termed connexins (Cxs) or pan-
nexins (Panxs). Middle top: Panx HCs formed by six Panxs subunits. Middle center: GJC 
plaque formed by an aggregation of many GJCs that leave a virtual space of 2–3 nm at the 
adjoining region. Middle bottom: Cx HCs constituted by six Cxs subunits. Right: membrane 
topology of Panxs (top) or Cxs (bottom). The white squares denote extracellular cysteine 
residues. N and C represent amino and carboxyl termini, respectively.
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4.2  EXPRESSION OF CONNEXINS BY DENDRITIC CELLS 
AND T CELLS

4.2.1 connExinS in dEndritic cEllS

The expression of GJCs by immune system cells has been studied for around four 
decades, starting in the early 1970s when Hülser and Peters worked on T cells (Hülser 
and Peters 1971, 1972). Later on, studies done in macrophages were reported and 
the possibility of GJC formation between DCs, and DCs and T cells was suggested 
(Concha et al. 1988, 1993; Levy et al. 1976; Porvaznik and MacVittie 1979). During 
the last decade, a rising interest on DCs has occurred and expression of Cx GJCs has 
been proposed to play a relevant role in cross-presentation, amplification, and also 
downregulation of immune responses (Table 4.1) (Neijssen et al. 2005, 2007).

Langerhans cells (LCs). Immature LCs reside in the epidermal layer of the skin 
and after antigen uptake they migrate to draining LNs and present antigens to T cells 
(Merad et al. 2008). The first ultrastructural study done in DCs showed GJC-like 
membrane specializations (Concha et al. 1988). The presence of GJC-like structures 
at cellular interfaces of LCs isolated from skin and T cells was also described in 
both murine and human samples (Concha et al. 1988, 1993). Similar observations 
were obtained in human samples from peripheral lymph after induction of contact 
dermatitis (Brand et al. 1995).

Recently, Cx43 immunoreactivity in MHC II-positive cells (probably LCs) at 
the human epidermis and human appendix was described (Neijssen et al. 2005). In 
addition, the expression of Cxs has been suggested through functional analyses in 
cultures of XS52 cells, which is a cell line derived from the murine epidermis with 
LCs-like phenotype (Matsue et al. 2006). However, Zimmerli et al. (2007) showed 
the absence of Cx43 in LCs of normal human skin, suggesting that resting LCs do 
not form GJCs. The latter is consistent with previous observations obtained in other 
DC subtypes, including cell lines derived from murine DCs and primary cultures of 
murine or human DCs that do not express functional GJCs under control conditions 
but show gap junctional communication and upregulation of Cx43 levels upon acti-
vation with proinflammatory agents (e.g., cytokines or bacterial products) (Corvalán 
et al. 2007; Krenacs et al. 1997; Matsue et al. 2006; Mendoza-Naranjo et al. 2007; 
Zimmerli et al. 2007). The role of Cxs in LCs will be described in detail in Section 
6.2 of Chapter 6.

Follicular dendritic cells (FDCs). SLOs such as LNs, spleen, and tonsils contain 
B cell-rich zones called follicles, where FDCs are located. At SLO follicles FDCs 
present antigens to B cells and perform antigen retention (Batista and Harwood 
2009). After antigen challenge, an immune response is developed and B cell pro-
liferation occurs within the follicles, leading to the formation of germinal centers 
(GCs) (Klein and Dalla-Favera 2008). Using in situ hybridization, Cx43 mRNA 
was detected in cells morphologically identified as FDCs in reactive human tonsil 
(Krenacs et al. 1997). Immunofluorescence analysis revealed Cx43 in human tonsil 
GCs, where Cx43 reactivity colocalized with CD21 and CD35, which are molec-
ular markers of FDCs (Krenacs and Rosendaal 1995, 1998; Krenacs et  al. 1997). 
The ultrastructural analyses of freeze-fracture replicas showed the hallmark of 
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GJs associated with FDCs in human tonsil GCs (Krenacs et al. 1997). In reactive 
spleen samples, Cx43 mRNA was found by Northern blot analyses (Krenacs et al. 
1997). Accordingly, immunofluorescence analyses showed Cx43 reactivity in FDCs 
in reactive human spleen (Krenacs and Rosendaal 1995). However, neither Cx26 
nor Cx32 were detected in LNs, spleen, or tonsils (Krenacs and Rosendaal 1995). 
Immature splenic DCs (sDCs) reside in the spleen, the organ that filters the blood 
and is the main site for immune (innate and adaptive) responses to blood-borne anti-
gens (Mebius and Kraal 2005). Isolated sDCs from mice show immunoreactivity for 

TABLE 4.1
Gap Junction Channels between DCs and between DCs and Lymphocytes

APC Connexins Species Coupled Cells Techniques References

LCs Cx43 Human, 
mouse

LCs–T cells EM, IF Brand et al. (1995); 
Concha et al. (1988, 
1993); Neijssen et al. 
(2005)

XS52 (cell line 
derived from LCs)

ND Mouse LCs–LCs DT Matsue et al. (2006)

FDCs Cx43 Human, 
mouse

FDCs–FDCs
FDCs–B cell

DT, EM, IF Krenacs and Rosendaal 
(1995, 1998); 
Krenacs et al. (1997)

BMDCs Cx43 Mouse DCs–DCs
DCs–CD4+

DCs–CD8+

DCs–T reg

DT, RT-PCR, 
IF, WB

Elgueta et al. (2009); 
Matsue et al. (2006); 
Ring et al. (2010)

tsDC (cell line 
derived from 
BMDC)

Cx43, Cx45 Mouse DCs–DCs DT, RT-PCR, 
WB

Corvalán et al. (2007)

MoDCs Cx43, Cx45 Human DCs–DCs DT, WB, FC Mendoza-Naranjo 
et al. (2007)

sDC Cx43 Mouse sDC–T cells DT, IF Elgueta et al. (2009)

DC1 (cell line 
derived from sDC)

Cx43 Mouse NE WB Winzler et al. (1997)

CD11c DCs at LNs Cx43 Mouse DCs–T reg DT, IF Ring et al. (2010)

DEC205+ DCs at 
LNs

Cx43, Cx45 Mouse NE IF, β-gal Corvalán et al. (2007)

CD4+ and CD8+ 
DCs at LNs

Cx43 Mouse NE FC Saccheri et al. (2010)

Note: BMDCs, bone marrow-derived DCs; Cxs, connexins; DCs, dendritic cells; DT, dye transfer; 
EM, electron microscopy; FC, flow cytometry; FDCs, follicular dendritic cells; FF, freeze frac-
ture; LCs, Langerhans cells; IF, immunofluorescence; LNs, lymph nodes; MoDCs, monocyte-
derived DCs; NE, not evaluated; pDCs, plasmacytoid DCs; T reg, regulatory T cells; RT-PCR, 
reverse transcription polymerase chain reaction; sDCs, splenic DCs; tsDC, thermo-sensitive 
DCs; Wb, Western blot.
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Cx43, which is redistributed to sDC–T cell interfaces in the presence of antigenic 
peptides (Elgueta et al. 2009). In agreement with the previous report, DC1, which is 
a cell line derived from murine sDC, showed an increase in its relative protein levels 
of Cx43 after lipopolysaccharide (LPS) stimulation (Saccheri et al. 2010). For more 
details, see Section 2.1 of Chapter 2.

Monocyte and bone marrow-derived dendritic cells. Monocytes and DCs emerge 
from a common precursor in the BM. Then, they populate different organs or cir-
culate in the blood (see above). The in vitro differentiation of BM precursors into 
DCs facilitates the study of DC biology (Inaba et al. 2009). Relative levels of Cx43 
mRNA and protein were detected in BM-derived DCs (BMDCs), and they were 
upregulated by LPS treatment, but were unaffected by interferon-γ (IFN-γ) (Matsue 
et al. 2006). Thermo-sensitive DCs (tsDC), an immortalized cell line derived from 
murine BMDC, express detectable Cx43 and Cx45 mRNA and protein levels evalu-
ated through RT-PCR and Western blot analyses, respectively (Corvalán et al. 2007; 
Volkmann et al. 1996). Moreover, treatment with tumor necrosis factor-α (TNF-α) 
plus interleukin-1β (IL-1β) increased Cxs 43 and 45 proteins and mRNA levels in 
tsDCs. In addition, a synergic effect with this cytokines was observed after IFN-γ 
treatment (Corvalán et al. 2007).

Monocyte-derived DCs (MoDCs) represent a good model to expand and grow 
DCs in vitro (Sallusto and Lanzavecchia 1994). Human MoDCs are used for immu-
notherapy in patients with cancer such as melanoma. Thus, the antigen delivery and 
amplification of immune responses play a pivotal role in the immune response to 
tumors (Mendoza-Naranjo et  al. 2007). Human MoDCs under resting conditions 
express Cxs 43 and 45 proteins, and Cx43 levels increased slightly after treatment 
with a melanoma cell lysate (MCL). However, human MoDCs exposed to MCL 
plus TNF-α showed a significant increase in Cx43 levels, but not in Cx45 levels 
(Mendoza-Naranjo et  al. 2007). Furthermore, in MoDCs treated with MCL plus 
TNF-α, immunofluorescence analyses revealed Cx43 recruitment to the cell mem-
brane where it formed GJC plaques (Mendoza-Naranjo et al. 2007).

Migratory dendritic cells in lymphoid organs. So far, few in vivo approaches 
using murine models after tissue injury or tumor challenge have been described. 
An increase in Cx43 reactivity occurs in mice LNs after immune challenge, sug-
gesting that GJCs might also be upregulated (Krenacs et al. 1997). Under resting 
conditions, both Cx43 and Cx45 were detected in LNs, but Cx43 colocalized with 
the DC marker DEC205 (DEC205+Cx43−) in a small population of paracortical DCs, 
whereas Cx45 was present in a larger population of DCs (DEC205+Cx45+) (Corvalán 
et al. 2007). After inducing striate muscle injury with BaCl2 used as a myotoxin, 
a significant increase in the number of DEC205+Cx43+ cells at draining LNs was 
observed. Similar results were obtained in transgenic mice that express the lacZ 
reporter gene encoding β-galactosidase in one Cx43 allele. On the other hand, the 
population of DEC205+Cx45+ did not show an increase in Cx45 levels, but showed a 
redistribution of the protein after muscle damage; DEC205+Cx45+ cells formed tight 
aggregates. Cx32 was not detected in LNs under resting conditions or after muscle 
injury (Corvalán et al. 2007). These studies show the expression of Cxs 43 and 45 in 
cDCs under resting conditions and the increase expression or changes in distribution 
of these Cxs in cDCs or inflammatory DCs (Figure 4.2).
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Downregulation of Cxs, including Cx43, or gap junctional communication 
occurs in several tumor cells during tumorigenesis (Naus and Laird 2010). However, 
the intratumor injection of Salmonella typhimurium upregulates the relative levels 
of Cx43 in B16 cells and makes the tumor more immunogenic and thus allows the 
activation of DCs and consequently activation of CD8+ T cells (Figure 4.3), favor-
ing tumor rejection (Saccheri et al. 2010). The antitumor immune response will be 
discussed in detail in Section 5.1 of Chapter 5.

4.2.2 connExinS in t cEllS

T cells comprise the second major class of lymphocytes. Basically, T cells are the 
key elements in the immune response because they can function both as effectors 
that can mediate cytolitic responses and as helpers coordinating humoral and cell-
mediated responses. In T cells, Cx43 has been attributed to be the main GJC protein. 
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FIGURE 4.2 Illustration of homocellular and heterocellular gap junctional communica-
tion at specific stages of immune responses. (1) After skin injury or infection, several events 
occur. (2) Immune cells located at areas surrounding the wounded site are recruited; in this 
picture, skin resident Langerhans cells (LCs) are recruited by danger signals (e.g., PAMPs 
and DAMPs) released by local cells. LCs phagocytose bacteria and expose their antigens in 
MHC II molecules. (3) The tissue is invaded by bacterial spreading. (4) Bacteria infect endo-
thelial cells (ECs), which lose their cellular junctions and produce cyotkines (cyt), leading to 
an increase in vascular permeability, and bacteria enter the bloodstream. (5) After upregula-
tion of cell adhesion molecules (CAMs), ECs allow leukocyte rolling and extravasation. (6) 
After extravasation, monocyte (Mo) differentiate into macrophages (Mθ) or dendritic cells 
(DCs). (7) DCs (LCs or inflammatory) phagocytose and expose bacteria antigens in MHC 
II at their cell surface and enter lymph vessels. (8) DCs migrate into draining secondary 
lymphoid organs (SLOs) and present antigens to naïve T helper cells (Th), inducing their pro-
liferation. (9) Clonal expansion of antigen-specific LT and B cells (LBs) occurs and both cell 
types enter the blood. (10) LBs differentiate into plasma B cells, which produce antibodies 
(abs), and Th cells secrete cytokines, which also stimulate LBs. (11) Blood bacteria are opso-
nized by circulating abs. (12) Some Th cells enter the tissue and interact with Mθ, favoring 
the elimination of the pathogen.
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In human, only Cx43 has been identified from blood-derived T cells, and Cx40 as 
well as Cx43 were identified in T cells derived from human tonsils (Oviedo-Orta 
et al. 2000). Moreover, during blastic transformation, CD4+ but not CD8+ T cells 
increased the surface expression of Cx43, but it did not affect the extent of dye trans-
fer (Oviedo-Orta et al. 2000). On the other hand, it was recently related that Cx43 
upregulation favors T cell proliferation via HC-mediated cysteine uptake (Figure 
4.2) (Oviedo-Orta et al. 2010).

In addition, both Th1 and Th2 effector cells express Cx43 (Bermudez-Fajardo 
et al. 2007). On the other hand, CD4+ naïve T cells and naturally occurring regula-
tory T cells (T reg) from a murine background expressed the mRNA of Cxs 31.1, 
32, 43, 45, and 46 (Bermudez-Fajardo et al. 2007). Homocellular GJCs between T 
cells and heterocellular GJCs between T cells and other cell types, including B cells, 
endothelial cells (ECs), macrophages, and DCs have been documented (Bermudez-
Fajardo et al. 2007; Elgueta et al. 2009; Oviedo-Orta and Evans 2002; Oviedo-Orta 
et al. 2000).

It has been proposed that the role of GJC formation in T cells is to participate in 
B cell maturation, T cell activation by DCs, and T cell suppression between naïve 
T cells and T reg (Figure 4.2) (Bopp et al. 2007; Elgueta et al. 2009; Oviedo-Orta 
et al. 2001).
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FIGURE 4.3 Gap junctional communication during tumorigenesis. (1) At early stages 
during tumorigenesis, tumor cells (TCs) proliferate within a tissue and downregulate gap 
junctional communication. (2) During metastasis, TCs could reexpress some Cxs for intrava-
sation and invade other tissues. (3) Danger signals (e.g., ATP) are released at the tumor site, 
recruiting monocytes (Mo) that might differentiate into inflammatory dendritic cells (DCs). 
(4a) GJC-mediated cross-presentation of tumor antigens from TCs to endothelial cells (ECs). 
Then, ECs might present antigens in MHC I to antigen-specific cytotoxic T cells (CTLs). (4b) 
Through phagocytosis or cross-presentation, DCs acquire the antigen from TCs. (5) After 
taking up antigens, DCs might amplify the number of antigen-bearing DCs through GJC-
mediated cross-presentation. (6) DCs migrate into draining secondary lymph organs (SLOs) 
where they present antigens to specific CTLs and induce clonal expansion. (7) CTLs homing 
at tumor site and after extravasation crawl toward TCs. (8) Through granzyme reactions, 
CTLs kill TCs by apoptosis.
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4.3  WHY CELL CONTACTS BETWEEN DENDRITIC CELLS AND 
T-CELLS MIGHT PRESENT GAP JUNCTIONS?

Although antigen presentation might occur in a contact-independent manner (see 
Section 4.4.2), the importance of cellular contacts during this process is clear. 
Interestingly, before the formation of heterocellular contacts between DCs and T 
cells, homocellular interactions occur between DCs. These contacts might be relevant  
to amplifying the immune response by increasing the number of responsive antigen-
bearing DCs. Under resting steady-state conditions, many homocellular contacts are 
established at DC clusters at LNs, which increase after antigen recognition (Bousso 
2008; Lindquist et al. 2004). Furthermore, DC maturation increases the expression of 
cell adhesion molecules (CAM), favoring cell–cell contacts and formation of GJCs 
(Imhof and Aurrand-Lions 2004; Sáez et al. 2000). In several cellular systems, appro-
priate cell adhesion is required for GJC formation, and clustering of DCs increases 
the possibility of establishing this intercellular communication pathway (Meyer et al. 
1992; Musil et al. 1990).

4.3.1 iMportancE of cEll–cEll contactS BEtwEEn dEndritic cEllS

Cell adhesion is crucial for leukocyte extravasation at infection or injury sites. This 
process is principally mediated by selectins and integrins expressed in the vascu-
lature surface of the inflamed site (Abram and Lowell 2009; Ley et al. 2007). The 
importance of cell adhesion is unveiled in leukocyte adhesion deficiencies, which 
might be due to integrin mutations that lead to several syndromes such as increased 
susceptibility to pathogen infection, decreased chemotaxis, and impaired wound 
healing; notably, the lack of integrins might be lethal (Abram and Lowell 2009; Ley 
et al. 2007). Extravasation from blood vessels might be important for inflammatory 
DCs, but not for tissue resident DCs already present in the site of infection. After 
antigen encounter, DCs have to invade afferent lymphatic vessels in a process also 
mediated by CAM. The antibody blockade of both ICAM-1 and VCAM-1 impaired 
the lymphatic transmigration of antigen-bearing DCs and thus prevented the devel-
opment of virus-specific CTL immune responses (Teoh et al. 2009). Recently, a role 
for GJCs in cell adhesion has been proposed, which is compatible with the fact that 
GJC blockers avoid extravasation of monocytes and neutrophils (Elias et al. 2007; 
Eugenín et al. 2003; Sarieddine et al. 2009; Véliz et al. 2008). Because the impair-
ment of cell adhesion through L-CAM or N-cadherin immunoneutralization pre-
vents GJ formation and changes the phosphorylation state of Cx43 expressed by 
DCs, the upregulation of CAMs in activated DCs might favor GJC-mediated com-
munication between DCs-lymphatic vessels and BM DC-sinusoidal wall (Figure 4.2) 
(Abram and Lowell 2009; Campbell 1982; Meyer et al. 1992; Musil et al. 1990).

In the skin, both LCs and dermal DCs (dDCs) are PAMP and DAMP sensors, 
and intravital observations using two-photon microscopy in a murine model showed 
that activation with LPS or protozoan parasites leads to morphological changes, 
motility loss, and interaction with surrounding DCs (Ng et al. 2008). DCs exposed 
to Escherichia coli or their supernatants show Ca2+ fluxes that propagate between 
neighboring DCs through long membrane connections named tunneling nanotubes 
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(TNT; see Section 4.4.2) (Salter and Watkins 2009; Watkins and Salter 2005). 
Another mechanism for transmission of Ca2+ waves is through GJCs, which might 
be present at TNTs (Sáez et al. 2003; Wang et al. 2010).

4.3.2 Gap JunctionS BEtwEEn dEndritic cEllS

The expression of Cxs in mammals is ubiquitous and gap junctional communica-
tion is normally present in different organs such as the brain, heart, liver, lung, and 
other tissues under resting conditions (Sáez et al. 2003). In most tissues, the exposure 
to proinflammatory agents such as β-amyloid peptide, PAMPs (e.g., LPS or pepti-
doglycan (PGN)), and cytokines (e.g., TNF-α, IL-1β, and IFN-γ) induces a drastic 
reduction in gap junctional communication (González et al. 2002; Hu and Xie 1994; 
Leaphart et  al. 2007; Martin and Prince 2008; Orellana et al. 2009; Simon et al. 
2004). Inversely, immune cells under control conditions do not show communication 
via GJCs, but stimulation with proinflammatory agents as those mentioned above 
induces changes in Cx distribution, switch or increase in Cxs expression, and in 
some cases GJC formation (Neijssen et al. 2007). In vitro studies have shown induc-
tion of GJC-mediated communication between APCs exposed to a particular combi-
nation of proinflammatory agents (Table 4.1).

The epidermis is the outer layer of the skin and is the first physical barrier to 
avoid the entry of pathogens into the organism (Nestle et al. 2009). The main cells of 
the epidermis, the keratinocytes, produce cytokines, including TNF-α, IL-1β, IL-6, 
IL-10, and IL-18, which modulate the activity of DCs and other skin resident cells 
(Nestle et al. 2009). The stimulation of tsDCs for 7 h with a conditioned medium 
obtained from keratinocytes induced their maturation and transient expression of 
functional GJCs, which were partially abolished with TNF-α and IL-1β neutral-
izing antibodies and completely blocked with GJC inhibitors (Corvalán et al. 2007). 
Stimulation of tsDC, D2SC/1 (a cell line derived from spleen DCs) or BMDCs with 
TNF-α plus IL-1β (for 5–8 h) mimics the induction of gap junctional communi-
cation induced by keratinocyte conditioned medium. In addition, other cytokines 
modulate the effect of TNF-α plus IL-1β on gap junctional communication; while 
IFN-γ increases the extent and duration, IL-6 prevents the effect of TNF-α plus 
IL-1β (Figure 4.2) (Corvalán et al. 2007).

PAMPs such as LPS or CpG oligodeoxynucleotide (ODN) activate toll-like recep-
tor (TLR) 4 and TLR9, respectively, and are classical stimuli to induce the matura-
tion of APCs (Kono and Rock 2008). However, LPS did not induce gap junctional 
communication in APCs (monocytes, macrophages, and microglia), but when coap-
plied with IFN-γ the functional expression of GJCs occurred (Eugenín et al. 2001, 
2003, 2007). Similar results were obtained with cultures of BMDCs and XS52 cells 
that became coupled after treatment for 24 h with LPS or CpG ODN plus IFN-γ 
(Matsue et al. 2006). Both treatments that induced gap junctional communication in 
DCs depend on the autocrine effect of TNF-α and were mimicked with TNF-α plus 
IFN-γ, and blocked with GJC inhibitors. In addition, the blockade of DC GJCs pre-
vented the upregulation of surface markers related with antigen presentation, such as 
CD40, CD80, CD86, and MHC II, and reduced their capacity to induce proliferation 
of CD4+ T cells after alloantigenic presentation (Matsue et al. 2006).
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FDCs form a meshwork within the follicles, where Cx43 reactivity has been 
detected (see Section 4.2.1) (Krenacs and Rosendaal 1995, 1998; Krenacs et al. 1997). 
In addition, dye transfer experiments have revealed intercellular coupling between 
cultured FDCs under resting conditions. Moreover, coupled FDCs were observed in 
tonsil samples of children with recurrent inflammation (Krenacs et al. 1997), sug-
gesting that repetitive antigen challenge evokes a microenvironment that induces gap 
junctional communication.

MHC II antigen presentation occurs when extracellular antigens are taken up by 
APCs, loaded in MHC II at the cell surface and presented to CD4+ T cells (Figure 
4.4) (Vyas et al. 2008). On the other hand, MHC I antigen presentation corresponds to 
antigen peptides derived from cytosolic proteins and occurs in almost all cells of the 
body that express MHC I. During MHC I antigen presentation, endogenous or viral 
peptides are presented to CD8+ T cells inducing an immune response to viruses and 
thus killing the infected cells (Vyas et al. 2008). Cross-presentation is a mechanism 
through which exogenous peptides are acquired by APCs and presented in MHC I 
to CD8+ T cells, allowing the development of immune responses against viruses or 
tumors from noninfected APCs (Vyas et al. 2008). Recently, Neijssen et al. (2005) 
showed gap junctional communication as a new pathway for cross-presentation in 
monocytes, which via GJCs acquired influenza peptides from infected cells and then 
induced CTL activation (Neijssen et al. 2005). This mechanism suggests a “bystander 
effect,” by which uninfected cells acquire virus peptides and can be eliminated by the 

ATP or NAD+

Cx HCs

Px HCs
Exosomes

MHC II

? ?

TCR

GJCs

Lymphocyte

TNT

APC

FIGURE 4.4 Gap junctional and hemichannel communication during antigen presentation. 
An antigen-presenting cell (APC) exposes antigens in MHC II and forms GJCs with a lym-
phocyte (a T or B cell). Other mechanisms of cellular communication are depicted, including 
the opening of hemichannels (HCs), exosomes, and tunneling nanotubes (TNT). ATP, NAD+, 
and other small molecules could be released to the extracellular milieu via HCs.
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CTL after MHC I antigen presentation. During tumor development, a similar mecha-
nism might occur (Handel et al. 2007; Neijssen et al. 2005, 2007).

As mentioned before, MoDCs are used in melanoma immunotherapy, so the 
amplification of immune responses plays a pivotal role against tumor. Melanoma 
antigens are presented by DCs to the CTL, so MCLs induce DC maturation, which 
is potentiated with TNF-α. Indeed, 24 h treatment with MCL plus TNF-α induced 
transient gap junctional communication between MoDCs favorin cross-presenta-
tion, and was blocked with GJC inhibitors (Mendoza-Naranjo et al. 2007). Similar 
results were obtained with apoptotic cells. A431 epithelial carcinoma and B16 
melanoma cells transfected with Cx43 efficiently transferred apoptotic peptides 
to BMDCs, which activate CTLs (Pang et al. 2009). However, in A431 apoptotic 
cells, cross-presentation still occurs although less efficiently in the absence of 
Cx43, suggesting the existence of two mechanisms for peptide delivery to BMDCs 
as follows: (1) dependent on Cx43 GJCs and (2) independent of GJCs possibly 
provided by direct uptake of apoptotic peptides (Figure 4.3) (Pang et  al. 2009). 
Otherwise, in B16 cells, the cross-presentation was completely dependent on GJCs 
(Pang et al. 2009).

Recently, Saccheri et al. (2010) demonstrated GJC-mediated cross-presentation 
using melanoma-derived B16 cells. B16 cells showed downregulation of Cxs. In this 
study, Cx43 expression was induced by infecting B16 cells in vitro or directly by 
infecting the tumor with Salmonella typhimurium. Cx43 upregulation was associ-
ated with dye transfer via GJCs between B16 and BMDCs, and was required for 
cross-presentation of ovalbumin (OVA) peptides from B16 to BMDCs, which after 
cross-presentation activate OVA-specific CTLs (Saccheri et al. 2010). Interestingly, 
a lower progression of the tumor was observed in vivo when B16 cells infected with 
Salmonella typhimurium expressed Cx43. In addition, vaccination with DCs loaded 
with cell lysate from infected B16 cells increased mice survival (Saccheri et  al. 
2010). These results suggest that in vivo cross-presentation through GJCs is an effec-
tive mechanism to develop an immune response against tumors (Figure 4.3). Since 
melanoma peptides can be transferred between human MoDCs, GJCs might consti-
tute a molecular target to develop new therapies to treat cancer.

4.4  ARE GAP JUNCTIONS SUFFICIENT TO EXPLAIN THE NEED 
FOR DIRECT PHYSICAL CONTACT BETWEEN DENDRITIC 
CELLS SO TO BE GOOD ANTIGEN-PRESENTING CELLS?

The heterocellular contacts between DCs and T cells generated during antigen presen-
tation are required for either induction or tolerance responses of the immune response 
(Bousso 2008; Hugues et al. 2004; Shakhar et al. 2005). During DC-induced T cell 
activation, both cell contacts and local signaling play a pivotal role in determining 
changes in free intracellular Ca2+ concentration ([Ca2+]i) required for T cell activa-
tion (Krummel and Cahalan 2010; Vig and Kinet 2009; Wei et al. 2007). Because 
GJCs are permeable to several second messengers (e.g., Ca2+, IP3, and cAMP), they 
permit diffusional transfer or propagation of second messenger waves (e.g., different 
types of Ca2+ waves), and thus their participation in antigen presentation is relevant 
(Harris 2007; Tour et al. 2007).
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In this section, we highlight the possible role of DC–T cell GJCs and their contri-
bution to antigen presentation. Other possible pathways for antigen presentation are 
also briefly described.

4.4.1  Gap JunctionS BEtwEEn dEndritic cEllS and t cEllS 
aS part of iMMunE SynapSE

Primary cultures of sDCs and T cells obtained from an antigen-specific system 
(OT I and OT II) express Cx43, but they do not form functional GJCs under resting 
 conditions (without antigen peptides) (Elgueta et al. 2009). However, the exposure to 
antigen peptide induced gap junctional communication between DCs and T cells after 
6–24 h. Maximal coupling was observed around 8 h after antigen challenge and was 
abolished by GJC blockers (Elgueta et al. 2009). Functional GJCs between BMDCs 
and CD4+ or CD8+ was shown, and the blockade of DC–T cell GJCs prevents IL-2 
secretion in both CD4+ and CD8+ T cells (Elgueta et al. 2009). The GJC blockade also 
prevented activation and delayed polyclonal expansion of CD4+ T cells, but did not 
affect the polyclonal expansion (Elgueta et al. 2009). Since the used GJC inhibitors 
are likely to be effective during a limited period of time, the above findings dissect 
the importance of heterocellular (DC–T cells) and homocellular (T cell-T cell) GJCs 
present in DC–T cell co-cultures exposed to antigen peptides (Figure 4.4).

An important subset of CD4+ T cells is constituted by T reg cells. They are involved 
in the suppression of immune responses to a specific antigen thorough a process named 
tolerance. A good model to study T reg cells in vitro and in vivo is the hapten-induced 
contact hypersensitivity reaction, where a hapten is taken up by DCs and then pre-
sented to T cells inducing tolerance (Green et al. 2009). Haptenized BMDCs showed 
functional GJC-mediated communication with T reg cells, evaluated with the dye 
transfer technique, which was abolished with GJC blockers (Ring et al. 2010). T reg 
cells loaded with the cell tracker calcein were injected into mice before sensitization, 
and 48 h later were found in draining LNs. In confocal images of LN cross sections, 
a close association between T reg cells and DCs was identified using CD11c as a DC 
marker. Reactive plaques of Cx43 were detected at DC–T reg interfaces (Ring et al. 
2010). DCs sensitized with the hapten and isolated from LNs induced proliferation 
of hapten-specific CD8+ T cells. But when T reg cells were injected into mice, the 
isolated DCs were unable to induce CD8+ T cell proliferation. However, blocking T 
reg cell GJCs before injection restored the ability of isolated DCs to stimulate CD8+ T 
cells in vitro (Ring et al. 2010). This finding was corroborated in vivo by using isolated 
CD8+ T cells that respond to sensitization under control conditions. Additionally, T 
reg cell GJCs were inhibited, but not when untreated T reg cells were injected into 
the mice. Furthermore, in vivo experiments showed that ear-swelling produced with 
sensitization is inhibited by T reg cells in a GJC-dependent manner (Ring et al. 2010).

4.4.2  intErcEllular coMMunication patHwayS durinG antiGEn 
prESEntation and croSS-prESEntation

A “two-signal” model was proposed for antigen presentation. In this model, the 
proper activation of T cells requires the following two signals: (1) one delivered by 
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TCRs after appropriate engagement with the peptide–MHC II complex, and (2) the 
right costimulation through engagement of T cell CD28 and APC CD80 or CD86, 
and many other receptors. Signal 1 alone would lead to a tolerogenic response, and 
no immune response would occur. However, the requirement of a third signal cor-
responding to soluble molecules released by APCs that might determine the full 
activation or tolerance of naïve T cells has been described (Figure 4.4) (Reise Sousa 
2006). From the many mechanism that has been proposed to participate in the 
release of these soluble molecules, hemichannels and exosomes play a pivotal role 
in the antigen presentation. In addition to GJCs, other mechanisms, such as tunnel-
ing nanotubes, has been proposed to participate in the antigen presentation through 
connecting adjacent cells (Gousset and Zurzolo 2009; Thery et al. 2009; Woehrle 
et al. 2010).

Hemichannels. HCs allow the direct transfer of molecules between the cytoplasm 
and extracellular milieu, including ATP, cAMP, NAD+, and other small molecules 
that are known to modulate antigen presentation, and can be activating or tolero-
genic signals (Bopp et al. 2007; Harris 2007; Hubert et al. 2010; la Sala et al. 2002; 
Oviedo-Orta and Evans 2002).

In cultured cells under resting conditions, HCs present a low open probability, 
but under particular physiological and pathophysiological conditions, their activity 
can be enhanced (Schalper et al. 2008). CD4+ T cells express Cx and Panx HCs, 
which mediate the release of ATP for efficient TCR activation and proliferation of 
T cells (Oviedo-Orta et al. 2010; Schenk et al. 2008; Woehrle et al. 2010). Because 
macrophages express Cx and Panx HCs, it is possible that DCs also do so, thus being 
relevant to determine the fate of the immune response (Figure 4.4).

Exosomes. Exocytosed vesicles of endosomal origin with 40–100 nm in diameter 
are named exosomes and differ from other secreted vesicles (e.g., microvesicles and 
membrane particles). They have cholesterol-enriched membranes and contain lipid 
rafts and proteins involved in membrane transport and fusion (Simons and Raposo 
2009; Thery et  al. 2009). The secretion of exosomes is a constitutive or induced 
mechanism depending on the cell type; cultured DCs secrete them constitutively 
although the extent of secretion varies depending on the activation state of DCs 
(Thery et al. 2009). CD4+ T cell stimulation with exosomes released by DCs has been 
demonstrated. In vivo, exosomes containing MHC II at FDC–T cell interfaces have 
been detected (Denzer et al. 2000; Thery et al. 2002). Transfer of MHC I and MHC 
II loaded exosomes between DCs also occurs and in vivo studies unveiled that DCs 
are required for exosome stimulation of CD4+ T cells (Viaud et al. 2010). In addition, 
PAMPs and DAMPs modulate the secretion of exosomes. For example, ATP (which 
is a DAMP) activation of the P2X7 receptor increases the extent of exosome secre-
tion by DCs, which is a response synergized by LPS treatment (Ramachandra et al. 
2010). Because ATP is released into the synaptic cleft during antigen presentation, 
exosomes might serve as pathways to provide the signal 3 (Figure 4.4).

Exosomes can be loaded with inflammatory or anti-inflammatory agents for their 
use in immunotherapy against different infections and cancer treatment, or to avoid 
graft rejection and autoimmune disease (Ramachandra et al. 2010). Clearly, this new 
field in intercellular communication will be a focus of therapeutic interest in the fol-
lowing years.
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Tunneling nanotubes. Various membranous connections are known to mediate 
intercellular communication of mammal cells, including TNTs that are thin open-
ended membranous tunnels between cells (Davis 2009). TNTs allow the transfer 
of organelles, proteins, and organic molecules (e.g., dyes), and also propagate Ca2+ 
signals (Dorban et al. 2010; Gousset and Zurzolo 2009; Langevin et al. 2010; Rustom 
et al. 2004; Salter and Watkins 2009). TNTs have been visualized in cultured murine 
BMDCs treated with LPS or challenged with Escherichia coli. In both situations, 
Ca2+ waves were observed between surrounding DCs (Salter and Watkins 2009; 
Watkins and Salter 2005). In vivo, TNTs have been visualized between MHC II+ 
cells (probably DCs) in the corneal stroma; in the LPS-inflamed cornea, the number 
and length of TNTs between MHC II+ cells increased (Chinnery et al. 2008). Thus, 
DCs might direct cross-presentation under inflammatory conditions or during anti-
gen presentation via TNTs.

TNTs has been involved in several diseases, including prion diseases and human 
immunodeficiency virus (HIV). Prion diseases are fatal neurodegenerative disor-
ders that affect several species (Gousset and Zurzolo 2009). Prions enter into the 
organism through the gut and then invade the SLOs, particularly macrophages and 
FDCs, where their amplification occurs (Gousset and Zurzolo 2009). However, if 
FDCs are not migratory DCs, how does invasion of the nervous system occur? It is 
known that the first invaded neural tissues belong to the enteric nervous system but 
the mechanism responsible for infection remained unknown (Gousset and Zurzolo 
2009). Recent in vitro studies showed TNT transfer of prion protein (PrPsc) from 
DCs to peripheral or central neurons (Dorban et al. 2010; Langevin et al. 2010).

Macrophages can also connect to each other through TNTs, which are increased 
in number after infection with HIV and allow the transfer of HIV particles (Eugenin 
et al. 2009; Onfelt et al. 2006), DCs might use a similar mechanism to amplify the 
immune response. However, because Cx43 has been found along TNTs and electrical 
communication through GJCs at TNTs has been demonstrated, further studies will 
be required to fully understand this way of cell–cell communication (Figure 4.4) 
(Wang et al. 2010).

4.5  CONNEXIN GAP JUNCTIONS IN OTHER ANTIGEN-
PRESENTING CELLS

Monocytes/macrophages. Macrophages represent a widely distributed family of 
mononuclear leukocytes. They participate in the production, activation, mobiliza-
tion, and regulation of all immune effector cells. Mounting evidence supports the 
claim that monocytes/macrophages form GJCs between themselves and with other 
cell types, including lymphocytes and endothelial cells (Bermudez-Fajardo et  al. 
2007; Eugenín et al. 2003; Jara et al. 1995; Levy et al. 1976). Although Cx37 is pres-
ent in monocytes/macrophages recruited from early atheromas (Wong et al. 2006), 
Cx43 is considered to be the main connexin expressed by macrophages.

Cx43 was detected in foam cells (macrophages filled with lipid vacuoles) of 
 atherosclerotic plaques, murine peritoneal macrophages as well as in the macro-
phage cell lines such as J774 and RAW264.7 (Anand et al. 2008; Fortes et al. 2004; 
Polacek et al. 1993). Nevertheless, neither Cx43 mRNA nor protein expression was 
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detected in nonactivated human monocytes/macrophages (Eugenín et al. 2003; Jara 
et  al. 1995; Polacek et  al. 1993). However, Cx43 emerges in many proinflamma-
tory conditions. For instance, treatment with a combination of either LPS or TNF-α 
plus IFN-γ increased Cx43 mRNA and protein levels, as well as the number of dye 
coupled cells (Eugenín et al. 2003). In agreement, Cx43 has been detected in mac-
rophages at inflammatory foci (Polacek et al. 1993). Gap junctional communication 
seems to play a relevant role in coordinating monocyte/macrophage extravasation, 
since GJC blockers reduced the numbers of monocytes/macrophages that migrate 
across a blood–brain barrier model (Eugenín et al. 2003) due to a reduction in the 
secretion of matrix metalloproteinase-2 (MMP-2) (Eugenín et al. 2003).

Moreover, Cx43 HCs were shown to participate in the mechanism of phagocy-
tosis. For instance, blockade of Cx43 by pharmacological agents, siRNA, and Cx43 
mutant mice reduced phagocytosis in macrophages. In this work, Cx43 inhibition 
was shown to stop FcR-induced activation of RhoA and reduced the extent of actin 
cup formation, which is involved in particle internalization (Anand et al. 2008). Most 
strikingly, by using an in vivo adoptive transfer, Wong et  al. (2006) showed that 
Cx37 elimination enhances monocyte/macrophage recruitment to the endothelium. 
Opening of Cx37 HC in primary monocytes/macrophages as well as in a macro-
phage cell line inhibits leukocyte adhesion through ATP release. Thus, Cx37 HCs 
were suggested to control the initiation of atherosclerotic plaque formation by regu-
lating monocyte adhesion (Figure 4.2) (Wong et al. 2006).

Microglia. They are APCs and their activation is a hallmark in neurodegenera-
tive diseases. Under resting conditions, microglia have a ramified morphology and 
monitor their local microenvironment. However, they can rapidly become acti-
vated in response to DAMPs or PAMPs (Inoue 2008; Ransohoff and Perry 2009). 
Activated microglia secrete several cytokines and other proinflammatory molecules 
with autocrine properties (Hanisch 2002; Orellana et al. 2009; Ransohoff and Perry 
2009). Microglia express Cxs 32, 36, and 43 and microglia activation enhances their 
relative levels and/or activity (Orellana et  al. 2009). After treatment with TNF-α 
plus IFN-γ or PGN, microglia showed an increase in Cx43 levels and a transient 
induction in GJC-mediated communication (Eugenín et al. 2001; Garg et al. 2005). 
Both cytokines and PAMPs increase [Ca2+]i and might upregulate Cx43 GJCs, since 
microglia treated with a Ca2+ ionophore exhibit upregulation of Cx43 and GJC for-
mation (Farber and Kettenmann 2006; Martínez et al. 2002). Eugenín et al. (2001) 
showed that under proinflammatory conditions, Cx43−/− microglia do not form GJCs, 
suggesting that homocellular GJCs are constituted mainly by Cx43 (Dobrenis et al. 
2005; Eugenín et al. 2001).

A provocative hypothesis is that heterocellular gap junctional communication 
between microglia and neurons through Cx36-based GJCs might mediate intercel-
lular transfer of deleterious signals for neurons (Dobrenis et al. 2005). Up to now, the 
heterocellular GJCs between microglia and T cells have not been described but they 
might occur because they are able to present antigens in MHC II, and a recent report 
showed cross-presentation into MHC I to CD8+ T cells (Beauvillain et al. 2008).

Microglia recruitment to brain stab wounds occurs between 24 and 48 h after apply-
ing the injury. At the stab wound, microglia formed clusters and showed Cx43 reac-
tivity at homocellular interfaces, suggesting the formation of GJCs in vivo (Eugenín 
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et al. 2001). Moreover, real-time measurements using two-photon microscopy demon-
strated ATP- and HC-dependent recruitment of microglia to the injured sites (Davalos 
et al. 2005). Other proinflammatory agents such as TNF-α also increased the activ-
ity of HCs in microglia, leading to glutamate release and subsequent neuronal death 
(Takeuchi et al. 2006).

Kupffer cells (KCs). They represent the largest population of resident macro-
phages in the body. They are active phagocytes and secrete many key inflammatory 
cytokines such as TNF-α, IL-1β, and IL-6, as well as GM-CSF and chemokines 
like MIP-1α and RANTES (Racanelli and Rehermann 2006). Surveillance, uptake, 
and degradation of intravascular cell debris are among the main functional roles 
of these cells. By releasing IL-6 onto hepatocytes, KCs also regulate the secretion 
of acute phase proteins such as C-reactive protein, anti-α1-antitrypsin, ceruloplas-
min, or haptoglobin, thereby controlling systemic and local inflammatory reactions 
(Ishibashi et al. 2009).

Gap junction communication between KCs has been suggested to occur both in 
vivo and in vitro under inflammatory conditions. Under confocal microscopy, large 
aggregates of KCs expressing Cx43 were observed in liver sections from 6 h LPS-
treated rats. Moreover, Cx43 was preferentially localized at KC–KC interfaces, 
suggesting the in vivo formation of GJCs. In support of this notion, treatment with 
LPS plus IFN-γ promoted the formation of GJCs between cultured KCs, which is a 
response associated with an increase in Cx43 mRNA and protein levels (Eugenín 
et  al. 2007). These results suggest that KCs might contribute to develop the liver 
diseases.

Recently, in vivo experiments show the cross-presentation of Leishmania 
 donovani peptides from KCs to CD8+ T cells at infection foci in a murine model 
(Beattie et  al. 2010). In this study, KCs were shown to be the most efficient and 
numerous APCs in the generation of the CD8+ T cell-mediated immune response 
against Leishmania (Beattie et al. 2010). This study suggests that GJCs between 
KCs and T cells might be established during in vivo contacts and cross-presentation.

Mast cells (MCs). They are recognized as critical effectors in allergic disorders 
and other immunoglobulin E-associated immune responses. In an in vitro model for 
collagen organization, MCs have been observed to enhance contraction by a cell–
cell contact-dependent mechanism. MCs express Cxs 32 and 43, the latter being 
the main Cx located at the cell membrane (Vliagoftis et al. 1999). In addition, gap 
junctional communication between MCs forming monolayers was demonstrated by 
scrape loading technique. Pretreatment with an inhibitor of the fatty acid hydro-
lase, that is, an enzyme that degrades oleamide (an endogenous inhibitor of GJC), 
decreased gap junctional communication (Moyer et al. 2004). In addition, demon-
stration of gap junctional communication between MCs and fibroblast was obtained 
using the calcein intercellular transfer assay (Au et  al. 2007; Moyer et  al. 2004). 
Interestingly, cocultures of MCs and fibroblasts showed a high rate and degree of 
fibroblast collagen lattice contraction in a process dependent on Cx43 GJCs between 
fibroblasts and MCs (Au et  al. 2007; Moyer et  al. 2004). However, heterocellular 
interaction between MCs and T cells were also shown.

Under control conditions or after PAMPs (LPS, PGN, and lipoteichoic acid) expo-
sition, a very small subpopulation of MCs expressed MHC II, but after IFN-γ plus 
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IL-4 priming the expression of MHC II increased in 50% of MCs (Gaudenzio et al. 
2009). After IFN-γ plus IL-4 treatment, both freshly isolated and cultured peritoneal 
cell-derived MC efficiently presented OVA peptides at MHC II to effector CD4+ T 
cells in an OT II murine model (Gaudenzio et al. 2009). Although CD4+ T cell acti-
vation by MCs was heterogeneous and less efficient than DCs, probably due to MHC 
II heterogeneous expression, they establish functional immunological synapse with a 
molecular and functional hallmark (Gaudenzio et al. 2009). Similar to other DCs and 
macrophages, the establishment of GJCs between MCs and T cells might be occur-
ring, but because PAMPs did not increase the expression of MHC II, this MC–T cell 
interaction might occur after cytokine secretion during T cell polarization and not at 
the initiation of the immune response.

Neutrophils. The most abundant leukocytes in the blood are neutrophils, which 
represent 50–70% of the circulating white bloods cells. They are the first cell types 
to respond to most infections (particularly bacterial and fungal infections), but 
unlike resident macrophages, MCs, and immature DCs, neutrophils do not reside in 
peripheral tissues prior to infections. Rather, they are recruited from the circulation 
to the inflamed foci by cytokines and chemokines produced by resident macrophages 
and MCs (Nathan 2006). Most studies indicate that human neutrophils under resting 
conditions do not present Cxs, since detections for most Cxs failed at the mRNA 
and protein levels (Brañes et al. 2002; Scerri et al. 2006). Cx expression appears 
to be controlled by different soluble factors, including proinflammatory agents. For 
instance, dye transfer occurs in aggregates of freshly isolated human polymorpho-
nuclear cells (PMN) treated with endothelial cell-conditioned medium and LPS or 
TNF-α. Neutrophils present Cxs 37, 40, and 43, all of which were detected at the 
protein level by both Western blot and immunofluorescence (Brañes et  al. 2002; 
Eltzschig et al. 2006; Zahler et al. 2003).

Using flow cytometry analyses, bidirectional heterocellular dye coupling between 
PMNs and ECs, but not to HeLa cells that do not express Cxs, was found under basal 
conditions and was prevented by specific GJC blockers (Zahler et  al. 2003). The 
increase in intercellular coupling between ECs and neutrophils resulted in a 50% 
reduction in transmigration, suggesting that coupled cells migrate to an unstimulated 
endothelium in a lesser extent than uncoupled PMNs (Zahler et al. 2003). In contrast, 
leukocyte adhesion induced by TNF-α in the microcirculation of the hamster cheek 
pouch was reduced or prevented by GJC blockers, acting through a mechanism that 
did not affect cell adhesion (Véliz et al. 2008). A similar function has been observed 
for Cx43 and Panx1 in neutrophils, as both proteins form HCs permeable to ATP 
and their opening during inflammation or hypoxia could contribute to increase the 
extracellular ATP concentration. In fact, the ATP release via Cx43 HCs by fMLP 
(N-formyl Met–Leu–Phe)-activated PMNs was blocked by GJC inhibitors and did 
not occur in PMNs from Cx43−/− mice (Zahler et al. 2003). In addition, it has also 
been proposed that Panx1 HCs allow ATP release from activated PMNs. In fMLP-
treated PMNs, translocation of Panx1 to polarized regions and HC activation was 
observed. Additionally, ATP release was inhibited by Panx1 HC blockers such as 
carbenoxolone and 10Panx1 (Chen et al. 2010). Thus, opening of Cx and Panx HCs 
seems to be a fundamental mechanism for ATP release from activated PMNs similar 
to monocyte/macrophages.
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As we proposed above, HCs might constitute a source for the “third signal” dur-
ing antigen presentation, which already has been reported in neutrophils. Murine 
and human neutrophils express MHC II after activation, and after peptide exposition 
become efficient APCs to CD8+ T cells, similar to macrophages but less efficient 
than DCs (Beauvillain et al. 2007). In the murine model, the cross-presentation to 
CD8+ T cells was shown both in vitro and in vivo, which induced the activation (not 
tolerance) of CD8+ T cells differentiating into effector cells (Beauvillain et al. 2007). 
Because neutrophils are abundant in the blood, they are the first cell type to migrate 
at the site of infection and might migrate to draining lymph nodes. Thus, the forma-
tion of heterocellular GJCs between neutrophils and T cells might be possible.

B cells. They are responsible for humoral immunity. Induction of a humoral 
immune response against foreign proteins begins with antigen recognition between 
antigens primed B cells and Th cells. Th cells activate B cells via a mechanism simi-
lar to immune synapse between DC–T cell. In addition, GJCs between B and T cells 
as well as between B cells have been demonstrated (Oviedo-Orta et al. 2000). The 
formation of functional GJCs was demonstrated in freshly isolated human B cells, 
suggesting that these cells carry a preformed pool of GJCs subunits mostly formed 
by Cxs 40 and 43, which are upregulated during inflammation and promotes IgM 
synthesis (Figure 4.2) (Oviedo-Orta et al. 2000).

Endothelial cells. Virtually all the microvascular and small vessel ECs are posi-
tive for MHC II, but they do not express costimulatory signals such as CD80 or 
CD86 molecules. Therefore, they are unable to fully stimulate T cells (Rose 1998). 
ECs are believed to recruit Ag-specific cells into the inflammatory sites by display-
ing cognate MHC peptide complexes and controlling extravasations by regulating 
many intracellular and signaling pathways (Marelli-Berg and Jarmin 2004). In addi-
tion, the in vitro transfer of antigenic peptides from melanoma cells to ECs, which 
through MHC I-mediated cross-presentation to CTLs allow the elimination of tumor 
cells, was recently reported (Benlalam et al. 2009). This mechanism in vivo might 
significantly support T cells homing at tumor site (Figure 4.3).

Electrical coupling mediated by GJCs was proven to be the basis of different vas-
cular responses (Scheckenbach et al. 2010). Cxs 37, 40, 43, and 45 were consistently 
found in the vascular wall (Chanson and Kwak 2007). Although the Cx expression 
profiles have not yet been fully described for all vascular territories, it is clear that 
Cx expression is not uniform in all blood vessels (Chanson and Kwak 2007; Hill 
et al. 2001). ECs most commonly express Cx37 and Cx40, but Cx43 has also been 
detected in ECs near vascular branch points as well as in ECs of capillaries (Chanson 
and Kwak 2007). Cx-dependent Ca2+ signaling was proposed to provide proinflam-
matory signaling mechanisms that promote spatial expansion of inflammation. For 
instance, Ca2+ waves have been reported to promote exocitosis of P selectin, thereby 
promoting leukocyte rolling to the vascular surface (Scheckenbach et al. 2010). In 
this context, GJCs between ECs and many different leukocytes have been reported, 
which appears to differentially regulate transendothelial migration (Eugenín et al. 
2003; Guinan et  al. 1988; Oviedo-Orta and Evans 2002; Zahler et  al. 2003). For 
example, inhibition of GJCs decreased monocyte migration and produced a mod-
est reduction of lymphocytes (Eugenín et al. 2003; Oviedo-Orta and Evans 2002). 
In addition, a high ratio of Cx40 versus Cx43 delays neutrophil adhesion to ECs, 
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whereas a low ratio favoring Cx43 promotes transmigration across the endothelial 
barrier (Scheckenbach et al. 2010). In the lung, the proinflammatory role of Cx43 
was confirmed in vivo by using Cx43+/− mice, in which almost a 50% reduction in 
neutrophil recruitment to the alveolar space during lung inflammation occurred 
(Sarieddine et al. 2009). In agreement, leukocyte adhesion and extravasation induced 
by TNF-α was reduced or prevented by GJC blockers in preparations of hamster 
microcirculation (Figure 4.2) (Véliz et al. 2008).

4.6 CONCLUDING REMARKS

Cellular interactions dependent or independent of cellular contacts constitute an 
important mechanism in coordination and might determine the fate of immune 
responses. The establishment of electrical synapse is well reported in innate and 
adaptive immune cells. However, ultrastuctural analyses will be required to identify 
the structure of GJCs between DCs and T cells, although it has already been sug-
gested (Concha et al. 1988, 1993). In addition, the identification of GJC structures 
between DCs and T cells in vivo must still be demonstrated.

GJC formation is highly regulated by posttranslational modifications (e.g., phosphor-
ylation, S-nitrosylation, ubiquitination) (Sáez et al. 2003). In this sense, further studies 
will be required to show the signaling involved in the regulation of formation, opening, 
and degradation of GJCs in immune cells. Regulation of GJCs with cytokines, which 
are key components in immune cell interactions, was reported for several immune 
cells, but the signaling involved was not described. Furthermore, the effect of important 
stimulatory and regulatory cytokines such as IL-4, IL-10, IL-12, IL-17, and IFN-β in 
Cx-mediated cell communication must still be elucidated. In addition, because several 
immune cells express Panxs, the formation of Panx GJCs became plausible.

Because contact-independent cell communication was recently discovered and T 
cell HCs were shown to be involved in proliferation and ATP release, the study of 
HCs as a new mechanism for delivery of a third signal in the immunological synapse 
must be studied. Woehrle et al. (2010) suggest the involvement of Panx HCs in the 
immunological synapse, but further studies will be required to show the structure 
and function of HCs at DC–T cell interfaces.

The immune system is constituted by different cell types that are divided into 
subsets that have different functions. So, the functional expression of GJCs and HCs 
might be differentially regulated between subsets. In the same way, the transfer of 
different signals might favor the activation or tolerance in the immune response. In 
such cases, permeability of GJCs constituted by different Cxs might be relevant in 
determining signal transfer, and thus the fate of the immune response.

Finally, the evidence and importance of GJCs and HCs in immune responses 
is increasingly greater and such mechanisms of cellular communication should be 
considered. Because defects in Cx- or Panx-mediated communication might result 
in delayed or inefficient immune response, they have to be evaluated in immune 
diseases such as hypersensitivity or autoimmune responses. The regulation of cell 
communication could be an important approach to modulate immune responses so 
as to generate, for example, tolerance to avoid graft rejection, or T cell activation to 
induce antitumoral responses.
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Connect the Immune 
System
Roles of Gap Junctions in 
Antigen Presentation and 
T Cell Activation

Baoxu Pang and Jacques Neefjes

Major histocompatibility complex (MHC) class I molecules are expressed on all mam-
malian cells. They present  peptide fragments of intracellular pathogens at the cell sur-
face for consideration by the immune system. The so-called cytotoxic T cells (CTLs) 
can recognize these and then decide to kill the infected cell. The process of antigen 
presentation by MHC class I molecules is understood in detail. It involves a num-
ber of steps dedicated to ensuring that antigenic fragments are only presented to the 
immune system by infected cells and not by innocent bystanders. This can be achieved 
by retaining antigenic fragments in the infected cell, which prevents the elimination 
of non infected neighboring cells by immune cells, or—in immunology language—
prevents innocent bystander kill. However, activation of T cells also requires presenta-
tion of peptide fragments by dendritic cells (DCs) that act as master regulators in the 
immune system. The fact that these DCs present fragments that are derived from other 
cells means that they are able to break the dogma of classical MHC class I antigen pre-
sentation where antigenic peptides are presented only by the infected cells. Recently, 
peptides have been shown to diffuse through gap junctions. This allows peptides to be 
transferred from an infected cell to its neighbor for presentation by the noninfected 
cell and then allows innocent bystander kill. Connexins are expressed in the immune 
system under various conditions, but were not really considered to be important by the 

5

CONTENTS

5.1  Standard Model of Antigen Presentation by MHC Class I Molecules ...........90
5.2  An Exception: Antigen Cross-Presentation via Gap Junctions ......................90
5.3 Innocent Cells Do Not Die in Vain .................................................................93
5.4 Gap Junctions in T Cell Activation .................................................................94
5.5 Summary ........................................................................................................96
References ................................................................................................................96



90 Connexin Cell Communication Channels

© 2010 Taylor & Francis Group, LLC

immunological community, hence receiving little attention. However, the involvement 
of peptide and second messenger transfer through gap junctions in various immune 
responses is now becoming evident. Here, we will discuss the current state of knowl-
edge and speculate about its importance in the control of autoimmune diseases, through 
the modulation of regulatory T cell activity and its role in cancer immunotherapy, and 
through the control of proper T cell responses against tumor tissue.

5.1  STANDARD MODEL OF ANTIGEN PRESENTATION BY MHC 
CLASS I MOLECULES

MHC class I molecules present peptide fragments of around nine amino acids that are 
made inside cells to the outside immune world. CTLs may then recognize the peptide 
fragments bound to the MHC class I molecules and eliminate the poisoned cells. 
The CTLs are selected to recognize “everything-minus-self-peptides,” including 
fragments from viruses and mutated (cancer) proteins. CTLs thus eliminate infected 
cells, transformed cells, and other cells expressing nonself intracellular proteins. 
To make these fragments, proteins, in the form of old proteins (Rock et al., 1994), 
misfolded proteins, or defective ribosomal products (DRiPs) (Schubert et al., 2000; 
Reits et al., 2000), are degraded by cytosolic or nuclear proteasomes into fragments 
that may be further trimmed or destroyed by cytosolic aminopeptidases (Reits et al., 
2003). In fact, more than 99% of peptides will be destroyed before consideration by 
MHC class I molecules. To reach the peptide-binding site of MHC class I molecules, 
cytosolic peptides have to be translocated over a membrane, a task performed by the 
transporter associated with antigen processing (TAP), residing in the endoplasmic 
reticulum (ER) (Neefjes et al., 1993). TAP also acts as a scaffold for association with 
many, but not all MHC class I molecules that are waiting for peptide loading (Neisig 
et al., 1996) via the dedicated chaperone tapasin (Ortmann et al., 1997). In the ER, 
peptides may be further trimmed or rapidly removed unless they bind to MHC class 
I molecules (Saric et al., 2002; York et al., 2002). Peptide binding to an MHC class 
I molecule is also a signal to leave the ER for transport to the plasma membrane for 
antigen presentation (Figure 5.1). This pathway ensures that antigen presentation 
of viral peptides only occurs on the surface of infected cells and not the innocent 
bystanders, protecting uninfected cells from elimination during the ensuing immune 
response.

5.2  AN EXCEPTION: ANTIGEN CROSS-PRESENTATION VIA 
GAP JUNCTIONS

Before specific CTLs can act to clear the infected or tumor cells, they have to be 
activated and expanded with the help of a particular class of immune cells, the DCs. 
For specific activation, the DCs have to present the exact same foreign or mutated 
peptide on their MHC class I molecules on the cell surface as found on the infected/
transformed cells. The DCs have to acquire this antigen from other cells, which 
implies that the normal cellular boundaries are lost, as is the dogma of MHC class 
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I antigen presentation by the infected cell only. How do peptides from other cells 
manage to enter the MHC class I antigen presentation pathways of DCs? Multiple 
models have been proposed (Groothuis et al., 2005). One model involves the transfer 
of peptides through gap junctions between infected cells and DCs (Neijssen et al., 
2005, 2007) (Figure 5.2). These gap junctions would solve the topological problems 
faced for cross-presentation by the DCs, where peptides have to pass multiple mem-
branes from the infected cells to the DCs. When gap junctions are involved, cyto-
solic peptides from the infected cell simply enter the cytosol of the associated DC. 
Immunohistochemistry analysis of human tissues has already identified gap junc-
tions in different subtypes of DCs, such as Langerhans cells (Concha et al., 1988) 
and follicular DCs (Krenács and Rosendaal, 1995; Krenacs et al., 1997). Monocytes 
and DCs usually express gap junction subunits poorly but are able to upregulate 
connexin 43 (Cx43), in response to “danger” signals and pathogen factors, such as 
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FIGURE 5.1 Classical MHC class I antigen presentation and gap junction-mediated antigen 
cross-presentation. In the classical MHC class I antigen presentation pathway, endo genous 
old proteins and DRiPs are degraded by nuclear or cytosolic proteasomes. Although the 
majority of the peptides are degraded by peptidases into free amino acids, a fraction may only 
be trimmed. The survivors can be transported into the ER by TAP, the transporter associated 
with antigen processing, where long peptides can be further trimmed into smaller peptides. 
With the help of other chaperones, peptides can bind to MHC class I molecules. These pep-
tide–MHC complexes then leave the ER for transport to the cell surface and presentation to 
T cells. For gap junction-mediated antigen cross-presentation, proteasomes are not needed 
for antigen processing in the recipient cells, since only small peptides can diffuse via gap 
junctions between cells. These exogenous peptides then access the normal antigen presenta-
tion pathway for presentation by MHC class I molecules on the neighboring cells. As a result, 
exogenous antigens are cross-presented by the recipient cells.



92 Connexin Cell Communication Channels

© 2010 Taylor & Francis Group, LLC

interferon γ, TNF-α, and lipopolysaccharide (LPS) (Matsue et al., 2006; Mendoza-
Naranjo et al., 2007; Saccheri et al., 2010). Most connexins have a highly restricted 
tissue distribution with the exception of Cx43, which is expressed by most tissues 
and a series of immune cells, including B cells, Langerhans cells, and other cells 
(Neijssen et al., 2007). These cells are subsequently able to communicate with other 
cells via Cx43-containing gap junctions. Once DCs form functional gap junctions 
with transformed cells or cells infected by viruses, antigenic peptides can be trans-
ferred into the cytosol of the DCs and presented on the cell surface of DCs by MHC 
class I molecules (Neijssen et al., 2005). In principle, DCs may make multiple gap 
junction-mediated contacts with the tissue to sense the state of the cell’s cytosol 

Infected or
tumor cell
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DC migration
and T cell priming

T cells
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FIGURE 5.2 Antigen cross-presentation by DCs. Functional gap junctions can form 
between DCs and infected, tumor, or apoptotic cells. As a result, antigenic peptides can dif-
fuse into the cytosol of DCs and be cross-presented by DCs. Activated DCs bearing the non-
self peptides then migrate to lymph nodes and activate specific T cells, which proliferate and 
eliminate the infected or tumor cells.
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and continuously sample fractions of cytosol for cross-presentation. When peptides 
from viral proteins or mutated proteins are transferred, a proper T cell response will 
be stimulated and the related disease is controlled.

Peptide exchange via gap junctions also ensures that the recipient DCs pres-
ent exactly the same peptides as those that are made and presented by the original 
infected cells or transformed cells. Endogenous proteins are degraded by protea-
somes in the form of DRiPs or misfolded proteins. The degradation products are then 
further trimmed by various aminopeptidases before they become the proper size for 
fitting MHC class I molecules. Immune cells, such as DCs, contain a specialized 
type of proteasomes called the immunoproteasome, with different cleavage speci-
ficities as compared to standard resident proteasomes present in most tissues. Since 
DCs mainly contain immunoproteasomes (Macagno et al., 1999), they may present 
different peptide fragments of a protein, which will then not activate T cells respond-
ing to peptides made in tissues by the standard proteasomes (Chapatte et al., 2006). 
Indeed, immunoproteasomes failed to generate proper antigenic peptides from sev-
eral melanoma antigens such as Melan-Amart (Morel et al., 2000). Incorrect peptide 
generation for cross-presentation due to different proteasome types would not be an 
issue when antigenic peptides are acquired by DCs via gap junctions because the 
peptides are from exactly the same pool of antigens as those in the original cells 
and are also prepared in the original cells (Figure 5.1). Manipulating tumor cells to 
upregulate connexins and establish functional gap junctions with DCs can result in a 
better antitumor immune response. It has been shown in mice that Salmonella local-
izes to tumors as these are more oxygen-poor regions (which Salmonella prefers). As 
a result, Salmonella induces a local inflammation and induces Cx43 expression in 
the melanoma tumor. This then supports cross-presentation and induces successful 
antitumor immune responses, due to gap junction-mediated contact between DCs 
and the tumor cells and the resulting transfer of peptides from tumor cells to DCs 
for cross-presentation (Saccheri et al., 2010). This result is important as it suggests 
that the induction of gap junction contact between the tumor tissue and DCs may be 
essential for strong antitumor immune responses. As bacterial infection in tumors 
may not always be a means of treatment, alternative methods to induce Cx43 expres-
sion in tumors, monocytes, and DCs have to be defined. It can help the immune sys-
tem to surveil the cytosol of dangerous cells such as infected and transformed cells.

5.3 INNOCENT CELLS DO NOT DIE IN VAIN

Many cells die in response to anticancer treatment or infection. Notably, cell debris 
and apoptosis induction may result in stronger immune responses (Albert et al., 1998; 
Rovere et al., 1998). The question then is whether gap junctions are involved in the 
exchange of information—in the form of antigenic peptides—when cells undergo 
apoptosis. Using Caspase 9 constructs that can be activated by small compounds 
(also allowing controlled initiation of apoptosis), functional gap junction-mediated 
contacts were observed during the apoptosis phase and these contacts persisted until 
the apoptotic cell formed blebs and fully decomposed. During the initial phase of 
apoptosis, peptide transfer between cells continued and novel peptides generated by 
caspases were able to enter other associated cells, including DCs (Pang et al., 2009) 
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(Figure 5.2). Cells undergoing apoptosis apparently still allow the DCs to sample 
cytosolic contents for cross-presentation. This peptide repertoire will differ in detail 
from normal cells as peptides generated by caspases are also included.

5.4 GAP JUNCTIONS IN T CELL ACTIVATION

T cells are the effectors in the adaptive immune system. One subtype of T cells, 
CD8+ CTLs use their specific T cell receptors to survey the peptides presented by 
MHC class I molecules on the surface of resident cells. Once they recognize for-
eign or mutated peptides, they will trigger apoptosis of the target cells, and thus 
protect the body from infection and cancer. Compared to innate immune responses, 
CTL-mediated adaptive immune responses are more accurate and fine-tuned. Each 
T cell only expresses one type of T cell receptor and specifically recognizes one 
unique peptide presented by a defined MHC class I molecule. To respond to a broad 
range of unforeseen peptides, the adaptive immune system maintains its large T cell 
army in an economical way. The few CTLs specific for a new antigen are pres-
ent in low numbers but are efficiently expanded when stimulated by professional 
antigen- presenting cells (APC), such as DCs and macrophages. These APCs con-
tinuously patrol through tissues to evaluate the health status of the resident cells. 
Once they recognize foreign or mutated antigens, the resulting peptide fragments 
can be presented to the T cells, resulting in the activation and expansion of the latter 
and the specific control of the disease. This cascade of events implies that the T cell-
mediated specific immune response is slow. Acute responses to infections are made 
by resident antibodies (although expansion of their producer B cells also requires 
T cells and is slow) and the innate immune response where pathogen patterns are 
recognized by toll-like receptors (TLRs) and other proteins.

Multiple signaling pathways are activated in T cells via the T cell receptor and 
various costimulatory molecules that together induce proper T cell activation and 
proliferation (Smith-Garvin et al., 2009). During the activation process, T cells are 
in close contact with the APCs. Since gap junction subunits are widely expressed 
in T cells, functional gap junctions may support communication between various 
subtypes of T cells such as CD8+ CTLs, CD4+ T helper cells and regulatory T cells 
(Treg), or T cells and other contacting cells such as DCs. Although the presence of 
gap junctions in T cells has been suggested for some decades (Wekerle et al., 1980), 
this did not get much attention as their function was unclear. Only recently, it was 
found that functional gap junctions can form between various subtypes of T cells and 
APCs such as DCs and macrophages (Bermudez-Fajardo et al., 2007; Elgueta et al., 
2009), allowing exchange of small metabolites and peptides, and playing important 
roles in T cell activation. The formation of gap junctions between DCs and CD4+ 
T cells might promote the T cell receptor–peptide–MHC class II-induced activation 
signaling pathway, since blocking functional gap junctions will attenuate subsequent 
T cell activation (Elgueta et al., 2009). However, the result of such interactions may 
be different under various conditions. For example, the formation of gap junctions 
between DCs and Tregs can also attenuate the activation of specific CD8+ CTLs 
by DCs (Ring et al., 2010). How it is regulated is still unclear. Possibly, the second 
messenger cyclic adenosine monophosphate (cAMP) is transferred between DC and 
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CD8+ CTLs via gap junctions to attenuate immune responses, as cAMP exchange 
between Tregs and the conventional T cells impairs T cell activation (Bopp et al., 
2007). Ca2+ ions may be another relevant second messenger transferred through gap 
junctions between different immune cell types to induce T cell activation. Of note, 
the role of gap junctions in the immune system remains poorly studied and the tim-
ing of the gap junction formation, the regulation of gap junction closure/opening, and 
the type of molecules exchanged for a biological effect are mostly unknown.

T cell activity is essential for proper immune responses. Controlling T cell 
responses may prevent autoimmune activity that is the result of “uncontrolled acti-
vation” of these cells. Tregs can control conventional T cell activity through sup-
pression of DCs (Ring et  al., 2010). But suppression of autoimmune responses is 
more often the result of a direct interaction between Tregs and conventional T cells 
(Nakamura et al., 2001). It was originally believed that TNF-β on the cell surface 
of Tregs could suppress other T cells. But this model has not been supported by 
others (Randolph and Fathman, 2006). Later, it was found that a direct interaction 
between Tregs and conventional T cells may be essential to form gap junctions to 
transfer cAMP from Tregs into conventional CD4+ T helper cells (Bopp et al., 2007), 
as a result preventing activation of the latter (Figure 5.3). This may explain why the 
suppression of immune responses by Tregs is cell contact dependent. Tregs infiltrate 
tumors, possibly to suppress the antitumor response of conventional T cells (Wang 

T cell receptor IL-10

Treg

T cell receptor

cAMP

Conventional T cell

FIGURE 5.3 Gap junctions in T cells. Functional gap junctions can form between conven-
tional T cells and Tregs. Through gap junctions, small molecules such as cAMP can diffuse 
from Tregs into conventional T cells. In combination with cytokines, they can result in sup-
pression of conventional T cells and induction of immune tolerance. The full span of immune 
responses resulting from these contacts is poorly evaluated.
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et al., 2004). In this concept, tumors attract Tregs that contact and couple to tissue-
resident T cells and suppress T cell-mediated apoptosis. In this context, inhibiting 
gap junction formation between Tregs and antitumor T cells might result in better 
antitumor responses.

5.5 SUMMARY

Although cell–cell contact has long been known to occur between immune cells, 
immunologists have mainly considered these as interactions between various trans-
membrane receptors that mediate different signaling pathways. Only recently, the 
contribution of gap junctions to the regulation of immune responses is being appre-
ciated. Connexins are widely expressed by immune cells and their expression can 
be under the control of “danger signals.” Small messenger molecules indicating the 
health status of a tissue can diffuse via gap junctions into immune cells that then 
may induce immune responses in a cell surface receptor-independent manner. This 
issue has not yet been studied extensively by immunologists. Besides second mes-
sengers, peptides can also diffuse through gap junctions between resident cells and 
DCs, resulting in antigen cross-presentation by the MHC class I molecules on DCs 
and activation of T cells. Activating gap junction formation can contribute to better 
antitumor and antivirus responses, while simultaneously supporting the activity of 
Tregs. Gap junctions support the exchange of cytosolic information between immune 
cells and the tissue. Yet, a detailed understanding of the wealth of small molecules 
exchanged between the tissue and immune cells and the resulting responses is only 
beginning to become understood.
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Gap Junctions and 
Connexins in the 
Immune Defense 
Against Tumors

Flavio A. Salazar-Onfray

6.1 GJIC AND CANCER

Gap junction intercellular communications (GJIC) are fundamental mechanisms for 
the maintenance of the cellular homeostatic balance. GJIC are involved in almost 
every aspect of cellular life, particularly those related to the control of prolifera-
tion, cell differentiation, and cell death. Other important biological processes such 
as regulation of gene expression or antigen cross-presentation also require the par-
ticipation of Cxs and gap junctions (GJs) (Krysko et al., 2005; Vinken et al., 2006; 
Rodríguez-Sinovas et al., 2007; Neijssen et al., 2007). Variations of normal levels 
of Cxs have been observed in many human diseases, which have common feature 
alterations in intercellular communications, apoptosis regulation and cellular prolif-
eration. Typical examples of such disease are cancer, Alzheimer’s disease, athero-
sclerosis, and ischemia (Lin et al., 1998; Trosko and Chang, 2000).

In this respect, a reduction or complete loss of the GJIC, usually associated 
with changes in the expression levels of Cxs, has been observed in several types of 
human cancers. The kind of Cx that is lost during the stage of tumor progression 
varies along with the type of tumor. Because Cx43 is the most widely expressed Cx 
in human cells, it is not surprising that in many types of cancer, this Cx constitutes 
a potential therapeutic target (Kandouz et al., 2010). In fact, very low or nonexist-
ing levels of Cxs expression has been observed in prostate cancer (Tsai et al., 1996; 
Wang et al., 2007), glioma (Huang et al., 1999), lung cancer (Jinn et al., 1998), skin 
cancer (Tada and Hashimoto, 1997), breast cancer (Hirschi et al., 1996), osteosar-
coma (Zhang et al., 2003), and melanoma (Haass et al., 2004). There are various 

6

CONTENTS

6.1 GJIC and Cancer .............................................................................................99
6.2 GJ and Immune System Antitumor Response .............................................. 101
6.3 GJ and T Cell Activation .............................................................................. 104
References .............................................................................................................. 106



100 Connexin Cell Communication Channels

© 2010 Taylor & Francis Group, LLC

mechanisms described underlying the loss of Cxs, functional hemichannels (Hch), 
and/or GJIC in carcinogenesis. However, it has been frequently observed that epi-
genetic modifications, such as DNA hypermethylation and histone deacetylation are 
one of the triggering mechanisms of Cxs gene expression silencing (Vinken et al., 
2006; Hattori et al., 2007). Further, it is common to observe an aberrant localiza-
tion of Cxs in tumor cells due to inappropriate phosphorylations of the C-terminal 
domain (Pointis et al., 2007). In general, Cx43 is considered a type II suppressor–
suppressor gene.

On the other hand, in a couple of different studies, Cxs are also considered 
membrane proteins with adhesive properties (Lin et al., 2002; Cotrina et al., 2008). 
The attachment of tumor cells in transition from a primary site to a secondary 
organ site requires the attachment as well as the migration of tumor cells through 
the vascular endothelium, a process known as tumor cell diapedesis. It has been 
shown that immediately following adhesion to the endothelium, tumor cells estab-
lish GJIC with the endothelial cells. In fact, several studies have found that the 
communication between tumor cells and endothelial cells is mediated by Cxs, 
which are critical to tumor cell extravasations to the metastatic site (el-Sabban 
et al., 1991, 1994; Pollmann et al., 2005). It has been reported that Cx43-mediated 
GJIC enhances breast tumor cell diapedesis (Pollmann et al., 2005). Furthermore, 
the diminished Cx43 expression reduces adhesion of breast cancer cells to the 
pulmonary endothelium (Pollmann et al., 2005). Likewise, upregulation of Cx43 
was seen in tumor cell–endothelial cell contact areas both in vitro and in vivo 
(Elzarrad et  al., 2008). Accumulated evidences indicate that Cx26, another Cx 
family member, is overexpressed in carcinomas of the pancreas, head and neck, 
colon, and prostate, as well as in keratinocyte-derived skin tumors (Villaret et al., 
2000; Pfeffer et al., 2004; Kanczuga-Koda et al., 2005; Tate et al., 2006; Haass 
et al., 2006). Furthermore, recent reports showed that high Cx26 expression was 
associated with poor prognosis of lung squamous cell carcinoma and breast carci-
noma (Ito et al., 2006; Naoi et al., 2007), and with colorectal tumor cell metastasis 
to the lung (Ezumi et al., 2008). Together, these lines of evidence seem to be con-
trary to the conventional role of Cxs as tumor suppressors and instead suggest that 
Cx26 may play a role in tumorigenesis.

A key initial event required for metastasis is the tumor cell detachment from 
the primary site. Several studies have shown that adenocarcinoma progression is 
accompanied by the release of single cells through an epithelial–mesenchymal tran-
sition (EMT). Interestingly, Cx43 repression has been observed in the EMT process 
in a different kind of cells, for example, embryonic carcinoma cells (de Boer et al., 
2007), hepatic stellate cells (Lim et al., 2009), colorectal cancer cells (Lee et al., 
2012), and breast tumor cells (McLachlan et al., 2006). Moreover, the reexpression 
of Cx43 partially reverts the EMT on breast cancer cells (McLachlan et al., 2006). 
It has been shown that Cx43 repression following EMT requires the Snail transcrip-
tion factor through the binding to Snail consensus sequence in the Cx43 promoter 
(de Boer et al., 2007; Lim et al., 2009).

In particular, the role of GJIC in tumor progression has been studied, mainly 
through the exogenous expression of Cxs in derived–derived cell lines, normally 
associated with an in vitro and in vivo inhibition of the tumor growth (Hattori et al., 
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2007; Fukushima et al., 2007; Pointis et al., 2007). Usually, cell proliferation inhibi-
tion is dependent on the amount of established GJIC and/or the presence of func-
tional Hch, but inhibition of the tumor growth has also been observed independently 
of intercellular communication levels, suggesting a role for Cx proteins (Zhang et al., 
2003). The mechanisms involved in the inhibition of the tumor growth due to over-
expression of the Cx genes in tumor cell lines are diverse. It has been reported, for 
example, that Cxs may enhance the sensitivity of tumor cells to cellular death, propa-
gating death signals, or controlling cell proliferation through the regulation of spe-
cific kinase phosphorylations (Krutovskikh et al., 2002; Huang et al., 2002; Zhang 
et al., 2003; Fujimoto et al., 2005; Vinken et al., 2006). It is well documented that 
Cx43 Hch and GJs play an important role in the communication of cell death mes-
sages between cells (Krysko et al., 2005; Rodríguez-Sinovas et al., 2007; Decrock 
et al., 2011a). The exogenous introduction of Cxs in various experimental models 
were found to facilitate apoptotic cell death (Decrock et al., 2009). The chemical 
nature of the signals that mediate these effects are largely unknown, but some evi-
dence suggests that Ca2+ and IP3 are the major cell death messengers passing through 
Cx43 Hch and GJs (Decrock et al., 2011a,b). In this respect, very few studies have 
been performed in human melanoma cell lines. In a recently published work, it was 
observed that transfection of a malignant melanoma line with the gene encoding for 
Cx43 resulted in the suppression of the growth independently of anchorage, which 
indicated that Cx43 also may act like a suppressor gene in melanoma (Su et al., 2000). 
Our own unpublished results suggest that in human melanoma cells, Cx43 downreg-
ulates cellular proliferation, possibly increasing the cellular death rate in vitro and in 
immunodeficient mice (Tittarelli et al., 2012). Particularly, we were able to observe 
a direct correlation between the Cx43 expression and TNF-α-mediated apoptosis of 
melanoma cells.

Besides the direct role played by Cxs and GJs in the proliferation and metastatic 
capacity of tumor cells, an important issue is related to the participation of GJIC 
between cells from the immune system and their capacity to recognize and destroy 
tumor cells.

6.2 GJ AND IMMUNE SYSTEM ANTITUMOR RESPONSE

As reviewed in the Prequel and Chapter 1 of this book, one of the main forms of 
communication between immune system cells is through cell–cell contacts. This 
form of communication involves the participation of Cxs and GJs in the majority of 
immune responses (Figure 6.1).

Regarding the immune system ability to activate specific CTL against tumor cells 
in vivo, it has been demonstrated that it requires a prior antigen presentation in a 
particular context, given by professional APC, among which the most important are 
the DCs (Steinman, 2007; Steinman and Banchereau, 2007). Recent studies demon-
strated the central role that DCs have in the direct interaction with tumor cells, and 
their specific action on the T cell-mediated immune response. DCs are located as 
residents in the areas of interaction between the environment and the organism. The 
DCs capture particles from the extracellular environment and receive signals from 
the inflamed tissue induced by pathogen or tumor invasion. DCs capture antigens, 
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and mature and migrate into secondary lymphoid organs, where they deliver signals 
to T cells for their activation, proliferation, and transference to the peripheral tissues 
to perform their effector functions (Steinman and Banchereau, 2007).

During the maturation, the DC’s phenotype change, starting a rapid increase in the 
surface expression of antigen presentation molecules MHC class I and class II, costim-
ulatory molecules such as CD40, CD80, and CD86 (B7.1 and B7.2, respectively), 
CD83 (a specific activation marker), adhesion molecules to T lymphocytes as CD58 
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FIGURE 6.1 Principal roles of gap junctions in the immune defense against tumors. (i) 
Tumor-associated antigenic peptides derived from cytoplasmatic proteins are processed in 
the proteasome, transported into the endoplasmic reticulum (ER) by the transporter asso-
ciated with antigen processing (TAP), assembled with major histocompatibility complex I 
(MHC I) molecules, and then moved to the cell surface. Cytotoxic T lymphocytes (CTLs) 
detect tumor antigens and destroy the tumor cell. (ii) Processed antigenic peptides can also be 
transferred from one cell to its neighbor (other tumor cells or endothelial cells) through gap 
junctions activating CTL-mediated killing. (iii) DCs can obtain exogenous antigenic proteins 
by phagosomes internalization and transference to cytosol and immunoproteasomes antigen 
processing and cross-presention to CD8+ T cells (v). (iv) Gap junctions facilitate the aquisition 
of tumor-derived peptides by DCs and antigen cross-presentation to CD8+ T cell in the lymph 
nodes (vi). Therefore, DCs are able to present not only antigens generated by the immuno-
proteasome in their own cytoplasm but also peptides generated by tumor cells proteasome, 
increasing the chance of activated tumor-specific CTLs. (vii) DCs transfer antigenic peptides 
to adjacent DCs (DC-2) through gap junctions in the periphery and lymph nodes, extending 
the local immune response and amplifying the cross-presentation of tumor-associated anti-
gens. (viii) GJ accumulates at the immunological synapse during antigen-specific T cell prim-
ing, mediating the cross talk between DCs and T cells regulating Ca2+ signals and controlling 
T cell cytokine release, and proliferation. (ix) Reduction or complete loss of gap junctions 
in tumor cells, usually associated with changes in the level of expression of Cxs, has been 
observed in several types of human cancers. As a result, they will not receive growth inhibi-
tory signals, differentiation stop signals, and death molecule signals from the surrounding 
cells, leading to tumor growth.
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and CD48 (Blast-1 and LFA-3, respectively), and the receptor CCR-7, which recog-
nizes the chemokines CCL19 and CCL21, responsible for the migration of DC toward 
secondary lymphoid organs, where antigen-specific naive T cells activation occurs 
(Mellman and Steinman, 2001; Delamarre et al., 2003). Antigens are presented by the 
DC in the context of MHC class I or class II, depending on the compartment in which 
they have been originated. When antigens are internalized from the extracellular com-
partment, they are presented in the context of MHC class II that can be recognized by 
CD4+ T cells (Mellman and Steinman, 2001). Another route of antigen presentation 
is the so-called endogenous pathway. In this pathway, peptides derived from intracel-
lular endogenous proteins or proteins encoded from intracellular infectious agents are 
presented associated with the MHC class I molecules (Zinkernagel, 2002). The MHC 
class I–peptides complex is recognized by CD8+ T cells (Steinman and Banchereau, 
2007), which are activated to become CTLs, which have the ability to recognize and 
eliminate tumor cells (Mellman and Steinman, 2001). Another alternative pathway is 
named cross-presentation, in which exogenous antigens are presented through MHC 
class I molecules (Burgdorf et al., 2008). This cross-presentation pathway has proved 
to be essential for generating CTL against viruses, transplanted cells, and tumor anti-
gens (Amigorena and Savina, 2010; Kurts et al., 2010). It has been described that DC 
maturation regulates the cross-presentation process in murine DCs (Delamarre et al., 
2003). Microbial products, cytokines, and physical stimuli are capable of activating 
antigen processing and presentation on MHC II molecules, but only a subset of these 
stimuli also facilitates MHC I cross-presentation of the same antigen, thus indicating 
that the exogenous MHC I and MHC II pathways are differentially regulated during 
DC maturation (Delamarre et al., 2003). Additionally, it has been described that the 
presence of a combination of cytokines may enhance GJ-mediated transfer between 
DCs (Matsue et al., 2006). GJIC between DCs can occur in response to specific com-
binations of a defined stimulus. In fact, GJIC between DCs was recently described in 
a murine model, where the long-term DC line XS52 and also murine bone marrow-
derived DC became effectively dye-coupled when activated with LPS or TNF-α plus 
IFN-γ (Matsue et al., 2006). These observations point to GJ formation as an event 
associated with DC maturation.

Regarding DC maturation and Cx expression, our own results show that func-
tional GJIC formation between human (h) DC was markedly increased by a mela-
noma cell lysate, concomitant with the induction of a more evident mature phenotype 
of DCs (Mendoza-Naranjo et al., 2007). Moreover, we found that Cx43 expression 
was significantly increased further upon melanoma cell lysate stimulation, where a 
systematic increase of Cx43 GJ plaques formation between the human dendritic cells 
(hDC) was also observed. In fact, it has been reported that Cx43–GJs functionally 
couple follicular DC to each other and to B lymphocytes, in this way participating in 
direct cell–cell communication in lymphoid germinal centers (Krenacs et al., 1997). 
We also found that inhibition of GJ formation by using a specific Cx mimetic peptide 
that binds to Cx43 extracellular loop-1 at the plasma membrane surface diminished 
the capability of hDC to acquire melanoma antigens from adjacent cells and inhib-
ited melanoma-associated antigen (MAA)-specific T cell activation as assessed by 
IFN-γ production, suggesting a close relationship between Cx43 membrane expres-
sion and Ag transfer (Mendoza-Naranjo et  al., 2007). In our model, the DC can 
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transfer antigenic peptides to DC adjacent through GJ, extending the local immune 
response (Mendoza-Naranjo et al., 2007).

6.3 GJ AND T CELL ACTIVATION

Cxs are expressed on T lymphocytes. Moreover, an increased Cx43 expression in 
activated T lymphocytes has been reported, particularly in its phosphorylated form. 
The use of Cx43 blockers reduced the proliferation of these cells in a dose-dependent 
manner, suggesting the involvement of Cx43 Hch in the maintenance of clonal expan-
sion of T lymphocytes (Oviedo-Orta et al., 2010). The GJs have also been involved 
in the regulation of peripheral immune response by regulatory T cells. It has been 
demonstrated that regulatory T cells mediate their suppressive capacity on effector T 
cells by the transfer of cAMP through GJ channels (Bopp et al., 2007). Additionally, 
there is also evidence of GJIC between CD4+ T cells and macrophages, boosting 
in this model a Th1 immune response, the most relevant type of response against 
tumors (Bermudez-Fajardo et al., 2007).

The initiation of a tumor-associated antigen-specific immune response requires 
a productive engagement of T cell receptors (TCRs) by MHC–peptide complexes 
(pMHC) on the APC (Babbitt et al., 1985). This TCR engagement by cognate pMHC 
results in the formation of a highly organized protein network known as the immuno-
logical synapse (IS), which is required for T cell activation and proliferation (Grakoui 
et al., 1999). The mature IS is characterized by the assembly of specific proteins on the 
T cell and APC membranes into supramolecular activation clusters (SMACs). These 
structures consist of a centralized accumulation of TCRs and pMHC (cSMAC), sur-
rounded by a peripheral ring (pSMAC) containing the integrin LFA-1 and its receptor 
ICAM-1 (Monks et al., 1998; Grakoui et al., 1999). The IS comprises a multitude of 
structures, many of which are mediators of intercellular communication (Trautmann 
and Valitutti, 2003). Multiple surface molecules spatially segregated at the IS mediate 
intercellular communication and activate intracellular signaling pathways, resulting 
in T cell activation and proliferation. Antigen-dependent T cell activation is a cell–cell 
contact-dependent process, suggesting that mediators of intercellular communication 
are directly involved. We have recently shown that Cx43 accumulates at the IS during 
antigen-specific T cell priming as both GJs and stand-alone Hchs (Mendoza-Naranjo 
et al., 2011). Redistribution of Cx43 to the IS was antigen specific and time dependent, 
with maximal accumulation occurring as early as 30 min after DC–T cell conjugate 
formation, at which time a mature IS has been formed (Lee et al., 2002). We found 
that Cx43 accumulated at the pSMAC in T cells and colocalized with LFA-1, which is 
essential for adhesion and signaling within the IS.

Cell surface molecules from all over the T cell membrane are transported to the 
IS through a mechanism involving the cell cytoskeleton and motor proteins (Wulfing 
and Davis, 1998). We have shown that Cx43 recruitment to the synapse required an 
intact actin’s cytoskeleton, as the inhibitors of actin polymerization abolished Cx43 
accumulation (Mendoza-Naranjo et al., 2011). In our hands, the inhibition of micro-
tubules did not affect the recruitment of Cx43 to the synapse. Therefore, the Cx43 
pool relocated to the IS is not likely to be a newly synthesized Cx43, but Cx43 already 
allocated in the plasma membrane that redistributed to the synapse (Figure 6.2).
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We demonstrated the specific involvement of Cx43 GJ channels in mediating 
bidirectional communication between DCs and T cells at the IS, and the use of a GJ 
drug inhibitor, a specific mimetic peptide, or gene silencing resulted in the  blockage 
of intercellular communication between these cells (Mendoza-Naranjo et al., 2011). 
Intercellular communication has been previously described between macrophages 
and T lymphocytes, in particular the Th1 cell subset (Bermudez-Fajardo et  al., 
2007), as well as unidirectional communication from DCs to T cells (Elgueta et al., 
2009), which further reinforces our observations. The nature of the intracellular sig-
nals exchanged through GJs at the synapse is presently unknown, and further stud-
ies are required to identify the molecules that travel through GJs formed between 
DCs and T cells. Antigen-specific activation of T lymphocytes via stimulation of 
the TCR complex is marked by a rapid and sustained increase of intracellular Ca2+, 
which is required for gene transcription, cellular proliferation, and differentiation 
(Lewis, 2001). A sustained Ca2+ signal for many hours is also necessary to stimulate 
the nuclear factor of activated T cells (NFAT), a transcription factor that  regulates 
the expression of various cytokine genes, including IL-2 (Lewis, 2001). Different 
studies have described Cx43 participating in Ca2+ influx in various cell types (Lin 
et al., 2004). We presented evidence supporting the participation of Cx43 in regulat-
ing Ca2+ oscillations in the IS. We demonstrated that a specific blockade of Cx43 
prevents the sustained rise of intracellular Ca2+ that was seen in T cells forming 
conjugates with antigen-pulsed DCs, in both murine and human models (Mendoza-
Naranjo et al., 2011). The increase in intracellular Ca2+ is recognized as an obliga-
tory step in the cascade of signals that finally results in T cell proliferation (Jensen 
et al., 1999). A role for GJs in T cell activation was recently described, and inhibition 
of GJIC was responsible for reduced IL-2 secretion and cell proliferation (Elgueta 
et al., 2009). The impaired Ca2+ signals we observed as a result of blocking GJs and 
Cx43 are likely to account for the reduced lymphocyte activation seen after inhibit-
ing GJIC, suggesting that Ca2+ signals regulated by GJs may possibly be one of the 
mechanisms controlling T cell activation.
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FIGURE 6.2 (See color insert.) Gap junctions in the immune defense against tumors. 
(a) Cx43 is localized at cell–cell contacts between human mature DCs (mDCs). Immature 
and mature DCs were costained for Cx43 (green) and CD11c (red). High-power confocal 
magnification shows Cx43 at cell–cell contacts, colocalizing with CD11c (arrowheads). 
Scale bar = 20 mm. (b) Cx43 accumulates at the immunological synapse in an antigen (Ag)-
specific way. Representative images of Cx43 and LFA-1 distribution after incubation of oval-
bumin (OVA)–DCs (DC + Ag) or LPS–DCs (DC (−) Ag) with OT-II T cells are shown. Scale 
bar = 5 mm.
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In summary, there are many open questions related to the Cxs and GJ role in the 
antitumor immune response that probably will be promptly solved in the coming 
years.
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Connexins in 
Atherosclerosis

Laurent Burnier and Brenda R. Kwak

7.1 INTRODUCTION

Despite increasing information on preventive measures, cardiovascular disease con-
tinues to be the leading cause of mortality in many countries, accounting for 16.7 
million deaths worldwide each year (Dahlof, 2010; Lloyd-Jones, 2010). Coronary 
artery disease (CAD) and stroke are the most common forms of cardiovascular 
disease. The underlying pathological process is atherosclerosis, a chronic immuno-
inflammatory disease of blood vessels (Libby et al., 2011; Yla-Herttuala et al., 2011). 
Smoking, a cholesterol-rich diet, and lifestyle with little physical activity promote 
the disease. The current high morbidity and mortality in concert with increasing age 
of the population require the development of new diagnostic and therapeutic strate-
gies to treat early subclinical disease stages.

7.2 BLOOD VESSELS

The blood vessel wall is composed of many constituents such as endothelial cells 
(ECs), smooth muscle cells (SMCs), pericytes, and extracellular matrix (ECM). These 
constituents compose a coherent tissue that requires, for proper function, a continuous 
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exchange of electrical and chemical signals. Gap junctions (GJ) are essential for this 
signal exchange. GJ channels are composed of six connexins forming a hemi-chan-
nel in the cell membrane (see Chapter 1). This pathway is involved in signaling and 
exchange between intracellular and extracellular spaces. Additionally, two hemi-chan-
nels on adjacent cells can form a full GJ channel, allowing the direct exchange of ions, 
small metabolites, and other second messenger molecules between cells in contact 
(Saez et al., 2003). GJ communication contributes to synchronization of cells within 
a tissue and coherent or conducted cellular responses. More than 20 different mam-
malian connexins have been described (Sohl and Willecke, 2004). Many combinations 
of connexins are possible, which may assemble into channels, and each type of GJ 
channel has its proper gating and permeability properties. In addition, the expression 
pattern of connexins is complex with multiple connexins in one cell type. The very 
short half-life of connexins (about 1−5 h for Cx43) indicates that channels are renewed 
several times per day and participate in that complexity (Saez et al., 2003).

Four connexins have been described in the vascular system, connecting ECs and 
SMCs in the blood vessel wall (Hill et al., 2001, 2002; de Wit et al., 2006). Connexins 
have important functions in vascular physiology, such as conduction of vasomotor 
responses and tone among SMCs (Christ et al., 1996; Figueroa et al., 2004; de Wit 
et al., 2006), capillary sprouting and endothelial repair (Kwak et al., 2001). Deletion 
of connexins is thus expected to affect the vasculature. Indeed, homozygous Cx43-
deficient mice die at birth because of severe malformations in the cardiac outflow 
tract (Reaume et al., 1995). Homozygous Cx40-deficient mice display impaired con-
duction of vasodilation along arterioles and suffer from hypertension (de Wit et al., 
2000). In contrast, mice with an endothelial-specific deletion of Cx43 suffer from 
bradycardia and hypotension (Liao et al., 2001), although contradictory results have 
also been described (Theis et  al., 2001). Cx45-deficient embryos exhibit striking 
abnormalities in vascular development and die between embryonic day (E) 9.5 and 
10.5 (Kruger et al., 2000). Although homozygous Cx37-deficient mice do not display 
a particular vascular phenotype (Figueroa et al., 2006), mice deficient in Cx37 and 
Cx40 die perinatally showing severe vascular abnormalities, such as local hemor-
rhages and hemangioma (Simon and McWhorter, 2002). Apart from blood vessels, 
Cx37 and Cx43 are also expressed in lymphatic vessels and genetic deletion of these 
connexins induces lymphedema (Kanady et al., 2011). Thus, connexins are impor-
tant proteins that ensure correct blood vessel formation and homeostasis.

7.3 PATHOGENESIS OF ATHEROSCLEROSIS

The pathogenesis of atherosclerosis can be divided in sequential phases due to the 
progressive form of the disease. During these different phases, many cell types change 
their regular fate pointing to a pro-inflammatory phenotype, deleterious for the patient 
(Kanady et al., 2011; Sabine et al., 2012). Interestingly, the expression pattern of con-
nexins varies between blood vessel type (Hill et al., 2001) and species (de Wit et al., 
2006). Moreover, connexin expression patterns are additionally modified during the 
formation of the atherosclerotic plaque (Kwak et al., 2002), which further complicates 
the analysis. We will therefore picture the different phases in order and discuss the 
expression and roles of connexins.
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7.4  INITIATION OF THE DISEASE IS DUE TO ENDOTHELIAL 
DYSFUNCTION

ECs are the first cells implicated in the pathogenesis of atherosclerosis. They form 
a monolayer covering the interior side of the blood vessel wall, forming a barrier 
between blood and the pro-coagulant sub-endothelial matrix proteins. Healthy ECs 
express a typical array of proteins allowing for an undisturbed blood flow and for an 
impairment of the coagulation cascade, such as tissue factor (TF) pathway inhibitor 
(TFPI). Autocrine secretion of nitric oxide (NO) to regulate vascular tone (preserv-
ing a relative vasodilated state) and normal blood flow are essential in maintaining 
a healthy endothelium.

Endothelial dysfunction is the characteristic of the earliest phase of atherosclerosis 
and is induced by many factors. Many potentially modifiable risk factors described 
in the INTERHEART study, such as smoking, hypertension, diabetes, obesity, 
hypercholesterolemia (Yusuf et  al., 2004), push ECs towards a pro-inflammatory 
phenotype, leading to a decrease in NO production and antithrombotic factors, and 
to an increase of vasoconstrictor-prothrombotic products and vascular permeabil-
ity. Thus, an imbalance from a relative vasodilated phenotype toward a more vaso-
constrictive state occurs. Altogether this phenomenon promotes the development of 
atherosclerosis.

The endothelium, where Cx37 and Cx40 are abundantly expressed (Yeh et al., 
1998) (Figure 7.1), is a well-coupled tissue, as shown by the efficient diffusion of a 
GJ permeable dye in ECs from the aorta (Ebong et al., 2006). Cx43 is also detected 
in few arterial ECs and in capillaries (Cowan et al., 1998; Gabriels and Paul, 1998; 
Theis et al., 2001). Atherosclerotic lesions are found typically in large- and medium-
sized arteries where a high laminar shear stress (the tangential force of the flowing 
blood on the endothelial surface) is observed. In contrast, arterial bifurcations expe-
rience turbulent flow (oscillatory shear stress), a condition that has been often asso-
ciated with the development of atherosclerosis. Interestingly, while Cx43 is mostly 
absent in murine aortic endothelium, this connexin is abundant in ECs localized at 
the downstream edge of the ostia of branching vessels and at flow dividers (Gabriels 
and Paul, 1998). These observations have been confirmed by in vitro studies, demon-
strating a positive correlation between Cx43 expression and disturbed flow patterns 
(Cowan et al., 1998; DePaola et al., 1999; Davies et al., 2001). In fact, the expres-
sion of endothelial Cx43 increases in response to oscillatory shear stress in vitro, 
whereas pressure itself does not affect endothelial Cx43 expression (Kwak et  al., 
2005). Finally, oscillatory shear stress-induced expression of Cx43 is thought to be 
involved in sensitivity to mechanic stimuli, in particular in ECs of cardiac valves 
(DePaola et al., 1999; Inai et al., 2004).

Other factors might also influence the expression of connexins in the vasculature. 
Among the risk factors of atherosclerosis, aging induces a general decrease in con-
nexin expression in rat aortic ECs; however, Cx40 seems to remain undisturbed over 
long periods (Yeh et al., 2000). Nicotine also induces a decrease in Cx43 expression 
in human umbilical vein ECs (HUVECs), due to enhanced protein degradation (Tsai 
et al., 2004). Hypertension is not only induced by the absence of Cx40 expression, 
but hypertension itself is also modifying expression of connexins in the vascular 
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FIGURE 7.1 Atherosclerotic plaque formation occurs in distinct phases and changes in the pat-
tern of connexin expression are observed during each step. (a) Normal blood vessel, with healthy 
ECs and SMCs, circulating monocytes and platelets express low level of connexin37 (Cx37). (b) 
In areas of turbulent flow or where the endothelium is dysfunctional, increased leukocyte adhe-
sion and augmented endothelial permeability leads to leukocyte transmigration and formation of 
an early atheromatous lesion. (c) In the advanced plaque, SMCs have been recruited, proliferated, 
and secreted ECM, this covering the atherosclerotic plaque with a fibrous cap. A necrotic core 
is visible, composed mostly of apoptotic debris. Foam cells in the vicinity of the core express 
Cx37 and Cx43. Cx43 is expressed by ECs in the shoulder of the plaque. (d) Ruptured plaque. 
This life-threatening event occurs when degrading enzymes and hemodynamic stress weakened 
the fibrous cap of vulnerable plaque. Coagulation and activation of circulating platelets occurs 
immediately, leading to blood flow stop, embolisms, and ischemia of tissue.



117Connexins in Atherosclerosis

© 2010 Taylor & Francis Group, LLC

wall. In ECs from hypertensive rats, the expression of Cx37 and Cx43 is reduced, 
while Cx40 expression is not modified (Yeh et al., 2006a). Furthermore, carvedilol, 
a β-blocker used to treat hypertension, directly upregulates endothelial Cx43, inde-
pendently of its antioxidant activity (Yeh et al., 2006a). Moreover, the endogenous 
inhibitor of NO synthase decreases Cx43 expression and GJ communication in 
HUVECs (Jia et al., 2009). Oxidation products of lipoprotein-derived phospholip-
ids are significant for the development of atherosclerosis. These products upregulate 
Cx43, downregulate Cx37, but do not affect, in vivo and in culture, Cx40 expression 
in ECs isolated from murine carotid arteries (Isakson et al., 2006). Treatment with 
omega-3 polyunsaturated fatty acids (the so-called “good” fat) increases the expres-
sion of Cx43 in the endothelium of spontaneously hypertensive rats. Moreover, this 
treatment increases the phosphorylation of this connexin (Dlugosova et al., 2009). 
ECs are also sensitive to cholesterol titers. Lowering low-density lipoprotein (LDL)-
cholesterol levels is considered to reduce the risk of atherosclerosis events, despite 
the fact that not all patients under cholesterol-lowering therapy are protected against 
the disease (Sacks et al., 1996). Interestingly, increasing the cholesterol level in the 
culture medium, or treatment with LDL, increases GJ assembly between hepatoma 
cells (Meyer et al., 1990, 1991). Besides the effect of circulating level of cholesterol, 
membrane cholesterol content also affects the intrinsic properties of GJ channels. 
Indeed, heptanol, a well-known GJ blocker (Spear et al., 1990), decreases the fluidity 
of cholesterol-rich domains, leading to a decrease of GJ communication in neonatal 
rat cardiomyocytes, thus indicating the importance of cholesterol-rich domain fluid-
ity for proper and efficient GJ coupling (Bastiaanse et al., 1993).

High-glucose levels also downregulate Cx43 expression in the microvascula-
ture (Li and Roy, 2009). Diabetes mellitus, another risk factor of atherosclerosis 
(Goldberg, 2004; White and Chew, 2008), influences connexin expression as well. 
Indeed, diabetes mellitus markedly decreases Cx43 GJs in cardiomyocytes. Statins, 
lipid-lowering drugs with multiple pleiotropic effects, reverse this diabetes-induced 
consequence (Sheu et al., 2007). In contrast, endothelial Cx37 and Cx40 are down-
regulated in diabetic ApoE−/− mice; and simvastatin exacerbates this effect (Hou 
et al., 2008). In a similar fashion, ECs from coronary artery of diabetic mice show 
lower protein levels of Cx37 and Cx40, but not Cx43, and a reduction in GJ commu-
nication (Makino et al., 2008).

Other factors also influence the endothelial connexin biology. Ischemia−reper-
fusion-induced reoxygenation increases the production of superoxide, leading to 
vascular disorders. Hypoxia and subsequent reoxygenation of ECs inhibits GJ com-
munication, by modulating Cx43, in HUVECs (Zhang et al., 2000). Moreover, rapid 
reoxygenation reduces electrical coupling and protein kinase A activity in ECs 
(Bolon et al., 2005). This effect is not observed in Cx40−/− mice, demonstrating that 
the abrupt reoxygenation might target Cx40.

As mentioned above, ECs play an important role at the interface between inflam-
mation and coagulation. Many diseases critically involve this interface, particularly 
sepsis, a life-threatening state defined by an infection associated with a systemic 
inflammatory response syndrome (SIRS). This leads to simultaneous bleeding and 
organ failure due to an impaired perfusion. In a rat model of peritonitis induced by 
cecal ligation and puncture, the expression of Cx40 increases in aortic ECs (Rignault 
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et  al., 2005). In contrast, connexin expression and intercellular communication 
decrease in a model of endotoxemia induced by lipopolysaccharides (LPS) (Simon 
et al., 2004). Thus, changes in connexin expression depend apparently on the source 
of infection, or at least on the inflammatory model used. The integrity of the endo-
thelium, maintained by NO, is essential in sepsis; sepsis seems to impair vasocon-
striction by acting on Cx37 in arterioles (McKinnon et al., 2009). C-reactive protein 
(CRP) is a conserved protein present in low level in humans. But in response to many 
pathologies, such as infection, cancer or tissue injury, CRP titer increases rapidly up 
to 1000-fold (Pepys and Hirschfield, 2003). CRP is associated with coronary ath-
erosclerotic disease (Alvarez Garcia et al., 2003; Sampietro et al., 2002), and is used 
as a predictive marker for cardiovascular risk (Ikonomidis et al., 2008). The actual 
question is to determine whether CRP is only a risk marker or rather a functional risk 
mediator (Verma and Yeh, 2003). Nonetheless, CRP influences the gene-expression 
profile of human vascular ECs (venous and arterial) and enhances monocytes adhe-
sion to ECs (Wang et al., 2005b) by activating extracellular signal-regulated kinases 
(ERK)1/2. Moreover, CRP upregulates Cx43 mRNA expression, as shown by micro-
array analysis (Wang et al., 2005b). In contrast, another study showed that CRP has 
no effect on Cx43 GJ in human aortic ECs (Wang et al., 2010). Activation of ECs 
(Hu and Xie, 1994, van Rijen et al., 1998) or SMCs (Mensink et al., 1995) with LPS, 
tumor necrosis factor (TNF)-α, IL-1α, or IL-1β reduce GJ communication. In fact, 
ECs are very sensitive to TNF-α that activates cells by promoting expression of 
adhesion molecules. Hence, TNF-α decreases the expression of Cx37 and Cx40 in 
ECs, but does not modify Cx43 expression (van Rijen et al., 1998). Finally, TNF-α 
induces closure of myoendothelial GJs in co-culture of human ECs and SMCs (Hu 
and Cotgreave, 1997) thus modifying both gating and permeability of GJs.

Growth factors are also involved in connexin biology. Thus, vascular endothe-
lial growth factor (VEGF) impairs GJ communication in ECs (Suarez and Ballmer-
Hofer, 2001). This disruption is due to Cx43 internalization and phosphorylation 
(Thuringer, 2004). Moreover, epidermal growth factor decreases the GJ coupling 
in early passage HUVECs (Xie and Hu, 1994). In contrast, transforming growth 
factor (TGF)-β increases Cx43 synthesis (Larson et al., 1997, 2001) but decreases 
Cx37 expression in ECs (Larson et al., 1997). Increased Cx43 expression occurs via 
p38 and phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathways in mammary 
gland epithelial cells (Tacheau et al., 2008). Finally, basic fibroblast growth factor 
(bFGF) increases Cx43 expression and GJ communication, but the opposite occurs 
after incubation with antibodies against bFGF, that is, decreased Cx43 expression 
during wound healing (Pepper and Meda, 1992). In summary, a very large range of 
atherosclerosis-associated stimuli that induce endothelial dysfunction also modify 
connexin expression and GJ communication in vascular wall.

7.5  CELLULAR RECRUITMENT BY ECS AND LEUKOCYTES 
INFILTRATION IN THE ARTERIAL INTIMA

The second phase of the development of atherosclerosis is the initiation of inflam-
matory cell recruitment by the activated vessel wall, and the migration or diape-
desis into the intima. This occurs by the appearance of adhesion molecules and 
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production of chemokines. Circulating cells, mainly monocytes, adhere to the dys-
functional endothelium that expresses specific adhesion molecules in response to 
the accumulation of cholesterol in the intima (Cybulsky and Gimbrone, 1991), such 
as vascular cell-adhesion molecule-1 (VCAM-1), an integrin receptor. Monocytes 
and lymphocytes express integrin very late antigen-4 (VLA-4), and bind thereafter 
firmly to the endothelium leading, from a rolling phenotype, toward firm adhesion. 
Moreover, chemokines such as monocyte chemoattractant protein 1 (MCP-1), stimu-
late recruited monocytes to enter the intima. This sequence of events determines the 
development of atherosclerosis, occurring very early in the disease.

As described above, TNF-α induces modification of connexins in ECs that affect 
the migration of leukocytes in different inflammatory pathologies. A possible role 
for connexins in leukocyte migration has been studied in different in vitro transmi-
gration models and the results are conflicting (De Maio et al., 2002; Chanson et al., 
2005). Indeed, diapedesis of neutrophils can be increased or not by using connexin-
mimetic peptides or pharmacological channel blockers (Zahler et al., 2003; Chanson 
et al., 2005; Scerri et al., 2006). Using the same modulators, monocytes transmi-
gration is decreased (Eugenin et al., 2003), but lymphocytes transmigration is only 
modestly affected (Oviedo-Orta et al., 2002).

As there is a lack of noninvasive methods to accurately detect and characterize 
atherosclerotic lesions in humans, mouse models have been widely used to study the 
mechanisms involved in atherogenesis. The two most commonly employed mouse 
models of atherosclerosis are the apolipoprotein E-deficient mouse (ApoE−/−) (Zhang 
et al., 1992) and the LDL receptor-deficient mouse (LDLR−/−) (Ishibashi et al., 1993, 
1994). Both mouse models rapidly develop atherosclerosis on a high-fat, high cho-
lesterol diet. As in humans, atherosclerosis in mice develops in regions of the vascu-
lature subjected to low or oscillatory wall shear stress (Suo et al., 2007). Preference 
sites in the mouse are the aortic root, the lesser curvature of the aortic arch and 
branch points of the brachiocephalic, left carotid and subclavian arteries. In contrast 
to the human situation, the first segment and the first branch of all major coronary 
arteries are usually protected from the disease (Hu et al., 2005). Although mouse 
models have proven very useful for investigations toward mechanisms of disease ini-
tiation and early plaque growth, another limitation of the mouse models is that plaque 
rupture with superimposed thrombosis, the most common complication of human 
atherosclerosis, is rarely observed in mice (Plump and Lum, 2009). Nevertheless, 
these mouse models have helped to reveal that the expression of connexins is modu-
lated during atherogenesis. Endothelial Cx37 and Cx40 expression is considerably 
reduced in LDLR−/− mice on a cholesterol-rich diet for several months (Kwak et al., 
2002) but also in wild-type mice (Chu et al., 2010). ECs covering advanced athero-
sclerotic plaques no longer express Cx37 or Cx40 (Kwak et al., 2002) (Figure 7.1). 
We recently generated ApoE−/− mice with endothelial-specific deletion of Cx40. In 
mice on a cholesterol-rich diet, we observed increased progression of atheroscle-
rosis. Moreover, spontaneous lesions were even observed in the aortic sinuses of 
young mice without such a diet. These lesions showed monocyte infiltration into 
the intima, increased expression of VCAM-1, and decreased expression of the ecto-
enzyme CD73 in the endothelium. Endothelial CD73 is known to induce antiadhe-
sion signaling via the production of adenosine. In vitro experiments on the mouse 
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endothelial cell line bEnd.3 revealed that the reduction of Cx40 expression using 
siRNA or antisense decreased CD73 expression and activity and increased leukocyte 
adhesion to bEnd.3 cells (Chadjichristos et al., 2010). An adenosine receptor agonist 
reversed these effects. Thus, Cx40-mediated gap junctional communication contrib-
utes to a quiescent nonactivated endothelium by propagating adenosine-evoked anti-
inflammatory signals between ECs. Disrupting this mechanism by targeting Cx40 
promotes leukocyte adhesion to the endothelium, thus accelerating atherosclerosis.

Cx37 is not only present in ECs but also in monocytes and macrophages in early 
and late atheromas (Kwak et al., 2002) (Figure 7.1). In addition, Cx37 expression 
is induced in medial SMCs beneath advanced atherosclerotic lesions (Kwak et al., 
2002) (Figure 7.1). Atherosclerosis is exacerbated in Cx37−/−ApoE−/− mice fed a high-
cholesterol diet (Wong et  al., 2006), both in descending aorta and aortic sinuses. 
The transmigration of monocytic cells into atherosclerotic lesions is due to the pres-
ence of Cx37 on these cells, and not to the expression of Cx37 on ECs, as shown by 
adoptive transfer. Furthermore, in vitro adhesion of monocytic cells to an activated 
ECs monolayer is increased when Cx37 is absent in monocytic cells. The antiadhe-
sive effect is due to extracellular release by cells of ATP through Cx37 hemi-chan-
nels. A genetic polymorphism in the human gene encoding Cx37 (GJA4) has been 
reported as a potential prognostic marker for atherosclerosis (Chanson and Kwak, 
2007). Interestingly, this Cx37 polymorphism affects the adhesiveness of monocytic 
cells (Wong et al., 2006).

After arrival in the intima, monocytes mature into macrophages. Macrophages 
express scavenger receptors, such as CD36, that allow engulfment of lipids giv-
ing cells the typical foam cell appearance as seen by microscopy. Oxidized LDL 
cholesterol enters cells and encourages a positive feedback loop to increase CD36 
expression on the cell surface. Moreover, this signaling implies cellular cytoskeleton 
rearrangement leading to trapping of the cells in plaque (Park et al., 2009). Platelets 
also express CD36 that can promote thrombosis (Valiyaveettil and Podrez, 2009).

Circulating cells expressing connexins may form GJ and thus allow for commu-
nication between cells. This communication can be demonstrated by dye-coupling 
or dual voltage-clamp experiments. Thus, murine macrophages are electrically and 
dye-coupled in adherent cultures (Levy et al., 1976; Martin et al., 1998). Interestingly, 
inflammatory conditions (cellular activation) seems to increase GJ coupling in vitro, 
as seen in microglia (Eugenin et al., 2001) as well as in human monocytes (Eugenin 
et  al., 2003). In contrast, other studies have not been able to detect dye transfer 
between human or murine monocytic cells (Polacek et al., 1993; Alves et al., 1996), 
between human monocytic cells and ECs, and between human monocytic cells and 
SMCs (Polacek et  al., 1993; Eugenin et  al., 2003). Various connexins have been 
found in monocytic cells, and connexin expression seems dependent on the acti-
vation of these cells: Cx43 is present in mouse macrophage cell lines (Beyer and 
Steinberg, 1991; Alves et al., 1996; Wong et al., 2006), activated peritoneal hamster 
and mouse macrophages (Jara et al., 1995; Alves et al., 1996), and in monocytic cells 
stimulated by TNF-α or interferon (INF)-γ, and Cx37 has been detected in human 
and mouse monocytes (Wong et al., 2006).

In addition to macrophages, T-cells are the second most important cell popula-
tion in the atherosclerotic plaque (comprising about 10%) (Jonasson et  al., 1986). 
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They govern the transition from a latent plaque to a vulnerable plaque (Hansson and 
Libby, 2006). CD4+ clones of T-cells isolated from atherosclerotic plaques recognize 
oxidized LDL suggesting a local stimulation of T-cells by monocytes/macrophages 
in the plaque involving major histo-compatibility antigen II (Stemme et al., 1995). 
These T-cells express a pro-inflammatory (TH1) phenotype suggesting that athero-
sclerosis is a TH1-driven pathology (Stemme et al., 1995; Zhou et al., 2001). TH1-type 
cytokines are predominant in plaques but IL-4, a TH2-type cytokine, is also pro-
duced by a few cells in the plaque (Frostegard et al., 1999).

Lymphocytes also participate in GJ communication. Cx43 is found in human 
blood-derived T-, B-cells, and CD56+ (natural killer [NK]) cells (Oviedo-Orta et al., 
2000). Tonsil-derived T- and B-cells express both Cx40 and Cx43 (Oviedo-Orta 
et al., 2000). Moreover, electrical coupling has been observed after phytohemagglu-
tinin stimulation (Hulser and Peters, 1971). Dye coupling between lymphocytes and 
ECs has been described (Oviedo-Orta et al., 2002). This coupling was bidirectional 
and when blocked, it increased neutrophil transmigration through the EC barrier. It 
has been recently demonstrated that neutrophils also contribute to the pathogenesis 
of atherosclerosis (Paulsson et al., 2007). Neutrophils express Cx37, Cx40, and Cx43, 
but not Cx32 (Branes et al., 2002; Zahler et al., 2003). After activation by LPS or 
TNF-α, connexins in human neutrophils cluster into GJs; however, no dye coupling 
was observed between neutrophils (Branes et al., 2002). In contrast, functional GJs 
have been reported between ECs and neutrophils (Zahler et al., 2003). This coupling 
was decreased by TNF-α (Zahler et al., 2003).

Activated ECs recruit mainly monocytes and T-cells (Hansson and Libby, 2006), 
as well as also platelets (Theilmeier et al., 2002). Platelet rolling is initiated by selec-
tins that are present on activated endothelial and platelet surfaces (Frenette et al., 
2000). Indeed, mice lacking P-selectin on their platelets develop smaller atheroscle-
rotic lesions than mice with wild-type platelets (Burger and Wagner, 2003). This 
protection is enhanced when both P- and E-selectin are also lacking (Dong et al., 
1998). The lack of the integrin αIIb (a subunit of the fibrinogen receptor αIIbβ3 pres-
ent on platelets) attenuates atherosclerotic lesion formation (Massberg et al., 2005). 
Interestingly, expression of Cx37 was recently discovered in platelets and in their 
precursor cells, the megakaryocyte (Angelillo-Scherrer et  al., 2011). Deletion of 
the Cx37 gene in mice shortened bleeding time and increased thrombus propen-
sity. Moreover, aggregation was increased in murine Cx37−/− platelets, or in murine 
Cx37+/+ and human platelets treated with GJ blockers. Intracellular microinjection 
of neurobiotin, a Cx37-permeant tracer, revealed functional GJs in platelet aggre-
gates. Further experiments revealed that the establishment of GJ communication 
between Cx37 expressing platelets provided a mechanism to limit thrombus pro-
pensity (Angelillo-Scherrer et  al., 2011). Moreover, healthy subjects homozygous 
for Cx37-1019C, a prognostic marker for atherosclerosis, display increased platelet 
responses as compared to subjects carrying the Cx37-1019T allele. Expression of 
these polymorphic channels in communication-deficient cells revealed a decreased 
permeability of Cx37-1019C channels for neurobiotin. Together, these observations 
are consistent with the hypothesis that an antiaggregating signal may spread more 
efficiently between platelets through Cx37-319S GJ channels, which in turn results 
in decreased platelet reactivity.
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Thus, connexins are expressed and GJ channels may be functional in blood cells. 
This reveals an additional possibility for a communication network between circulat-
ing cells and vascular cells, a key event during pathogenesis.

7.6  SMC MIGRATION DURING ATHEROSCLEROSIS 
DEVELOPMENT

Medial SMCs are coupled to each other by connexins (Straub et al., 2010). In vas-
cular SMCs, the GJ communication is homocellular and bidirectional (Figueroa and 
Duling, 2009). Moreover, SMCs and ECs are coupled by GJs (Straub et al., 2010) 
in microvasculature, but probably not in large vessels where atherosclerosis occurs. 
Normally, SMCs are contained within the media, but, in the expansion phase of 
the atherosclerosis, SMCs transmigrate from the media of the vessels to the intima. 
These intimal SMCs have unique properties: they are less differentiated, have a 
higher proliferative index and display an increased production of ECM components, 
proteases, and cytokines. This leads to a strong fibrous cap covering the atheroscle-
rotic plaque, thus safely isolating the plaque from the blood. SMCs in the advanced 
plaque may also take up lipids and acquire a foam cell appearance. As with macro-
phage foam cells, they eventually die and release their lipids. This process generates 
the typical lipid core of atherosclerotic lesions.

With respect to the expression of connexins in SMCs, Cx37, Cx40, and Cx45 have 
been shown in SMCs of small elastic or resistance arteries (Little et al., 1995; van 
Kempen and Jongsma, 1999; Nakamura et al., 1999; Haefliger et al., 2000) but Cx43 
is considered as the predominant connexin in the media (Severs et al., 2001). This 
has been reported mostly for aorta, a large elastic artery (Severs et al., 2001; van 
Kempen and Jongsma, 1999). However, Cx43 can barely be detected in the media of 
muscular arteries (Hong and Hill, 1998) and of coronary arteries (Bruzzone et al., 
1993; Gros et al., 1994; Verheule et al., 1997; Hong and Hill, 1998; Yeh et al., 1998). 
Thus, the presence of connexins in SMCs may lead to a further complexity in com-
munication exchanges within the developing atherosclerotic lesion.

Cx43 expression differs in intimal SMCs compared to media SMCs and depends 
on the disease stage. Thus, intimal Cx43 expression increased at early stages but 
was decreased in advanced human plaques (Blackburn et  al., 1995) (Figure 7.1). 
Intimal Cx43 expression is also decreased in advanced lesions of hypercholesterol-
emic rabbit (Polacek et al., 1997) as well as in LDLR−/− mice (Kwak et al., 2002). 
Furthermore, Cx43 mRNA has been found in foam cells of human and rabbit ath-
erosclerotic carotid arteries (Polacek et al., 1997, 1993). In mice, the reduction of 
Cx43 expression inhibits the formation of atherosclerotic lesions. On a cholesterol-
rich diet, Cx43+/−LDLR−/− mice display reduced atherosclerotic lesions, as shown by 
smaller lipid cores and fewer macrophages and T-cells despite normal white blood 
cells counts (Kwak et al., 2003). In addition, lesions have thicker fibrous caps con-
taining more SMCs and interstitial collagen.

The phosphorylation state of connexins is important with respect to channel gat-
ing, and the potential exchange of solutes (see Chapter 1). Thus, the phosphoryla-
tion of a specific serine in Cx43 (ser368) induced a reduction of dye transfer and 
calcium exchange between SMCs and ECs in the vessel wall (Straub et al., 2010). 
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The phosphorylation state of Cx43 participates also to the proliferation of SMCs 
(Johnstone et  al., 2009) as well as in their differentiation (Chadjichristos et  al., 
2008). Moreover, a variation of Cx37 phosphorylation modifies the proliferation of 
an endothelial tumor cell line (Morel et al., 2010). Finally, Losartan, an angiotensin-
converting enzyme inhibitor, reduces the expression of Cx43 but not Cx40, both 
overexpressed in the intima of a rabbit model of atherosclerosis (Ruan et al., 2010).

Nevertheless, connexins connecting ECs and SMCs seem to influence each other, 
adding another level of complexity atherosclerosis studies. Indeed, deletion of Cx43 
in SMCs reduces the expression of Cx43 in endothelium from the aorta (Liao et al., 
2007), and deletion of Cx43 in ECs reduces Cx43 transcription in the adjacent vas-
cular smooth muscle layer (Liao et al., 2001).

7.7  ATHEROSCLEROTIC PLAQUE RUPTURE ACCOUNTS 
FOR THE MAJORITY OF SUDDEN CARDIAC DEATH

Sudden luminal thrombosis may result from different pathological processes: plaque 
rupture or plaque erosion (Virmani et al., 2002). This event is responsible for acute 
coronary syndrome (ACS) (Burke et al., 1997). Hence, following the rupture of a 
plaque, a coronary artery can become occluded by a thrombus (Figure 7.1d), causing 
interruption of blood flow and therefore oxygen supply resulting in infarction of the 
tissue normally irrigated by this coronary artery. The resulting necrosis may lead 
to various complications such as myocardial rupture, arrhythmias, or finally heart 
failure. Clinical outcome may be improved by different treatments such as fibrinoly-
sis, coronary artery bypass grafting, or percutaneous coronary interventions with a 
balloon catheter followed by placement of a stent.

At the advanced phase of atherosclerosis, plaques may be stable or unstable. 
Unstable plaques, prone to rupture, are characterized by a thin fibrous cap, a large 
lipid core and are relatively rich in macrophages and other inflammatory cells. 
Plaque erosion is associated with interruption of the endothelial monolayer that may 
also lead to luminal thrombosis. However, these lesions are often characterized by 
a small necrotic core or a thick fibrous cap that isolates the necrotic core from the 
blood vessel lumen (Virmani et al., 2006). Plaque quality underpins the evolution of 
the pathology.

The intrinsic activity state of macrophages appeared a key determinant of the 
plaque quality. Indeed, macrophage foam cells produce pro-inflammatory cyto-
kines that will, as a positive drawback, stimulate macrophage proliferation and 
lipid uptake. Moreover, activated macrophages produce matrix metalloproteinases 
(MMPs) that participate in the degradation of the ECM. On the other hand, collagen 
fibers contained in the fibrous cap are essential to stabilize the plaque (Shah et al., 
1995). IFN-γ, a TH1 cytokine, inhibits both collagen production and proliferation of 
SMCs, the main source of this ECM (Amento et al., 1991). All these processes result 
in weakening of the fibrous cap. Stabilization of the plaque is therefore a new and 
potent therapeutic goal. Interestingly, activation of monocytic cells by combination 
of TNF-α and IFN-γ, which are associated with the release of MMP-2 and MMP-3, 
induces Cx43-dependent GJ communication (Eugenin et al., 2003). Enhanced MMP 
release may also favor plaque rupture. TH1 cells secrete more MMPs than TH0 or 
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TH2 (Bermudez-Fajardo et al., 2007). Interestingly, Cx43 expression and dye cou-
pling between macrophages and T-cells is increased in TH1 CD4+ T-cells compared 
to Th0 and Th2 (Oviedo-Orta et al., 2008), pointing to a potential role of connexins 
in atherosclerotic plaque quality. Accordingly, Cx43+/−LDLR−/− mice display more 
stable atherosclerotic lesions (Wong et al., 2003).

Lastly, rupture of the fibrous cap induces a cascade of thrombogenic events, thus 
allowing activation of platelets and leukocytes by TF, contained in the necrotic core. 
The main source of TF are monocytes, responsible for the acute thrombus propa-
gation overlying an unstable plaque (Giesen et al., 1999). TF can be found in the 
acellular lipid core and is associated with macrophages and SMCs (Tremoli et al., 
1999). T-cells appear not to be able to synthesize TF, but they can induce the produc-
tion of TF by macrophages in the plaque (Mach et al., 1997; Buchner et al., 2003). 
Interestingly, statins have not only been found to affect connexin expression (Kwak 
et al., 2003; Yeh et al., 2003) but have also been found to decrease TF transcrip-
tion (Colli et al., 1997). Hence, once the plaque has been formed, many cells and 
processes are in charge of its quality and its proclivity to rupture, leading to the life-
threatening thrombosis and myocardial infarction (MI).

7.8  CONNEXINS ARE CARDIOVASCULAR RISK MARKERS 
AND POTENT TARGETS FOR THERAPY

Attention to mutations and polymorphisms in connexin genes is increasing, particu-
larly in relation to cardiovascular disease. As described earlier, the C allele from the 
Cx37-C1019T polymorphism is a potential prognostic marker for carotid atheroscle-
rotic plaque development as reported in a Swedish population (Boerma et al., 1999) 
and for CAD as reported in Taiwanese, Swiss, and Chinese populations (Yeh et al., 
2001; Wong et al., 2007; Pitha et al., 2010). In an evaluation between the C1019T poly-
morphism and ankle/brachial blood pressure index in diabetic patients, a subclinical 
atherosclerotic state, the C allele indicates higher risk (Pitha et al., 2010). In contrast, 
the Cx37-1019T allele is associated with acute MI in Japanese and Sicilian popula-
tions (Yamada et al., 2002; Listi et al., 2005, 2007; Leu et al., 2011). Moreover, the T 
allele is related to intima-medial thickening and associated with a more elevated rate 
of ischemic stroke (Leu et al., 2011). Finally, the Cx37-C1019T polymorphism appears 
as a prognostic marker of death after ACS in a prospective study (Lanfear et al., 2007). 
However, the association of this polymorphism with CAD or MI was not replicated 
by an Irish study (Horan et al., 2006). Moreover, the Cx37-C1019T polymorphism is 
not associated with carotid artery intima-media thickness, carotid artery compliance 
or brachial artery flow-mediated dilatation (all markers of subclinical atherosclerosis) 
in young adults in a Finish study (Collings et al., 2007). Finally, polymorphisms in the 
promoter of Cx40 gene has been linked to hypertension in men (Firouzi et al., 2006).

Altogether, these data demonstrate the clinical importance of connexins in 
atherosclerosis and hypertension and their promising role as potential prognostic 
 markers. However, the need for more prospective studies in larger populations and 
for well-defined clinical end points remains.

Statins are the regular treatment of atherosclerotic disease and are widely used. 
Therapeutic efficacy of statins is certainly linked to their role in lowering plasma 
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cholesterol (Vaughan et al., 2000), but in addition, statins have multiple cholesterol-
independent pleiotropic effects that also reduce atherosclerosis-related morbidity 
and mortality (Libby and Sasiela, 2006). Interestingly, statins inhibit the expression 
of Cx43 in human vascular cells and decreased GJ communication between ECs or 
SMCs, within the pharmacological range of regular therapeutic prescription for its 
cholesterol-lowering action (Kwak et al., 2003). Mice are relatively resistant to the 
lipid-lowering effect of statins, allowing the discrimination between pleiotropic and 
cholesterol-lowering effects in vivo (Libby and Aikawa, 2002). Statins reduce Cx43 
plaque expression in LDLR−/− mice (Kwak et al., 2003). Furthermore, statin-treated 
mice display similar changes with respect to the characteristics of plaque stabil-
ity, as in Cx43+/−LDLR−/− mice (Kwak et  al., 2003). Moreover, statins reverse the 
decreased expression of endothelial Cx37 after long-term cholesterol-rich diet (Yeh 
et al., 2003). Statins inhibited also GJ communication in cultured SMCs (Shen et al., 
2010). Thus, statins emerge as potent modulators of connexins, which in turn might 
contribute to the pleiotropic effects of these compounds in reduction of atheroscle-
rosis mortality.

7.9  RESTENOSIS IS A LIFE-THREATENING SIDE EFFECT 
OF CURRENT THERAPY DURING CARDIAC ISCHEMIA

Along with pharmacological therapy, direct intervention on atherosclerotic arteries 
is often necessary. Despite the use of state-of-art drug eluting stents (DES) to impair 
SMC proliferation in response to the mechanical manipulation, the reocclusion of 
the artery, caused by neointimal hyperplasia (restenosis) or thrombosis, still remains 
an important problem (Newsome et al., 2008). To prevent thrombosis reendothelial-
ization is essential but often compromised by the proliferation-inhibiting compounds 
on the DES.

To study restenosis, various animal models have been exposed to carotid balloon 
distension injury or stenting. In the rat balloon injury model, an increased expres-
sion of Cx43 is measured in SMCs within the media first, and later in the neointima 
as well (Yeh et al., 1997). Thus, Cx43 expression seems enhanced in intimal thick-
ening after acute vascular injury (Yeh et al., 1997; Plenz et al., 2004; Wong et al., 
2006; Liao et  al., 2007). We should, however, be careful in the interpretation of 
these data, because, in contrast to the human situation, the rat model is known to 
display very little inflammatory response after balloon injury. Other connexins may 
play an additional role in the restenotic process. In a porcine model, Cx40 expres-
sion is decreased and Cx43 expression markedly increased in stent-induced intimal 
thickening (Chadjichristos et al., 2008). Cx43 has been shown to participate in the 
proliferation and differentiation of SMCs in vitro. Thus, SMCs isolated from pig cor-
onary arteries show an heterogeneous phenotype, with both spindle-shaped SMCs 
(S-SMCs) and rhomboid SMCs (R-SMCs) (Hao et al., 2002). S-SMCs are predomi-
nant in the normal media, whereas R-SMCs are present in intimal thickening induced 
by stent injury. R-SMCs show an increased proliferative index, increased migra-
tory and proteolytic phenotype. S-SMCs express Cx40 and Cx43. R-SMCs, devoid 
of Cx40, display higher Cx43 expression and increased cell-to-cell coupling than 
S-SMCs. Moreover, S-SMCs treated with platelet-derived growth factor-BB acquire 
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an R phenotype, with an upregulation of Cx43, but a loss of Cx40. Importantly, this 
can be prevented by a reduction of Cx43 expression using an antisense oligonucle-
otide (Chadjichristos et al., 2008).

Using knockout mouse models, the progression of restenosis changes when Cx43 is 
reduced (Wang et al., 2005a; Chadjichristos et al., 2006; Liao et al., 2007). However, 
when Cx43 expression is ubiquitously reduced neointima formation is decreased 
(Chadjichristos et al., 2006). In contrast, Cx43 deletion in SMCs only leads to an 
increased neointimal formation (Liao et al., 2007). Moreover, systemic application 
of the GJ blocker carbenoxolone inhibits neointimal formation in rats (Song et al., 
2009). Thus, targeting Cx43 in SMCs, ECs and leukocytes is important to reduce 
restenosis. Indeed, macrophages with a reduced Cx43 expression (Cx43+/−LDLR−/−) 
infiltrate less in tissue 7 days after balloon injury and Cx43+/−LDLR−/− peritoneal mac-
rophages display decreased chemotactic activity for SMCs. These events, together 
with reduced SMC infiltration and proliferation, result in a reduced neointimal thick-
ening in Cx43+/−LDLR−/− mice subjected to balloon-induced vascular injury.

Finally, DES are potent players in the prevention of restenosis. However, by reduc-
ing reendothelization, DES appear to have a life-threatening side effect by enhancing 
the risk of thrombosis (Sheiban et al., 2002). Indeed, when ECs are grown on metallic 
stents, they display a decreased expression of von Willebrand factor (vWf), endothe-
lial nitric synthase (eNOS) and Cx43, all signs of endothelial dysfunction (Yeh et al., 
2006b). Thus, the ideal DES would not only reduce inflammation and SMC prolifera-
tion but also enhance reendothelization. Interestingly, immunolabeling with anti-vWf 
antibodies on serial cross sections from balloon-injured carotids in Cx43+/+LDLR−/− 
and Cx43+/−LDLR−/− mice revealed complete endothelial repair 14 days postinjury in 
Cx43+/−LDLR−/− mice. In contrast, vWf immunostaining was absent at this time in all 
Cx43+/+LDLR−/− mice (Chadjichristos et al., 2006). Thus, a reduction in Cx43 expres-
sion restricted neointima formation after acute balloon injury by limiting the inflamma-
tory response as well as the proliferation and migration of SMCs toward the damaged 
site. Moreover, these events resulted in accelerated endothelial repair. Altogether, these 
findings suggest that Cx43 might be a promising target for local delivery strategies 
aimed at reducing restenosis after percutaneous coronary interventions. In this respect, 
recent applications of connexin-specific blocking peptides on SMCs and isolated blood 
vessels are of particular interest. Thus, strategies targeting the GJ protein might not 
only be of interest to prevent the burden of atherosclerosis in patients, but might be of 
interest in combination with other therapeutic strategies for the disease as well.
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Connexins in Lung 
Function and 
Inflammation

Marc Chanson and Michael Koval

8.1 PATHWAYS FOR INTERCELLULAR COMMUNICATION IN LUNG

The lung is a heterogeneous organ consisting of more than 40 distinct cell types 
(Crapo et  al. 1982). Essential to pulmonary function are two major subcompart-
ments, the epithelial-lined airspace and the pulmonary circulation, which act in 
concert to promote gas exchange between the extracellular environment and blood-
stream. Connective tissue composed of fibroblasts provides additional structural 
integrity. Recruitment of leukocytes from the circulation into the airspaces enhances 
host defense and is regulated by a finely tuned balance between the pulmonary endo-
thelium, respiratory epithelium, and cells of the immune system (Doerschuk 2001). 
While there are several pathways that enable these distinct cellular compartments 
to communicate, here, we focus on roles for connexins and pannexins in facilitating 
lung function and inflammation.

8
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8.1.1 connExinS

Gap junctions play several functional roles in the lung (Chatterjee et al. 2007; Foglia 
et al. 2009; Johnson and Koval 2009). Morphologic electron microscopic evidence 
from human lung suggests multiple classes of intercellular contacts containing gap 
junctions (Sirianni et al. 2003). This not only includes homotypic contacts between 
adjacent cells in epithelial and endothelial monolayers but also includes heterotypic 
contacts that enable cross-communication between the epithelium and endothelium. 
Intriguingly, heterocellular contacts in the alveolar/vascular unit frequently involve 
lung wall fibroblasts, suggesting a role for fibroblasts in mediating communica-
tion between subcompartments in the alveolar/vascular unit (Sirianni et al. 2003). 
A comparable morphologic analysis of lungs from chronic obstructive pulmonary 
dysplasia (COPD) patients showed that heterocellular gap junction contacts involv-
ing fibroblasts were disrupted, although whether this is a cause or effect of COPD is 
less clear at present (Sirianni et al. 2006).

Of the 20 mammalian connexins (Sohl and Willecke 2004), several are differen-
tially expressed throughout the lung (Table 8.1). The conductive airway epithelium 
is comprised of mucus-secreting cells such as goblet cells and submucosal glands, 
which function together with ciliated cells as essential components of airway defense 

TABLE 8.1
Connexin Expression by Lung Cells

Cell Type Connexin Expression References

Airway epithelium Cx26, Cx30, Cx31, Cx32, 
Cx37, Cx43

Boitano et al. (1998), Huang et al. 
(2003a), Kojima et al. (2007), Ruch 
et al. (2001), Traub et al. (1998), 
Wiszniewski et al. (2007)

Trachea Cx26, Cx43, Cx46 Boitano and Evans (2000), Carson et al. 
(1998), Isakson et al. (2006)

Alveolar epithelium
 Type II
 Type I

Cx26, Cx32, Cx37, Cx43, Cx46
Cx26, Cx37, Cx40, Cx43, Cx46

Abraham et al. (1999, 2001), Avanzo 
et al. (2007), Guo et al. (2001), Isakson 
et al. (2001a,b), Kasper et al. (1996), 
Lee et al. (1997), Traub et al. (1998)

Pulmonary 
endothelium

Cx37, Cx40, Cx43 Chatterjee et al. (2007), Parthasarathi 
et al. (2006), Rignault et al. (2007), 
Traub et al. (1998), Yeh et al. (1998)

Smooth muscle Cx37, Cx40, Cx43 Beyer et al. (1992), Kasper et al. (1996), 
Nakamura et al. (1999)

Lung fibroblasts Cx43, Cx45 Banoub et al. (1996), Kasper et al. 
(1996), Trovato-Salinaro et al. (2006), 
Zhang et al. (2004)

Neutrophils Cx37, Cx40, Cx43 Eltzschig et al. (2006), Sarieddine et al. 
(2009), Zahler et al. (2003)

Monocytes/
macrophages

Cx37, Cx43 Eugenin et al. (2003), Kwak et al. 
(2002), Wong et al. (2006)
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by promoting mucus clearance. The pattern of connexin expression by human respi-
ratory epithelium depends on cell phenotype and stage of differentiation. While sev-
eral connexin isoforms are detected in the undifferentiated airway epithelium (Table 
8.1), Cx26 and Cx43 rapidly disappear upon differentiation whereas Cx30 and Cx31 
remain detectable in the well-polarized epithelium. Primary cultures of well-differ-
entiated human airway epithelial cells have also been found to express mRNAs for 
Cx30.3 and Cx31.1 (Wiszniewski et al. 2006, 2007).

On the contrary, the distal airspaces, which are sites of gas exchange, are lined 
by a thin epithelium composed of a heterogeneous mixture of type I (ATI) and II 
(ATII) alveolar epithelial cells. In normal lungs, ATI and ATII alveolar epithelial 
cells express Cx26, Cx32, Cx43, and Cx46. Cx43 is fairly ubiquitous and is the 
major connexin functionally interconnecting ATI and ATII cells (Abraham et al. 
2001). In contrast, Cx32 is expressed exclusively by ATII alveolar epithelial cells in 
normal adult rat lung; however, ATI cells are unable to form functional gap junc-
tions with Cx32. Although Cx32 has the potential to interconnect two ATII cells, 
ATII cells are seldom in direct contact, suggesting an alternative role for Cx32 in 
ATII cell function. For example, Cx32 may function by forming high-conductance 
hemichannels (De Vuyst et al. 2006). Cx32 has the potential to regulate lung epithe-
lial cell growth since Cx32-deficient mice are more susceptible to benzene-induced 
lung toxicity and have a higher incidence of lung tumors (King et al. 2005; King and 
Lampe 2004; Yoon et al. 2004). A role of Cx32 in modulating acute lung inflam-
mation is supported by the extensive and long-lasting response to intratracheal 
instillation of lipopolysaccharide (LPS) in Cx32-deficient mice (Marc Chanson, 
unpublished results).

A recent analysis of Cx43-deficient mice suggests a crucial role for Cx43 in 
lung development (Nagata et  al. 2009). Lungs of Cx43-deficient mice appear to 
be arrested in the pseudoglandular or canalicular stage of development, are poorly 
branched, and are enriched for type II cells relative to type I cells. Although 
Cx43-deficient fetal lungs are morphologically distinct from normal fetal lungs, 
the mechanism by which Cx43 regulates lung differentiation is not known at pres-
ent. However, since endothelial cell-targeted Cx43-deficient mice have apparently 
normal lung development (Liao et  al. 2001; Parthasarathi et  al. 2006), roles for 
connexins are more likely to reflect proliferation and/or differentiation of epithe-
lia or mesenchyma, as opposed to an effect on alveolarization downstream from 
pulmonary vessel development (Jakkula et al. 2000). In lung tissue, the pulmonary 
microvascular endothelium is of particular interest as margination and transmigra-
tion of inflammatory cells occur predominantly in the alveolar capillary network, 
in contrast to the systemic circulation (DiStasi and Ley 2009). The major vascu-
lar connexins are Cx37, Cx40, and Cx43, which are expressed to differing extents 
depending upon tissue type and location (Figueroa et al. 2004). These connexins, 
when expressed by the same cell, have been shown to form heteromeric (mixed) 
gap junction channels, including Cx40/Cx43, Cx37/Cx43, and Cx37/Cx40 chan-
nels. The ability of connexins to intermix fine tunes the permeability and gating 
characteristics of gap junction channels. For instance, an increase in the amount of 
Cx43 relative to Cx40 augments intercellular communication through heteromeric 
Cx40/Cx43 channels as assessed by dye coupling (Burt et al. 2001). Moreover, lung 
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inflammation is critically dependent on the relative expression of Cx40 versus Cx43 
in the pulmonary vasculature, as described in Section 8.3.1.

Other examples of heteromeric gap junction channels with unique permeability 
characteristics include the following connexin pairings: Cx37/Cx43, Cx40/Cx43, and 
Cx43/Cx45. Given that different classes of vascular cells express different ratios of 
these connexins, this suggests that intercellular communication at different points in 
the vascular tree is regulated through differential connexin expression (Cottrell and 
Burt 2005).

8.1.2 pannExinS

There is evidence in support of (Jiang and Gu 2005) and evidence critical of (Spray 
et  al. 2006) connexin hemichannels playing physiologic roles. Thus, it was not 
surprising that a second class of proteins, pannexins, also form high conductance 
plasma membrane channels (Scemes et  al. 2007). Pannexins have been shown to 
mediate calcium currents and ATP release, including in airway epithelial cells 
(Ransford et al. 2009), where pannexin-1 (Px1) was shown to be a critical compo-
nent of the P2X7 receptor complex (Pelegrin and Surprenant 2006). P2X7 receptors 
are found throughout lung epithelia, particularly ATI cells (Barth et al. 2007; Chen 
et al. 2004), as well as alveolar macrophages (Kolliputi et al. 2010) and neutrophils 
(Chen et al. 2010). Moreover, P2X7 receptor activity is also required for optimum 
processing and secretion of several proinflammatory hormones such as IL-1β and 
IL-6 (Kolliputi et al. 2010).

Underscoring a role for Px1 in lung injury and inflammation, P2X7-deficient 
mice are resistant to cigarette smoke-induced inflammation, asthma, and pulmonary 
fibrosis (Lucattelli et al. 2011; Muller et al. 2011; Riteau et al. 2010). For transgenic 
models of inflammation and asthma, bone marrow chimeric mice were used to con-
firm that it was leukocyte P2X7 that was critical, since P2X7-deficient mice recon-
stituted with normal bone marrow had a comparable pathology as P2X7-deficient 
mice alone (Lucattelli et al. 2011; Muller et al. 2011; Riteau et al. 2010). In contrast, 
bleomycin-induced pulmonary fibrosis in mouse models were used to demonstrate 
that epithelial P2X7 and Px1 were critical for fibrosis to develop following injury. 
This is consistent with a likely role for ATP released by P2X7 receptors/Px1 chan-
nels acting as a homing signal for cells undergoing apoptosis (Chekeni et al. 2010). 
Underscoring the clinical significance of ATP release in human pathology, patients 
with idiopathic pulmonary fibrosis have significantly higher levels of ATP in bron-
choalveolar lavage fluid as compared with control patients (Riteau et al. 2010).

8.2 INTRAEPITHELIAL SIGNALING IN PROTECTING THE LUNG

8.2.1 control of Mucociliary clEarancE

The respiratory tract is chronically exposed to environmental pathogens and pol-
lutants. Lung epithelia provide a primary defense against pathogens, since it forms 
a physical barrier that isolates the airspace from other tissues. However, the steril-
ity of pulmonary tissues is also maintained by the concerted effects of innate and 
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acquired host defense systems, which recognize, localize, kill, and remove patho-
gens. The intercellular propagation of calcium waves coordinates several aspects 
of lung physiology, including ciliary beating, inflammatory cytokine production, 
surfactant production, and host defense (Figures 8.1 and 8.2). The synchronization 
of ciliary beating is important to clear the airways from toxicants and microorgan-
isms by ensuring the directional flow of mucus out of lungs (Knowles and Boucher 
2002; Travis et al. 2001). Two mechanisms of propagation, which are not mutually 
exclusive, have been proposed (Figure 8.1). One involves the transmission of inosi-
tol trisphosphate from one cell to another via gap junction channels (Boitano et al. 
1992). A second mechanism is the ATP release to the extracellular space, which, in 
turn, stimulates purinergic receptors to mobilize intracellular calcium in surround-
ing cells (Homolya et al. 2000; Ransford et al. 2009). In addition to providing paral-
lel pathways to transmit calcium transients between cells, connexins and pannexins 
may also regulate each other, although the mechanisms of interaction between these 
proteins have not yet been fully elucidated (Cotrina et al. 1998).

(a)

(b)

Bronchiole

Lung

Alveoli

Alveolar epithelium Surfactant

Type II
Type I

Stretch

Ca2+Ca2+
Ca2+

ATP ATP

Ciliary beat

FIGURE 8.1 Intercellular communication in the lung. The lung consists of several distinct 
functional compartments. Shown in the inset are the terminal airspaces, alveoli, and bronchi-
oles. (a) In the airways, including bronchioles, diffusion of IP3 through gap junctions enables 
the propagation of calcium waves, which help synchronize ciliary beating to allow directional 
transport of mucus. (b) The alveolar epithelium is a heterogeneous monolayer consisting of 
type II (AT2) cells and type I (AT1) cells. The alveolus acts as an integrated system where 
ATI cells respond to mechanical stimulation with an increase in intracellular calcium, which, 
in turn, is transmitted to AT2 cells via gap junctions to induce lamellar body fusion and 
secretion of pulmonary surfactant. Also shown is the alternative pathway, mediated by ATP 
secretion and paracrine stimulation via purinergic receptors.
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8.2.2 connExinS and tiSSuE BarriEr function

Lung barrier function is controlled by tight junctions (Koval 2006; Matter et  al. 
2005; Schneeberger and Lynch 2004; Turner 2006; Van Itallie and Anderson 2006). 
Although connexins themselves do not provide the physical paracellular barrier, 
there is increasing evidence for a role of connexins in optimizing tight junctions. 
For instance, Cx26 was found to contribute to tight junction formation in airway 
epithelial cells and to interact with occludin (Kojima et al. 2007; Nusrat et al. 2000). 
Also, the gap junction inhibitors glycyrrhetinic acid and oleamide have been found 
to decrease barrier function of rat lung endothelial cells (Nagasawa et al. 2006).

In endothelium, Cx40 and Cx43 have been shown to bind to several tight junction 
proteins, including occludin, claudin-5, and ZO-1, based on coimmunoprecipitation 
analysis (Nagasawa et al. 2006). Moreover, expression of transfected Cx32 induced 
an ~25% increase in the barrier function of immortalized hepatocytes derived from 
Cx32-deficient mice (Kojima et al. 2002). In this system, Cx32 expression enhanced 
the localization of ZO-1 and JAM-A to the plasma membrane, suggesting an increase 
in tight junction formation. Since Cx40 and Cx43 interact with ZO-1 (Giepmans 
2006), a protein that also directly interacts with claudins and occludin (Denker and 
Nigam 1998), these connexins are likely to interact with tight junctions via ZO-1. 
In contrast, while Cx32 can also coimmunoprecipitate with tight junction proteins 
(Kojima et al. 2001), it does not directly bind to ZO-1. Instead, interactions between 
Cx32 and tight junctions may be mediated by another scaffold protein, such as Discs 
Large homolog 1 (Dlgh1), which can directly bind to Cx32 (Duffy et al. 2007). Since 
several classes of connexin-deficient mice appear to have sufficient tissue barrier 
function, these studies suggest potential roles for most connexins in fine tuning tight 
junction assembly and function, rather than as indispensable components.

8.2.3 pulMonary Surfactant SEcrEtion

Gap junctions also contribute to the mechanical regulation of surfactant secretion. 
The alveolus functions as an integrated system in which ATI cells act as mechanical 
sensors that transmit calcium transients to ATII cells via gap junctions (Ichimura 
et al. 2006; Isakson et al. 2003) and purinergic receptors (Patel et al. 2005) during 
breathing. These calcium signals may also help to adjust surfactant production to 
stimuli such as changes in pulmonary blood pressure (Ashino et  al. 2000; Wang 
et al. 2002). Furthermore, intercellular communication also enables calcium wave 
propagation from one alveolus to the next (Ichimura et al. 2006) as demonstrated 
by in situ fluorescence microscopy analysis of the intact lung. One implication of 
interalveolar calcium signaling is that partial lung collapse (atelectasis) or fibrosis 
can have downstream effects on surfactant secretion by neighboring alveoli, which 
are otherwise apparently normal by morphologic criteria.

The major protein constituents of pulmonary surfactant are surfactant protein-A 
(SP-A), SP-B, SP-C, and SP-D. SP-B and SP-C are hydrophobic and directly contrib-
ute to the biophysical properties of surfactant (Beers and Mulugeta 2005; Whitsett 
and Weaver 2002). In contrast, SP-A and SP-D are members of the collectin protein 
family and are largely hydrophilic (Crouch and Wright 2001; Hawgood and Poulain 
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2001). SP-A and SP-D play key roles in regulating lung inflammation, which can have 
downstream effects on oxidant stress and alveolar damage (Wright 2005). Consistent 
with an immunoregulatory role for SP-A and SP-D, these proteins are required for 
efficient clearance of bacterial infections (Giannoni et  al. 2006). Both SP-A and 
SP-D have carbohydrate recognition domains that recognize bacterial polysaccha-
rides while the collagenous stalk region of the proteins bind to neutrophils, macro-
phages, and type II cells (Hartshorn et al. 1998; O’Riordan et al. 1995; Sano et al. 
1998). SP-A and SP-D also bind viruses (Hartshorn et al. 2000; LeVine et al. 1999). 
Thus, the collectin surfactant proteins act as coreceptors, or opsinizing agents, by 
coating pathogens and enabling them to be recognized and destroyed by the innate 
immune system in the lung (LeVine et al. 2000; Wert et al. 2000). A net decrease in 
gap junctional communication will have a negative impact on surfactant and lamel-
lar body secretion (Ichimura et al. 2006; Parthasarathi et al. 2006). While a complete 
lack of surfactant production and secretion is clearly deleterious, an imbalance in 
the regulation of surfactant secretion can also compromise lung function. Whether 
this is due to decreased intercellular communication in the alveolus during injury 
or infection remains to be determined. However, a role for disrupted cell–cell com-
munication in regulating surfactant release is potentially underscored by surfactant 
abnormalities associated with diseases such as acute respiratory distress syndrome 
(ARDS) and ventilator-induced injury, where cell–cell contacts are disrupted.

8.3  ACUTE LUNG INJURY, CALCIUM SIGNALING, AND 
INFLAMMATION

Calcium signaling within lung tissue is also important in the pathophysiology of the 
acute inflammatory response. Acute lung injury (ALI) and ARDS are characterized 
by massive invasion of cells and formation of protein-rich edema fluid in the intersti-
tial and intra-alveolar spaces. These alterations develop rapidly over the entire lung, 
thus reflecting the rapid spread of inflammation (Ware and Matthay 2000).

During the acute phase of lung injury, connexin expression in the alveolus is altered, 
where Cx43 and Cx46 expression is elevated (Abraham et al. 2001; Kasper et al. 1996). 
Conversely, Cx40 expression at the whole-lung level decreases during the acute phase 
of injury (Rignault et al. 2007). Some Cx46-expressing alveolar epithelial cells do not 
express typical ATII cell markers and thus may represent a distinct subtype of cells 
proliferating in response to injury. Cx46 has relatively limited permeability, as com-
pared with Cx32 and Cx43, suggesting a possible role for Cx46 in restricting metabolic 
depletion or intercellular transmission of toxic agents (Koval 2002).

8.3.1 control of nEutropHil rEcruitMEnt

Propagation of calcium waves has been directly observed in the pulmonary circu-
lation by imaging the intact perfused lung (Ying et al. 1996). The requirement for 
Cx43 in pulmonary endothelial calcium waves was confirmed by using an endothe-
lium-specific Cx43-deficient mouse model in which these waves were no longer pres-
ent (Parthasarathi et al. 2006). These calcium waves were generated from a distinct 
subset of pacemaker endothelial cells that are localized at the pulmonary branch 
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points and that are particularly sensitive to mechanical stress. Interestingly, calcium 
waves induced by mechanical stimulation have been shown to increase pulmonary 
endothelial P-selectin expression at the cell surface, suggesting a link to the inflam-
matory response (Parthasarathi et al. 2006).

Given the role of Cx43-mediated calcium waves in promoting exocytosis of 
P-selectin in postcapillary venules, Cx43 has been proposed to provide a proinflamma-
tory signaling pathway contributing to the spatial expansion of inflammation (Figure 
8.2). Consistent with this model, specific Cx43 blocking peptides reduced adhesion 
of neutrophils to the surface of mouse pneumocyte and endothelial cell lines in vitro 
(Sarieddine et al. 2009). The proinflammatory role of Cx43 was further confirmed in 
vivo using Cx43+/− mice, since lungs from these mice have half the Cx43 protein content 
than wild-type mice. In contrast with control mice, Cx43+/− mice showed nearly 50% 
fewer neutrophils recruited to the alveolar space 24 h after induction of lung inflamma-
tion by intratracheal instillation of Pseudomonas aeruginosa LPS. Conversely, mice 
expressing a truncated form of Cx43 lacking most of the C-terminus (Cx43K258stop) had 
increased neutrophil recruitment in response to instillation of LPS (Sarieddine et al. 
2009). Since gap junctions containing Cx43K258stop have increased open probability and 
decreased gating (Moreno et  al. 2002), this suggests a role for channel function in 
neutrophil recruitment rather than a channel-independent role for Cx43, such as has 
been observed in studies linking Cx43 to directed cell migration (Jiang and Gu 2005).

In contrast to Cx43, which increases, lung Cx40 content has been shown to 
decrease in mouse and rabbit models of ALI (Rignault et al. 2007; Zhang et al. 2010). 
This phenotype was associated with an overload of intracellular calcium in endothe-
lial cells, suggesting the potential for an interruption of calcium wave propagation. 
Consistent with a role for Cx40 in modulating inflammation, mice with an endothe-
lial-specific Cx40 deletion showed increased neutrophil recruitment to the alveolar 
space in response to intratracheal LPS instillation (Chadjichristos et al. 2010).

Interestingly, pulmonary microvessels of mice lacking endothelial Cx40 also showed 
decreased expression of 5′-ecto-nucleotidase (CD73), an ectoenzyme that hydrolyzes 
extracellular nucleotides, for example, converts ATP to adenosine. There is a consider-
able body of evidence demonstrating that CD73 protects against ALI by preventing leu-
kocyte adhesion to the endothelium (Eckle et al. 2007; Thompson et al. 2004; Völmer 
et al. 2006). Mechanistically, adenosine generated by CD73 stimulates A2B receptors to 
induce a cAMP-mediated signaling pathway, which increases transport of CD73 to the 
plasma membrane, creating a positive feedback loop that enhances the effect (Figure 
8.2). This pathway was confirmed using siRNA to decrease Cx40 expression by mouse 
endothelial bEnd.3 cells, which also decreased the expression and activity of CD73 and 
enhanced neutrophil adhesion. Importantly, this effect was confirmed in in vivo trans-
genic mice deficient of endothelial Cx40 (Chadjichristos et al. 2010).

It is interesting to note the opposite regulation of Cx40 and Cx43 during the 
course of an inflammatory response in lungs (Figure 8.2). Whereas a high ratio for 
Cx40 (Cx40 > Cx43) delays the adhesion of neutrophils to the endothelium, a high 
ratio for Cx43 (Cx43 > Cx40) promotes their transmigration across the endothelial 
barrier. Given that gap junctional communication is critically dependent on the stoi-
chiometry of heteromeric Cx40/Cx43 channels (Burt et al. 2001), this provides one 
of the best examples where acutely altered intercellular communication through gap 



145Connexins in Lung Function and Inflammation

© 2010 Taylor & Francis Group, LLC

junction channels has the potential to influence a physiologic response, in this case, 
modulation of neutrophil–endothelial interactions.

Alternatively, specific connexins may also provide for a bridge between inflam-
matory circulating cells and inflamed tissue cells, where Cx43 could promote neu-
trophil binding to endothelial cells, whereas Cx40 could be inhibitory. Although 
whether connexins are expressed by neutrophils is controversial (Sarieddine et al. 
2009; Scerri et al. 2006), it was recently reported that neutrophils may release ATP 
via hemichannels made of Cx43 or Px1, which can contribute to a proinflammatory 
response (Eltzschig et al. 2006; Chen et al. 2010).

8.3.2 airway EpitHElial inflaMMation

Recent findings highlight the importance of calcium waves within the conducting 
airway epithelium to activate the innate immune defense in response to inhaled bac-
teria, such as the opportunistic Pseudomonas aeruginosa. For instance, activation 
of Toll-like receptor 2 (TLR-2) on the apical surface of airway epithelial cell lines 
by Pseudomonas triggers an immediate calcium flux through gap junctions that is 
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Cx43>>Cx40 Cx40>>Cx43
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CD73
A2BRADO

ATP

AMP

CD73

Px1/P2X7

cAMP cAMP

Cx43
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transmigration)
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Ca2+Ca2+

FIGURE 8.2 Potential roles of connexins in regulating neutrophil adhesion to the endothe-
lium. As an initial stimulus, circulating neutrophils release ATP via hemichannels most likely 
composed of Px1. ATP is converted to adenosine (ADO) by the successive activity of CD39 
(located at the surface of neutrophils and endothelial cells) and CD73 (located at the sur-
face of endothelial cells). The conversion rate favors the production of ADO, which activates 
adenosine receptors (A2BR) on the endothelium. A2BR triggers a cAMP-dependent signal cas-
cade, which further activates CD73 and inhibits expression of endothelial proteins required 
for leukocyte adhesion. A2BR engagement also enhances Cx40-mediated gap junctional com-
munication, which propagates intercellular transfer of cAMP to propagate an anti-inflam-
matory response. In contrast, in the presence of a proinflammatory stimulus, expression of 
Cx40 decreases while Cx43 increases. Increased Cx43 and decreased Cx40 expression by 
endothelium alters gap junction permeability and may facilitate transmission of calcium tran-
sients over cAMP. The calcium-dependent signals propagate through gap junctions, which, 
in turn, increase expression of endothelial cell adhesion such as P-selectin, which promotes 
neutrophil adhesion, thus providing a proinflammatory response.
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necessary and sufficient to stimulate NF-κB and MAP kinase signaling (Martin 
and Prince 2008). Both NF-κB and MAP kinases contribute to the synthesis and 
release of proinflammatory cytokines, including IL-8, which is a potent chemotac-
tic factor for neutrophils. Calcium waves transmitted through Cx43 were shown to 
transiently amplify the proinflammatory response by recruitment of adjacent but 
nonstimulated cells (Martin and Prince 2008). This amplification, however, is lim-
ited in time. Indeed, not only TLR-2 stimulation but also LPS and TNF-α mark-
edly decreased gap junctional communication within 30–60 min, an effect mediated 
by c-src-dependent tyrosine phosphorylation of Cx43, which decreases intercellular 
communication (Chanson et al. 2001; Huang et al. 2003a; Martin and Prince 2008).

A defect in negative regulation of Cx43 channels may contribute to an exaggerated 
inflammatory response. For example, cystic fibrosis (CF), a genetic disease caused 
by mutations in the CF transmembrane conductance regulator (CFTR) gene, is fre-
quently associated with excessive neutrophil recruitment to the airways. Interestingly, 
airway epithelial cells isolated from CF patients fail to downregulate gap junctional 
communication likely due to several mechanisms, including inadequate c-src recruit-
ment to membrane microdomains, or lipid rafts, in the absence of functional CFTR 
(Chanson et al. 2001; Dudez et al. 2008; Huang et al. 2003b). Although several factors 
are likely to contribute to the proinflammatory pathology of CF in lungs, these studies 
identify misregulation of Cx43 as one of these factors.

Although most studies examining roles for connexins in lung injury and inflam-
mation have focused on Cx40 and Cx43, other connexins are also likely to play roles 
as well. For instance, using an ovalbumin-induced model for airway hypersensitivity-
induced asthma, airway epithelial Cx37 expression was found to be reduced, which 
correlated with the inflammatory response and Th2 cytokine production (Park et al. 
2007). Although this study did not characterize changes in other connexins, these 
findings are intriguing, given that Cx37 heteromerically interacts with Cx43 to atten-
uate gap junctional communication (Brink et al. 1997; Larson et al. 2000). Moreover, 
tyrosine kinases have been implicated in the control of the hypersensitivity response 
(Kamata et  al. 2003). This raises the potential for gap junctional communication 
to be simultaneously modulated by multiple mechanisms to control inflammation, 
namely increased Cx43 phosphorylation and increased formation of Cx37/Cx43 het-
eromers. Further work is needed to determine whether this is the case.

8.4 ALCOHOLIC LUNG SYNDROME

Although alcohol abuse is classically associated with liver disease (Reuben 2007), recent 
evidence has confirmed that chronic alcohol abuse is also a major risk factor contribut-
ing to the severity of ARDS (Joshi and Guidot 2007; Moss et al. 1996, 2003). In a study 
of ICU patients, it was found that after adjusting for smoking and hepatic dysfunction, 
patients with a history of alcohol abuse were more than twice as susceptible for ARDS 
than nonalcoholic patients (Moss et al. 2003). In large part, the increased susceptibil-
ity to ARDS caused by chronic ethanol ingestion is due to a fundamental defect in 
lung barrier function as a result of impaired tight junction formation between ATI cells 
(Fernandez et al. 2007; Guidot et al. 2000). As described above, decreased barrier func-
tion (e.g., a leaky lung) contributes to the severity of ARDS (Ware and Matthay 2000).
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8.4.1 oxidant StrESS and connExinS in alcoHolic lunG

Dietary ethanol causes oxidant stress in the lung (Moss et  al. 2000). The lung is 
particularly sensitive to oxidant stress, which is minimized by the antioxidant gluta-
thione in the alveolar airspaces (Jean et al. 2002). Thus, one source of oxidant stress 
is from ethanol metabolism to acetaldehyde, which directly depletes the reduced glu-
tathione pool (Brown et al. 2004; Moss et al. 2000). The prominent role of oxidant 
stress and reactive oxygen species (ROS) in alcoholic lung suggests that antioxidant 
therapy could be a useful therapeutic approach. In fact, in animal models of alco-
hol ingestion, a diet enriched in the glutathione precursor procystine prevents the 
alcoholic lung phenotype (Brown et al. 2001; Guidot and Brown 2000). However, 
complete reversal of the alcoholic lung phenotype requires several weeks of treat-
ment and is not a suitable approach for an acute treatment regimen for alcoholic lung.

Three different studies have demonstrated that ethanol treatment of cells in vitro 
inhibits gap junctional communication (Abou Hashieh et  al. 1996; Bokkala et  al. 
2001; Wentlandt et al. 2004). The ability of ethanol to inhibit gap junctions could 
be due to direct partitioning into cell membranes, analogous to the inhibitory effect 
of long-chain alcohols on connexins (Johnston et  al. 1980; Chanson et  al. 1989). 
Ethanol-induced depletion of the glutathione pool and increased oxidant stress can 
also inhibit gap junctional communication (Upham et al. 1997). The effect of etha-
nol on connexin expression is more variable, where ethanol was shown to inhibit 
Cx43 expression (Bokkala et al. 2001; Wentlandt et al. 2004), but had little effect on 
Cx26 or Cx32 (Abou Hashieh et al. 1996; Wentlandt et al. 2004). Whether ethanol 
has a comparable effect on other connexins or cell types remains to be determined. 
In fact, specific alterations in gap junctional communication in response to oxidant 
stress may be a mechanism to decrease the intercellular transmission of toxic agents 
(Azzam et al. 2001; Elshami et al. 1996), while also maintaining intercellular trans-
fer of antioxidant compounds, including glutathione (Frossard et al. 2003; Goldberg 
et al. 2004). Alternatively, complete shutdown of gap junctional communication can 
help preserve the bulk of the tissue at the expense of more extensive damage to iso-
lated individual cells.

8.4.2 HorMonE SiGnalinG and connExinS in alcoHolic lunG

In addition to its metabolic effects on the antioxidant glutathione pool, ethanol also 
induces cell signaling pathways that contribute to oxidant stress. In particular, etha-
nol stimulates angiotensin II activity (Bechara et al. 2005), which, in turn, upregu-
lates NADPH oxidase (Nox) (Seshiah et al. 2002). Interestingly, angiotensin II has 
also been shown to upregulate cardiovascular and epithelial Cx43 expression and 
function (Bokkala et al. 2001; Dhein et al. 2002; Kansui et al. 2004; Kasi et al. 2007) 
and can antagonize the effect of ethanol on gap junctional communication (Bokkala 
et al. 2001). In contrast, Cx40 appears to be less affected by angiotensin II (Dhein 
et al. 2002). Given the role of endothelial Cx43 in inflammation, this is consistent 
with the notion that angiotensin II is proinflammatory as well (Boos and Lip 2006).

Clearly, inflammation and the concomitant infiltration of neutrophils and acti-
vation of alveolar macrophages contribute to oxidant stress in response to ALI 
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(Christofidou-Solomidou and Muzykantov 2006). Also, the intense oxidant load on 
alcoholic lung provides a condition where the alveolar epithelium is prone to injury 
and apoptosis (Brown et al. 2001). This has influences on alveolar epithelial function 
by promoting the cells to undergo an epithelial-to-mesenchyme transition (EMT) 
(Kasai et al. 2005; Kim et al. 2006; Willis and Borok 2007). In essence, the alcoholic 
lung is primed to have an exaggerated response to the effects of subsequent insults 
(Araya et al. 2006; Kang et al. 2007).

In addition to impairing epithelial cell phenotype and compromising alveolar bar-
rier function, EMT has been shown to decrease expression of Cx43 by embryonic 
carcinoma cells downstream of increased Snail expression and decreased cadherin 
expression (de Boer et al. 2007). Whether this is the case for alveolar epithelial cell 
junctions remains to be determined. In addition to ROS, reactive nitrogen species, 
including peroxynitrite, are also generated during ALI (Haddad et al. 1994; Sittipunt 
et al. 2001), which can inhibit gap junctional communication (Sharov et al. 1999).

8.5 CONCLUSION

By regulating extracellular and intercellular signaling, controlling the flow 
of metabolites and restricting the flow of toxic agents, connexins, and pannex-
ins enable the cells of the lung to act as integrated systems. Although to date no 
human respiratory disease has been directly attributable to a connexin deficiency 
or mutation, there is considerable evidence from animal and in vitro models that 
connexins have the capacity to control lung inflammation. However, targeting 
connexins as a therapeutic approach to control lung injury and inflammation will 
pose several challenges. For instance, it seems unlikely that targeting connexins 
will prove beneficial in the advanced stages of a lung disease, such as ARDS or 
COPD. Tissue-specific heterogeneity in connexin expression adds an additional 
complication, as does the differing roles for connexins in gap junctional intercellu-
lar communication as opposed to connexin- and pannexin-mediated hemichannel 
activity. Moreover, approaches using gap junction inhibitors run the risk of having 
an adverse effect on processes where connexins have anti-inflammatory effects 
(such as vascular Cx40) or promote lung function, where connexins increase the 
ability of cells to secrete pulmonary surfactant in response to mechanical stress. In 
fact, the ability of Px1-deficient mice to resist lung injury and inflammation sug-
gests that inhibitors of hemichannels may be the best therapeutic target as opposed 
to more global gap junction inhibitors. However, inhibition of inflammation may 
have deleterious consequences and connexin inhibitors may be more valuable in 
attenuating the inflammatory response.

Thus, it may prove that identifying pharmacologic agents that promote specific 
subclasses of gap junctional communication will provide a more fruitful approach 
to target inflammation. To be successful, this strategy will require targeting specific 
connexin subclasses or connexins expressed by a specific subset of cells, perhaps in 
combination with a hemichannel inhibitor. Continuing to identify specific roles for 
specific connexins and pannexins will provide an important foundation to determine 
whether targeting these intercellular communication pathways represents a feasible 
approach to the treatment of inflammatory lung disease.
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Effect of Oxidative 
Stress on Connexins 
in the Vasculature

Marie Billaud, Scott R. Johnstone, Katherine R. 
Heberlein, Adam C. Straub, and Brant E. Isakson

9.1 INTRODUCTION

The key role of the vasculature is to provide oxygen for the metabolic demand of 
the tissues throughout the periphery of an organism. Although this seems like a 
straightforward task, oxygen itself is a highly reactive molecule that when combined 
with other substrates can have a multitude of effects, both deleterious and beneficial. 
For example, reactive oxygen species (ROS) can include hydroxyl radical and super-
oxide anion radical, which are both known for their deleterious effects on tissues. 
Conversely, nitric oxide (NO) is the most important ROS in the vasculature where 
it is well known for its beneficial effects. One of the defining features for each of 
these ROS molecules is the presence of a free radical, an unpaired electron in the 
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outer orbital, which can cause the molecule to be highly reactive. Although most 
of the ROS originate from the superoxide anion radical that are mostly produced 
by mitochondria or NADPH oxidase (Demaurex and Scorrano, 2009), the endo-
thelial cells (ECs) lining the inside of the blood vessels produce vast amount of NO 
via the enzyme endothelial NO synthase (eNOS, NOS3). In the vasculature, NO is 
quite beneficial by providing a relaxation signal to the vascular smooth muscle cells 
(VSMCs) to dilate, or provide a measure of inflammatory inhibition by preventing 
the binding of leukocytes to the endothelium. However, other ROS molecules, espe-
cially superoxide anion can be produced during pathological events in the vascula-
ture (e.g., ischemic conditions) and have deleterious effects (for review, see Wolin, 
2009). Although it has been hypothesized that ROS, and especially hydrophilic ROS 
such as superoxide anion and hydroxyl radical, could pass through gap junctions 
(Tang and Vanhoutte, 2008; Billaud et al., 2009), ROS molecules provide a different 
method of communication than gap junctions, which allow for direct intercellular 
transfer of molecules. This review focuses on the published observations and pos-
sible mechanisms that allow oxidative events by ROS to alter both connexin (Cx) 
expression and function, which by extension, would alter (or enhance) the status of 
the vasculature.

9.1.1 vaScular StructurE

Mammalian vasculature is one of the most complex structures within the body, con-
sisting of a network of arteries, arterioles, capillaries, and veins that if laid end to end 
would stretch more than 100,000 miles. While the basic structure of each of the dif-
ferent vessels are essentially the same, single layer of ECs separated from single or 
multiple layers of VSMCs by matrix layers called elastic lamina, the function of each 
of these systems varies greatly. Arteries, arterioles, and capillaries make up the oxy-
genation systems for the body and, depending on the vessel diameter, the cell com-
position and function, regulate tissue oxygenation and the blood pressure systems 
within the body. On the other hand, veins make up the low pressure, deoxygenation 
systems. Many vascular pathologies are associated to the arterial/oxygenation sys-
tem such as atherosclerosis and hypertension. Many of these pathologies are directly 
mediated by ROS, which leads to a number of cellular changes. While several fac-
tors have been shown to mediate these processes, one of the most important may be 
regulation of gap junctions and their constitutive proteins the connexins (Cxs).

9.1.2 vaScular cxS

To date, of the 20 Cxs identified, only Cx37, Cx40, Cx43, and Cx45 and, more 
recently, Cx32 have been demonstrated to be differentially expressed in vascular 
cells (Kwak et al., 2002; Okamoto et al., 2009; Johnstone et al., 2009a). In nondis-
eased large order vessels, for example, aortas and carotids, Cx32, Cx37, Cx40, Cx45, 
and Cx43 are expressed in vascular ECs (Van Kempen and Jongsma, 1999; Isakson 
et al., 2006b; Okamoto et al., 2009), although the latter Cx is thought to be poorly 
expressed and is even absent in the ECs of some vessels, such as intramural coronary 
arteries (Severs et al., 2001). It has been hypothesized that this weak EC expression 
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could be explained by the fact that Cx43 is actively regulated by physical forces such 
as shear stress and mechanical load (Cowan et al., 1998; Gabriels and Paul, 1998; 
DePaola et al., 1999). In lower-order vessels such as cremaster and mesentery, Cx37, 
Cx40, and Cx43 are expressed in ECs (Hakim et al., 2008). The VSMCs of arteries 
are less coupled as compared to endothelium as revealed by dye diffusion experi-
ments (Segal and Beny, 1992; Little et al., 1995; Sandow et al., 2003). Although Cx 
expression, particularly Cx43, is well characterized in the VSMC layers of large 
arteries, identification of VSMC Cxs in smaller muscular arteries has been more 
difficult (Hong and Hill, 1998; Looft-Wilson et al., 2004; Fanchaouy et al., 2005; 
Hakim et  al., 2008). In addition to homocellular gap junctions within ECs in the 
intima and VSMCs, both cell types can communicate through a specialized struc-
ture, identified as myoendothelial junction (Heberlein et al., 2009a) (Figure 9.1a,c,e). 
This heterocellular junction is essentially found in resistance arteries and is absent of 
large arteries where the media and the intima are separated by a thick internal elas-
tic lamina (Figure 9.1b,d,f). Among the five Cxs expressed in the vasculature, only 
Cx37, Cx40, and Cx43 have been identified at the myoendothelial junction (Mather 
et al., 2005; Haddock et al., 2006; Heberlein et al., 2009a; Straub et al., 2011).

In the vasculature, gap junctions play an essential role in the control of vascu-
lar tone by coordinating cellular responses within the arterial wall (for review, see 
Schmidt et al., 2008). The gap junctions, especially myoendothelial gap junctions, are 
thought to be involved in vasodilation mediated by the endothelium-derived hyper-
polarizing factor (EDHF) (de Wit and Griffith, 2010). Several reports demonstrate 
that this vasodilation, usually initiated by stimuli such as shear stress, acetylcholine, 
or bradykinin, is altered by several gap junction inhibitors (Sandow et  al., 2003, 
Coleman et al., 2001a,b). Furthermore, gap junctions have been shown to be involved 
in the propagation of calcium signaling and vasoconstriction. For example, gap junc-
tion inhibitors alter the myogenic tone, which is usually elicited by an increase in 
transmural pressure in vivo (Lagaud et al., 2002). Lastly, gap junctions control the 
propagation of vasoconstriction and vasodilation along the vessel length over several 
millimeters, effectively producing a coordinated change in vessel diameter (Segal 
and Duling, 1989; Segal et al., 1989; Xia and Duling, 1995).

9.1.3 oxidativE StrESS and rEactivE oxyGEn SpEciES

Oxygen is essential for cellular functions, but is also paradoxically a source of ROS 
that can lead to irreversible damages on cellular compounds such as DNA, lipids, 
and proteins. Oxidative stress is defined as a condition where cells and tissues are 
exposed to high level of ROS following an increase of their production or a decrease 
in their degradation. Oxidative stress is frequently related to different pathological 
conditions including cardiovascular diseases (CVDs). Superoxide anion and NO are 
at the origin of the formation of other ROS, including hydrogen peroxide, hydroxyl 
radical, and peroxynitrite.

The production of ROS is an essential component of vascular EC and VSMC 
functionality (Touyz et al., 2003) and ROS are generated by different sources within 
the cells. The main source of NO in the vasculature is eNOS, while superoxide 
anion can be produced by NADPH oxidase, the mitochondrial respiratory chain and 
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FIGURE 9.1 SEM and TEM images comparing the cellular organization of resistance and 
conduit vessels: SEM images of cellular digestion show elastic lamina in resistance vessel 
(cremaster, a) compared to conduit vessel (carotid, b). Sodium hydroxide (NaOH) removal 
of both smooth muscle and endothelial layers in each vessel type reveals the elastic lamina 
matrix between ECs and VSMCs to be a thin layer containing multiple holes correspond-
ing to expected areas for myoendothelial junctions (MEJ, arrows a, c, e) in the resistance 
vessels, whereas in the large conduit vessels multiple thick layers of elastic lamina prevent 
direct communication between ECs and VSMCs (a and b). In c and d, PU4 vascular cast 
SEM images of VSMC denuded vessels reveals multiple, regular protrusions (arrows) rep-
resenting the EC component of MEJs (mesentery, c), which are absent (as indicated by the 
“smoothness”) from large conduit vessels (aorta, d). TEM of transverse sections of small 
resistance vessel (coronaries, e) and carotid artery (f) reveals singular layers of ECs and 
VSMCs in the resistance vessel with areas of cell−cell contact known as the MEJ (e, arrow) 
whereas carotid contains multiple layers of VSMCs separated from the ECs by a thick layer 
of IEL in the carotid (lumen is indicated by L).
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several other oxidases such as xanthine oxidase, cyclo-oxygenase, lipo-oxygenase 
(for review, see Droge, 2002). Interestingly, eNOS can produce both NO and super-
oxide anion: NO is produced in physiological condition where eNOS is homodi-
meric, whereas superoxide anion will mostly be generated in pathological condition 
where eNOS is uncoupled (for review, see Forstermann and Munzel, 2006).

There is a plethora of molecules that act against oxidative stress in order to prevent 
cellular damages eventually caused by ROS. Among these antioxidant molecules 
are glutathione, ascorbic acid (vitamine C), α-tocopherol (vitamine E), catalase, and 
newly discovered enzymes such as peroxiredoxine (Wood et al., 2003; Forman et al., 
2009; Wolin, 2009), which all act via different pathways to detoxify harmful com-
ponents of the redox systems (Sihvo et  al., 2003). Furthermore, NO and superox-
ide dismutase (SOD) can be considered both as oxidant and antioxidant molecules. 
Indeed, superoxide anion reacts with NO faster than it reacts with SOD; therefore, 
the peroxynitrite produced only becomes a significant biological regulatory factor 
when superoxide levels are increased or when NO levels approach the concentra-
tions of SOD (Wolin, 2009). Additionally, SOD can be considered as an antioxidant 
as it degrades the superoxide anion, but this degradation leads to the generation of 
hydrogen peroxide, which can consequently damage the cells if it is not degraded by 
the catalase.

Functionally, ROS are mostly associated to cellular damage; however, low levels 
of ROS are involved in several physiological pathways. Apart from NO, hydrogen 
peroxide is another vasodilator and several reports led to the hypothesis that hydro-
gen peroxide could be the EDHF (Feletou and Vanhoutte, 2009). Furthermore, ROS 
play a role in the phenomenon of oxygen sensing in the tissues, which is essential 
to activate antioxidant defense (Droge, 2002). Lastly, ROS are involved in cellular 
apoptosis (Droge, 2002). When the levels of ROS are increased in cells, a series of 
cellular damages can occur, including DNA oxidation that can lead to irreversible 
mutation, peroxidation of lipids that leads to a disorganization of the plasma mem-
brane proteins and lastly, ROS can nitrosylate proteins.

ROS play an important role in the etiology of cardiovascular pathologies, where 
both VSMCs and ECs produce increased ROS levels. The major sources of super-
oxide anion in the VSMCs are the NADPH oxidase and the mitochondria (Lyle 
and Griendling, 2006), while several enzymatic systems such as eNOS, xanthine 
oxidase, and cyclooxygenase are at the origin of ROS production in ECs (Li and 
Shah, 2004). The superoxide anion has severe consequences on the arterial wall as 
it reacts with NO, thus decreasing NO bioavailability and increasing the formation 
of peroxynitrite. This phenomenon leads to an endothelial dysfunction characteris-
tic of CVDs.

9.1.4 poSttranSlational ModificationS: pHoSpHorylation

Posttranslational modifications are critical for the regulation and control of protein 
function. Phosphorylation and S-nitrosylation are the main modifications of Cxs that 
regulate gap junction function. A number of oxidative stressors are known to act via 
phosphorylation and nitrosylation pathways, and therefore, may be associated to Cx 
posttranslational modifications in vascular diseases.
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Cx phosphorylation has been well established to alter channel gating of con-
ductive substrates as well as interactions between Cxs and other proteins (Maeda 
and Tsukihara, 2010; Solan and Lampe, 2005). Cx43 has been the prototypical Cx 
for studying phosphorylation and as a result, many studies have revealed that the 
C-terminus of Cx43 (as well as other Cxs) is a critical regulator of gap junction per-
meability (Lampe and Lau, 2000, 2004; Solan and Lampe, 2005). Cx43 is subjected 
to posttranslational modifications through phosphorylation of serine, threonine, 
and tyrosine residues in the C-terminus by a number of kinases, including c-SRC 
tyrosine phosphorylation, mitogen-activated protein kinase (MAPK), protein kinase 
C/A/G (PKC, PKA, PKG), P34cdc, and casein kinases (CK1) serine phosphorylation 
(Table 9.1) (Solan and Lampe, 2005, 2007). Differential phosphorylations of sites 
within the C-terminus of Cx43 have been demonstrated to be important for either 
enhanced or reduced gap junction functionality. Phosphorylation by PKA and CK1 
enhance gap junction permeability; while PKC, c-SRC, and MAPK phosphorylation 
reduce permeability of Cx43 gap junctions (Table 9.1) (Lampe et al., 2000; Solan 

TABLE 9.1
Phosphorylation of Vascular Connexins

Connexin Kinase
Phosphorylation 

Site GJ Permeability Reference

Cx37 GSK3 S321 – Morel et al. (2010)

Cx40 PKA Unknown +/− Bolon et al. (2008), van 
Rijen et al. (2000)

Cx43 v-Src Y247 – Kanemitsu et al. (1997)

Cx43 MAPK, CDC2, 
ERK1/2

S255 – Moorby and Patel (2001), 
Warn-Cramer et al. (1996), 
Lampe et al. (1998), 
Kanemitsu et al. (1998), 
Solan and Lampe (2007)

Cx43 PKC, CDC2 S262 – Doble et al. (2004), 
Solan and Lampe (2007), 
Lampe et al. (1998), 
Kanemitsu et al. (1998)

Cx43 v-Src Y265 – Kanemitsu et al. (1997)

Cx43 MAPK, PKC S279/S282 – Moorby and Patel (2001), 
Solan and Lampe (2007)

Cx43 CK1 S325/S328/
 S330

+ Cooper and Lampe (2002), 
Solan and Lampe (2007)

Cx43 PKA S364/S364 + TenBroek et al. (2001), 
Yogo et al. (2002), Solan 
and Lampe (2007)

Cx43 PKC S368 −/+ Solan et al. (2003)

Cx43 PKA S369/S373 + TenBroek et al. (2001), 
Yogo et al. (2002)

Cx45 PKC Unknown + van Veen et al. (2000)
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et al., 2003; Pahujaa et al., 2007). Moreover, there are species-specific differences 
in phosphorylation patterns for Cx43. For example, rat Cx43 is regulated by PKG, 
which makes Cx43 gap junctions less permeable, but human Cx43 does not, as the 
PKG phosphorylation site (Ser257) is absent from the C-terminus domain in humans 
(Moreno et al., 1994; Kwak et al., 1995). Lastly, there is increasing evidence suggest-
ing that Cx phosphorylation, particularly Cx43 phosphorylation, can be altered in 
diseased states (Isakson et al., 2006c; Johnstone et al., 2009b).

The regulation of phosphorylation of other vascular Cxs is currently less clear. 
However, recent evidence has demonstrated that Cx37, which has a similar sequence 
homology to Cx43 C-terminus, can be phosphorylated by glycogen synthase 
kinase-3 (GSK-3) to reduce gap junction permeability (Morel et  al., 2010). Cx40 
has been shown to be phosphorylated on serine residues in response to hypoxia/
reoxygenation through a PKA/PKC mechanism (Bolon et al., 2008). Lastly, Cx45 
has also been demonstrated to be phosphorylated by PKA mechanism, however, 
specific sites of phosphorylation remain elusive (van Veen et  al., 2000). Taken 
together, these data demonstrate that phosphorylation is a major regulator of Cx 
posttranslational modification that regulates gap junction communication. Table 9.1 
demonstrates some of the current known effects of phosphorylation on gap junction 
function.

9.1.5 poSttranSlational ModificationS: nitroSylation

The covalent attachment of a NO group to a cysteine thiol side chain is called 
S-nitrosylation and serves as an important posttranslational modification that gov-
erns signal transduction throughout various aspects of cardiovascular physiology. 
Growing evidence suggests that dysregulation of S-nitrosylation lead to nitrosative 
stress, which is a critical mechanism in the initiation, and progression of a number 
of cardiovascular-related diseases (Lima et  al., 2010). There is accumulating evi-
dence suggesting that Cxs are regulated by S-nitrosylation in both physiological and 
pathophysiological states. Thus, there is an impetuous need for future studies aimed 
at understanding the molecular and cellular mechanisms used by cells to regulate 
protein S-nitrosylation mechanisms.

S-nitrosylation is regulated by NO produced by NOS, which can be expressed 
constitutively or induced in most cell types. The NOS enzyme family includes 
NOS1 (or neuronal (n)NOS), NOS2 (or inducible (i)NOS), and NOS3 (or endothe-
lial (e)NOS) and are arguably the critical players for the initiation of S-nitrosylation 
(Jaffrey et al., 2001). A growing number of studies suggest that S-nitrosylation is 
spatially and temporally controlled and is tightly regulated by physiological stim-
uli such as receptor activation (e.g., α1D adrenergic receptor (Nozik-Grayck et al., 
2006), NMDA receptor (Takahashi et al., 2007), estrogen receptor (Garban et al., 
2005), and ryanodine receptor (Bellinger et al., 2009). Furthermore, S-nitrosylation 
is controlled by subcellular compartmentalization and direct interactions with sub-
strate proteins (Stamler et al., 2001; Foster et al., 2003; Iwakiri et al., 2006; Lima 
et al., 2010; Qian et al., 2010; Straub et al., 2011). In addition, there is accumulating 
data showing that consensus protein motifs may also be critical for cysteine-specific 
S-nitrosylation and precise protein regulation (Stamler, 1994; Xue et al., 2010).
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Modulating the extent of S-nitrosylation is critical for inhibiting excessive 
 nitrosative stress and is achieved by a number of denitrosylases (for review, see 
Benhar et  al., 2009). However, this process remains less studied. Once viewed 
as unregulated and spontaneous, the mechanisms of denitrosylation are becom-
ing increasingly clear and a few studies have identified important denitrosyl-
ases critical for maintaining the S-nitrosylation/de-nitrosylation balance, such as 
S-nitrosoglutathione reductase (GSNOR) (Benhar et al., 2009; Liu et al., 2004). It 
should be noted that the process of denitrosylation should not be exclusively consid-
ered as an “off” switch, but rather, proteins can be constitutively S-nitrosylated and 
upon a stimulus can be de- nitrosylated, thereby eliciting signal transduction event. 
While the list of proteins regulated by S-nitrosylation/de-nitrosylation increases in 
the cardiovasculature, recent evidence has identified that Cxs are also regulated by 
S-nitrosylation (Retamal et al., 2006; Straub et al., 2011).

NO has been shown to have the ability to regulate gap junction permeability and 
electrical coupling in the vasculature. In microvascular ECs, Cx43 but not Cx40 is 
constitutively S-nitrosylated by eNOS on cysteine 271 (on the Cx43 C-terminus) at 
the myoendothelial junction to maintain gap junctions in a permeable state (Straub 
et al., 2011). Upon stimulation of VSMCs by phenylephrine, Cx43 gap junctions are 
denitrosylated by GSNOR, limiting gap junction channel conductance. This work 
correlated with other studies showing that Cx43 hemichannels in astrocytes also 
become S-nitrosylated in oxidative stress conditions (Retamal et al., 2006). These 
two studies indicate that Cx43 is indeed a target for S-nitrosylation and provides 
another mechanism for Cx43 gap junction permeability regulation.

There has been limited S-nitrosylation work performed on other Cxs, however, 
there is suggestive data showing that NO has the capacity to inhibit electrical current 
of Cx37 gap junctions in the microvasculature (Kameritsch et al., 2005). Although 
these studies infer Cx37 S-nitrosylation, future experiments directly testing if Cx37 
is S-nitrosylated (i.e., via biotin switch assays and site-directed mutations) should 
identify critical cysteine targets of S-nitrosylation in Cx37 and assess whether it 
can alter channel permeability. Lastly, it is currently unknown whether Cx45 is 
S-nitrosylated. In conclusion, it is becoming increasingly clear that Cx proteins con-
tain target sites for S-nitrosylation; however, future studies will have to be performed 
to identify whether Cx37 and Cx45 are regulated by S-nitrosylation. Table 9.2 dem-
onstrates the known data on vascular Cx S-nitrosylation.

TABLE 9.2
S-Nitrosylation of Vascular Connexins

Connexin S-Nitrosylation Cysteine Function Reference

Cx37 Unknown Unknown NO decreases 
GJ permeability

Kameritsch et al. (2005)

Cx40 No — — Straub et al. (2011)

Cx43 Yes C271 Increases GJ 
permeability

Retamal et al. (2006), 
Straub et al. (2011)

Cx45 Unknown Unknown Unknown —



165Effect of Oxidative Stress on Connexins in the Vasculature

© 2010 Taylor & Francis Group, LLC

9.2 METABOLIC SYNDROME

The metabolic syndrome is defined by an association of several metabolic disorders 
that increase the risk of CVDs. The metabolic syndrome has become a major health 
concern, especially in the developed countries such as North America where it affects 
approximately one-quarter of the population (Ford et al., 2002). Although pathophysi-
ological causes leading to the metabolic syndrome remain unclear, several risk factors 
have been established such as central obesity, elevated triglycerides, diminished high-
density lipoprotein (HDL), cholesterol, systemic hypertension, and elevated fasting glu-
cose (Cleeman, 2001; Moebus et al., 2006). These risk factors lead to pathologies such 
as diabetes, obesity, or atherosclerosis where Cx expression and functions are altered.

9.2.1 atHEroSclEroSiS

Oxidative stress is a major component of the development of atherosclerosis (which 
is the underlying cause for the majority of CVDs) and has one of the highest mortal-
ity rates in the United States (Roger et al., 2011). Lifestyle choices including lack of 
exercise, cholesterol-rich diet, alcohol consumption, and smoking are all considered 
as significant risk factors in atherosclerotic disease progression and are all asso-
ciated with lipid accumulation, production of oxidative by-products, and oxidative 
stress (Roberts et al., 2002; Ambrose and Barua, 2004; Mercado and Jaimes, 2007; 
Chen et  al., 2011). Although our knowledge on atherosclerosis and its complica-
tions has increased, the mechanisms of initiation (atherogenesis) remain ill defined. 
Atherogenesis is typified by lipid deposition and oxidation, macrophage recruitment 
and VSMC proliferation within the wall of large and medium-sized arteries (Kwak 
et al., 2002). Concurrent with these stages of disease development is significant mod-
ulation of gap junctions and Cx proteins (Kwak et al., 2002, 2003, Solan et al., 2003).

Many studies have now detailed the roles of Cx37, Cx40, and Cx43 in atheroscle-
rosis, yet less is known about the role of Cx45 (primarily due to poor reagents) (Kwak 
et al., 2002). In the earliest stages of atherogenesis, ECs become more permeable to 
inflammatory cells and accumulation of lipids and cytokines promote VSMCs to de-
differentiate from a quiescent phenotype to a highly motile, proliferative phenotype. 
Within the large order vessels, Cx37, Cx40, and Cx43 have been implicated in the 
progression of atherosclerotic disease state but through different mechanisms. Cx37 
and Cx40 have been shown to reduce atherogenic potential in cells (Kwak et  al., 
2003; Chanson and Kwak, 2007; Chadjichristos et  al., 2006a,b). A role for Cx37 
in promoting atherosclerosis has been demonstrated with a genetic polymorphism 
of Cx37 in monocytes leading to dysfunctional hemichannels that inappropriately 
release antiadhesive molecules, thus enhancing the disease state (Boerma et  al., 
1999). Although Cx37 is known to become detectable in VSMCs in the advanced 
atherosclerotic disease state (Derouette et al., 2009; Wong et al., 2007) and a loss of 
Cx37 leads to increased plaque size in ApoE−/− Cx37−/− mice (Wong et al., 2006b), 
its expression is not found in VSMCs during early atherogenesis (Johnstone et al., 
2009b). Cx43 on the other hand is reported to work through a different mechanism 
in atherosclerosis and may act, among other mechanisms, to promote VSMC pro-
liferation directly. In atherogenesis, it is well recognized that VSMC proliferation 
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is an event characterized by decreased expression of Cx43 (Chadjichristos et  al., 
2006b; Brisset et al., 2008) associated to increased VSMC content of atherosclerotic 
plaques (Kwak et al., 2003) and increasing neointimal formation (Liao et al., 2007). 
Indeed, following statin treatment, Cx43 expression returns to baseline conditions in 
VSMC and cell proliferation is reduced (Palmer et al., 1998; Kwak and Mach, 2001; 
Yeh et al., 2003a). Additionally, targeted deletion of Cx43 reduces VSMC response 
to platelet-derived growth factor (PDGF-BB) the receptors of which are targets of 
chemicals derived from cigarette smoke (Chadjichristos et  al., 2008). How Cx43 
modulates these responses in VSMC proliferation, especially as it relates to athero-
genesis, is currently poorly defined.

Large-order vessels are particularly susceptible to accumulation of low-density 
lipoproteins (LDL) which, following oxidation, produce a number of by-products 
known to be integral to the progression of the disease state. An increase in blood 
LDL levels is often found in obesity and relates in particular to an increased body 
mass index (BMI) and increased risk of development of atherosclerosis (Codoner-
Franch et al., 2010; Kilic, 2010; Buchner et al., 2011). High levels of circulating LDL 
build up in the intima and become oxidized, resulting in an inflammatory process. 
This promotes macrophage recruitment to remove oxidized LDL build up and results 
in the formation of the lipid core of the atherosclerotic plaque (Sigala et al., 2010). 
The recruitment of macrophages and subsequent inflammation has been shown to be 
mediated in part through release of signals from dysfunctional Cx37 (Wong et al., 
2006a) and through inflammation by Cx32 (Okamoto et al., 2011).

However, a role must be considered for the pannexins (Panx), which are struc-
tural homologues of Cxs. It has been shown that VSMCs, ECs, and macrophages all 
express Panx1 (Locovei et al., 2006; Pelegrin and Surprenant, 2007; MacVicar and 
Thompson, 2010; Billaud et al., 2011b) and recent studies have identified the release 
of a “find me” signal through Panx1 that promotes the recruitment of macrophages 
to the site of cell apoptosis (Chekeni et al., 2011). These data give rise to the pos-
sibility that cellular damages mediated through the oxidative by-products of LDL 
leading to cell death may also result in the release of signals through Panx1 and thus 
recruitment of macrophages to the site of vessel injury.

Macrophages that are recruited to the site of atherosclerotic plaques engulf dying 
cells as well as lipids, that is, LDL. Lipid-rich macrophages break down the lipids 
via oxidation to produce several by-products referred to as oxidized phospholipids 
(OxPLs) (Boyle, 2005). Further recruitment of macrophages has been attributed to the 
build-up of OxPLs and signals released through Panx 1 channels (Chekeni et al., 2011), 
with Cx37 gap junction hemichannels expressed in ECs thought to provide a protective 
mechanism against recruitment of macrophages (Wong et al., 2006a). It has not been 
fully resolved whether these two subsets of proteins (Cxs and Panxs) can work to signal 
in parallel or whether they act in compensation of each during disease states.

While accumulation of lipids and macrophage recruitment make up an integral 
part of the atherosclerotic plaque it is thought that the production of OxPL may be 
the main contributor to the progression of the disease state. VSMCs underlying the 
forming plaque de-differentiate from a nonproliferative/quiescent to a proliferative/
synthetic phenotype. These cells are prone to lipid uptake and display enhanced 
endoplasmic reticulum, which is believed to lead to mitochondrial production of 
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ROS and further cellular damages (Manderson et al., 1989; Bano and Nicotera, 2007; 
Demaurex and Scorrano, 2009). The change in phenotype is followed by VSMC 
migration across the internal elastic lamina, then proliferation and deposition of 
extracellular matrix (ECM) increases the size of the plaque (Manderson et al., 1989).

Oxidation of LDL gives rise to a series of OxPL species, for example, 1-palmitoyl-
2-oxovaleroyl-sn-glycero-3-phosphorylcholine (POVPC), which accumulate in ath-
erosclerotic lesions (Chatterjee et al., 2004; Chatterjee and Ghosh, 1996; Pidkovka 
et al., 2007). While only minor structural variations occur within these OxPLs it has 
been shown that some of them are relatively inert by-products such as 1-palmitoyl-
2-glutaroyl-sn-glycero-3-phosphorylcholine (PGPC) whereas others such as POVPC 
can initiate a contractile phenotype in VSMCs and thus can lead to the progression of 
the disease state (Pidkovka et al., 2007; Johnstone et al., 2009b). Recently, it has been 
reported that OxPLs including POVPC promote DNA synthesis and induce VSMC 
proliferation (Johnstone et al., 2009b; Chatterjee et al., 2004; Heery et al., 1995). 
However, it is not clear how the specific OxPLs induce cell proliferation. A number 
of mechanisms have been shown to be important in this process, with activation 
of the general MAPK pathway appearing to be integral in this stage (Chatterjee 
et al., 2004). This pertains to Cxs (in particular Cx43) as acute exposure to POVPC 
reduces the expression of total Cx43 protein in VSMC but enhances its MAPK phos-
phorylated isoforms. Cx43 is now believed to be integral in the pathogenesis of this 
disease state (Johnstone et al., 2009b). Additionally, POVPC localizes primarily to 
the plasma membrane, which may be the site at which it interacts with and promotes 
phosphorylation of Cx43 MAPK-associated serines in VSMCs (Moumtzi et  al., 
2007; Johnstone et al., 2009b). The functional consequences of changes in Cx43 dur-
ing atherosclerosis, coupled with the extensive evidence for POVPC involvement in 
the development of atherosclerosis, gives rise to the possibility that POVPC act as an 
atherogenic stimulus that promotes phosphorylation of Cx43.

In atherogenesis and other disease states such as carcinogenesis, it has also been 
hypothesized that phosphorylation of Cx43 is a key to cell cycle control and prolif-
eration (Doble et al., 2004; Solan and Lampe, 2009; Johnstone et al., 2009b). Indeed, 
Cx43’s cytoplasmically located C-terminus contains multiple sites for phosphoryla-
tion, which are integral in the modulation of the proteins function (Solan and Lampe, 
2009). Differential site-specific phosphorylations of the Cx43 C-terminus have been 
observed throughout the stages of the cell cycle (Solan et al., 2003). Phosphorylation 
of serines S255/262/279/282 and tyrosine (Y247/265) residues increase in G1 (Solan 
and Lampe, 2008; Herrero-Gonzalez et  al., 2010) and correlate with DNA syn-
thesis stages of cell proliferation (Solan et  al., 2003; Doble et  al., 2004). In con-
trast, expression of phosphorylated Cx43-S368, a PKC-associated site, increases 
throughout the S > M (mitosis) phases of the cell cycle, but is decreased during G1 
(Solan et al., 2003). In atherogenesis, Cx43 is phosphorylated at both MAPK (e.g., 
S255/262/279/282) and PKC (e.g., S368) associated sites, but cell proliferation only 
occurs following S279/282 phosphorylation (Johnstone et al., 2009b). It has still not 
been fully resolved whether Cx43 protein expression/phosphorylation and protein 
interactions or alterations in gap junctional communication promote cell prolifera-
tion in atherogenesis and other diseases (Lampe and Lau, 2004; Aasen et al., 2005; 
Norris et al., 2008; Solan and Lampe, 2009; Herrero-Gonzalez et al., 2010).



168 Connexin Cell Communication Channels

© 2010 Taylor & Francis Group, LLC

9.2.2 anGioplaSty and rEStEnoSiS

In advanced stages of atherosclerosis, increased plaque size significantly reduces 
blood flow, increasing ischemia in the downstream tissues and potentially requiring 
medical intervention to restore blood flow. The principal medical plaque size reduc-
tion treatment is angioplasty through balloon-catheter insertion and inflation, which 
reduces plaque size via stretch of the vessel. Despite proven effectiveness in restoring 
initial blood flow, the most common postinterventional complication is restenosis, a 
renarrowing of the vessel resulting from EC and VSMC invasion of the space caus-
ing reocclusion of the vessel that occurs in a large number of patients. This complica-
tion means that a significant number of patients will require multiple interventions 
and stent implantation each of which increases the risk of complications.

Ischemia at the site of advanced atherosclerotic plaques leads to mitochondrial 
stress and release of ROS (Mayr et al., 2008). Ischemia followed by reoxygenation 
as occurs in advanced atherosclerosis followed by angioplasty (Mayr et al., 2008) 
promotes PKA activity and reduces cell coupling. Interestingly this does not occur 
in Cx40−/− cells suggesting that phosphorylation and communication via Cx40 in 
ECs following injury is important in the restenotic process (Bolon et al., 2008, Yu 
et al., 2010). However, in restenotic lesion in these Cx40−/− mice, all Cx isoforms are 
depleted at the wound edge indicating that Cx40 reductions in gap junctional com-
munication are important in regrowth (Yu et al., 2010; Bolon et al., 2008).

Catheterization, balloon inflation, and stent placement can all cause significant 
damage to the vessel wall. Endothelial denudation requires endothelium regrowth, 
which in itself is a challenge given that normal EC turnover within the vasculature 
is typically slow. However, following denudation, EC proliferation and migration 
can take only a few weeks and relate to an upregulation in fibroblast growth factor 
expression in ECs (Lindner et  al., 1989; Lindner and Reidy, 1993; Wempe et  al., 
1997). Endothelial denudation leaves lesions (exposed elastic lamina) which are 
prone to the accumulation of platelets, white blood cells, lipids and thrombus forma-
tion (Manderson et  al., 1989). Mechanical injury through distension of the vessel 
leads to immediate cellular damage through increases in superoxide anion, release of 
damaging ROS from vascular cells and oxidative challenge identified through deple-
tion of reduced glutathione pools (Souza et al., 2000). However, these initial changes 
are transient and levels of ROS are decreased 2–4 weeks post injury. Yet restenosis 
continues to be a problem in patients indicating that there are further issues follow-
ing ROS damage that promote restenosis (Azevedo et al., 2000).

Following angioplasty, factors are released from surrounding cells to initi-
ate EC regrowth and migration. The consequence of this release, however, can 
lead to further damage, cell growth, and renarrowing of the vessel known as 
restenosis. The release of growth factors and proinflammatory cytokines causes 
VSMC dedifferentiation (to a synthetic phenotype) promoting further thicken-
ing and remodeling within the vascular layers (Bundy et al., 2000, Brisset et al., 
2009). Following angioplasty and stent placement, re-endothelialization of the 
vessel is required to repair post-balloon injury. In addition, release of NO can 
induce EC apoptosis, inducing a further loss of ECs from the vessel wall increas-
ing denuded lesion size (Erdbruegger et al., 2010). Following injury, intracellular 
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calcium levels at the wound edge increase in a process mediated by IP3 release 
from intracellular stores; this phenomenon is believed to be facilitated through Cx 
hemichannel uptake of calcium at the site of injury and may further act to induce 
release of ROS (Thaulow and Jorgensen, 1997; Francesco, 2010).

Cxs have been demonstrated as integral in cell migration, differentiation, and pro-
liferation in restenosis but may also act to promote the disease state. In other diseases 
such as chronic diabetes, high levels of Cx43 are associated to poor rates of wound 
repair (Wang et al., 2007a). However, in post-angioplasty and stent placement, vascu-
lar Cxs are significantly downregulated at the site of injury immediately post-injury 
(Yeh et al., 2000). Levels of Cx40 return to normal within 4 weeks, but both Cx37 
and 43 become significantly increased at this time and may be critical in restenotic 
process (Chadjichristos et al., 2008; Yeh et al., 2000). Heterozygous deletion of Cx43 
in mice lacking the LDL receptor (Cx43+/−LDLR−/−) display reduced intimal lesion 
formation and macrophage recruitment following balloon catheter vessel damage, 
implicating Cx43 as important in restenotic process (Chadjichristos et al., 2006b). 
Despite multiple common mechanisms that demonstrate reductions in Cx43 associ-
ated to enhanced proliferation, several studies have identified that enhanced Cx43 
expression is associated with VSMC proliferation, for example, in the saphenous 
vein (Jia et al., 2008, 2011). While this may indicate differences between cellular 
systems (low pressure in vein versus high pressure in aorta) the authors suggest that 
phosphorylation pathways may be involved, and therefore, may reflect the need to 
assess Cx proteins other than by levels of expression alone, but more by levels of 
posttranslational modification.

9.2.3 cx GEnEticS in oxidativE StrESS

A hallmark for all vascular diseases in small vessels is the loss of regulation for 
vasomotor tone and blood flow. Cxs are a major regulator of cell–to-cell communi-
cation within the vasculature and as such, play a significant role in the maintenance 
of vasoreactivity. The disruption of Cx-mediated signaling events is often associated 
with vascular diseases, especially those that are induced by ROS (see above). Of the 
vascular Cxs, genetic abnormalities in Cx37 and Cx40 have been identified and are 
associated with various vascular diseases, whereas Cx43 and Cx45 currently have no 
known associated polymorphisms in oxidative stress.

Cx37 is known to have an important role in the maintenance of vasodilatory 
signals throughout the endothelium as well as facilitating heterocellular communi-
cation between ECs and VSMCs by forming gap junctions at myoendothelial junc-
tions within the resistance vasculature (for review, see Heberlein et al., 2009b). In 
athero-prone ApoE knockout (ApoE−/−) mice that do not contain the Cx37 gene, 
GJA4 (GJA4−/−), there is >50% increase in both the development of atherosclerotic 
lesions and plaque area when the mice are exposed to a cholesterol-rich high-fat diet, 
indicating that the presence of Cx37 has a protective effect against the development 
of atherosclerosis (Wong et al., 2006a). A protective role for Cx37 may be inferred 
by its presence on monocytes, thereby regulating monocyte adhesion. Interestingly, 
changes in monocyte adhesion were also associated with a Cx37 C1019T polymor-
phism (a nonconserved amino acid substitution in the C-terminus), suggesting that 
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its role in atherosclerosis development may be mediated, in part, through release of 
antiadhesive factors. The shift in amino acids may result in changes to the tertiary 
structure of Cx37, which leads to changes in signaling cascades potentially stem-
ming from phosphorylation events (Boerma et  al., 1999). Changes in the human 
Cx37 gene are currently linked to several CVDs such as hypertension, coronary 
artery disease, and myocardial infarction (Boerma et al., 1999; Yamada et al., 2002; 
Collings et al., 2007; Wong et al., 2007). Specifically, the Cx37 C1019T polymor-
phism is present in a large population of humans with increased carotid plaque 
formation, and the polymorphism appears to be an indicator of high atherosclerotic 
risk, especially in individuals with hypertensive-prone conditions (Boerma et al., 
1999), highlighting the importance of screening for this genetic mutation to iden-
tify at-risk individuals. While it is not conclusively known how this genetic varia-
tion arises, individuals with the polymorphism displayed susceptibility to coronary 
artery disease and myocardial infarction independent of other common risk factors 
for CVD.

Cx40 is found predominantly in the endothelium and, similar to Cx37, has an 
associated genetic polymorphism which is linked to hypertension. In mice, Cx40 
deficiency (Cx40−/−) produces an increased blood pressure when compared to wild-
type counterparts, and leads to irregular vasomotion (de Wit et al., 2003). In sponta-
neous hypertensive rats, increased levels in blood pressure are also associated with 
decreased levels of Cx40 expression in the endothelium (Rummery et al., 2002). In 
humans, substitutions in the Cx40 promoter region sites −44 (G◊A) and +71 (A◊G), 
are associated with CVDs (Firouzi et al., 2006). More specifically, the presence of 
the Cx40 haplotype −44A/+ 71G correlates with higher systolic blood pressures 
among healthy individuals and there is a significant association with these same 
allele changes and hypertension in men (Firouzi et al., 2006).

Together, these data suggest an important role for Cx40 in the regulation of vas-
cular signaling in diseases such as hypertension. Furthermore, disruption of gap 
junction-mediated coordination between EC and VSMC as well as along the length 
of a vessel can exacerbate the pathological state. Similar to Cx37, these genetic poly-
morphisms show no association with lifestyle factors, that is, smoking or BMI which 
may induce oxidative stress.

9.2.4 typE 2 diaBEtES and oBESity

Type 2 diabetes is characterized by high glucose levels in the blood as well as oxida-
tive stress and chronic inflammation of several tissues (Pitocco et al., 2010). As of 
the year 2000, approximately 2.8% of the worldwide population suffered from type 
2 diabetes, with this number expected to increase to 4.4% in 2030 (Wild et al., 2004). 
Similarly, obesity is a major concern in industrialized countries where the number of 
obese and overweight people has dramatically increased in the past decades (Wang 
et al., 2008). Although the consequences of diabetes and obesity on Cx expression 
and functions in the vasculature can be linked to observations as reported in athero-
sclerosis, several lines of evidence demonstrate direct consequences of diabetes and 
obesity on Cxs in the vasculature.



171Effect of Oxidative Stress on Connexins in the Vasculature

© 2010 Taylor & Francis Group, LLC

Several in vitro and in vivo studies have revealed a role of high glucose and high 
lipid content on Cx expression and function. In long-term hyperlipidemia in vivo, 
aortic endothelial gap junction function as well as Cx37 and Cx40 expression is 
downregulated (Yeh et al., 2003b). High glucose levels have been shown to affect gap 
junctional communication via a decrease of Cx43 expression due to decreased level 
of Cx43 mRNA or increased degradation through a proteasome-dependent mecha-
nism in microvascular cells (Fernandes et al., 2004; Sato et al., 2002) or directly via 
decrease of permeability due to phosphorylation of Cx43 by PKC in cultured bovine 
aortic VSMCs (Kuroki et al., 1998). Interestingly, several lines of evidence lead to 
the hypothesis that Cx43 phosphorylation was induced by the oxidative stress gener-
ated by high level of glucose. Indeed, experiments in lens epithelial cells have shown 
that hydrogen peroxide directly activates the C1 domain of PKCγ, inducing a translo-
cation of the PKCγ to Cx43-containing lipid rafts resulting in Cx43 phosphorylation 
on serine 368 (Lin and Takemoto, 2005). Moreover, this same study showed that 
activation of PKCγ by hydrogen peroxide decreases Cx43 gap junction plaques and 
gap junction activity (Lin and Takemoto, 2005). A recent study further demonstrated 
that a decrease in Cx43 expression in high glucose conditions and, consequently, 
inhibited gap junction function leads to a significant increase in apoptosis in micro-
vascular ECs (Li and Roy, 2009).

Investigations on rat models of diabetes, induced by an enriched diet, have shown 
an increase in EDHF-dependent relaxation and in the number of gap junctions at the 
myoendothelial junction (MEJ) in saphenous artery (Chadha et al., 2010). It has been 
hypothesized that this increase in EDHF response would compensate for the altered 
NO-dependent response commonly observed in type 2 diabetes in animals, as well 
as in human (Triggle and Ding, 2010). Conversely, in the obese Zucker rat, a differ-
ent rat model of diabetes, Cx40 expression as well as EDHF response are reduced in 
mesenteric arteries compared to control rats, whereas Cx43 expression is unchanged 
(Young et al., 2008). As Cx40 is essential for the conduction of vasodilation in arte-
rioles, it has been hypothesized that this function could be altered in diabetes (de 
Wit et al., 2000; Triggle and Ding, 2010). In another study on spontaneously diabetic 
mice (db/db), the EDHF response is preserved while NO-dependent vasodilation 
is lost in mesenteric artery compared to control mice (Pannirselvam et al., 2002). 
Despite the contradiction between these studies, which could be explained by the 
difference in the animal model and/or the vascular bed, these studies bring evidence 
that Cx expression and functions are modified in diabetes.

As previously mentioned, endothelial function and especially NO production by 
NO synthase is altered in diabetes, and more generally in the metabolic syndrome. 
Zhang et al. investigated the potential role of NO on the changes in Cx expression in 
the renal circulation during diabetes (Zhang et al., 2006). In this study, Cx expression 
was compared between mice with overexpression or deletion of endothelial NO syn-
thase (eNOS), both before and after induction of diabetes. Interestingly, in mice over-
expressing eNOS, Cx40 and Cx43 expression pattern was similar to the Cx expression 
pattern in wild-type mice before and after diabetes induction (Zhang et al., 2006). 
Furthermore, while basal Cx40 and Cx43 expression in eNOS knockout mice do not 
differ from wild-type mice, the induction of diabetes produces no alteration of Cxs in 
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the renal vasculature as opposed to wild-type animals. This suggests that NO and/or 
eNOS may contribute to the changes in Cx expression during diabetes.

9.2.5 inflaMMation

Oxidative stress, via the production of stressors such as ROS, or environmental fac-
tors such as exposure to cigarette smoke, can oftentimes lead to vascular injury that 
is typically accompanied by an inflammatory response. Vascular response to inflam-
mation is multifaceted and following stimulation, pro-inflammatory cells interact 
with the endothelium, which is facilitated by communication between the two cell 
types. Equally as important in the response to vascular injury, is the coordination 
of vascular cells along the length of a vessel, in order to regulate vascular tone, 
blood flow, and the delivery of inflammatory mediators to the injured tissue. Several 
reports now indicate that in addition to paracrine or integrin signaling, homocellular 
and heterocellular gap junction channels may also facilitate crosstalk between pro-
inflammatory cells and the endothelium (Jara et al., 1995; Oviedo-Orta et al., 2002). 
Additionally, the ability to regulate signals between vascular cells is essential for the 
control of vasomotor tone and subsequently, that of blood flow.

The formation of homocellular (i.e., EC-EC or VSMC-VSMC) or heterocellular 
(i.e., EC to VSMC) junctions at the myoendothelial junction allow for the propagation 
of signals throughout a vessel in order to maintain vasomotor tone and blood flow 
(for review, see Heberlein et al., 2009b). The coordination of vessel tone in response 
to vascular injury is important and allows for the effective delivery of inflammatory 
mediators to an injured tissue in a timely response. In a study that assessed homo-
cellular communication by gap junctions in an EC monolayer, communication was 
determined by measuring intercellular resistance, where increased membrane resis-
tance was inversely correlated to gap junction communication (Bolon et al., 2007). 
Using freshly isolated ECs from Cx null or mutated mice, inflammatory stimulation 
by bacterial lipopolysaccharide (LPS) lead to an increase in membrane resistance, 
which was shown to be a result of a decrease in Cx40. However, changes in Cx37 or 
Cx43 had no effect on LPS-mediated increases in membrane resistance (Bolon et al., 
2007). A separate study looking at heterocellular communication of VSMCs and 
ECs using a coculture model showed that inflammatory stimulation by LPS, TNF-α, 
or  interleukin-1B completely inhibited heterocellular communication through gap 
junctions (Hu and Cotgreave, 1997). Despite inhibition of gap junctional communi-
cation at the myoendothelial junction, there appeared to be no change in homocel-
lular communication (Hu and Cotgreave, 1997). These data highlighted the distinct 
possibility that, in response to inflammation, cells can differentially regulate gap 
junction channels within subcellular compartments to promote or inhibit intercellu-
lar communication. Indeed, various studies now show that gap junction communica-
tion is largely regulated by posttranslational modifications and it is likely that highly 
localized posttranslational modification events such as phosphorylation or nitrosyl-
ation of Cxs (as described above) could lead to differential regulation of gap junc-
tional communication (Heberlein et al., 2009a; Straub et al., 2011). It is important 
to note, that although the authors suggest that inflammation can selectively inhibit 
heterocellular communication (as indicated by dye transfer), future studies providing 
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direct evidence for myoendothelial gap junctions, as well as looking at the effect 
of LPS on particular vascular Cxs and subsequent posttranslational modifications 
within the MEJ via TEM immunogold labeling in vivo and immunoblot analysis of 
MEJ fractions in vitro, would be important.

A hallmark of chronic inflammation is the migration of leukocytes from the 
blood to the point of tissue injury, in response to increases in pro-inflammatory mol-
ecules such as TNF-α or LPS (Hickey et al., 1997). In order for leukocyte migration 
to occur, the leukocytes first roll along, then adhere to the endothelium of the ves-
sel wall via adhesion molecules. Inflammatory cells such as circulating leukocytes 
(Jara et al., 1995) and CD4+ Th0, Th1, and Th2 lymphocytes express Cx43 upon 
activation by LPS (Bermudez-Fajardo et al., 2007). Importantly, activation of Cx43 
by LPS can lead to the formation of homocellular gap junction channels between 
leukocytes as well as functional heterocellular channels between leukocytes and ECs 
(Jara et al., 1995; Oviedo-Orta et al., 2002). However, early reports also show that 
there is a decrease in endothelial Cx40 and Cx37 expression in response to TNF-
α, accompanied by decreased gap junction coupling (van Rijen et al., 1998; Zahler 
et al., 2003; Rignault et al., 2007). This would suggest that an uncoupling of cells 
rather than increased coupling is occurring during inflammation, emphasizing the 
current controversy surrounding the role for Cxs in inflammatory conditions. The 
discrepancy in the literature potentially might point to the ability for cells to differ-
entially regulate Cxs within subcellular compartments to perform multiple functions 
within a single cell.

Once bound, adherence of leukocytes to the endothelium activates the EC and 
triggers a rise in intracellular EC calcium, which is essential for the continued migra-
tion of leukocytes through the vessel wall (Huang et al., 1993; Kielbassa-Schnepp 
et al., 2001). The presence of functional gap junctions would facilitate this process, 
allowing for the direct transfer of calcium signaling between the two cell types. 
Furthermore, in Cx43 null ECs there is a decrease in TNF-α-stimulated leukocyte 
adhesion, which was also seen when gap junctional communication was blocked in 
vivo (Veliz et al., 2008). An increase in leukocyte adhesion was seen following the 
elimination of Cx37 (Wong et al., 2006a). Interestingly, although TNF-α decreases 
Cx40 expression, these changes did not appear to have any effect on the trans-endo-
thelial migration of neutrophils or other inflammatory cells (Rignault et al., 2007). 
However, endothelial Cx40 deficiency enhanced early neutrophil recruitment in 
another model of acute lung inflammation (Chadjichristos et al., 2010). This suggests 
that in addition to regulation of vasomotor tone, another role for Cxs in the inflam-
matory response may include the facilitation of leukocyte adhesion, but not neces-
sarily the migration of inflammatory cells through the vessel wall.

It has also been demonstrated that Cx hemichannels at the EC membrane facilitate 
the release of intracellular ATP to promote leukocyte adhesion (Veliz et al., 2008). 
This theory was supported by experiments where blocking of Cx hemichannels at 
the luminal membrane causes a decrease in cellular ATP release and an inhibition of 
leukocyte adhesion following stimulation (Veliz et al., 2008). However it is impor-
tant to note that, recent data now implicate pannexins in ATP release. Pannexin 1 
(Panx1) can form a single channel in the cell membrane and release ATP (Chekeni 
et al., 2011). Like Cxs, Panx1 can also be reduced by gap junction inhibitors (Chekeni 
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et al., 2011) and it is therefore possible that blocking pannexin channels on the EC 
membrane could explain the aforementioned results, thereby providing a new poten-
tial therapeutic target for vascular pathologies brought on by oxidative stress.

9.3 HYPERTENSION

9.3.1 pulMonary HypErtEnSion

Pulmonary hypertension (PH) is defined by a mean pulmonary arterial pressure 
superior to 25 mmHg. PH generally results from constriction of the small pulmonary 
arteries that supply blood to the lungs. Consequently, it becomes more difficult for 
the heart to pump blood through the lungs leading to hypertrophy of the right heart 
and eventually heart failure (Humbert et al., 2007). The narrowing of the small pul-
monary arteries can be caused by different factors including sickle-cell disease, HIV 
infection, liver cirrhosis, autoimmune diseases, congenital heart diseases, and tuber-
culosis (Simonneau et al., 2009). Most importantly, hypoxia is a major risk factor of 
PH. Hypoxia is caused by insufficient oxygenation of the arterial blood as a result 
of diseases such as chronic obstructive pulmonary diseases (COPD), impaired con-
trol of breathing (such as sleep apnea), or residence at high altitude (above 2500 m) 
(Simonneau et al., 2009). Although PH is considered as a rare disease, the burden of 
PH is underestimated in regards to all these risk factors.

The pulmonary circulation is a low-pressure system that has the particularity 
to be highly sensitive to oxygen levels and therefore to oxidative stress. In con-
trast to the systemic circulation which produces dilation in response to hypoxemia, 
the pulmonary arteries constrict in response to alveolar hypoxia, a phenomenon 
known as hypoxic pulmonary vasoconstriction (HPV). Both adaptive responses are 
critical to the organ function: pulmonary circulation constricts in order to maintain 
the ventilation/perfusion ratio whereas the systemic circulation dilates to supply 
blood and oxygen to the stressed organs. The HPV is a sophisticated signalization 
pathway involving several ROS such as hydrogen peroxide and superoxide anion 
(for review, see Archer et  al., 2008). In case of acute hypoxemia, the amount of 
hydrogen peroxide produced by VSMCs is decreased leading to an inactivation of 
voltage-dependent potassium channels and thus to a depolarization of the VSMCs, 
and successively an increase of intracellular calcium and a vasoconstriction (Post 
et al., 1992). As gap junctions are known to play a role in electrotonic diffusion of 
calcium in systemic vascular beds, one can hypothesize that they also play a role 
in HPV. Oxidative stress has been implicated in the pathogenesis of PH in several 
animal models as well as in human. A report on human tissue showed DNA dam-
ages, as well as protein damages and decreases in antioxidant enzymes in lung from 
patient with PH, demonstrating the presence of an oxidative stress (Bowers et al., 
2004). These observations have also been reported in several animal models of PH 
(Redout et al., 2007; Farahmand et al., 2004; Fresquet et al., 2006). Interestingly, 
treatments using antioxidants, such as intra-tracheal administration of adenovi-
rus containing the gene coding for SOD, or injection of ROS chelators, has been 
demonstrated to significantly attenuate the development of PH (Chen et al., 2001; 
Kamezaki et al., 2008).
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There are few reports on the expression pattern of Cxs in the normal pulmonary 
circulation. Two studies on the main pulmonary artery of rat showed the presence 
of Cx37, Cx40, and Cx43 in the endothelium and Cx37 and Cx43 in smooth muscle 
(Ko et  al., 1999; Nakamura et  al., 1999). More recently, one report on the small 
pulmonary arteries showed a different expression pattern compared to the main pul-
monary artery, especially in the VSMCs, where Cx37 and mostly Cx40 but not Cx43 
were observed (Billaud et al., 2009). Functionally, the blocking of Cx37 and/or Cx43 
using mimetic peptides leads to a decrease in contractile and calcium responses to 
serotonin in small pulmonary arteries, suggesting a role of gap junctions in pulmo-
nary arterial reactivity (Billaud et  al., 2009). Furthermore, blockade of gap junc-
tions using carbenoxolone decreases the frequency of oscillations of the pulmonary 
arterial tone, shown to be due to variation in intracellular calcium levels. This find-
ing suggests that gap junctions are involved in the pulmonary arterial vasomotion 
through coordination of intracellular calcium level between the cells of the pulmo-
nary arterial wall (Burke et al., 2011).

PH is characterized by an extensive remodeling of the pulmonary arterial wall 
including hypertrophy and hyperplasia of VSMCs and/or ECs. A recent study on 
two rat models of PH showed that the pattern of expression of Cxs was modified 
in the small pulmonary arteries, especially in the VSMCs (Billaud et  al., 2011a). 
Moreover, several studies reported a disorganization of Cx43 in the right ventri-
cle in a rat model of PH. In contrast to controls that showed Cx43 localized to the 
intercalated disks, Cx43 was dispersed on the entire cell surface of rats with PH 
(Uzzaman et al., 2000). Moreover, the electrical conduction properties in the right 
ventricle were altered. This disorganization of Cx43 has been shown to be due to the 
phosphorylation of Cx43 leading to its internalization and degradation (Sasano et al., 
2007). Interestingly, the disorganization of Cx43 as well as the impaired electrical 
conduction in the right ventricle are more pronounced with the progression of hyper-
trophy (Uzzaman et al., 2000).

Furthermore, PH is also characterized by a hyperreactivity to several agonists 
such as serotonin and endothelin (Humbert et al., 2004). As gap junctions have been 
shown to play a role in pulmonary arterial vasoreactivity in response to serotonin, 
it is possible that their functional role may be modified in PH. A recent report dem-
onstrated that gap junction function in general was not altered in PH, but the role 
of Cxs in response to several vasoconstrictors was altered (Billaud et  al., 2011a). 
Finally, inflammation processes play an important role in the development of PH as 
the level of several cytokines and chemokines is increased in patients with PH (for 
review, see Crosswhite and Sun, 2010). Although there is no evidence on a direct link 
between inflammation in PH and Cxs, it is more than likely that inflammation alters 
Cx expression patterns and function in PH.

9.3.2 rEnal HypErtEnSion

Renovascular hypertension is defined by an elevation of the blood pressure due to 
partial or complete occlusion of one or more renal arteries or their branches. This 
stenosis or occlusion causes a decrease in renal perfusion pressure, which activates 
the renin–angiotensin system leading to the release of renin and the production of 
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angiotensin II. The activation of the renin−angiotensin system has direct effects 
on sodium excretion, sympathetic nerve activity, intrarenal prostaglandin concen-
trations, and NO production; leading ultimately to renal hypertension (Safian and 
Textor, 2001). Occlusion of a renal artery or renal arteriole occurs secondary to ath-
erosclerosis in 90% of the patients, but can also be caused by fibromuscular dysplasia 
(Thatipelli and Misra, 2010). In the United States, the incidence of renal artery ste-
nosis is estimated to be 1–5% of patients with hypertension (Derkx and Schalekamp, 
1994; Ram, 1997).

As previously mentioned, renal arterial narrowing is mainly caused by athero-
sclerosis, which is known to be characterized by oxidative stress (see Section 9.2.1). 
ROS are known to have severe consequences on the renal microvasculature as super-
oxide anion causes vasoconstriction by increasing calcium in VSMCs and by scav-
enging the NO produced by ECs (Schnackenberg, 2002a,b; Lounsbury et al., 2000). 
Interestingly a study on mice deficient in SOD, an antioxidant enzyme, showed that 
these mice exhibit increased renal vascular resistance and oxidative stress (Briones 
and Touyz, 2010). Taken together, it is highly likely that oxidative stress is also pres-
ent in renal hypertension in human.

Several studies have investigated the distribution of Cxs in the renal circulation 
and revealed that Cxs are not uniformly expressed in all blood vessels and vary 
between different species. However, in large renal arteries, ECs mostly express 
Cx37 and Cx40, whereas VSMCs express Cx43 and Cx45 (Wagner, 2008; Hanner 
et al., 2010). In renal microcirculation, Cx37 and Cx40 are found in ECs, whereas 
Cx37 and 43 are expressed in VSMCs. Interestingly, Cx37 but mostly Cx40 can be 
observed in the renin-producing cells of the juxtaglomerular apparatus (JGA), which 
are considered to be modified smooth muscle cells (Zhang and Hill, 2005; Wagner 
et al., 2007). Therefore, Cx40 is hypothesized to contribute to the regulation of glo-
merular function or renal endocrine function, such as renin production, and thus to 
the regulation of blood pressure.

The control of renal blood flow and blood pressure is also regulated by an autoreg-
ulatory mechanism, known as the Bayliss effect, consisting in a myogenic response 
activated by an increase in the perfusion of the renal circulation (Casellas et  al., 
1997). The myogenic response is initiated by a depolarization which opens voltage-
dependent calcium channels and leads to an inward Ca2+ current (Davis and Hill, 
1999). Therefore, it has been hypothesized that the electrotonic diffusion of Ca2+ 
may occur through the gap junctions connecting the smooth muscle cells. Although 
this hypothesis has not been verified in the renal circulation, a study in the cerebral 
circulation showed that the myogenic tone was attenuated by the gap junction inhibi-
tor α-glycerrhetinic acid (Lagaud et al., 2002).

More generally, multiple studies in several vascular beds have shown that vascu-
lar gap junctions are responsible for the propagation of constriction or dilation along 
the length of vessels (Schmidt et al., 2008). These vascular conducted responses are 
believed to play an important role in the regulation of blood flow in microcirculation, 
and hypothetically in the regulation of the renal blood flow.

Gap junctions are also known to control renal blood flow through another autoreg-
ulatory mechanism, namely the tubuloglomerular feedback (TGF). The TGF is essen-
tial to the kidney function as it controls the glomerular filtration rate of the kidney. 
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In the structural unit of the kidney (the nephron), a specialized site of the JGA (the 
macula densa) is in close contact with its own afferent arteriole. Therefore, when the 
macula densa senses increasing sodium chloride concentrations in the tubule lumen, 
the macula densa sends vasoconstrictor signals to the afferent arteriole to decrease 
the renal blood flow and thereby decrease the glomerular filtration of the respective 
nephron (Moore et al., 1990). This sophisticated feedback loop requires communica-
tion from macula densa cells to the VSMCs of the afferent arteriole in order to transfer 
the vasoconstrictor signal. Cells of the juxtaglomerular apparatus (except those of 
the macula densa (Bell et al., 2003)) are coupled via gap junctions (Goligorsky et al., 
1997) to establish a pathway for the transmission of the vasoconstrictor signal.

Several studies on the expression pattern of Cxs in renal hypertension reported 
modifications of expression level and/or distribution of Cxs. An animal model of 
renal hypertension induced by unilateral renal artery clipping showed an increase 
in Cx40 mRNA and protein in the clipped and nonclipped kidneys, whereas Cx43 
was only increased in the nonclipped kidney (Haefliger et al., 2001). Moreover, as 
revealed by immunohistochemical labeling, the elevation of Cx40 protein was mostly 
observed in renin-producing cells in the wall of afferent arterioles (Haefliger et al., 
2001). Further studies demonstrated that intrarenal infusion of Cx mimetic peptides 
which are known to decrease gap junction communication, led to vasoconstriction, 
increased blood pressure, and reduced renal blood flow (Lounsbury et  al., 2002; 
Takenaka et al., 2008).

As previously mentioned, Cx40 is thought to play a major role in renin produc-
tion; this hypothesis has been verified in Cx40 knockout mice. The deletion of Cx40 
results in an increase of systemic blood pressure (de Wit et al., 2000, 2003). The 
consequences of Cx40 deletion on blood pressure was first hypothesized to be linked 
with increased peripheral resistance as small arterioles isolated from these mice 
exhibit segmental constriction and irregular vasomotion (de Wit et al., 2003, 2006). 
However, recent reports indicate that hypertension induced by the general deletion of 
Cx40 was due to an increase in renin secretion (Wagner et al., 2007; Krattinger et al., 
2007). In wild-type mice, renin synthesis by renin-producing cells is downregu-
lated by increase in blood pressure, but interestingly, cell-specific deletion of Cx40 in 
renin-producing cells leads to an inversion of this negative feedback (Wagner et al., 
2010). This phenomenon could explain the increased hypertension observed in mice 
lacking Cx40, which has therefore been hypothesized to be the renal baroreceptor 
(Gomez and Sequeira Lopez, 2009).

Taken together, these results show that Cxs and gap junctional communication 
play an important role in the development of hypertension but their expression and 
function are also altered in renal hypertension.

9.4 ANGIOGENESIS IN CANCER

In addition to the classical biochemical signaling pathways, Cxs play a central role 
in cell growth, differentiation, and death (King et al., 2005). Decreased expression 
of key Cxs have been associated with the carcinogenesis process but the associa-
tion has not been fully resolved (Mesnil et al., 2005). Early studies in HeLa cells 
reported that Cxs possessed tumor-suppressive properties (Mesnil et al., 1995). In 
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addition to inhibiting tumor formation, Cxs have been implicated in their vascu-
larization,  possibly through responses to signals released under hypoxic conditions 
found within tumors. Many studies have suggested that Cx32 (King and Lampe, 
2004a,b), Cx43 (Zhang et al., 1998; Kalvelyte et al., 2003; Avanzo et al., 2004), and 
Cx40 (Kwak et al., 2005) may play major roles in proliferative disorders such as the 
development of carcinoma, by promoting vascularization of tumors and capillary 
sprouting (Kwak et al., 2005; Frank et al., 2006; Haass et al., 2006; Kanczuga-Koda 
et al., 2006; Plante et al., 2010).

The formation of new blood vessels from preexisting vessels (angiogenesis) is 
essential in development, but can also promote several pathologies such as diabetic 
retinopathy and cancer. The process itself is driven largely by sprouting and migra-
tion of ECs, which are normally quiescent and nonmigratory. Activation of ECs 
involves several major signaling pathways, the most prominent being activation of 
the vascular endothelial growth factors (VEGFs) and their receptors (Martin, 1997). 
Activation of pro-angiogenic factors triggers a number of downstream effects that 
result in the degradation of ECM components, migration, and differentiation of ECs. 
Once activated, the migrating ECs incorporate a combination of three general mech-
anisms: chemotaxis, haptotaxis, and mechanotaxis (for review, see Lamalice et al., 
2007). Chemotaxis, the directional migration toward chemoattractants, is the largest 
contributor to EC migration and is driven mainly by VEGF (Lamalice et al., 2006). 
Haplotaxis and mechanotaxis are also directional migrations, but are mediated by 
immobilized ligands such as integrins (Davis and Senger, 2005) and mechanical 
forces such as shear stress (Li et al., 2005), respectively. The result of these three 
mechanisms is the formation and extension of lamellipodia at the leading edge of the 
migrating ECs (Lamalice et al., 2007). These leading edges protrude onto and attach 
to the ECM components, which allow the ECs to contract the major cell body and 
move forward, culminating in the breakdown of adhesion proteins and release of the 
trailing end of the cell (Lamalice et al., 2007). The cells migrate to the targeted area, 
fusing together and remodeling into tubular structures with other migrating ECs 
(Lamalice et al., 2007) and eventually recruitment of pericytes and VSMCs leads to 
the formation of larger vessels (Iivanainen et al., 2003; vonTell et al., 2006).

The Cxs are integrally tied to the cellular migration, proliferation, and differ-
entiation stages associated with angiogenesis and neo-vascularization of tumors. 
Enhanced Cx43 is associated with increased microvascular remodeling and angio-
genesis in exercise (Bellafiore et al., 2007). However, several studies have identified 
that Cx43 overexpression reduces cell migration in a manner that is independent 
of gap junctional communication (Johnstone et al., 2010). It is not unexpected then 
that in the angiogenic response Cx43 gap junctional communication is reduced in 
tube formation (Ashton et al., 1999). Targeted knockdown of Cx43 has been shown 
to enhance VEGF signaling raising the possibility that Cx43 gap junctional signal-
ing alters signaling involved in angiogenic responses (Shao et al., 2005). This was 
further demonstrated by studies showing that conditioned media from Cx43 overex-
pressing cells inhibits tube formation, all indicating that Cx43 in ECs is important 
in the migratory phase of angiogenesis (McLachlan et  al., 2007). However, stud-
ies have demonstrated that in heterozygous deletions, a loss of Cx43 is associated 
with decreased angiogenesis in corneal injury models (Rodrigues et  al., 2010). 
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Additionally (as previously discussed) many studies have identified that a loss of 
Cx43 in the VSMCs is key to VSMC phenotypic modulation and migration.

Knockdown of Cx43 in mice leads to an increase in the NO release possibly 
indicating increased eNOS levels (Liao et al., 2001). In ischemic/hypoxic models, 
acutely elevated levels of active eNOS are associated to a downregulation of Cx43 
(but not Cx37 or Cx40) at the protein level. Despite this, application of L-NAME to 
ECs downregulates eNOS and inhibits endothelial migration but does not enhance 
expression of Cx43 or decrease associated proliferative events (Murohara et  al., 
1999). However, it should be noted in these studies that a Cx43 C-terminus antibody 
was used to stain (for flow cytometry) nonpermeabilized, nonfixed cells for Cx43 
and all staining was negative, which may have altered the results as HUVECs should 
express Cx43 under normoxic conditions used (Murohara et al., 1999, Villars et al., 
2002). Altogether, these studies illustrate that Cx43 expression can be modulated 
through eNOS associated activity or downstream signaling events.

9.5 FUTURE DIRECTIONS

An obstacle that remains in deciphering the exact role of Cxs in response to oxida-
tive stress is the lack of a specific pharmacological inhibitor (reviewed in Rozental 
et al., 2001). For example, 18 β-glycyrrhetinic acid has been shown to alter levels of 
intracellular calcium in cells (Boitano and Evans, 2000). Indeed, although both car-
benoxolone and octanol have been shown to potently inhibit gap junction function, 
they can have dramatically different effects when used in ex vivo preparations (e.g., 
LeBeau et al., 2002). In response to these issues, Cx mimetic peptides were devel-
oped. These peptides are approximately 8–12 amino acids in length and derived 
against the extracellular loops of certain vascular Cxs (reviewed in Evans and 
Boitano, 2001). The exact mechanism of action of these peptides, as with all of the 
reported gap junction inhibitors, is unknown. However, one hypothesis has been that 
the peptide acts by initially binding to exposed hemichannels before they dock in 
fixed gap junction conformations (Berthoud et al., 2000). The rational for this is the 
temporal delay associated with an uncoupling event which correlates with reported 
cycling of Cxs on the membrane of cells (reviewed in Martin and Evans, 2004). 
Evidence for this is demonstrated in Figure 9.2. In the figure, the Cx mimetic peptide 
(37,43gap27) is conjugated to a rhodamine dextran and appears to bind to undocked 
hemichannels on the apical location of the cell, which temporally moves to the lat-
eral borders. This observation is in line with the rapid inhibition of the peptides on 
studies involving hemichannels (De Vuyst et al., 2006), but the more prolonged incu-
bation time required for inhibition of gap junctional coupling (Boitano and Evans, 
2000). The promise of these peptides is their built-in specificity and their capacity 
to be “washed out” for a return to function. Unfortunately, similar to carbenoxolone 
(Chekeni et al., 2011) it now appears that these peptides may also block pannexin 
channels (Wang et  al., 2007b). For these reasons, the exact mechanism involved 
with the apparent gap junctional block associated with the Cx mimetics requires 
elucidation. Unfortunately, the use of global Cx knockout mice does not provide an 
alternative for pharmacological inhibition as many of these mice have been found to 
have extensive Cx compensatory expression (Simon and McWhorter, 2003; Isakson 
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et al., 2006a). Therefore, currently the conditional Cx knockout mice and the use of 
Cx siRNA appear to be the most specific mechanism for Cx null studies.

As demonstrated by the data above, several lines of evidence indicate that Cx 
expression and function is altered (or maintained) by physiological and pathological 
oxidative processes. However, there are several questions that remain, especially 
regarding the emerging role of pannexins. Indeed, the role of pannexins and their 
capacity to release ATP under pathological and homeostatic conditions as hexameric 
channels, has only recently been discovered and these proteins could play a major 
role in the pathologies described above. It will be interesting to observe how con-
nexins and pannexins coordinate their functions in the vasculature in response to 
ROS. In summary, oxidative events and Cx function are intimately linked and their 
interplay can have dramatic effects on vascular function.
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10.1 INTRODUCTION

10.1.1  rolE of Gap Junction intErcEllular couplinG in tHE control 
of Blood flow

The primary role of microcirculation is to deliver nutrients and oxygen to tissues and 
to remove waste products. To meet the ever-changing microregional metabolic needs 
of various tissues in the body, feeding arterioles locally change their diameter (i.e., a 
vasomotor response) to alter blood flow specifically within perfusion modules (Berg 
et al. 1997; Delp and Laughlin 1998). Although neuronal control (e.g., sympathetic 
release of norepinephrine) of blood flow contributes to this regulation (Delp and 
Laughlin 1998), arterioles are also able to directly respond to cellular metabolites 
(e.g., adenosine, ATP, H+) (Delp and Laughlin 1998). These signals may be highly 
localized and thus, to effectively alter blood flow, changes in arteriolar diameter 
need to occur in a coordinated manner over a relatively long length of the vessel (on 
the order of 1 mm).

Vascular cell communication, therefore, plays a key role in the coordination of 
microvascular blood flow control, by enhancing an arteriole’s ability to mount a 
change in hemodynamic resistance (Tyml et al. 2001). This ability of arterioles to 
rapidly propagate arteriolar diameter changes has been termed the “arteriolar con-
ducted response” (Gustafsson and Holstein–Rathlou 1999). Vascular communication 
also enable capillaries, which cannot alter their diameter (and are therefore unable 
to directly control blood flow), to participate in the regulation of organ perfusion: 
metabolite-initiated electrical signals originating in capillaries have the potential to 
travel along the capillary endothelium to the feeding arteriole (Berg et  al. 1997; 
Mitchell et al. 1997; Song and Tyml 1993; Tyml et al. 1997; Yu et al. 2000).

There is general consensus that the microvascular endothelium (i) forms a con-
tinuous, electrically coupled layer between capillaries and arterioles (Beach et al. 
1998; Yu et al. 2000), and (ii) is the primary cellular pathway for the longitudinal 
conduction of membrane hyper/depolarization within the arteriolar wall (Dora 2010; 
Emerson and Segal 2000; Haas and Duling 1997). Gap junction intercellular coupling 
between endothelial cells makes the conduction of electrical signals over large dis-
tances possible, by forming a low electrical resistance pathway (Haefliger et al. 2004; 
Johnstone et al. 2009). In addition to homocellular longitudinal coupling between 
endothelial cells (Tran and Welsh 2009), vascular gap junctions are also critically 
involved in radial intercellular coupling across the vascular wall (i.e., heterocellu-
lar coupling between endothelial and smooth muscle cells). Coupling between these 
two cell types is involved in the direct modulation vasomotor responses, including 
endothelial-derived hyperpolarizing factor (EDHF)-mediated arteriolar dilation (de 
Wit and Griffith 2010; Dora 2010).

10.1.2 cHaptEr ScopE

Gap junction intercellular coupling plays a multifaceted role in the development 
of several inflammatory-based vascular pathologies (Brisset et  al. 2009; Cronier 
et al. 2009; Hou et al. 2008; Johnson and Koval 2009; Morel et al. 2009). Although 
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inflammation may represent the underlying basis of the disease process, it is impor-
tant to note that inflammation can be chronic in nature (e.g., during the develop-
ment of atherosclerotic plaques) or acute (e.g., rapid immune response to infection); 
therefore, different inflammatory processes may be mechanistically distinct in their 
effects.

This chapter will restrict its focus to the acute systemic inflammatory condition 
of sepsis, which develops over the time course of several hours and is characterized 
by a number of circulatory disorders, including decreased systemic vascular resis-
tance, hypotension, and stoppage of blood flow in capillaries (Bone 1991; Lam et al. 
1994; Nguyen et al. 2004). Specifically, this chapter will examine how key mediators 
and processes in septicemia alter the gap junction function/endothelial cell coupling 
to disrupt the normal homeostasis of microvascular blood flow. Because gap junc-
tions play a key developmental role within the microcirculation (Dhein 2004; Saez 
et al. 2003), the models described here examine the physiological homeostasis of 
microvascular blood flow in mature (adult) animals to minimize vascular develop-
ment as a confounding factor.

Although a considerable amount of research has been conducted in the field of 
vascular communication (de Wit and Griffith 2010; Tran and Welsh 2009), few stud-
ies have exploited in vitro and in vivo models simultaneously. This chapter, therefore, 
will focus on rat and mouse models of sepsis, where data from in vitro and in vivo 
experiments complement each other and provide mechanistic insight into the regu-
lation of cellular communication during acute inflammatory responses. Although 
sepsis causes similar effects in the two species models, it should be noted that the 
two species may be mechanistically distinct at the gap junction level.

10.2 SEPSIS AND MODELS OF SEPSIS

Almost every type of microorganism has the potential to cause sepsis; however, 
Gram-negative bacteria appear to be the most common cause (Parrillo et al. 1990). 
The pathogenesis of sepsis is complex: sepsis progresses along a continuum from a 
localized nidus of infection, with local multiplication of the inciting organism, to 
the production and release of bacterial endotoxin (lipopolysaccharide; LPS) into the 
circulatory system (Parrillo 1993). LPS triggers a septic cascade causing (i) activa-
tion of immune cells and subsequent release of reactive oxygen species, proteinases, 
and inflammatory cytokines, including tumor necrosis factor alpha (TNFα), inter-
leukin (IL)-1, and IL-6 (Ertel et al. 1991; Grisham et al. 1988; Jean-Baptiste 2007); 
(ii) activation of the coagulation and complement cascades (Fijnvandraat et al. 1994; 
Levi 2010); and (iii) increased production of the vasodilator, nitric oxide (NO) 
(Fortin et al. 2010; Kilbourn and Griffith 1992). The common end result of sepsis is 
the failure of the microcirculation to maintain adequate peripheral resistance (lead-
ing to hypotension) and organ perfusion. The progressive failure of microcirculatory 
homeostasis during septicemia causes microregional ischemia and reperfusion (I/R) 
(Armour et al. 2001; Bateman et al. 2001; Motterlini et al. 1998), a situation that 
can act as a “second hit” and further injure vascular cells by enhancing the innate 
immune response and stimulating the release of oxidant radicals (Khadaroo et al. 
2003; Powers et al. 2006).
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Several animal models have been established to investigate the mechanisms 
underlying vascular dysfunction in sepsis (Wichterman et�al. 1980); the cecal liga-
tion and perforation model is generally accepted as the most accurate representation 
of clinical sepsis, because it produces a peritoneal focus of infection, leading to sep-
sis characterized by a hyperdynamic state, hypotension, leukopenia, elevated cardiac 
output, and elevated plasma lactate concentrations (Lush and Kvietys 2000). This 
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the LPS response in arterioles in situ, however, match results obtained from RMECs 
and MMECs in vitro: the LPS–stimulated reduction in conducted vasoconstriction in 
situ is (i) tyrosine kinase dependent (RMEC, MMEC), (ii) fully reversible following 
LPS washout (RMEC), and (iii) independent of NO production (RMEC; Lidington 
et al. 2000, 2002a, 2003; Tyml et al. 2001). Although caution must be observed when 
drawing mechanistic conclusions using results from two distinctly different in vitro 
models (RMEC and MMEC), it is clear that several core characteristics of the LPS 
responses display overlap in vitro and in situ.

10.5.3 tnfα rEducES MMEc couplinG via cx40

The effects of cytokines have not been extensively explored in the MMEC model. 
TNFα is one cytokine that has been tested in the MMEC model; it stimulates a reduc-
tion in intercellular coupling in MMECs isolated from wild type, but not MMEC 
isolated from Cx40−/− mice (i.e., a Cx40-dependent mechanism; Figure 10.4). This is 
again in contrast with the RMEC model, where coupling was not affected by TNFα 
(Tyml et al. 2001).

10.5.4 nitric oxidE rEducES MMEc couplinG via cx37

Unlike RMECs, NO (via the NO donors DETA NONOate and S-nitroso-N-acetyl-
l,l-penicillamine) elicits a rapid (within 10 min), dose-dependent, and rapidly 
reversible (within 10 min) reduction in MMEC intercellular coupling (McKinnon 
et al. 2009). These observations in MMECs are consistent with those of Kameritsch 
and coworkers (Kameritsch et al. 2005), who demonstrate that NO donors reduce 
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FIGURE 10.4 TNFα reduces interendothelial electrical coupling by a Cx40-dependent 
mechanism. Using an electrophysiological approach (Bolon et al. 2007), intracellular resis-
tance (which is inversely related to electrical coupling) was measured in mouse microvascular 
endothelial cell (MMEC) monolayers. TNFα (1–10 ng/mL, applied for 3 h) increased electri-
cal resistance in MMECs isolated from wild-type mice; preliminary data suggests that this 
response is lost in MMECs isolated from Cx40−/− mice. *P < 0.05, n = 7 for MMEC monolay-
ers of wild-type cells, n = 2 MMEC monolayers of Cx40−/− cells.
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cellular coupling in human umbilical vein endothelial cells (HUVECs), which also 
express Cx37, Cx40, and Cx43.

In contrast to the mechanism mediating the response to LPS, NO does not target 
Cx40; rather, the use of Cx37−/−, Cx40−/−, and Cx43G60S mice convincingly demon-
strate that Cx37 is the target (McKinnon et al. 2009). This is again consistent with 
the observations made by Kameritsch and coworkers (Kameritsch et al. 2005), who 
observed that NO donors reduce cellular coupling in immortalized HeLa cells trans-
fected with Cx37 (HeLa cells have no constitutive connexin expression), but not 
those transfected with Cx43. Interestingly, recent evidence indicates that Cx37 pos-
sesses a binding motif for endothelial nitric oxide synthase (eNOS) (Pfenniger et al. 
2010); this would position Cx37 in close proximity to the predominant source of 
endothelial nitric oxide under nonpathological conditions.

NO does not affect MMEC morphology, viability, connexin expression, or con-
nexin distribution (McKinnon et al. 2009), suggestive of a posttranslational mecha-
nism targeting Cx37. The two most prominent signaling actions of NO include (i) the 
activation of guanylyl cyclase, with subsequent production of cGMPand activation of 
cGMP-dependent effectors (e.g., protein kinase G; PKG), and (ii) the reaction with 
superoxide to form peroxynitrite, which can nitrosylate tyrosine residues and alter 
cell signaling processes (Pacher et al. 2007). Neither signaling mechanism appears 
to be involved, as the inhibition of guanylyl cyclase (1H-[1,2,4]oxadiazolo[4,3-a]
quinoxalin-1-one; ODQ), scavenging of superoxide (to prevent the formation of 
peroxynitrite; MnTBAP), and scavenging of peroxynitrite (FeTPPS) all failed to 
prevent the NO-dependent reduction in MMEC coupling (McKinnon et al. 2009). 
The molecular mechanism(s) mediating the effect of NO on Cx37 permeability in 
MMECs remains unknown at present.

In the mouse cremaster muscle, conducted arteriolar vasoconstriction in situ 
is rapidly reduced following the application of NO donors (Lidington et al. 2003; 
McKinnon et al. 2007; Rodenwaldt et al. 2007), an effect that is rapidly reversible 
(McKinnon et  al. 2007) and independent of Cx40 (Rodenwaldt et  al. 2007). All 
these observations are consistent with results obtained from MMECs (McKinnon 
et al. 2009). Interestingly, conducted vasoconstriction is significantly reduced by the 
genetic deletion of Cx37 (Cx37−/−) (McKinnon et al. 2006). Given that both Cx40 
and Cx37 are highly expressed at endothelial cell junctions in cremaster arterioles 
(Looft-Wilson et al. 2004), this is not entirely unexpected.

There is one interesting discrepancy related to the use of the guanylyl cyclase inhib-
itor ODQ: Rodenwaldt and coworkers (Rodenwaldt et  al. 2007) demonstrated that 
ODQ was partially effective in blocking the NO-stimulated reduction of conducted 
vasoconstriction in mouse cremaster arterioles in situ; McKinnon and coworkers 
observed no such ODQ effect in MMECs in vitro (McKinnon et al. 2009) or in mouse 
cremaster arterioles in situ (McKinnon et al. 2006). The only obvious difference in the 
experimental approach was that Rodenwaldt and coworkers (Rodenwaldt et al. 2007) 
additionally combined NO synthase inhibition (Nω-nitro-l-arginine; L-NNA) with 
ODQ to eliminate endogenous NO production; their investigation did not appear to 
examine the effects of L–NNA or ODQ in isolation. In separate investigations, ODQ 
(McKinnon et al. 2006) and a structurally distinct NO inhibitor (L–NAME) (Lidington 
et al. 2003) displayed no effect on conducted vasoconstriction. It appears, therefore, 



208 Connexin Cell Communication Channels

© 2010 Taylor & Francis Group, LLC

that L–NNA (or perhaps the combination of ODQ and L–NNA) has an unexpected 
effect that attenuates the effectiveness of NO in reducing vascular coupling.

10.5.5  Hypoxia/rEoxyGEnation rEducES MMEc couplinG via cx40 
and SynErGizES witH lpS

Consistent with the observations in RMECs, H/R rapidly and transiently decreases 
MMEC intercellular coupling, an effect that persists for at least 60 min following 
reoxygenation (Bolon et al. 2005). The underlying mechanism shares a striking simi-
larity to the MMEC response to LPS: (i) it is Cx40 dependent, as the H/R-stimulated 
reduction in MMECs is absent in cells isolated from Cx40−/− mice, but not Cx37−/− or 
Cx43G60S mice (Bolon et al. 2005, 2008); (ii) the H/R-stimulated reduction in cou-
pling is absent in MMECs treated with inhibitors of ERK1/2 and PTKs (Bolon et al. 
2008); (iii) the H/R response is PKA- and PKC-inhibition dependent and is lost if 
either PKA or PKC is chemically activated (Bolon et al. 2005, 2008); and (iv) the 
H/R-stimulated reduction in MMEC coupling correlates with reduced serine phos-
phorylation of Cx40 (Bolon et al. 2008).

The H/R-stimulated reduction of MMEC intercellular coupling and PKA activ-
ity requires abrupt reoxygenation; if oxygen levels are allowed to equilibrate slowly, 
these H/R effects are abolished (Bolon et al. 2005). The primary difference between 
rapid and slow reoxygenation scenarios is likely to lie in the generation of oxygen 
radicals. Two lines of evidence support this premise: (i) MMEC oxidative stress is 
increased following abrupt reoxygenation, but not slow reoxygenation and (ii) the 
H/R-stimulated reductions of intercellular coupling and PKA activity are abolished 
by pretreating MMECs with the antioxidant ascorbate (Bolon et  al. 2005). Since 
both ERK1/2 and PTKs can be activated by oxygen radials (Paravicini and Touyz 
2006; Yung et  al. 2006), it tempting to speculate that the overall mechanism for 
LPS- and H/R-induced reductions in coupling is effectively identical (except that the 
common upstream signaling responses (ERK/PTK) are activated by a receptor in 
the case of LPS and by oxidative stress in H/R).

Despite the apparent commonality of the signaling mechanism, LPS and H/R 
combine to synergistically reduce cellular coupling (i.e., H/R + LPS reduces MMEC 
coupling to a greater extent than would be predicted by adding the individual effects; 
Bolon et al. 2008). It is especially important to note that subthreshold LPS concentra-
tions gain significant importance when combined with H/R. As an illustration, 1 µg/
mL LPS is required to reduce coupling in MMECs under normal conditions; when 
combined with H/R, LPS ranging from 10 ng/mL to 10 µg/mL display equivalent 
reductions in coupling that exceed 10 µg/mL LPS alone (Bolon et al. 2008). These 
results are in accordance with previous observations that oxidants can enhance 
inflammatory response (Khadaroo et al. 2003; Powers et al. 2006), and thus, care 
must be taken when attempting to translate relevant effective concentrations derived 
from in vitro systems to more complex in vivo systems. It is intriguing to note that 
the LPS + H/R synergy is a concurrent effect; “priming” the system with LPS before 
the H/R insult (a “two-hit” model; Powers et al. 2006) does not further enhance the 
response (Bolon et al. 2008).
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The H/R model used for in vitro experiments is meant to model I/R in vivo, and 
although they are not directly comparable, it is clear that H/R plays a key role in 
I/R pathophysiology (Bari et al. 1996; DeFily 1998). In accordance with H/R results 
in MMECs, I/R transiently reduces conducted vasoconstriction in mouse cremaster 
arterioles in situ, by a PKA-inhibition-dependent mechanism (Bolon et al. 2005).

10.6  MECHANISMS MEDIATING REDUCED ARTERIOLAR 
CONDUCTION IN SEPSIS

Although sepsis causes numerous perturbations within the microcirculation (Pacher 
et  al. 2007) and is therefore the subject of intense study, few investigations have 
addressed the effect of sepsis on vascular communication in vivo. On the basis of 
the in vitro (MMECs) and in situ (mouse cremaster arterioles) data presented here, 
we propose a conceptual scheme of the effect of sepsis on interendothelial electrical 
coupling (Figure 10.5). The scheme includes the documented reduction in cellular 
communication/arteriolar conduction in response to LPS, cytokines, NO, H/R, and 
I/R. Which of these mechanisms (and connexins) are critical in sepsis?

Remarkably, the sepsis-mediated reduction in conduction vasoconstriction can 
be fully reversed by superfusing the cremaster preparation with physiological saline 
(i.e., a washout), suggesting that a diffusible factor mediates the reduction in vascular 
communication (Lidington et al. 2003). In the 24-h cecal ligation and perforation 
model of sepsis, this factor is NO: (i) both NO synthase inhibition and NO scavenging 
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FIGURE 10.5 A schematic diagram of the effect of early and advanced sepsis on micro-
vascular function involving interendothelial electrical coupling. This diagram is based on our 
work in mouse skeletal muscle in vivo and in mouse microvascular endothelial cells in vitro. 
LPS and its interaction with its receptor TLR-4 mimic early sepsis; inflammatory cytokines 
at 24 h of sepsis model mimic advanced sepsis. The arrows indicate activation and blunted-
end lines indicate inhibition. (Adapted from Tyml, K. 2011. Can J Physiol Pharmacol 89: 
1–12. With permission.)
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reverse the sepsis-mediated reduction in conducted vasoconstriction (Lidington et al. 
2003; McKinnon et al. 2006), and (ii) genetic deletion of neuronal nitric oxide syn-
thase (nNOS knockout) prevents the conduction deficit (McKinnon et al. 2006). As 
predicted from experiments utilizing MMECs (McKinnon et al. 2009), inhibition 
of guanylyl cyclase (ODQ) has no effect on the sepsis-mediated conduction deficit 
(McKinnon et al. 2006).

In addition to its dependency on NO, the sepsis-mediated reduction in conducted 
vasoconstriction is also reversed by tyrosine kinase inhibition (Lidington et al. 2003) 
and by treatment with ascorbate (McKinnon et al. 2007). Since sepsis is associated 
with reactive oxygen species formation (Azevedo et al. 2006) and ascorbate is an 
antioxidant, it is logical to speculate that ascorbate acts by scavenging oxidants. 
However, the superoxide scavenger MnTBAP has no effect on the sepsis-stimulated 
reduction in conducted vasoconstriction. On the basis of NO synthase activity assays, 
it appears that ascorbate acts upstream of NO production, as it prevents the sepsis-
mediated increase in nNOS activity (McKinnon et al. 2007). It is not known at this 
time whether the tyrosine kinase activity lies upstream of nNOS (i.e., required for 
activation of nNOS and subsequent NO production) or downstream (i.e., tyrosine 
kinases are activated by an NO-dependent mechanism).

10.7 SUMMARY, CHALLENGES, AND MODEL CONSIDERATIONS

This chapter has shown that although rat and mouse microvascular endothelial cells 
(RMECs and MMECs) are isolated from the same vascular bed, they appear to be 
different in terms of their connexin composition, responsiveness to inflammatory 
stimuli, and signaling mechanisms. In brief summary, RMECs have been shown to 
express only one connexin protein; they respond to LPS and H/R, but not cytokines 
or NO, and both LPS and H/R appear to reduce RMEC intercellular coupling by tyro-
sine phosphorylation of Cx43. In contrast, MMECs express three connexins, respond 
to LPS, H/R, cytokines, and NO, and target two connexins (Cx40 and Cx37) via 
distinct mechanisms to reduce MMEC coupling. It is intriguing to note that although 
Cx43 is present in both RMECs and MMECs, it appears to be a signaling target 
only in RMECs. It is, therefore, clear that species variation in connexin composi-
tion and signaling pathways represent significant challenges for cross-comparison of 
experimental models and ultimately the translation of experimental data to clinically 
relevant practice. Any comparison across species must be made with due caution.

Since the distribution of connexin proteins varies between individual vascu-
lar beds within a species (Hill et al. 2001), there was significant potential that the 
MMEC model (isolated from the extensor digitorum longus muscle) would not accu-
rately predict the effects in cremaster arterioles. Nevertheless, a remarkable parallel 
between the mechanisms operating in MMECs in vitro and mouse cremaster arte-
rioles in situ was observed. While this indicates that MMECs are a relatively good 
experimental system for mechanistic study in skeletal muscle microvascular beds, 
the results from MMECs may not be broadly applicable across distinctly different 
vascular beds, such as the cerebral, pulmonary, and renal microcirculation. Thus, 
due caution must again be applied when comparing experimental results from dif-
ferent models, even when the same species is used.
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On the basis of the result that the sepsis, induced by cecal ligation and perfora-
tion, reduced conducted arteriolar vasoconstriction solely by an NO (and putatively 
Cx37)-dependent mechanism, there is an inclination to dismiss the other factors 
and processes (i.e., LPS, cytokines, and H/R) as nonfactors. This would be a poor 
assumption. Sepsis must be viewed as a progression, with distinct mediators and 
signaling processes gaining and losing prominence at different points along the pro-
gression (Hinshaw 1996; Lange et al. 2011). Confounding issues include the fact that 
plasma cytokines rise and fall at different time points, LPS concentrations may be 
higher in vascular beds closer to the infectious focus, and H/R may be more relevant 
in smaller arterioles or capillary beds further downstream, since blood flow does 
not stop in the 50 µm branch order used for communication assessment. Systemic 
effects, including altered sympathetic/parasympathetic activity, blood pressure, and 
shear forces (as a result of altered flow and blood viscosity) can all potentially con-
tribute to or modulate the effects of sepsis on vascular communication.

In addition to the progressive nature of sepsis, it must be highlighted that not all 
models of sepsis are directly comparable (Dyson and Singer 2009; Freise et al. 2001). 
Some models (e.g., LPS injection) can be highly controlled and standardized, repro-
duce several characteristics of sepsis, and yet fail to create an infectious focus or the 
protracted immune reaction that characterizes sepsis (Freise et al. 2001). Although 
the cecal ligation and perforation model of sepsis is decisively closer to clinical real-
ity (Freise et al. 2001; Lush and Kvietys 2000), the inability to reliably control the 
bacterial challenge often leads to poor interlaboratory standardization (Freise et al. 
2001).

Adding to the complexity, the progression and response to sepsis displays some 
species specificity. For example, in small rodents, plasma NO concentrations can 
reach molar concentrations (Harbrecht et al. 1992; Liaudet et al. 1998); however, NO 
overproduction in humans rarely increases more than 50% above the background, 
despite major microcirculatory failure (Cauwels 2007; Feihl et  al. 2001). Taken 
together, comparisons of vascular function during inflammatory responses will vary 
depending on the species, vascular bed, inflammatory model used, and the time 
point of assessment. Such comparison considerations are applicable to all vascular 
functions (e.g., vasodilator and constrictor responses) and would not be restricted to 
cellular communication.

A final level of complexity resides at the level of connexins. Connexins display a 
broad overlap in function, which is why the genetic deletion of one vascular connexin 
does not generally result in a profound vascular phenotype (notably, deletion of Cx40 
is associated with hypertension (de Wit et al. 2003). The overlap in function, cou-
pled, perhaps, with compensatory expression changes in the other connexin proteins, 
may explain why cellular coupling remained similar between wild-type and Cx37−/−, 
Cx40−/−, and Cx43G60S MMECs (Bolon et al. 2007). While not all connexin functions 
are universally compensated (Wolfle et al. 2007), the use of genetic deletion models 
may not always identify contributing mechanisms. There is an additional point to be 
made regarding deletion models: gap junctions are composed of 12 connexin subunits 
(six connexin subunits contributed from each cell); if two connexins are allowed to 
coalesce freely, up to 196 unique gap junction channels are formed (Cottrell and 
Burt 2001). Genetic deletion of a single connexin protein, therefore, eliminates 195 
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unique gap junction channels. Thus, connexin regulation under native conditions is 
likely a “blend” of regulatory mechanisms acting on different connexins within a 
single gap junction channel. This potentially allows a single connexin protein iso-
form to dominate the regulation of all channels (Burt and Steele 2003; Cottrell et al. 
2002; Kumar and Gilula 1996).

10.8 CONCLUSION

The regulation of endothelial connexins under inflammatory conditions is complex. 
In endothelial cells, three vascular connexins, Cx43, Cx40, and Cx37, are the targets 
of inflammatory mediators/processes, each acted up by a unique mechanism of regu-
lation. Although there is a remarkable mechanistic comparability within the mouse 
models presented (comparing in vitro and in vivo results), important interspecies dif-
ferences between the rat and mouse are evident. These species differences, coupled 
with the dynamic nature of inflammatory responses and the inherent complexity of 
gap junction physiology, contribute to the significant challenges in understanding the 
mechanistic basis of how vascular communication is impaired in sepsis.
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Impact of Microglial 
Activation on Astroglial 
Connexin Expression and 
Function in Brain 
Inflammation

Christian Giaume, Nicolas Froger, Juan Andrés 
Orellana, Mauricio Retamal, and Juan Carlos Sáez

11.1 INTRODUCTION

The central nervous system (CNS) is capable of dynamic immune and  inflammatory 
responses mediated by the activation of microglia, the brain resident macrophage 
population, and astrocyte reactivity. A growing body of evidence shows that the 
innate immune response exerts a dichotomous role in the brain. Under physiological 
conditions, microglia exhibit a resting phenotype that is associated with the produc-
tion of anti-inflammatory and neurotrophic factors. Microglia shift to an activated 
phenotype in response to a wide range of insults that activate specific signaling path-
ways, thereby promoting an inflammatory response necessary to further engage the 
immune system. The sustained inflammation resulting in brain injury and pathology 
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implies either persistence of an inflammatory stimulus or failure in normal resolution 
mechanisms. A constant stimulus may result from the formation of endogenous fac-
tors, that is, protein aggregates as in the case of neurodegenerative diseases. Under 
these conditions, rather than serving as protective, neuroinflammation may turn into 
a damaging process leading to further recruitment of other cell types involved in 
innate immune response, which worsen the disease progression, characterized by 
neuronal dysfunction and even cell death as for instance in progressive neurodegen-
erative pathologies.

In the CNS, astrocytes constitute a rather unique example of multifunctional 
cells that establish tight morphological and functional interactions with neurons and 
the vasculature (Giaume et al., 2010). They represent the brain cell population that 
expresses the largest amount of connexins (Cxs) and exhibits a high degree of inter-
cellular communication mediated by gap junction channels (GJCs) (see Giaume and 
McCarthy, 1996; Giaume et al., 2010). Moreover, under defined conditions that are 
mainly related to pathological situations, neuronal and glial Cxs can also work as 
hemichannels (HCs) allowing exchange of ions and small molecules between the 
intracellular and extracellular media (see Orellana et al., 2009). However, the expres-
sion of Cxs in astrocytes is not exclusive, and microglia as well as neurons also express 
these proteins. In addition, these cell types express another family of membrane pro-
teins, the pannexins (Panxs) that also form HCs. Finally, the expression of astroglial 
Cxs is modified after brain injury and other pathologies, including neurodegenerative 
diseases (see Orellana et al., 2009; Giaume et al., 2010).

In this chapter, we summarize and discuss recent data indicating that, in an 
inflammatory context, Cx expression level and function in astrocytes depend on the 
state of microglial activation. A consequence of these properties is neuronal fate 
that, in certain conditions, depends on the balance of the two channel functions of 
astroglial Cxs, that is, GJCs and HCs. Finally, we will discuss recent data suggesting 
that the anti-inflammatory properties of cannabinoids (CBs) and the stimulation of 
cannabinoid receptors in glia may represent a way to prevent the deleterious effects 
of astroglial Cx channels on neuronal survival.

11.2  CONNEXIN AND PANNEXIN EXPRESSION IN MICROGLIA 
AND ASTROCYTES

11.2.1 MicroGlia

In vivo, low levels of Cx43 are detected in only 5% of resting microglia, whereas at 
stab wounds, a recruitment of Cx43 positive microglia is observed (Eugenín et al., 
2003). In vitro, Cx43 is not detected in nonactivated cultures of microglia (Rouach 
et al., 2002a; Même et al., 2006). However, upon activation with certain proinflamma-
tory agents, microglia show the expression of Cx43 and establish intercellular com-
munication via GJCs as evaluated by dye-coupling experiments. Indeed, treatments 
with TNF-α plus IFN-γ or LPS plus IFN-γ upregulate GJC formation in a Cx43-
dependent manner, since microglia cultured from Cx43 knockout (KO) mice do not 
exhibit such upregulation when treated with the same mixtures of proinflammatory 
agents (Eugenín et al., 2003). Similarly, Staphylococcus aureus-derived peptidoglycan 
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induces Cx43 expression in microglia that is associated with a functional gap junc-
tional communication (Garg et al., 2005). Interestingly, treatment with TNF-α alone 
increases the surface levels of Cx32 in microglia (Takeuchi et  al., 2006). In con-
trast, cultured human or mouse microglia treated with LPS, granulocyte-macrophage 
colony-stimulating factor, INF-γ, or TNF-α do not show changes in Cx expression 
(Même et al., 2006; Dobrenis et al., 2005). The intracellular transduction pathway 
involved in the regulation of microglial GJC formation requires elevation of intracel-
lular free Ca2+ concentration (Martínez and Sáez, 1999), while enhanced intracellular 
cAMP or cGMP  levels or activation of protein kinase C (PKC) do not induce dye 
coupling in cultured microglia (Martínez and Sáez, 1999). These observations are 
consistent with the hypothesis that activated but not resting microglia might express 
functional GJCs, depending on the treatment leading to their activation status.

Activated microglia release glutamate through HCs (Takeuchi et al., 2006) and 
their neurotoxic effect is inhibited by glutaminase or by the GJC and HC blocker 
carbenoxolone (D’Hondt et al., 2009). Over time, the microglia-mediated neurotox-
icity is progressive and could contribute to the progressive nature of diverse neu-
rodegenerative diseases (Block and Hong, 2005). Moreover, Panx1 expression has 
been detected in microglia (Shestopalov and Panchin, 2008), although evidence of 
functional Panx1 HCs is still missing. Nevertheless, ATP and LPS are able to induce 
uptake of impermeant DNA intercalatants (for instance, YOPRO, a carbocyanine 
monomer, or ethidium bromide) in microglia via P2X7 receptor activation (Monif 
et al., 2009), an effect that might be explained by activation of Panx1 HC.

11.2.2 aStrocytES

In adult brain, Cx43 and Cx30 are the main Cxs detected in astrocytes (Dermietzel 
et al., 1991; Giaume et al., 1991; Kunzelmann et al., 1999; Nagy et al., 1999). Their 
relative levels vary according to the developmental stage and the region studied 
(Nagy and Rash, 2000). Cx43 is expressed early in development, around the 12th 
day of gestation in rat radial glial processes. As development proceeds, Cx43 expres-
sion increases and is found as immunoreactive puncta throughout the brain. Cx30 
is expressed in astrocytes later in juvenile rodents during the third postnatal week 
showing a punctuate pattern of staining (Kunzelmann et al., 1999; Nagy and Rash, 
2000). Although Cx30 and Cx43 are clearly coexpressed at gap junctional plaques 
of mature gray matter astrocytes, the regional distribution of Cx30 is more hetero-
geneous than that of Cx43 (Nagy et al., 1999), the major difference being the lack of 
Cx30 expression in astrocytes of white matter tracts. Although single-cell RT–PCR 
performed in hippocampal astrocytes has detected the presence of other Cx mRNAs 
(Blomstrand et al., 2004), no intercellular communication, assessed by dye-coupling 
experiments, was observed in astrocytes recorded from Cx43/Cx30 double knockout 
mice (Wallraff et al., 2006; Rouach et al., 2008), strengthening the notion that Cx43 
and Cx30 are the major astroglial Cxs. Besides their role in cell-to-cell communi-
cation mediated either by GJCs or by HCs, Cxs expressed in astroglial cells also 
appeared to be involved in other functions, such as adhesion (Elias et al., 2007) and 
modulation of purinergic receptors (Scemes, 2008). In vitro, astrocytes only express 
Cx43 (Dermietzel et al., 1991; Giaume et al., 1991), unless cultures are maintained for 
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a long period of time, that is, more than 10 weeks (Kunzelmann et al., 1999). In addi-
tion, astrocyte/neuron cocultures demonstrate that neurons upregulate the expres-
sion of Cx43 and induce that of Cx30 in subsets of astrocytes preferentially located 
in close proximity to neuronal soma (Rouach et al., 2000; Koulakoff et al., 2008). 
Finally, Panxs can also form HCs at the cell surface of diverse brain mammalian 
cells, including astrocytes (Thompson et al., 2008; Iglesias et al., 2009). However, 
although detected in these cells under resting conditions by immunofluorescence, 
Western blot analysis, and electrophysiology (Iglesias et al., 2009), these glycopro-
teins have not been found at the surface of astrocytes by other groups (Huang et al., 
2007; see Orellana et al., 2009). Such discrepancy could be originated from several 
possible sources of variations, including culture media, brain region, and age of the 
animals as well as desired cell density before the experiments.

11.3  ACTIVATED MICROGLIA REGULATE CX43 CHANNELS 
IN ASTROCYTES

Microglia are the principal immune cells in the CNS and under normal conditions 
their principal role is to degrade cellular debris. After brain injury, however, they 
become active and release cytokines and reactive oxygen species (ROS) such as 
nitric oxide (NO) and H2O2, which could decrease neuronal survival. Thus, microg-
lia play a fundamental role in brain pathologies associated with inflammation such 
as human immunodeficiency virus (HIV), stroke, Down syndrome, neurodegen-
erative processes, and multiple sclerosis. As mentioned above, brain inflammation 
significantly affects Cx expression and function in astrocytes that in turn affects 
the homeostasis of the whole CNS. In pure cultured microglia, treatment with LPS 
induces production and release of cytokines such as IL-1β, IL-6, IL-8, IL-10, TNF-α, 
and INFγ, among others. While astrocytes under controlled conditions are highly 
coupled through GJCs, it has been reported that the addition of resting microglial 
cells to primary cultures of astrocytes decreases their Cx43 expression and GJC 
coupling (Rouach et  al., 2002a). Moreover, LPS treatment in astrocyte–microg-
lia cocultures induces a drastic decrease of Cx43 expression and GJC function in 
astrocytes (Même et al., 2006). This regulation can be mimicked using conditioned 
medium from pure microglia cultures pretreated with LPS or IL-1β plus TNF-α 
(Même et al., 2006). While IL-1β apparently has an inhibitory effect per se on GJCs 
(John et  al., 1999), at lower ineffective concentration, it potentiates the inhibitory 
effect of ATP and endothelin-1 on Cx43-mediated gap junctional communication in 
astrocytes (Même et al., 2004). Additionally, cytokines released by microglia also 
have an effect on HC activity. Indeed, exposure of astrocytes to LPS or IL-1β plus 
TNF-α increases HC activity detected by unitary conductance measurements as well 
as by uptake of fluorescent dyes and glucose analogs. As illustrated in Figure 11.1, 
this phenomenon was observed in parallel to the inhibition of gap junctional com-
munication, demonstrating the occurrence of an opposite regulation of the two Cx43 
functions (Retamal et al., 2007). The decrease in GJC permeability and the increase 
in HC activity induced by LPS or IL-1β plus TNF-α is blocked by inhibition of 
p38 MAP kinase, suggesting that this intracellular signaling pathway is downstream 
implicated in this dual effect. On the other hand, dithiothreitol (DTT) or an nitric 
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oxide synthase (NOS) inhibitor (L-name) inhibits only the increase of HC activ-
ity, indicating that NO is specifically involved in this regulation (Retamal et  al., 
2007). In agreement with this property, NO induces S-nitrosylation of Cx43 HCs in 
astrocytes under metabolic inhibition, which is directly correlated with HC opening 
(Retamal et al., 2006). Thus, it is proposed that NO produced by activated microglia 
is an important mediator of the increase of HC opening in astrocytes.

Interestingly, endogenous and synthetic CBs that are known to have anti-inflam-
matory properties prevent the release of cytokines from microglia after LPS activation 
and also prevent HC opening and loss of GJC function (Froger et al., 2009). In astro-
cytes, the opening of HCs has been correlated with ATP and glutamate release (Cotrina 
et al., 1998; Ye et al., 2003). Most of the brain neurons express receptors for several 
neurotransmitters (i.e., P2X, P2Y, and N-methyl-D-aspartate (NMDA) receptors). An 
excessive release of these neurotransmitters in the extracellular space provokes a mas-
sive and constant activation of these receptors that could lead to neuronal death.

11.4  ASTROGLIAL CX43 HEMICHANNELS CONTRIBUTE TO 
NEURONAL DEATH

During the past 20 years, the protective role of astrocytes against neuronal death 
has been well described in different models of neuronal toxicity (Rosenberg and 

Resting microglia

Cx43

+ Activated microglia
+ Conditioned medium
+ TNF-α and IL-1β (Mix)

Cx43

Uncoupled astrocytes
Hemichannel
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IL-1ra + s TNF-αR1
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FIGURE 11.1 Microglia regulates Cx43 expression and channel functions in astrocytes. 
When astrocytes are cocultured with resting microglia, the expression and function of Cx are 
weakly inhibited; these effects become strong when microglial cells are specifically activated 
by LPS. Alternatively, similar strong inhibitions are also observed when cultured astrocytes 
are treated either by conditioned medium harvest from LPS-activated microglia or by a mix-
ture of two proinflammatory cytokines. These inhibitory effects are prevented in the presence 
of an IL-1β antagonist and soluble TNF-α.
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Aizenman, 1989; Desagher et al., 1996). Considering the high level of Cx expres-
sion in astrocytes, the involvement of Cxs in neuronal death regulation has been 
a frequently addressed question. Numerous studies have investigated whether the 
level of gap junctional communication can modify the neuroprotective role of astro-
cytes. They first investigated the consequences of the blockade of Cx43 GJCs on 
the modulation of neurotoxicity. Indeed, some authors reported a decrease of neu-
roprotection exerted by astrocytes using GJC uncoupling drugs (Blanc et al., 1998; 
Ozog et al., 2002) in neuron–astrocytes cocultures. In contrast, a similar drug treat-
ment was found to reinforce the neuroprotection either in a trauma model in vitro 
(Frantseva et al., 2002b) or in models of ischemia (Frantseva et al., 2002a; de Pina-
Benabou et al., 2005). An important improvement for such studies consisted in the 
use of mutant mice whose Cx43 gene was genetically abolished (Cx43−/− mice). In in 
vitro trauma model performed with brain slices from Cx43−/− mice, Frantseva et al. 
(2002b) also described a protective effect due to Cx43 absence, similar to the effect 
observed with the pharmacological inhibition of GJCs. But, in vivo experiments per-
formed in Cx43+/− mice (in which only one allele of the gene was invalidated because 
Cx43−/− animals do not survive after birth) have revealed that the reduction of Cx43 
expression level in these mice increases the infarct size and cell death following 
cerebral ischemia (Nakase et al., 2003; Nakase and Naus, 2004). In summary, stud-
ies investigating the role of astroglial Cxs have provided results either in favor or 
against a neuroprotective action of Cx43 in astrocytes. But it is important to note that 
all these studies never differentiated between the two channel functions of Cx43, that 
is, GJCs versus HCs. As mentioned above, the mixture of IL-1β plus TNF-α activates 
Cx43 HCs and closes GJCs in astrocyte cultures (Même et al., 2006; Retamal et al., 
2007). In these conditions, the dual regulation of Cx43 functions provides a model 
to assess the impact of Cx43 GJCs versus HCs on neuronal death. For this purpose, 
a model of NMDA-induced excitotoxicity in neuron–astrocyte cocultures was used 
to discriminate the consequence of the dual regulation of astroglial Cx43 channel 
functions induced by proinflammatory treatment (IL-1β plus TNF-α). Interestingly, 
the NMDA-induced neuronal death in astrocyte–neuron cocultures is reinforced by 
this proinflammatory treatment, while such a potentiating effect is not observed in 
cultures of neurons alone. This observation suggests that the protective role of astro-
cytes against excitotoxicity is impaired under proinflammatory conditions when Cx 
channel functions are affected. Using neuron–astrocyte cocultures with astrocytes 
lacking Cx43 expression (from Cx43−/− mice) and wild-type neurons revealed that 
the NMDA excitotoxicity is not reinforced by the proinflammatory treatment applied 
on these cocultures with Cx43-deficient astrocytes (Froger et al., 2010). This result 
suggests that astroglial Cx43 is involved in the potentiated neurotoxicity induced by 
proinflammatory treatments. To discriminate between the implication of GJCs and 
HCs, since mimetic peptides specific for Cx43 HC blockade are available (Gap26 
and Gap27) and when used for short-term treatment (<30 min) prevent only HCs 
in astrocytes (Retamal et  al., 2007). Interestingly, the application of these pep-
tides prevents the potentiated neurotoxicity response induced by proinflammatory 
cytokines (Froger et al., 2010). These observations further demonstrate the crucial 
role of astroglial Cx43 HCs in the potentiation of excitotoxicity that occurs under 
an inflammatory context and strengthens the hypothesis of synergic interactions 
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between inflammatory toxicity and glutamate toxicity, in which Cx43 HCs contrib-
ute to accentuate the neuronal susceptibility to adverse conditions.

11.5  ALTERATION OF ASTROGLIAL CONNEXIN EXPRESSION 
IN BRAIN PATHOLOGIES

There is accumulating evidence indicating that the expression of Cxs in astrocytes 
is modified during reactive gliosis associated with most, if not all, acute or chronic 
brain injuries and pathologies. Most studies in this field have examined the level of 
Cx43 mRNA and/or protein (see Orellana et al., 2009; Giaume et al., 2010). In most 
neurodegenerative diseases, and after ischemic and excitotoxic injuries, an increased 
expression of Cx43 was detected. However, in the latter case, the increase in Cx43 and 
Cx30 was restricted to reactive astrocytes located in a ring surrounding the damaged 
area while a strong downregulation occurred in the reactive astrocytes located within 
the core of the lesion (Koulakoff et al., 2008). The consequences of these modifica-
tions on intercellular communication via either GJCs or HCs have started to be exam-
ined in vivo. Unfortunately, these analyses included in most cases only gap junctional 
communication assessed by dye coupling. In this way, increased Cx expression has 
been correlated with increased dye coupling in astrocytes. However, the reduction in 
gap junctional communication induced by ischemia has been proposed to be medi-
ated by dephosphorylation of Cx43 (Li and Nagy, 2000). The consequence of changes 
in the expression of astroglial Cxs on neuronal function and/or survival is not yet 
clear, since both beneficial and deleterious effects have been reported (see above). The 
working hypothesis is that astrocytes can redistribute potentially detrimental ions 
and metabolites over long distances within their communicating networks, hence 
contributing to the protection of neurons from an excess of toxic substances. In sup-
port of this hypothesis, the infarct size following ischemia is enlarged in Cx43 KO 
mice compared to wild-type mice (Siushansian et al., 2001; Nakase et al., 2003). In 
contrast, the blockade of Cx43 functions either with pharmacological agents or with 
mimetic peptides was reported to limit the extent of damages generated by brain or 
spinal cord injury (Frantseva et al., 2002b; Cronin et al., 2008; O’Carroll et al., 2008). 
The relative contribution of the two Cx channel functions to these effects has not yet 
been fully dissected but certainly will give some clue to the apparent contradictory 
literature in this field. Hence, the role played by astroglial Cxs in pathological situa-
tions is likely diverse and certainly depends on several factors, such as time, cell type, 
location, and the type of brain injury or pathology.

11.6  CANNABINOID SYSTEM AS A POSSIBLE THERAPEUTIC 
STRATEGY AGAINST CONNEXIN CHANNEL-MEDIATED 
NEURODEGENERATION

CBs are known to exert anti-inflammatory properties (Cabral and Griffin-Thomas, 
2008) and their receptors are expressed in glial cells, in particular in astrocytes 
(Stella, 2004, 2010). As astrocytes are well-known targets for proinflammatory 
agents, the effect of both synthetic and endogenous CBs has been tested on Cx43 
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channels in cells treated with proinflammatory agents. As mentioned above, Cx43 
functions, GJCs versus HCs, are oppositely regulated by proinflammatory treatment 
(Retamal et al., 2007). Under these conditions, the addition of CBs, either synthetic 
(such as WIN-55,212-2) or endogenous (such as methanandamine), into the culture 
medium prevents this dual regulation of Cx43 channels; thus, astrocytes maintain a 
low level of HC activity and a high level of gap junctional communication (Froger 
et al., 2009). Pharmacological investigations reveal that the regulation of Cx43 chan-
nels exerted by CBs is preferentially mediated through CB1 receptors, although the 
implication of non-CB1/CB2 receptor pathways cannot be excluded (Froger et al., 
2009; see also Venance et al., 1995).

As the opening of Cx43 HCs occurring in inflammatory conditions reinforces the 
NMDA-induced excitotoxicity, any pharmacological action that consists in reducing 
or blocking Cx43 HC activity in astrocytes may represent a new strategy to protect 
neurons against excitotoxic damages. In this context, the effect of CBs agonists on 
NMDA-induced excitotoxicity in inflammatory conditions, that is, TNF-α and IL-1β, 
have been tested. As shown in Figure 11.2, these experiments demonstrated that both 
synthetic and endogenous CBs (WIN-55,212-2 and methamandamide, respectively) 
abolish the enhanced excitotoxicity induced by proinflammatory cytokines (Froger 
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FIGURE 11.2 Cannabinoids (CBs) prevent the downregulation of Cx43 expression and 
function in astrocytes. In coculture, the stimulation of microglia by LPS induces the release 
of proinflammatory cytokines that reduce the expression of Cx43 and generates an opposite 
regulation of Cx43 channels, an inhibition of gap junctional communication and an activation 
of hemichannels. These effects are prevented by treatment with synthetic and endogenous 
CBs that act at two levels: in microglia on the production of TNF-α and IL-1β and in astro-
cytes on Cx43 channels themselves.
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et al., 2010). Accordingly, as a working hypothesis, it can be proposed that glial CB 
receptor stimulation may constitute a new target as a neuroprotection strategy, to 
prevent excitotoxicity-induced neuronal damages in an inflammatory context, like 
that observed in neurodegenerative diseases.

11.7 CONCLUSIONS

Brain inflammation is manifest by infiltration of circulating immune cells, microg-
lial activation and proliferation, and reactive astrocytosis. These responses impair 
brain energy metabolism (Steele and Robinson, 2010), modify blood–brain barrier 
integrity, produce microvascular hyalinosis, and affect mitochondrial function and 
neuronal activity as well as cognitive functions (Di Filippo et  al., 2010; Giaume 
et al., 2010; Ownby, 2010; Allaman et al., 2011). Numerous inflammatory factors 
are known to contribute to these different dysfunctions. Here, we have gathered 
data indicating that the functional state of astroglial Cx channels is also affected. 
They are in favor of an increase in HC activity that under resting condition is very 
low possibly to maintain the cell integrity. Thus, inflammatory conditions enhance 
inside–outside exchanges of ions and small molecules exacerbating neuronal death. 
Putting the light on the contribution of astroglial HCs will certainly help to recon-
sider and clarify the controversy on the good or bad roles of astroglial Cx chan-
nels in neuronal death and survival. Indeed, the role Cx-based channels are rather 
alternating in the literature between a protective and a deleterious role to neuronal 
susceptibility to injuries (Rouach et al., 2002b; Perez Velazquez et al., 2003; Nakase 
and Naus, 2004; Farahani et al., 2005). This controversy might be explained because 
up to now only GJCs were considered as the only Cx43-based channel involved in 
neuroprotection.

To go further and improve our knowledge about the contribution of Cx chan-
nels in neuronal death and survival, new tools to study their function are required. 
Indeed, so far, pharmacological and genetic approaches used to study glial Cxs have 
shown their limitations (Giaume and Theis, 2010). What we need in the future are 
tools that allow discriminating between the contribution of microglial and astroglial 
Cxs (and neuronal), between GJC and HC functions, and also between Panx and Cx 
HCs. Also, it becomes more and more relevant to identify what signaling molecules 
are passing through these channels in normal and inflammatory conditions. The 
achievement of these goals will certainly help to design new therapeutic strategies 
that will target glia instead of neurons to prevent or at least minimize neuronal dam-
ages in brain injury and pathologies. Hereof, the observations made with synthetic 
and endogenous CBs might indicate new directions that could be taken in the com-
ing years.
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12.1 STRUCTURE OF SKIN AND EPIDERMAL BARRIER

The human skin is a complex organ that provides a protective barrier against fluid 
loss from within, and against assault from the external environment by chemicals 
(irritants), physical agents (mechanical forces, UV radiation), and biological patho-
gens (Proksch et  al., 2008). Moreover, skin contributes to thermal regulation by 
sweating. The skin consists of three layers: the hypodermis, loose connective tissue 
that contains the subcutaneous fat; the dermis, a connective tissue (rich in collagens 
and glycosaminoglycans synthesized by dermal fibroblasts) containing blood supply 
and nerves, which supports the epidermis and the epidermal appendages (hair fol-
licles sebaceous glands, and sweat glands); and the epidermis, the outer, stratified 
squamous epithelium of keratinocytes from which the appendages are derived and 
which forms the skin barrier (Figure 12.1). Other resident cells of the epidermis are 
melanocytes, responsible for skin pigmentation, Langerhans cells (antigen-presenting 
 dendritic cells), Merkel cells and other sensory receptors and nerve endings. In normal 
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epidermis, a steady state exists between production of new cells from keratinocytes 
resident in the basal layer and the loss of terminally differentiated cells from the 
skin surface (Blanpain and Fuchs, 2009). Histologically, four layers of keratinocyte 
differentiation can be recognized within the epidermis: the basal, spinous, granular, 
and stratum corneum layers. Each represents a stage in progression through the cell 
terminal differentiation program (Figure 12.1). Epidermal physical barrier function 
against water loss and penetration by chemical, physical, and biological agents resides 
mainly within the stratum corneum, although recent work suggests that a network of 
tight junctions within the granular layer may also be important in some circumstances 
(Kirschner et al., 2009). The specific immunological barrier function of the epidermis 
is largely associated with the Langerhans cells (Romani et al., 2006, 2010), although 
keratinocytes also seem to play a role, particularly in the innate immune response 
(Lai et al., 2010; Lai and Gallo, 2008).

Central to the organization of the epidermis is a complex network of cell-to-cell 
adhesion and communication junctions, which can be termed the epidermal junc-
tional nexus. These include adherens junctions, desmosomes, tight junctions, and 
gap junctions; their constituent proteins are differentially expressed throughout the 
epidermal layers, possibly reflecting a gradual evolution of junctional properties as 
keratinocytes differentiate (Proksch et al., 2008). The carboxyl terminal domains of 
each class of protein have multiple interaction sites for cytoskeletal elements. The gap 
junction component, connexin43 (Cx43), adherens junction component E-cadherin, 
and components of the tight junction interact with cytoskeletal linker proteins such 
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FIGURE 12.1 Key epidermal characteristics in normal and psoriatic epidermis. 
Representative image of normal and psoriatic epidermis, illustrating hyperproliferation 
events and changes in the expression of key epidermal proteins in psoriasis. In normal epider-
mis, expression of Cx26 and Cx30 is found in the upper granular (g) and upper spinous layers, 
with Cx31.1 only noted in the granular. Cx43 expression is predominantly found in the basal 
(b) layer of the epidermis and dermal fibroblast cells in the dermis. Filaggrin, loricrin, and 
involucrin are key markers for the upper epidermal layers and the differentiation status can be 
determined by the expression of Keratin partners K5/K14 in the basal layers and K1/K10 in 
the upper layers. During psoriasis, an example of an epidermal inflammatory disorder, hyper-
proliferation is evident with K6/K16 replacing K1/K10 expression, a decrease in E-cadherin 
and Cx43 expression, while Cx26 expression is markedly enhanced. Both filaggrin and loric-
rin are also downregulated in psoriatic epidermis. These events likely contribute to altered 
inflammatory-mediated consequences in the epidermis in which Cx26 is emerging to play a 
pivotal role. See text for details. c, cutaneous; g, granular; us, upper spinous; ls, lower spinous; 
b, basal; bm, basement membrane. Not pictured: HF (hair follicle) regions, ORS/IRS (outer/
inner root sheath), and MD (medulla).
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as ZO-1 and β-catenin that link with the polarized actin cytoskeletal network (Laird, 
2006; Shaw et al., 2007). Connexins also interact with the microtubule network, most 
likely via kinesin motor proteins, involved in trafficking of connexins to the plasma 
membrane (Fort et al., 2012; Martin et al., 2001; Shaw et al., 2007). Desmosomal 
cadherins interact with keratin intermediate filaments that constitute the major ele-
ment of the keratinocyte cytoskeleton, possibly providing mechanical support for 
microfilaments and microtubules (Garrod and Chidgey, 2008).

Keratins were among the first proteins whose expression could be shown to 
change during epidermal keratinocyte differentiation (Figure 12.1). Keratins are a 
diverse family of proteins that are expressed in pairs from two main groups, type 
1 (acidic or subfamily A) and type 2 (basic or subfamily B). The K5/14 keratin pair 
is the characteristic of the basal keratinocytes, giving way to the K1/K10 pair as 
basal cells commit to terminal differentiation. Changes in expression profiles of ker-
atins were also among the first molecular changes to be identified in epidermal dis-
eases, for example, in psoriatic epidermis, expression of the K1/10 pair is lost, being 
replaced by the K6/K16 pair that is usually associated with rapidly turning over, 
thick epidermis (Ekanayake-Mudiyanselage et al., 1998). Not surprisingly, the strik-
ing morphological changes that mark the passage of keratinocytes through the basal, 
spinous, granular, and stratum corneum layers are marked by changes in most of the 
cells’ major molecular constituents—proteins, lipids, and nucleic acids (reviewed by 
Proksch et al., 2008). In this chapter, we concentrate on the connexins. In addition 
to forming gap junction intercellular communication channels, connexins, like their 
homologs, the pannexins, which do not seem to form gap junctions (D’Hondt et al., 
2009), are now known to form “hemichannels” that can open to release adenosine-
5′-triphosphate (ATP) and other active metabolites from the cell, resulting in activa-
tion of purinergic receptor pathways. It also appears that the adhesive properties of 
connexins in gap junctions may have important functions, independent of channel 
activity. We will review recent work that suggests that these alternative roles of con-
nexins may be important in the epidermis.

12.2 CONNEXIN EXPRESSION AND FUNCTION IN EPIDERMIS

The epidermis is an avascular tissue. It is thought that intercellular junctions, in 
addition to providing cell-to-cell adhesion, allow cells to communicate within and 
between the layers that mark stages in differentiation. This may help to maintain 
homeostasis and to coordinate responses to various stimuli, for example, damage to 
the stratum corneum results in a burst of basal cell division. Changing expression 
of junctional proteins might restrict communication as keratinocytes differentiate. 
The human epidermis appears to express as many as 10 different connexin genes 
differentially throughout its layers, although not all have been detected as proteins 
(Di et al., 2001). Antibody staining has shown connexin abundance to be lowest in 
the basal and highest in the spinous layers (similar to desmosomal proteins), cor-
relating with abundance of gap junctions seen by electron microscopy. Connexins 
Cx26, Cx30, Cx30.3, Cx31, Cx31.1, Cx40, Cx43, and Cx45 have all been detected by 
antibody staining. However, connexins have not reliably been detected in the stra-
tum corneum, although this could simply reflect the difficulty of conducting protein 
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analysis in this highly cross-linked tissue. As with keratins, abnormalities of con-
nexin expression are associated with disease states, for example, Cx26, which is 
normally restricted mainly to human palmoplantar epidermis (and even there in only 
low abundance), is greatly upregulated in psoriatic epidermis (Labarthe et al., 1998), 
in human papilloma virus-infected epidermis (Lucke et al., 1999), and in other states 
of pathological hyperproliferation (Hivnor et al., 2004; Lucke et al., 1999). However, 
in spite of the differing permeability properties of gap junctions composed of dif-
ferent connexins and of the differential expression of connexins within epidermal 
layers, studies of human and mouse epidermis have identified unrestricted gap junc-
tional transfer of small molecule tracers of varying size and charge (e.g., Lucifer yel-
low, neurobiotin) between keratinocytes from the basal, up to the granular layer (but 
not to the cornified layers) (Choudhry et al., 1997). This poses the question: what 
changes in function do the changing connexin profiles represent?

The fact that mutations in genes encoding connexins (including Cx26, 30, 30.3, 
31) are causal in several inherited skin disorders that have distinct histopathologi-
cal features strongly suggests that specificity of connexin expression does play an 
important role in the correct functioning of the epidermis (de Zwart-Storm et al., 
2009). Recent evidence suggests that hemichannel activity and possibly cell-to-cell 
adhesion may have significant roles related to the changing Cx expression profiles 
during keratinocyte differentiation, particularly in relation to the maintenance of the 
epidermal barrier.

12.3 CONNEXIN EXPRESSION AND EPIDERMAL BARRIER

Defects of the epidermal barrier give rise to many different medical problems often 
initiating cell signaling cascades promoting an inflammatory response and/or wound 
repair. A variety of these events result in altered connexin expression and signaling, 
suggesting that connexin expression or function may be involved in maintaining 
barrier integrity (Djalilian et  al., 2006). For example, the pathogenesis of psoria-
sis, a chronic inflammatory condition characterized by gross epidermal thickening 
(plaques) and a dysfunctional barrier, involves both the activation of T-lymphocytes 
and aberrant proliferation and differentiation of keratinocytes (Wagner et al., 2010). 
Accumulating evidence suggests that susceptibility to psoriasis is linked to the epi-
dermal differentiation complex and that the epidermal junctional nexus is altered, 
possibly leading to the hyperproliferative phenotype (Chung et al., 2005; Hampton 
et  al., 2007; Kirschner et al., 2009; Li et  al., 2008; Tschachler, 2007). Indeed, 
Connexin26 is strongly upregulated while Cx43 and E-cadherin are downregulated 
in psoriatic plaques (Chung et al., 2005; Hivnor et al., 2004; Labarthe et al., 1998; Li 
et al., 2008). Such information suggests that impaired cell-to-cell adhesion and inter-
action with cytoskeletal networks play a role in barrier recovery and may contribute 
to disease progression.

Studies in mouse models have determined that the transcription factor kruppel 
like factor 4 (KLF4) is required to establish and maintain the murine epidermal bar-
rier (Djalilian et al., 2006), protecting against water loss. The ability of the epidermis 
to function as a permeability barrier occurs in anticipation of birth, usually at day 18 
of a 20-day gestation period in mice. During fetal development, Cx26 is expressed in 
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the epidermis and KLF4 expression is low. Activation of KLF4 expression, usually 
day 18 of a 20-day gestation period, is associated with a decrease in the expression 
of Cx26 and induction of correct barrier formation. KLF4 is expressed in the spinous 
layer as the cells lose adhesion with the basement membrane and enter their termi-
nal differentiation program. An elegant study showed that in KLF4−/− mice, Cx26 
was not downregulated before birth. These animals died perinatally due to water 
loss across the skin surface (Djalilian et al., 2006). Furthermore, ectopic expression 
of Cx26 in suprabasal keratinocytes (from an involucrin (inv) promoter) impaired 
barrier function and resulted in an inflammatory response that was mediated via 
increased Cx26 hemichannel activity, stimulating purinergic signaling events (see 
Section 3.3). These results suggest that correct KLF4 expression and subsequently 
correct regulation of Cx26 is necessary for epidermal terminal differentiation, fur-
ther supporting the idea that high levels of Cx26 in suprabasal keratinocytes promote 
proliferation and impair barrier function (Djalilian et  al., 2006). The association 
between Cx26 and hyperproliferation is complicated by the fact that, in psoriatic 
epidermis, most Cx26 gap junctions are found in differentiating nonproliferative 
keratinocytes. However, in related stratified squamous epithelia (oral, vaginal) that 
have naturally high mitotic rates and relatively poor water-barrier function, Cx26 is 
also abundantly expressed (Lucke et al., 1999).

The link between impaired barrier function and epidermal inflammatory/immune 
responses is well illustrated by the discovery that common atopic dermatitis is asso-
ciated with mutations in the gene encoding filaggrin, the same gene that is mutated 
in the inherited scaling disease ichthyosis vulgaris and in the FlakyTail mouse, both 
of which have an impaired epidermal barrier (Moniaga et  al., 2010; Smith et  al., 
2006). Filaggrin is a late-differentiation protein of epidermal keratinocytes, impor-
tant for barrier formation. Atopic dermatitis has long been associated with altered 
skin microflora and dysfunction of skin immune responses. The identification of 
filaggrin being involved in maintaining epidermal barrier integrity and skin immune 
responses provides strong support for the concept of the barrier as a modulator of 
“outside-in” triggered skin immune responses (Cork et al., 2009; Sandilands et al., 
2009; Smith et al., 2006; Weidinger et al., 2008).

12.4  EPIDERMAL BARRIER, SKIN MICROBIOME 
AND INFLAMMATION

The skin surface is an ecosystem with microbial communities that live in varied 
pathophysiological and topographical niches. Using 16s rRNA phylotyping, Grice 
et al. (2009) characterized the diversity of the human skin microbiota from different 
skin niches from 10 healthy subjects and showed that the diversity of our skin flora 
is much more varied than that established by traditional methods.

The difference between harmless flora and pathogenic organisms is often deter-
mined by the skin’s ability to resist infection rather than by the microbe itself, for 
example, Staphylococcus epidermidis is usually harmless but is a frequent cause of 
nosocomial infections, usually in immune-compromised patients. On the other hand, 
S. epidermidis and Pseudomonas aeruginosa produce inhibitors active against other 
organisms such as Staphylococcus aureus, streptococci, and some fungal pathogens. 
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This suggests that S. epidermidis is tolerated on the skin surface as a defense against 
other more pathogenic microbes. Commensal and pathogenic microbes are not nor-
mally able to penetrate deeper into the epidermis than the stratum corneum, yet their 
products elicit defense responses within the living keratinocyte layers beneath the 
epidermal barrier (Cogen et al., 2008). Peptidoglycan (PGN), a key component of the 
Gram-positive cell wall, plays a key role in eliciting an innate immune response in 
diverse cell types, including keratinocytes, resulting in the release of inflammatory 
cytokines, including interleukin 6 (IL-6) and tumor necrosis factor α (TNF-α). A 
basal innate immune response to commensal organisms such as S. epidermidis may 
therefore prime keratinocytes, through Toll-like receptor 2 (TLR2) signaling, so that 
they respond more effectively to pathogenic challenge, and suggests a fine balance 
between different organisms of the skin microflora and the integrity of the epidermal 
barrier (Holland et al., 2009; Lai et al., 2010).

Disruption to this may lead to opportunistic infection even from skin commensals 
(Buchau and Gallo, 2007), underlying the fact that a fine interplay between kerati-
nocytes and immune cells plays a critical role in the pathogenesis of diseases such 
as psoriasis and atopic dermatitis (Tonel and Conrad, 2009). Studies of inherited 
connexin disorders are now providing evidence that the connexins may also play an 
important role in the interaction between keratinocytes and skin surface microflora.

12.5  PROINFLAMMATORY MEDIATORS MODIFY CONNEXIN 
EXPRESSION AND FUNCTION

During injury or infection, release of cytokines and chemokines is an early response 
stage of the innate immune system and activates the migration of inflammatory cells 
to the affected area. These cytokines can induce changes in connexin expression 
profiles in diverse tissue types. For example, in mammary epithelial cells, trans-
forming growth factor β (TGF-β) induced Cx43 expression (Tacheau et al., 2008a) 
and interleukin 1β (IL-1β) induced Cx43 expression in chondrocytes (Tonon and 
D’Andrea, 2000). TNF-α has tissue-specific effects on connexin expression. In 
endothelial cells, exposure to TNF-α reduced Cx37 and Cx40 expression but had 
limited effect on Cx43 (van Rijen et al., 1998). Further, in glioma cells, application 
of TNF-α impaired gap junctional intercellular communication (GJIC) mediated via 
Cx43 (Haghikia et al., 2008b) but following injury of skeletal muscle cells, Cx43 
was upregulated. Keratinocytes are a major source of inflammatory cytokines and 
have been shown to produce IL-1, IL-6, and TNF-α (Proksch et al., 2008; Wang 
et al., 2004). Following exposure of mouse epidermal dendritic cells to keratinocyte 
preconditioned media, GJIC was enhanced (Corvalan et al., 2007). This was asso-
ciated with TNF-α and IL-1β expression as antibodies targeted to these two cyto-
kines reduced the incidence of dye coupling between the dendritic cells. However, 
the TNF-α/IL-1β-induced response was attenuated by coexposure to IL-6, suggest-
ing a complex signaling network regulating GJIC and expression (Corvalan et al., 
2007). Other tissue-specific effects have been observed in corneal fibroblasts where 
TNF-α inhibited GJIC, while in Schwann cells, application of TNF-α reduced Cx46 
expression, GJIC, and cell proliferation (Chandross et al., 1996). A recent study in 
HaCat cells, an immortalized human keratinocyte cell line, determined that TNF-α 
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decreased Cx43 expression and Cx43-mediated gap junction coupling (Tacheau 
et al., 2008b). Interestingly, TNF-α is overexpressed in the epidermis of psoriasis 
skin (Kristensen et al., 1993) and TNF-α antagonists are effective therapeutic agents 
in many patients (Richardson and Gelfand, 2008). A recent study has shown that 
skin isolated from psoriatic plaques is deficient in filaggrin and loricrin expression 
and that TNF-α inhibits the expression of these critical barrier proteins in primary 
human keratinocytes (Kim et al., 2011).

Bacterial pathogens and their toxins are major proinflammatory mediators, elicit-
ing their responses via Toll-like receptor signaling mechanisms ultimately result-
ing in cytokine release (Kumar et al., 2009; Lai and Gallo, 2008). Bacterial toxins 
and cell wall components appear to have diverse and tissue-specific effects on con-
nexin expression and signaling properties that may be related to disease progression. 
Examples are widespread and include some of the following. In primary astroglial 
and microglial cells, lipopolysaccharide (LPS) from the Gram-negative bacteria 
Escherichia coli decreased GJIC and Cx43 expression (Haghikia et  al., 2008a; 
Hinkerohe et al., 2010). Other studies have shown that in microglial cells, LPS in 
combination with interferon gamma enhanced GJIC and increased Cx43 expression 
(Eugenin et al., 2001). Interestingly, a similar effect was observed in mouse epider-
mal and bone marrow-derived dendritic cells (Matsue et al., 2006). Within the neu-
ronal network, S. aureus infection is a major causative agent of deep brain abscesses 
and is associated with decreased Cx43 expression and increased Cx26 expression in 
astrocytes; a decrease in gap junctional coupling also occurred (Esen et al., 2007). In 
contrast, in microglial cells, PGN, isolated from S. aureus, increased GJIC and Cx43 
mRNA expression (Garg et al., 2005). Similar observations were found in endothe-
lial cells challenged with PGN isolated from S. epidermidis or S. aureus, causative 
agents of infective endocarditis (Donnelly et al., 2012; Robertson et al., 2010). In 
contrast, in keratinocytes, PGN from S. epidermidis had no effect on IL-6 expression 
but that isolated from S. aureus induced IL-6 and Cx26 expression but had no impact 
on Cx43 expression (Donnelly et al., 2012).

In addition to altering connexin expression profiles, both LPS and PGN have been 
shown to elicit hemichannel signaling events. Challenge of cocultures of astrocytes 
and microglial cells (Retamal et al., 2007a), HeLa cells expressing Cx43 or Cx26 
(Robertson et  al., 2010), and human mesenchymal cells (Fruscione et  al., 2010) 
with LPS has been reported to induce hemichannel signaling events. Exposure of 
endothelial cells to PGN acutely activated hemichannel signaling (within 15 min 
of exposure) that was linked with induction of IL-6, TNF-α, and TLR2 expres-
sion (Robertson et al., 2010). Blocking the acute hemichannel response or removing 
extracellular ATP by treatment with apyrase attenuated the PGN-induced cytokine 
and TLR2 responses strongly, indicating a very acute role of hemichannel signaling 
in the early innate immune response (Robertson et al., 2010).

12.6  EPITHELIAL BARRIER INTEGRITY AND CONNEXIN 
SIGNALING

In epithelial cells, barrier integrity is increasingly associated with appropriate 
hemichannel signaling events. This has been highlighted in a number of recent 
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studies on enteric pathogens. In the mouse, the attaching and effacing (A/E) patho-
gen Citrobacter rodentium caused an increase in Cx43 expression with associated 
increase in hemichannel activity in the apical membrane of infected colonocytes, 
suggesting a role for Cx43 in diarrheal disease (Guttman et al., 2009). Other studies 
revealed that Shigella flexineri, the causative agent of bacilli dysentery, induced the 
opening of Cx26 hemichannels by an actin and phospholipase-C-dependent pathway 
that ultimately led to an increase in further bacterial invasion and dissemination in 
epithelial cells (Tran Van Nhieu et  al., 2003). Shigella also induced hemichannel 
signaling in human intestinal epithelial cells (Clair et al., 2008) and in HeLa cells 
expressing wild-type Cx26 but not in cells transfected to express the Cx26 muta-
tion R143W, one of the mutations associated with recessive nonsyndromic hearing 
loss (Man et  al., 2007). R143W is prevalent in African countries such as Ghana 
where carriers present with a thicker epidermis than noncarriers (Brobby et al., 1998; 
Hamelmann et al., 2001). Indeed, recessive mutations in Cx26 are the most com-
mon cause of nonsyndromic hearing loss where defective channel function is a key 
cause of deafness (Martinez et al., 2009). Recent population studies of carriers of 
Cx26 recessive-deafness mutations in Africa, Italy, and the United States suggest 
that the epidermis of carriers was thicker than normal controls (D’Adamo et  al., 
2009; Guastalla et al., 2009). These observations led to the suggestion that the high 
carrier frequency of Cx26 recessive mutations could be a result of heterozygous 
advantage to barrier dysfunction both in epithelial and epidermal tissue (D’Adamo 
et al., 2009; Guastalla et al., 2009; Meyer et al., 2002). However, other explanations 
have also been advanced for the prevalence of recessive Cx26 mutations in various 
human populations.

As discussed in the following sections the situation is very different in a range of 
dominantly acting Cx26 mutations that are associated with hearing impairment and 
epidermal dysplasias and in disorders where epidermal Cx26 is overexpressed, such 
as in psoriasis.

The functional studies of GJIC have not provided any evidence for specific spa-
tial restriction of communication associated with expression of different connexins 
throughout the multiple layers of the epidermis. This takes us back to the question 
of whether or not the apparently specific roles of connexins (especially Cx26) in 
skin inflammation could involve some other function(s) of the proteins. Some clues 
are emerging from the study of ectopic Cx26 expression and connexin mutants that 
cause hereditary skin disorders, and suggest a link between connexin hemichannels, 
the epidermal barrier response to microorganisms, and activation of keratinocyte 
innate immune responses.

12.7 CONNEXIN 26 MUTATIONS AND ECTODERMAL DYSPLASIA

There are many mutations in Cx26 present in the human population. Recessive 
mutations throughout the Cx26 coding region or deletions of the gene cause deaf-
ness without any obvious skin pathology (although epidermal thickening in carriers 
has been reported) (D’Adamo et al., 2009; Guastalla et al., 2009), suggesting that 
the human skin does not require functional Cx26; it remains possible that closely 
related Cx30 may substitute, at least partly, for loss of Cx26. However, there are also 
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many autosomal dominant mutations that, in addition to causing deafness, result in 
a spectrum of skin disorders (de Zwart-Storm, 2009). In the case of Cx26, multiple 
syndromes with unique pathologies are associated with a plethora of mutations in 
Cx26. In some cases, the abnormal Cx26 arrests within the ER–Golgi intermedi-
ate compartment/Golgi regions of the cell (Bakirtzis et al., 2003; de Zwart-Storm 
et al., 2008a); in others, the mutant protein traffics to the cell membrane (de Zwart-
Storm et al., 2011; Donnelly et al., 2012; Easton et al., 2012; Schutz et al., 2010). 
Interestingly, this latter type of mutant is found in the most severe skin disorder kera-
titis–ichthyosis–deafness (KID) syndrome, in which inflammation, possibly involv-
ing skin microbiota, is usually present.

KID syndrome (OMIM#148210), first described in 1915 by Burns and named 
in 1981 by Skinner et al. after a study of 18 patients (Skinner et al., 1981), is a rare 
ectodermal dysplasia characterized by sensorineural hearing loss, hyperkeratosis of 
the palms and soles (palmoplantar keratoderma, PPK), erytherokeratoderma on the 
extremities and face, follicular hyperkeratosis, photophobia, and corneal vascular-
ization that can lead to progressively poor visual acuity and ultimately blindness. 
To date, there have been around 100 reported cases of KID syndrome with these 
patients reportedly more prone to Gram-positive bacterial and fungal skin infec-
tions. Some patients have also been reported to have a predisposition to squamous 
cell carcinoma. Examples of case reports include Djalilian et al. (2010), Haruna et al. 
(2010), Kelly et al. (2008), Koppelhus et al. (2011), Mazereeuw-Hautier et al. (2007), 
Nyquist et al. (2007), Richard et al. (2002), and van Steensel et al. (2002). The Cx26 
mutations causing KID syndrome cluster in the N-terminus (G12R, N14K, S17F) 
and the proximal extracellular loop 1 (E1) domain (A40V, G45E, D50N, D50Y) of 
the Cx26 protein with the exception of a recently discovered mutation A88V, which 
is located in the second transmembrane domain. In contrast, other Cx26 mutations 
linked with “milder” syndromes are predominantly found on the distal domain of E1 
and on E2 (reviewed by de Zwart-Storm, 2009). There are subtle differences between 
the phenotypes associated with KID mutations, G45E having been described as the 
lethal form, while D50N is the most common mutation, perhaps because it generates 
a less severe form of the disease (Janecke et al., 2005).

Spatial localization studies of mutant Cx26 proteins show differences between 
Wt Cx26, KID mutants, and non-KID mutants. Wt Cx26 shows trafficking to the 
plasma membrane (PM) with the formation of gap junction clusters between adja-
cent cells. Many non-KID mutants such as D66H (associated with Vohwinklel’s syn-
drome) and H73R (associated with Palmoplantar keratoderma) are trapped within 
the cell, in particular around the nucleus and they have limited or no junctional 
activity (Bakirtzis et al., 2003; de Zwart-Storm et al., 2008a,b). In contrast, while 
KID syndrome mutations show some cytoplasmic aggregation, they also retain the 
ability to reach the plasma membrane where they are found at discrete punctate loca-
tions rather than incorporated into large gap junction plaque-like areas (de Zwart-
Storm et al., 2011; Donnelly et al., 2012; Easton et al., 2012). Although gap junction 
formation appears low, the fact that these mutations can be detected in the plasma 
membrane suggests a preference for hemichannel formation.

Three-dimensional reconstructions of the crystal structure of Cx26 with a 3.5 Å 
resolution has determined that the channel pore is narrowed at the entrance to the 
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funnel by the six amino-terminal helices lining the wall of the channel, which dictates 
the molecular size restriction at the channel entrance (Maeda et al., 2009; Oshima 
et al., 2011). It is possible that mutations in the flexible Cx26 N-terminus may alter 
the permeability of the hemichannel, suggesting that the localization of KID muta-
tions are in critical areas involved in gating and docking. Thus the pathogenesis 
of KID syndrome could be due, at least in part, to altered hemichannel signaling. 
Indeed, Lee et al. (2009) assessed hemichannel functionality in Xenopus oocytes by 
directly injecting the mRNA of Wt Cx26 and Cx26 KID syndrome mutations G12R, 
N14K, S17F, and D50N by monitoring membrane current. An increase in membrane 
current was observed in G12R, N14K, and D50N; this was concluded to be due to 
reduced resistance, indicating open hemichannels. Other studies have shown that 
KID mutations G45E and A40V also have increased hemichannel activity (Janecke 
et al., 2005). Thus, increased hemichannel activity in the Xenopus oocyte system 
appears to be a common feature among KID-causing mutations. However, the muta-
tion S17F showed a complete lack of connexin function (Richard et al., 2002). One 
possible explanation for this exception would be that interaction of S17F with Wt 
connexins resulted in the formation of “leaky” hemichannels. This mutation resulted 
in severe developmental defects in a transgenic mouse model when the mutation was 
under the control of the endogenous Cx26 promoter (Schutz et al., 2010). Neonates 
had grossly impaired barrier integrity and only heterozygous animals were viable, 
displaying many KID-like symptoms (Schutz et al., 2010).

In mammalian cells, hemichannel activity can be triggered by low-calcium con-
ditions, and observed by monitoring ATP release in the presence and absence of 
hemichannel blockers such as carbenoxolone (De Vuyst et al., 2007; Donnelly et al., 
2012; Easton et al., 2012; Robertson et al., 2010; Wright et al., 2012). Transfection 
of HeLa cells with KID mutants, followed by exposure to a brief challenge in zero-
calcium conditions 24 h posttransfection resulted in a rapid release of ATP that was 
not observed in non-KID mutations, again emphasizing the ability of KID mutations 
to retain hemichannel activity (Easton et al., 2012). Interestingly, transfection of KID 
mutations into HaCat cells cultured in low-calcium conditions results in cell death, 
while cell viability can be extended by maintaining the cells in higher extracel-
lular calcium conditions. It is possible that KID-hemichannels are more sensitive 
to environmental triggers that might somehow disrupt epidermal barrier function 
against the skin flora, triggering inflammatory/immune responses (Donnelly et al., 
2012). This could also include the sensitivity of Cx26 hemichannels to temperature 
(Steffens et al., 2008) or a range of bacterial proinflammatory mediators (Donnelly 
et al., 2012).

12.8  CONSEQUENCES OF ENHANCED HEMICHANNEL ACTIVITY 
FOR EPIDERMAL INFLAMMATION

The recent research has shown that connexins, in addition to forming gap junction 
channels, can form hemichannels that upon appropriate stimulation release second-
ary messenger mediators such as ATP and NADP into the extracellular space, where 
they can bind to and activate purinergic receptors (Evans et al., 2006). The impact 
of such events in triggering inflammatory responses is becoming increasingly clear 
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in numerous tissues, with highly tissue-specific connexin subtypes involved. Within 
the epidermis, enhanced Cx26 expression and hemichannel activity are emerging 
to play a key role in hyperproliferative inflammatory disorders, including psoriasis 
and KID syndrome. The precise mechanisms triggering these events are subject to 
further research; however, clear links between exacerbated hemichannel activity and 
alterations in keratinocyte physiology and inflammation are emerging.

Hemichannels behave like large membrane conductance channels that are nor-
mally closed but can act as channels for secondary messengers such as ATP, nico-
tinamide adenine dinucleotide (NAD+), glutamate, and prostaglandins (Braet et al., 
2003; De Vuyst et al., 2007). Connexin hemichannels can be activated to release ATP 
by many stimuli, including mechanical cell stimulation (Bao et al., 2004; Cherian 
et  al., 2005), elevation of intracellular inositol triphosphate (InsP3) (Braet et  al., 
2003), and exposure to low or zero extracellular calcium (as previously described in 
this chapter) (De Vuyst et al., 2007), and by challenge with a range of bacterial cell 
wall components (including PGN isolated from Staphylococcus spp.) (Braet et al., 
2003; Robertson et al., 2010) and membrane depolarization or metabolic inhibition 
(Retamal et al., 2007b). As ATP is a highly charged molecule and cannot pass across 
the membrane by simple diffusion, connexin and pannexin hemichannels provide a 
passive route for its transport (D’Hondt et al., 2009). The release of ATP has down-
stream signaling consequences on purinergic receptor signaling cascades, a potent 
signaling pathway that plays a critical role in differentiation and proliferation of 
the epidermis as well as regulation of innate immune responses (Burnstock, 2006). 
Ultimately, the purinergic signaling cascade induces cytokine release and influences 
intracellular calcium dynamics within the epidermis. Alterations in the balance of 
these events can have profound consequences on the keratinocyte terminal differen-
tiation program (Dixon et al., 1999).

A role for Cx26 hemichannel signaling in such epidermal events was first sug-
gested by Djalilian et  al. (2006), in relation to the increased abundance of Cx26 
seen in psoriatic plaques. The ectopic expression of Cx26 in the inv-Cx26 mouse 
is associated with gross barrier deficiency and promoted a psoriasiform response. 
This was associated with enhanced ATP release from keratinocytes overexpressing 
the Cx26 protein that was returned to basal levels upon blocking the response with 
carbenoxolone (Djalilian et al., 2006). However, the situation is complicated by the 
fact that epidermal overexpression of Cx26 D66H that does not traffic efficiently to 
the plasma membrane had previously been shown to produce a similar histological 
phenotype in mouse skin (Bakirtzis et al., 2003). Furthermore, in psoriasis, the Cx26 
is localized into gap junction plaques (Labarthe et al., 1998).

Keratinocytes continually release a basal level of ATP irrespective of skin dam-
age and respond to this by a regulated ATP-induced intracellular calcium flux that 
can be blocked by purinergic receptor agonists (Dixon et al., 1999). The terminal 
differentiation program of keratinocytes is highly sensitive to subtle changes in 
intracellular calcium. Under normal circumstances, elevation of intracellular cal-
cium promotes differentiation; however, excessive ATP stimulation can alter these 
calcium dynamics and inhibit terminal differentiation, leaving the cells in a “hyper-
proliferative state” (Denda et al., 2002; Pillai and Bikle, 1992). Release of ATP from 
keratinocytes also activates, via the puringeric signaling pathway, the release of 
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cytokines, including IL-6, and can activate CD39+ Langerhans cells that infiltrate 
and modulate the skin inflammatory responses (Granstein et al., 2005; Mizumoto 
et al., 2002) (see Chapter 15). Persistent leakage of ATP from keratinocytes, caused 
by excessive Cx26 expression (in psoriasis) or dysfunctional hemichannels (in KID 
syndrome), may influence these events and contribute to the pathogenic state. As 
Langerhans cells need to be primed, not just with presentation of major histocompat-
ibility complex but also cytokine levels, it is conceivable that the downstream effects 
of excessive hemichannel signaling may stimulate the Langerhans cells more easily 
than normal. Despite this suggestion of a link between Cx26 hemichannel activ-
ity and activation of Langerhans cells, there is no evidence that Cx-mediated com-
munication via the Langerhans cells is involved in epidermal inflammatory events 
(Zimmerli et al., 2008). Although cytokine levels were not recorded in the studies 
by Djalilian et al. (2006), the psorisoform lesions studied in the inv-Cx26 mice dis-
played areas of lymphocyte infiltrate of CD3+, CD4+, and CD8+ cells, indicating an 
exacerbated inflammatory response. Whether such events are seen in mouse models 
or human skin biopsies of KID syndrome remains to be resolved.

12.9 CONCLUSIONS AND FUTURE PERSPECTIVES

An intriguing feature of the clinical reports on KID syndrome is the increased 
sensitivity of patients to Gram-positive bacterial and fungal skin infections (van 
Steensel, personal communication, and in reports such as those by Haruna et al., 
2010; Mazereeuw-Hautier et al., 2007). It remains a future challenge to elucidate the 
molecular mechanisms by which disturbances in the balance of Cx26 expression and 
hemichannel activity might lead to a wide variety of hyperproliferative disorders. 
For example, it was recently reported that PGN isolated from S. epidermidis elic-
ited in endothelial cells acute hemichannel opening that triggered IL-6 and TLR2 
expression, key events in the innate immune response (Robertson et al., 2010). In 
contrast, KID mutant hemichannels expressed in keratinocytes were more sensitive 
to PGN isolated from S. aureus, an opportunistic pathogen than S. epidermidis, a 
skin commensal, suggesting that environmental challenges presented by skin flora 
play a role in disease progression (Donnelly et al., 2012).

Nevertheless, aberrant Cx26 hemichannel signaling is indicative of a range of 
epidermal inflammatory disorders. Connexins are increasingly identified as potent 
therapeutic targets either by use of antisense technologies or highly specific pep-
tides that can inhibit or enhance channel behavior (Evans and Leybaert, 2007; 
Gourdie et al., 2006; Kjolbye et al., 2007; Qiu et al., 2003). Although not addressed 
in this review, dynamic changes in Cx43 occur during skin wound healing events 
and both Cx43 and Cx26 expression levels are enhanced in chronic nonhealing 
wounds (Brandner et al., 2004). Using antisense oligodeoxynucleotides (ODNs) tar-
geted to Cx43, Becker and colleagues have elegantly demonstrated that reduction 
in Cx43 gene expression can improve wound healing rates in normal and diabetic 
animal models with an associated reduction in wound inflammation and scarring 
(Mori et al., 2006; Qiu et al., 2003; Wang et al., 2007). In normal mice, neutrophil 
number was reduced in the edges of antisense ODN-treated wounds, which in turn 
reduced the release of proinflammatory cytokines. This dampening of the early 
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inflammatory response following wounding corresponded with a decrease in the 
amount of granulation tissue present in wounds and scars, improving reepithelial-
ization and scar formation (Qiu et al., 2003). Macrophage numbers at wound edges 
were also seen to be reduced with antisense ODN treatment (Mori et al., 2006) (see 
Prequel). As macrophages are associated with the late inflammatory response and 
reepithelialization, it can be seen that Cx43 plays an essential role in coordinating 
these events. Antisense ODNs were also able to increase wound healing rates in 
diabetic rats with a similar reduction in granulation tissue and increase in reepi-
thelialization (Wang et al., 2007), indicating an abrogated inflammatory response. 
Other studies have shown that connexin mimetic peptides targeted specifically to 
the extracellular loops of Cx43 can improve wound closure rates in in vitro and ex 
vivo mouse, porcine, and human organotypic skin models (Kandyba et al., 2008; 
Pollok et  al., 2011; Wright et  al., 2009, 2012). The mechanism of peptide action 
in these events remains unresolved, but recent evidence suggests that they block 
hemichannel activity and influence cell adhesion and extracellular matrix depo-
sition thereby enhancing cell migration rates (Wright et  al., 2012), and are also 
effective in in vitro conditions mimicking raised glucose and insulin levels seen in 
type II diabetes. Such peptides are reversible and highly connexin specific (Martin 
et al., 2005; Wright et al., 2009). Ultimately, such technologies could be tailored to 
additionally block Cx26-mediated hemichannel activity with topical application to 
localized skin lesions, which would enhance the integrity of the epidermal barrier 
and provide relief for epidermal inflammatory disorders.
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Translating Basic 
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Junctions into Therapies 
for Reducing Scarring 
and Cardiac Arrhythmia

Robert G. Gourdie, J. Matthew Rhett, 
Emily L. Ongstad, Joseph A. Palatinus, 
and Michael P. O’Quinn

13.1 INTRODUCTION

The gap junction (GJ) has been frustratingly refractory to the tools of classical 
 pharmacology. However, in recent years, a number of approaches for targeting the 
connexin subunits of GJs in therapeutic modulation of the immune and wound-heal-
ing responses have been described.

Researchers working in this area are grappling with the mechanism of how such 
interventions work. The most easy-to-understand connection to mode-of-action 
comes from the canonical assignments of the GJ in intercellular transfer of small 
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molecules between cells. In one example, GJs appear to participate in cell-to-cell 
spread of injury signals (Lin et al., 1998). However, this may be only part of the story.

There are also strong indications that connexins have functions that are inde-
pendent of their role in cell-to-cell communication. Support for nonjunctional roles 
include data indicating that connexin 43 (Cx43) regulates TGF-β1 signaling (Dai 
et al., 2007), as well as functions in the plasma membrane for connexin hemichannels 
that are not docked within GJ aggregates (Saez et al., 2003; Elias et al., 2007; Cotrina 
et al., 2008; Bao et al., 2011).

This chapter focuses on the research of our laboratory of the last few years on the 
Cx43 GJ protein and in particular the carboxyl terminus of this protein. Of course, 
ours is one of the number of groups working in this fast-moving area—and many 
of these other contributions are covered in the Prequel and Chapter 3 of this book.

The work of the lab has involved cell and molecular biological approaches, as 
well as experiments translating lessons from this basic research into skin and car-
diac injury models. One aspect of our tack has been to use the tractability of skin 
wounding models to better understand scar amelioration (Ghatnekar et al., 2009) and 
inhibition of arrhythmia in the heart (Palatinus et al., 2010; O’Quinn et al., 2011).

As with other laboratories in this field, we are struggling to understand the specific 
mechanisms. Nonetheless, piece-by-piece the puzzle is beginning to be assembled.

13.2 THE STARTING POINT PROVIDED BY CX43 IN THE HEART

The path taken by the lab had its beginnings in the work on connexins in cardiac 
conduction. In the mammalian heart, GJs are central to the intercellular propaga-
tion of electrical signals that trigger contraction of cardiac muscle (Rohr, 2004). 
The main GJ protein expressed in the ventricular myocardium of mammals is Cx43 
(Beyer et al., 1987; Gourdie et al., 1991; Becker et al., 1998). One important feature 
of Cx43 GJs in the mammalian ventricle is that these structures show highly ordered 
patterns of spatial organization at specialized zones of electromechanical coupling 
between myocytes called intercalated disks (Figure 13.1).

Studies of humans with ischemic heart disease and animal models of this pathol-
ogy have identified the occurrence of a striking phenomenon in which GJs are 
remodeled from intercalated disks to myocyte lateral surfaces (Luke and Saffitz, 
1991; Smith et al., 1991; Peters et al., 1997; Peters and Wit, 2000; Severs et al., 2008). 
This lateralized remodeling of GJs is the most evident in a narrow zone of muscle 
bordering ischemic injuries and is thought to contribute directly to the reentrant 
arrhythmias that accompany myocardial infarction (Smith et al., 1991; Peters et al., 
1997; Akar and Rosenbaum, 2003; Yao et al., 2003; Cabo et al., 2006; Duffy, 2008).

The spatial order of GJ organization in the heart appears to have significant impli-
cations for cardiac electrical behavior in both health and disease (Hesketh et  al., 
2009). Important questions thus are how is this order generated and maintained in 
the healthy heart and how does it become disrupted in disease?

13.3 ZONULA OCCLUDENS-1 AND CX43 GJ REMODELING

One candidate for regulating GJ spatial organization emerged in the late 1990s. The 
actin-binding protein Zonula Occludens (ZO)-1 was shown by Japanese and Dutch 
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scientists to interact with Cx43 (Giepmans and Moolenaar, 1998; Toyofuku et al., 
1998). Originally discovered in association with tight junctions (Stevenson et  al., 
1986), ZO-1 is a member of the membrane-associated guanylate kinase (MAGUK) 
family of proteins that function in protein targeting, signal transduction, and deter-
mination of cell polarity (Anderson, 1996; Hartsock and Nelson, 2008).

MAGUKs, such as ZO-1, synaptic protein PSD95 and the Drosophila tumor 
suppressor discs large (dlg) are characterized by amino-terminal (NT) protein−
protein binding motifs, including one or more PSD95/dlg/ZO-1 (PDZ) domains. 
Initial immunoprecipitation and yeast 2-hybrid studies showed that a 4 amino acid 
PDZ-binding ligand at the carboxyl-terminus of Cx43 (Figure 13.2a) was neces-
sary for interaction with the second of three PDZ domains on ZO-1 (Giepmans and 
Moolenaar, 1998; Toyofuku et al., 1998).

Ongoing research has indicated that the ZO-1-binding domain comprises up to 
the carboxyl terminal-most 19 amino acids of Cx43 and this sequence likely interacts 
with a ZO-1 dimer (Jin et al., 2000; Sorgen et al., 2004). It is now known that numer-
ous connexins interact with ZO-1 via a carboxyl terminal PDZ-binding sequence 
similar to that of Cx43 (Kausalya et al., 2001; Laing et al., 2001, 2005; Nielsen et al., 
2002, 2003; Fanning et al., 2007; Bouvier et al., 2008; Flores et al., 2008). A second 
MAGUK, ZO-2, has been shown to interact with Cx43 in a cell-cycle-dependent 
manner (Singh et al., 2005).

Initially, ZO-1 function at the GJ was assumed to be analogous to its pre-
sumed role at tight junctions. Namely, ZO-1 was hypothesized to be a scaffolding 

WGA
Cx43
DAPI

FIGURE 13.1 (See color insert.) Highly ordered patterns of Cx43 GJs (green) at interca-
lated disks between cardiomyoctes in the healthy rat ventricle. Following myocardial infarc-
tion, Cx43 redistributes to myocyte lateral surfaces at the injury border zone—that is, the cell 
edges marked by wheat germ agglutinin (WGA) labeling (red) in the image shown. Nuclei are 
marked by blue DAPI labeling.
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FIGURE 13.2 (See color insert.) αCT1 binds to the PDZ2 domain of ZO-1 and blocks 
interaction with Cx43 carboxyl terminus. (a) Schemetic of domain structure of Cx43 and 
αCT1 and reverse control (REV) peptides. (b) Blots αCT1 and REV (~3.5 kDa) detected 
by streptavidin-HRP (top) and Ab recognizing Ct of Cx43 (bottom). αCT1 was pulled down 
by GST-PDZ2, but not GST-PDZ1. (c) Endogenous Cx43 pulled from HeLa lysates by GST-
PDZ2 reduced in presence of αCT1. (d) αCT1 increases GJ size (green) and decreases ZO-1 
(red) localization at the GJ edge compared to REV control peptide. (From Hunter, A. W. et al. 
2006. Mol Biol Cell 16: 5686–5698.)
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molecule that stabilized GJs by anchoring the carboxyl terminal of connexins to 
the actin cytoskeleton (Toyofuku et al., 1998). However, subsequent reports have 
indicated that interactions between connexins and ZO-1 might include other more 
dynamic functions.

Our group provided one of the first reports that Cx43/ZO-1 interaction was 
involved in the remodeling of GJs in myocytes and other cell types including in the 
internalization of GJs from the membrane (Barker et al., 2002, 2008; Segretain et al., 
2004). Support for this was provided by other independent studies (Barker et  al., 
2001, 2002; Defamie et al., 2001; Toyofuku et al., 2001; Hunter et al., 2003; Duffy 
et al., 2004; Segretain et al., 2004; Zhu et al., 2005; Gourdie et al., 2006; Hunter 
et al., 2006; Gilleron et al., 2008; Hunter and Gourdie, 2008).

In subsequent work, we demonstrated that ZO-1 localizes to the periphery of 
Cx43 GJs (Zhu et al., 2005), and that blockade of this PDZ2-mediated interaction, 
either via genetic- or competitive inhibition-based approaches decreased this co-
localization (Figure 13.2b–d) (Hunter et al., 2005; Gourdie et al., 2006). Inhibition 
of the Cx43/ZO-1 interaction also gave rise to a GJ remodeling defect—a loss of 
plaque size control—which led to aberrantly large GJs (Hunter et al., 2005).

The concept that ZO-1 participates in GJ size regulation has been corrobo-
rated in studies of human patients with ischemic cardiomyopathy and congestive 
heart failure (Bruce et al., 2008). This work demonstrated that increased levels of 
Cx43/ZO-1 interaction in diseased hearts from transplant patients correlated with 
decreases in the abundance and size of GJs at intercalated disks in the ventricular 
myocardium.

Further support comes from studies of transgenic mice, where genetically manip-
ulated, heart-specific loss of ZO-1 binding to Cx43 was found to result in the gen-
eration of abnormally large GJs mislocalized to the margins of intercalated disks 
(Maass et al., 2007).

In 2011, we extended our work on ZO-1 regulation of the extent of GJ aggre-
gates by using in situ protein−protein interaction assays. This approach brought 
to light a previously unappreciated domain around plaques where Cx43/ZO-1 intera-
ction is concentrated—a sector immediately proximal to the GJ that we have 
termed Perinexus. It is hypothesized that one aspect of ZO-1 remodeling of GJs 
involves governing the flow of Cx43 connexon hemichannels from this perinexal 
reservoir. Inhibition of Cx43/ZO-1 interaction results in rapid size growth of 
plaques as connexons switch localization from the perinexus to aggregation into 
GJs (Rhett et al., 2011).

13.4  THE CX43 CARBOXYL TERMINUS AND SKIN 
WOUND HEALING

The project took an unexpected turn when one of the tools that had been developed 
for experiments on the cell biology of GJs turned out to have effects in a “scratch 
wound” assay of cultured cells.

To disrupt ZO-1 interaction with Cx43, a synthetic peptide (αCT1) incorporating 
the carboxyl terminal ZO-1-binding domain of Cx43 was synthesized and character-
ized (Figure 13.2a). This ligand for the ZO-1 PDZ2 domain was linked at its NT to 
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an antennapedia penetration sequence to enable transport from the outside of cells 
into the cytoplasm (Drin et al., 2003).

In “scratch wound” assays on 2D cultures of NIH-3T3 fibroblasts it was deter-
mined that αCT1 had effects on the rate of cell migration. To determine whether the 
Cx43 mimetic peptide influenced fibroblast motility in vivo, the peptide was applied 
to small skin wounds on mice (at 60 µM) in a 20% F127 pluronic gel. αCT1 was 
provided acutely at the time of injury and subsequently 24 h later (Ghatnekar et al., 
2009).

Pluronic gel has also been used by Green, Becker, and colleagues in the delivery 
of Cx43 antisense to skin wounds (see Chapters 14 and 15, respectively). This vehicle 
has the convenient property of being liquid at temperatures near freezing, aiding in 
application to wounds, but gelling at body temperature. Peptide is thus released from 
the pluronic thermogel in a controlled manner over several hours following applica-
tion. The gel also has mild surfactant properties that may aid in uniform dispersal of 
αCT1 within skin wounds.

The first notable effect of αCT1 observed in skin wounds was on neutrophil 
inflammatory cells, not dermal fibroblasts. Similar to what has been reported in 
response to Cx43 antisense (see Chapters 14 and 15, respectively), there was a 
40–50% reduction in the numerical density of neutrophils over the first 24−48 h 
following wounding (Figure 13.3a–f). There was also evidence of neutrophil reten-
tion in vascular structures local to the injury, suggestive of the peptide prompting a 
failure of leukocytic cells to undergo transmigration from the blood (Figure 13.3d). 
Following the acute inflammatory phase, the rate of closure was increased in αCT1-
treated wounds relative to controls (Ghatnekar et al., 2006, 2009).

In fully healed wounds treated with αCT1, the area of scar progenitor (granula-
tion) tissue was decreased in histological sections compared to controls. Mechanical 
testing at 3 months indicated that the breaking strain and stress of healed peptide-
treated wounds extended to failure were also significantly increased compared to 
controls. Interestingly, these mechanical properties were not significantly different 
at 1 month. This suggested that downstream effects on scar remodeling continued to 
emerge up to a quarter of a year after treatment with αCT1.

Similar to the histological results seen in mice, peptide treatment of skin 
wounds on pigs also resulted in a reduction in the area of granulation tissue. 
This result may be of pertinence to translation, as pigs are said to have skin that 
resembles humans better than rodents in a number of aspects (Forbes, 1969; Hall 
and Giaccia, 2005).

13.5  MODULATION OF IMPLANT TOLERANCE BY THE CX43 
CARBOXYL TERMINUS

As αCT1 reduced inflammation and scarring of cutaneous wounds, we were curious 
to explore the effect of the mimetic peptide on other models of wound healing. One 
injury scenario of interest to surgeons is the differentiation of contraction capsule 
around implants placed in the body (Caffee et al., 1988). Implants undergo what is 
termed the foreign body reaction, which typically results in the differentiation of a 
fibrous capsule of scar tissue surrounding the implant.
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FIGURE 13.3 (See color insert.) αCT1 reduces neutrophil recruitment to skin wounds (a–c). 
Neutrophil recruitment in paired excisional wounds on the back of neonatal mice over a 6, 24, 
and 48 h time course. The density of neutrophils at αCT1-treated wounds was visibly lower 
than the matching control wound on the same animal—particularly at 24 h (b). Inset (d) shows 
higher magnification of individually labeled neutrophils associated with a vascular structure 
adjacent to a peptide-treated wound. (e and f) Bar graphs showing significant reduction in the 
density of neutrophils at αCT1-peptide treated wounds (blue bars) relative to the paired control 
wounds (purple bars) in neonates (e) and adults (f). Scale a–c = 250 µm, inset = 50 µm. (From 
Ghatnekar, G. S. et al. 2009. Regen Med 4(2): 205–223.)
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Myofibroblasts and other mechanically active cells are found within the capsule, 
and these cells participate in active processes that can lead to deformation, impair-
ment of function or even extrusion of the implant from the body.

Mike Yost and his colleagues at the University of South Carolina (USC) have devel-
oped an experimental model of device implantation that involved the surgical placement 
of a small silicone disk in subdermal muscle in rats. We worked with Yost and his team 
to develop a method for coating silicone implants with pluronic gel containing αCT1.

As was observed in wounded skin, significantly reduced levels of neutrophils 
were measured acutely adjacent to implants coated with αCT1 compared to vehicle 
controls (Soder et al., 2009). Additionally, collagen and fibrous protein in the con-
traction capsule were reduced at 4 weeks after implantation.

Meaningful to potential usefulness in therapy, αCT1 reduced numbers of myofi-
broblasts present in the contraction capsule. Associated with this change in cellular 
composition, piezoelectric sensors placed within the implant to measure mechanical 
properties in situ provided recordings that were consistent with reduced capsular 
compliance. Further studies are required to determine whether the lower numbers 
of myofibroblasts and reduced force exertion by the scar capsule resulting from the 
αCT1 drug coating results in longer-term maintenance of implants.

13.6  HOW DOES THE CX43 CARBOXYL TERMINUS INFLUENCE 
WOUND HEALING?

The essential question that emerges is how does αCT1 mediate its impacts on the 
injury response? An aspect of mode-of-action suggested by results from the skin 
wound and silicone disk implantation models is via effects during the inflammatory 
phase of wound healing (e.g., Figure 13.3).

In seminal investigations, earlier workers noted that the propensity of embryos 
to heal without scarring correlated inversely with the maturation of the cellular 
immune response (Whitby and Ferguson, 1991; Martin, 1997; Rhett et al., 2008). 
Subsequently, the concept that inflammation might be counter-productive to healing 
found support from experiments in transgenic mouse models (Ashcroft et al., 1999; 
Martin et al., 2003), studies in athymic mice (Gawronska-Kozak et al., 2006), anti-
sense knockdown in vivo (Qiu et al., 2003; Mori et al., 2006), and via direct neutral-
ization of neutrophils in peripheral blood prior to skin wounding (Dovi et al., 2003).

Inflammatory cells provide signals that actively promote granulation and fibrosis 
(Clark, 1988; Werner and Grose, 2003; Martin and Leibovich, 2005). These signals 
include reactive oxygen species, chemokines, and cytokines that induce the chemo-
taxis and collagen deposition of fibroblasts. By inhibiting inflammatory cell trans-
migration and/or differentiation in wounds, αCT1 may indirectly alter the signaling 
cascades that are necessary for normal granulation tissue differentiation and scar 
remodeling.

Alternately, the Cx43 mimetic peptide may have direct effects on cells contribut-
ing materially to repaired tissues. There is mounting evidence that bone marrow 
derivatives other than inflammatory cells contribute to wound repair. Granulation tis-
sue might in part be derived from fibroblast-like progenitors (fibrocytes) emigrating 
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from the peripheral circulation (Stramer et al., 2007; Wang et al., 2007). Putting this 
another way, αCT1 may inhibit scarring by decreasing recruitment of fibrocytes to 
injuries via mechanisms similar to those accounting for reduced neutrophil recruit-
ment in treated wounds (e.g., Figure 13.3).

A second clue to understanding the mechanism may come from reports of remod-
eled Cx43 expression observed in cells immediately proximal to injured tissues. 
Disruption to Cx43 expression is a common feature of epidermal cells at the edge 
of skin wounds and in cardiomyocytes in the injury border zone of the myocardial 
infarction (Smith et al., 1991; Goliger and Paul, 1995; Richards et al., 2004). The 
wound border in skin and heart also appears to be characterized by altered Cx43 
phosphorylation—particularly at the serine at amino acid position 368 of the Cx43 
sequence (Cx43-pS368).

As discussed earlier, GJ size growth results from targeting ZO-1 interaction with 
Cx43 using αCT1 or Cx43 mutants incompetent to interact with ZO-1. Related to 
these observations in vitro, application of αCT1 to mouse skin wounds was found to 
cause increases in the extent of Cx43 GJ in epidermal cells proximal to the injuries 
in vivo. Our data from cultured cells provide evidence that increased aggregation of 
connexons into GJs occurs at the expense of functional hemichannels in the plasma 
membrane (Hunter et al., 2005; Rhett et al., 2011).

Changes in connexin abundance levels, phosphorylation and switching between 
hemichannel and GJ channel function in tissues adjacent to injuries are likely part of 
broader responses of tissues to the stress. GJs may enhance the intercellular propa-
gation of injury signals. But looking at this same phenomenon from the other side, 
adaptive mechanisms working through connexins may act in the compartmentaliza-
tion of wounded tissues—preventing excessive injury spread and focusing repair 
processes on the most vulnerable cells proximal to injuries. This important theme of 
Cx43 possibly having a role in “quarantining” damaged cells will be returned to in 
the concluding discussion of this chapter.

13.7  THE CX43 CARBOXYL TERMINUS, CARDIAC INJURY, 
AND ARRHYTHMIA

The wound-healing response of the heart following myocardial infarction is one of 
the major pre-occupations of modern medicine. Myocardial infarction is a common 
end point of ischemic heart disease, a pathology that is one of the biggest killers of 
humans in developed countries including those in Europe, Asia, and the Americas.

As introduced earlier, our work on skin injuries had its origins in studies of 
Cx43 and its role of conduction of cardiac electrical activation. In the last few years, 
we have returned to the heart. This work has led to some new and unexpected 
directions.

A wound to the heart self-evidently exerts a more exacting toll than most cuta-
neous injuries. The scar tissue generated by healing of a myocardial infarction is 
problematic for cardiac mechanical function, but a key source of further trouble to 
the patient stems from the narrow zone of surviving muscle bordering the scar—the 
infarct border zone (Smith et al., 1991; Peters et al., 1997; Cabo and Boyden, 2006).
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The structure of the infarct border zone tends to be highly nonuniform, with 
regions of fibrotic tissue interspersed with loose strands of surviving myocardium. 
Also manifest in the heterogeneity of these tissues is significant remodeling of normal 
patterns of Cx43 organization between border zone myocytes. This heterogeneous 
organization of the infarct border is thought to give rise to slowed conduction, reen-
trant arrhythmias, and ultimately an increased chance of undergoing sudden cardiac 
death following a myocardial infarction (Kleber and Rudy, 2004; Spach et al., 2004).

As αCT1 inhibited remodeling of Cx43 in vitro and reduced scar tissue following 
wounding of skin in vivo, we hypothesized that αCT1 might inhibit tissue and GJ 
remodeling in the arrhythmia-prone tissues bordering infarcts. The approaches taken 
in heart borrowed methodologically from our experience with cutaneous wounds.

13.8  TECHNICAL INNOVATIONS IN THE CARDIAC 
INJURY STUDIES

Two technical innovations were developed as part of our study of Cx43 carboxyl ter-
minal peptide effects on cardiac injury (O’Quinn et al., 2011). The first of these was 
a standardized model of ventricular injury and the second was a method for peptide 
delivery to injured hearts in vivo.

Commonly used coronary artery ligation models in rodents for simulating a myo-
cardial infarction typically result in injuries with high variability in size and shape. 
We developed a cryo-injury technique that produced a wound of consistent geometry 
on the mouse left ventricle, similar in repeatability to those that we were familiar 
with in work on skin. The cryo-injury protocol was based on a method described by 
van den Bos and coworkers (van den Bos et al., 2005), except that we modified their 
protocol to obtain nontransmural injuries of the left ventricle.

The rationale for generating a nontransmural injury was to obtain extended 
regions of injury border zone (cryo-IBZ) adjacent to the freeze wound. As with the 
infarct border of ischemic injuries, collagen- and periostin-rich fibrous tissue inter-
spersed with myocytes in the cryo-IBZ. Significant remodeling of Cx43 distribu-
tion was also characterized in the narrow zone of muscle adjacent to the cryo-scar 
(O’Quinn et al., 2008). In novel observations, increased levels of immunolabeling for 
ventricular- and atrial-myosin-light-chain-2 proteins in myocardial cells were addi-
tionally noted to occur within the cryo-IBZ (O’Quinn et al., 2011).

The second technical innovation became necessary when it was found that the 
pluronic thermogel used for skin wounds would not remain localized following 
application to cryo-lesions on the heart. To achieve focal delivery of peptide, αCT1 
was reformulated into a “dry” methylcellulose patch that adhered stably when placed 
on the ventricular wound immediately following cryo-injury.

Western blotting revealed that αCT1 was maintained in and around cryo-injured 
tissues for up to 48 h following placement of the methylcellulose patch. Correlated 
with acute, focal delivery of αCT1, ZO-1 colocalization with Cx43 was reduced in 
the cryo-IBZ 24 hours after treatment—consistent with an inhibition of the interac-
tion between these two proteins. No αCT1 was detected in ventricular muscle distal 
from the injury nor did there appear to be effects on ZO-1 association with Cx43 in 
remote tissues, as assessed by double immunolabeling.
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13.9  HOW DOES THE CX43 CARBOXYL TERMINUS INFLUENCE 
CARDIAC ARRHYTHMIA?

The cryo-IBZ of ventricles from control mice showed profound downregulation and 
lateralized redistribution of Cx43 from intercalated disks 1 week following cryo-
injury. However, in line with the hypothesis, αCT1-treated cryo-IBZ tissues dem-
onstrated much lower levels of Cx43 remodeling at the 1 week subacute time point. 
There was a trend of increasing GJ size, but the most notable effect was a reduction 
of lateralization of Cx43 in myocardial tissues proximal to the cryo-scar.

One week after ventricular injury, treatment with peptide also significantly 
improved systolic contractility of the left ventricle, increased efficiency of ventricu-
lar activation, decreased propensity of ventricles to develop arrhythmias in response 
to programmed stimulation, and reduced arrhythmia severity (Figure 13.4).

The observation that αCT1 promoted Cx43 maintenance in intercalated disks 
(i.e., a decrease in lateralization) following cryo-injury proved to be a turning point. 
In 2006, Janis Burt and coworkers had reported that a specific phospho-isoform of 
Cx43, Cx43-pS368 remained stabilized at intercalated disks following induction of 
transient ischemia, even as total Cx43 underwent remodeling from disks to lateral 
myocyte surfaces (Ek-Vitorin et al., 2006).

Inspired by these studies, we found that αCT1-treatment following cryo-injury 
was associated with upregulation of Cx43 phosphorylation at serine 368 (S368) in 
myocardium bordering the cryo-injury (O’Quinn et al., 2011). Perhaps most interest-
ing of all, this elevation in Cx43-pS368 was sustained over the first week, consistent 
with the time course for peptide effects on the cellular distribution of Cx43 and 
the propensity of treated hearts to resist provoked arrhythmia during the sub-acute 
period following cryo-injury.

Again, it is emphasized this was a localized change. Increased phosphorylation 
only occurred in those myocardial tissues proximal to the injury (i.e., in the cryo-
IBZ). Ventricular myocardial tissues remote from the cryo-injury showed no signifi-
cant change in Cx43-pS368 in response to treatment.

13.10  αCT1 PROMOTES PKC-EPSILON PHOSPHORYLATION 
OF THE CX43 CARBOXYL TERMINUS

The serine at amino acid position 368 of Cx43 is a consensus site for phosphorylation by 
the kinase PKC-ε. In assays of S368 phosphorylation by this kinase using a GST-Cx43 
carboxyl terminal substrate, we found that αCT1 caused a dose- dependent increase in 
levels of Cx43-pS368, relative to baseline and control reactions (Figure 13.5).

Further assays indicated that PDZ2 domain of ZO-1 alone had no direct effect 
on PKC-ε-mediated phosphorylation of Cx43. Thus, in addition to inhibiting ZO-1 
interaction with Cx43, these results indicated that αCT1 may independently target 
PKC-ε. This being said, combination of PDZ2 with αCT1 in PKC-ε reactions caused 
strong inhibition of Cx43-pS368 generation.

The PKC-ε consensus domain on Cx43 that includes S368 also incorporates 
sequences at the carboxyl terminus of Cx43 involved in ZO-1 binding (Sorgen 
et al., 2004; Fanning et al., 2007). Physical interaction between Cx43 and PKC-ε 
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has been confirmed in co-immunoprecipitations from myocardial tissues and this 
interaction is increased by pharmacophores activating PKC-ε (Miura et al., 2007). 
Taken together with our own data on the combinatorial effects of PDZ2 and αCT1 
on PKC-ε activity, this literature suggests the potential for regulatory interactions 
between PKC-ε and ZO-1 at the carboxyl-terminus of Cx43.

αCT1 appears to pharmacologically induce a cardioprotective state in injured 
myocardial tissues resembling that occurring in response to transient ischemia. 
The full parallel is yet to be enumerated, but reduced injury severity prompted 
by ischemic preconditioning also occurs via PKC-ε activation (Srisakuldee et al., 
2009), is dependent on Cx43 gene dosage (Schwanke et al., 2002) and is  associated 
with increase in the phosphorylation of Cx43 at S368 (Srisakuldee et al., 2009).
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FIGURE 13.4 (See color insert.) αCT1 reduces Cx43 GJ remodeling and arrhythmic 
propensity. Tracings from pacing protocols on isolated perfused ventricles illustrate no 
arrhythmia (a), three spontaneous premature beats (b), resolving tachycardia (c), sustained 
tachycardia (d), and fibrillation (e). The green numbers in figures a–d label the s1, s2, and s3 
stimuli. The blue arrows in (a) show the stimulated ventricular action potentials. (f) Numbers 
of hearts displaying arrhythmias (dark red and blue colors) that were unsustained (left-hand 
bar graph) or sustained (right-hand bar graph) in αCT1, Rev, and Veh groups following pac-
ing. Lighter colors within bars indicate hearts within groups in which arrhythmia was not 
induced by pacing. (g) Graphical representation of the median severity of arrhythmia for the 
three treatment groups (p < 0.02 αCT1/Rev, p < 0.02 αCT1/Veh). n ≥ 11 (mice/group). (From 
O’Quinn, M. P. et al. 2011. Circ Res 108(6): 704–715.)
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An unknown in this novel aspect of mode of action is whether increase 
in  Cx43-pS368 result from direct activation of PKC-ε enzyme by αCT1 or 
whether the peptide interacts with the Cx43 substrate in a manner that increases 
efficiency of phosphorylation. Ongoing work in the laboratory is focused on this 
question.

13.11 CONCLUDING REMARKS

At the molecular level, the picture that emerges of αCT1 is one of the multimodal 
effector. On the one hand, the data indicate that αCT1 is a potent inhibitor of ZO-1 
interaction with Cx43 in vitro and in vivo. Studies in HeLa cells indicate that this 
inhibition occurs without recourse to changes in Cx43 phosphorylation at serine 368 
(Rhett et al., 2011).

On the other hand, both in in vitro phosphorylation assays and in the context of 
cardiac injury in vivo, the Cx43 mimetic peptide appears to enhance Cx43-S368 
phosphorylation, independent of ZO-1. It should be added that Belgium workers have 
recently reported that a synthetic peptide similar to αCT1 interrupts intramolecular 
interactions between the cytoplasmic loop and carboxyl terminal domains of Cx43 
(Ponsaerts et al., 2010).

This complex mode of action is fully consistent with the emerging role of the 
Cx43 carboxyl terminus as a regulatory hub, involved in a dynamic set of interac-
tions with cytoskeletal, signal transduction, membrane channel, and other junctional 
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FIGURE 13.5 αCT1 prompts a dose-dependent increase in Cx43 phosphorylation at serine 
368. PKC-ε catalytic competence for phosphorylating GST-Cx43 carboxyl terminus at S368 
was assessed in biochemical assays in vitro. Blots of Cx43-pS368 (upper panel) and total 
Cx43 (lower panel) in mixtures (from left to right) including a no-kinase control that includes 
substrate (GST-Cx43-CT aas 255-382), but no PKC-ε enzyme (−PKC-ε), and then blot lanes 
of reaction solutions containing both substrate and enzyme, as well as increasing concentra-
tions of αCT1 (i.e., at 5, 10, 20, 50, 100, and 200 µmol/L). (From O’Quinn, M. P. et al. 2011. 
Circ Res 108(6): 704–715.)
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molecules. What comes as something of a surprise is that so much information is 
imparted in only the last nine amino acids of Cx43.

A further interesting question is whether endogenous fragments of Cx43 are gen-
erated in vivo. Merry Lindsey and colleagues have reported that MMP-7 is activated 
in response to ischemic injury and that this peptidase directly interacts with Cx43 
(Lindsey et al., 2006). Most pertinently, studies of proteolytic cleavage of Cx43 in 
vitro suggest production of native carboxyl terminal fragments by MMP-7 very simi-
lar to αCT1.

At the broader cell and tissue level, the most important prospect is that Cx43 
phosphorylation patterns may encode the facility to form distinct tissue compart-
ments in response to injury. Ek-Vitorin and colleagues have shown that changes in 
S368 phosphorylation prompt significant reduction in conductance by unitary Cx43 
channels (Ek-Vitorin et al., 2006). Compartmentalized change in Cx43-pS368 levels 
is characteristic in cells proximal to both cutaneous and cardiac injuries (Richards 
et al., 2004; O’Quinn et al., 2011). The ability to rapidly quarantine wounded cells 
and their neighbors, from otherwise healthy surrounding tissues, may be a key adap-
tive response. Confirmation of such a mechanism could set the stage for future thera-
pies that enhance regenerative healing following injury, disease, or surgery.
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14.1 INTRODUCTION

There are multiple studies reporting changes to connexin expression associated 
with central nervous system (CNS) injury mechanisms and inflammatory pro-
cesses (for review, see Kielian 2008; Chew et al. 2010). Areas of maximal tissue 
damage may show lower connexin levels (generally reflecting cell death), but the 
most commonly reported response is connexin43 (Cx43) upregulation, either in 
the wounded area or in tissue immediately surrounding the damaged sector. This 
upregulation correlates closely with a number of inflammatory events, in particu-
lar secondary damage or lesion spread, white blood cell infiltration or glial cell 
activation, and endothelial cell activation leading to a breakdown in the blood–
brain barrier. Gap junction modulation has been identified as a potential neuro-
protective target in events such as traumatic brain injury, optic nerve and retinal 
ischemia, spinal cord injury or repair, and for chronic neurodegenerative diseases. 
Section 14.2 briefly introduces the key inflammatory events involving gap junction 
communication and hemichannel roles relevant to this chapter (for more specific 
details refer to the Prequel and Chapters 1 and 3 of this book). Examples of both ex 
vivo and in vivo models are then presented in which communication levels have 
been modulated following CNS injury, at the level of a gene knockout or through 
transient modulation, primarily with connexin-specific antisense oligonucleotides 
or functional connexin peptidomimetics.

14.2  CNS INFLAMMATORY RESPONSES TO INJURY 
AND DISEASE

14.2.1 connExin-rElatEd cHanGES witH cnS inJury

In addition to the possibility of neutrophil and macrophage invasion with CNS 
injury, both microglia and astrocytes respond by proliferation and migration and 
these changes are associated with increased Cx43 expression. Gap junctions have 
also been implicated in various CNS disorders, such as neurodegenerative disease 
(Vis et al. 1998), brain tumors (Naus et al. 1991), epilepsy (Fonseca et al. 2002), and 
brain ischemia (Budd and Lipton 1998; Oguro et al. 2001; Contreras et al. 2004). 
Following ischemic injury to the brain, for example, Cx43 expression is increased 
(Rami et al. 2001; Hossain et al. 1994), with inhibition of astrocytic gap junction 
permeability by octanol restricting the flow of undesirable neurotoxins that would 
otherwise exacerbate neuronal damage (Rami et al. 2001). Following focal cerebral 
ischemia induced by photothrombosis, reactive astrocytes envelope the lesion and 
there is an upregulation of Cx43 mRNA and protein expression (Haupt et al. 2007). 
In a postmortem human brain study following ischemia, the examination of 236 
samples showed enhanced Cx43 immunoreactivity in the penumbral areas of both 
acute and chronic cortical infarcts (Nakase et al. 2006). Increased Cx43 immuno-
reactivity has also been reported surrounding kainic-acid-induced lesions in the rat 
brain (Sawchuk et al. 1995) and similar patterns have been observed following spinal 
cord injury (Cronin et al. 2008).
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There has been conflicting data as to whether gap junctions are protective or 
detrimental after brain injury (Contreras et al. 2004; Farahani et al. 2005). A num-
ber of studies indicate that Cx43 expression may be detrimental (Frantseva et al. 
2002a, 2002b) with others, conversely, reporting that a lack of Cx43 leads to an 
increase in the size of the injury (Nakase et  al. 2004; Siushansian et  al. 2001). 
Studies that report a loss of connexin as detrimental have primarily used models 
in which connexin expression was prevented by gene knockout. Knockout, though, 
also prevents the subsequent recovery of gap junction communication that is essen-
tial for spatial buffering, neuronal survival, and normal tissue coupling function. 
Studies where connexin expression proved to be detrimental have used transient 
gap junction channel down regulation or transient channel block to bring about 
benefits. Such treatments prevent connexin signaling during the early stages (first 
24–48 h) of injury (or as a treatment for a chronic condition), but allow subsequent 
recovery of connexin expression and gap junction communication essential for 
normal function.

Death signals can be propagated via Cx43 gap junctions; Cx43 expression in 
injury-resistant cells leads to decreased survival once gap junctions are formed (Lin 
et al. 1998). Excessive intracellular Ca2+ and water accumulation is a direct trigger 
for the initial necrotic cell burst but astrocytic gap junctions then contribute to prop-
agation of a Ca2+ wave both directly and indirectly (Rouach et al. 2002). Evidence 
for direct gap junction involvement includes the following: gap junctions are per-
meable to Ca2+ (Rouach et al. 2002); Ca2+ wave spread is not directed by speed and 
direction of any Ca2+ gradient (Finkbeiner 1992); gap junction uncoupling agents 
block Ca2+ propagation (Finkbeiner 1992; Blomstrand et al. 1999); cells devoid of 
gap junctions only spread Ca2+ waves once Cx43 is expressed (Charles et al. 1992); 
and the intracellular messenger of the Ca2+ cascade, IP3, diffuses through Cx43 gap 
junctions (Frame and de Feijter 1997; Suadicani et al. 2004). Given that Cx43 is the 
main constituent of astrocytic gap junctions and is capable of coordinating synchro-
nous activity over large populations of glial cells, its upregulation and subsequent 
enhanced gap junction communication may play a role in propagating death signals 
and Ca2+ waves extensively and rapidly in the glial network during the acute phase 
(Lin et al. 1998).

There are several mechanisms proposed by which hemichannels can contribute 
to cell death. The opening of astrocyte hemichannels could lead to propagation of 
Ca2+ waves by releasing ATP, NAD+, and glutamate from astrocytes, and spread of 
IP3 between neighboring astrocytes (Rouach et al. 2002; Evans and Martin 2002; 
Rodriguez-Sinovas et al. 2007; Stout et al. 2002; Ye et al. 2003). ATP acting on P2Y 
purinergic receptors on adjacent cells raises intracellular Ca2+ leading to propaga-
tion of a Ca2+ wave from cell to cell (Goodenough and Paul 2003) and spreading of 
a cell death signal from one cell to the next (Krutovskikh et al. 2002). Glutamate 
is known to “kill” susceptible neurons when released in an uncontrolled manner 
(Zipfel et al. 2000). Astrocytes have an as yet unidentified mechanism for sensing 
low extracellular Ca2+ concentrations and respond by releasing Ca2+ from intracel-
lular stores, increasing intracellular Ca2+ concentration and enhancing hemichannel 
opening (Saez et al. 2003).
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14.2.2 EdEMa

Direct necrosis resulting from injury is not amenable to connexin modulation, but 
edema in cells not directly damaged, but within the penumbra, is prevalent and a 
target for protective treatment. Hemichannels have been implicated in cell swell-
ing, which is a hallmark of ischemic cell death (Rodriguez-Sinovas et al. 2007). 
Overexpression of connexin46 in Xenopus oocytes or Cx43 in single cells, for 
example, results in cell swelling and lysis when the extracellular Ca2+ concentra-
tion is lowered, a condition promoting hemichannel opening (Paul et al. 1991; Quist 
et al. 2000). Cytotoxic edema in astrocytes is likely due to the presence of a num-
ber of molecules in the extracellular space shortly after injury, including gluta-
mate, lactate, K+, nitric oxide, arachidonate, reactive oxygen species, and ammonia 
(Kimelberg 1992), many of which can pass through or regulate hemichannels. In 
astrocytes, the abnormal release of excitatory amino acids can occur via Cx43 hemi-
channels (Ye et al. 2003) that have a higher probability of opening under conditions 
of membrane depolarization and low extracellular Ca2+ (Saez et al. 2003). Release 
of excitatory amino acids leads to overstimulation of glutamate receptors on neu-
rons and oligodendrocytes and excessive accumulation of intracellular Ca2+ and 
water (Zipfel et al. 2000; Tekkok and Goldberg 2001; Wilke et al. 2004). Membrane 
deformation and depolarization can also lead to activation of voltage-sensitive ion 
channels that allow ions to move down their electrochemical gradients, increasing 
extracellular K+ and decreasing extracellular Na+ and Ca2+ concentrations (Nilsson 
et al. 1993; Marmarou 2007). Chloride ions and water then follow Na+ and Ca2+ pas-
sively into the cells (Marmarou 2007). By down regulating Cx43 expression after 
injury, the number of Cx43 hemichannels in the membrane is decreased, leading to 
a significant reduction in swelling (Cronin et al. 2008; O’Carroll et al. 2008; Zhang 
et al. 2010).

14.2.3 vESSEl HEMorrHaGE and lEak

Inflammation follows injury, and chronic inflammation is a common feature of neu-
rodegenerative diseases, with inflammatory cells then able to migrate across the 
normally impermeable blood–brain barrier. The mechanism by which this occurs 
has been thought to be mechanistic, involving changes in the expression of multiple 
genes in the endothelial cells (Velardo et al. 2004) that lead to increased permeabil-
ity and dysfunction facilitating movement across the blood vessel wall (DiStasi and 
Ley 2009). TNF-α has been reported to play a part in causing such changes leading 
to an increase in vascular permeability, although other molecules such as vascular 
endothelial growth factor may also have a role. Leukocytes are then able to migrate 
across the compromised wall and become involved in upregulation of adhesion mol-
ecules such as intercellular adhesion molecule-1 (ICAM-1), in addition to the upreg-
ulation of lymphocyte function-associated antigen-1 (LFA-1). LFA-1 on leukocytes 
and ICAM-1 on the endothelial cells interact to form a “ring-like structure” around 
the migrating cell, which then mediates its passage and remains present for the entire 
migratory process (DiStasi and Ley 2009).
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Interactions between leukocytes and endothelial cells though are early events in 
acute and chronic inflammation and wound defense and repair (McIntyre et al. 2003). 
These correlate with Cx43 expression in both the endothelial and the inflammatory 
cells and, in general, are associated with macrophage infiltration and endothelial cell 
activation (Oviedo-Orta and Howard Evans 2004; see also Section 1.1 of Chapter 
1 for more details). The gap junction blockers octanol and 18α-glycyrrhetinic acid 
have been reported to induce a profound reduction in transendothelial monocyte/
macrophage migration in an in vitro blood–brain barrier model (Eugenin et  al. 
2003), and Cx43 is upregulated independently of neutrophils in inflamed mouse 
lungs (Sarieddine et al. 2009), but not detected in mice genetically protected from 
inflammation. In heterozygous Cx43−/+ mice, airway neutrophil count reduced by 
over half, and conversely, neutrophil numbers increased in challenged mice express-
ing a modified Cx43 with higher channel conductivity. Blocking peptides decreased 
adhesion of neutrophils to endothelial cells and reduced neutrophil transmigration 
in the inflamed lungs by two-thirds. Down regulation of Cx43 using antisense oli-
godeoxynucleotides (AsODNs) also attenuates recruitment of both neutrophils and 
macrophages at skin wound sites (Coutinho et al. 2005; Mori et al. 2006; Qiu et al. 
2003) and following spinal cord injury (Cronin et al. 2008).

However, evidence is emerging suggesting that the entry of inflammatory cells 
might not always be so well regulated. Indeed, it is possible that gap junctions or hemi-
channels might play a role in mediating the physical destruction of the endothelial 
cells, creating holes in the vasculature through which cells can migrate (Cronin et al. 
2008). Postmortem analysis of human brain tissue from patients with Alzheimer’s 
and Parkinson’s disease (both chronic neuroinflammatory diseases) has found that 
there are morphological changes to the microvasculature indicating capillary dys-
function (Guan et al. 2012; Farkas and Luiten 2001). It has also been reported that 
none of the proangiogenic growth factors (VEGF, FGF, PDGF) added exogenously 
are able to prevent vascular regression in wounds (Gosain et al. 2006). These authors 
concluded that antiangiogenic signals that mediate vessel regression in wounds are 
strongly dominant over proangiogenic factors during the later stages of wound heal-
ing where Cx43 expression may be a dominant factor. In a rat bacteremic sepsis lung 
model, for example, there was a sevenfold increase in plasma levels entering the air-
space (Conhaim et al. 2008). Latex particles perfused into the inflamed lungs were 
found clustered, not unlike the sequestration of neutrophils during pulmonary sepsis, 
indicating a previously unreported lung event at the micro level. This serum leak 
and inanimate latex bead infiltration is consistent with capillary leak reported as a 
result of connexin upregulation (Cronin et al. 2008). In the Cronin study of traumatic 
spinal cord injury, a dramatic elevation of Cx43 expression was observed in the walls 
of small blood vessels within the white matter as early as 6 h after injury (Cronin 
et al. 2008). This upregulation was accompanied by vascular leakage of fluorescently 
labeled albumin and accumulation of blood-borne neutrophils. Suppression of Cx43 
upregulation using AsODNs reduced vascular leakage and neutrophil recruitment, 
suggesting a role for Cx43 in the pathogenesis of endothelial cell dysfunction (Cronin 
et al. 2008). Following retinal ischemia, vessel leak is also one of the very first signs 
of inflammation (Figure 14.1).
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14.3 TOOLS

14.3.1 nonSpEcific cHannEl BlockErS

Connexin gap junction and hemichannel communication can be inhibited by a number 
of compounds, including halothane, octanol, heptanol, 18α-glycyrrhetinic acid, car-
benoxolone, and flufenamic acid. For further review, see Salameh and Dhein (2005). 
The first three induce radical changes in membrane fluidity and the remainder have 
secondary effects inside the cell that in turn alter connexin communication (Evans 
and Boitano 2001). Quinoline compounds also affect gap junction activity (see, e.g., 
Das et al. 2008). None of these compounds are considered to be very selective as they 
can modify other membrane channels, as in the case of heptanol and octanol, or act 
on gap junctions indirectly through a number of signaling pathways, as in the case 
of 18α-glycyrrhetinic acid (Evans and Boitano 2001). They have however provided 
useful information. In cerebral ischemia, gap junctions remain open and may allow 
the passage of apoptotic and necrotic signals between dying cells and potentially 
viable cells, increasing cell death (Thompson et al. 2006; Cotrina et al. 1998). Global 
gap junction blockade using carbenoxolone, flufenamic acid, heptanol, or octanol 
reduced the spreading wave of astrocytic apoptosis in rat hippocampal cultures 
exposed to ischemic conditions (Nodin et al. 2005), and in a rodent model of stroke, 

FIGURE 14.1 Rat retinal blood vessels highlighted an hour after ischemia using Evans 
Blue dye delivered by intraperitoneal injection. Ischemia was induced by raising intraocular 
pressure for 1 h followed by reperfusion when pressure was reduced to normal. Dye is seen 
leaking from the compromised capillary bed in a number of places indicating that vessel leak 
is one of the primary responses to injury (arrows).
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pretreatment with octanol significantly decreased mean infarction volume following 
middle cerebral artery occlusion (Rawanduzy et al. 1997). Octanol pretreatment also 
inhibited the development of experimentally induced waves of spreading depres-
sion, and reduced neuronal cell death in the pyramidal subfields of the hippocampus 
following transient forebrain ischemia induced by bilateral carotid artery occlusion 
(Rami et al. 2001). Similarly, global gap junction blockade with carbenoxolone has 
been shown to reduce neuronal death following intrauterine hypoxia–ischemia (de 
Pina-Benabou et  al. 2005). In one attempt to identify the mechanisms by which 
gap junction blockade reduces neuronal cell death in the hippocampus, pretreatment 
with the gap junction blockers, carbenoxolone, glycyrrhetinic acid, and endothelin, 
all resulted in decreased numbers of TUNEL-positive neurons compared to the con-
tralateral side (Velazquez et al. 2006).

Two specific gap junction modulators have also been investigated—connexin-
specific AsODNs and connexin peptidomimetics.

14.3.2 antiSEnSE oliGodEoxynuclEotidES

To counter the detrimental effects of connexin upregulation seen after injury, it is 
possible to specifically and effectively modulate connexin protein expression using 
AsODN (see, e.g., Becker et al. 1999; Green et al. 2001; Law et al. 2006; Frantseva 
et al. 2002a, 2002b). The most commonly used Cx43-specific AsODN is a single-
strand DNA of 30 deoxynucleotides with an unmodified backbone that binds specifi-
cally to complementary sequences on an accessible region of the rat Cx43 mRNA, 
blocking protein translation (Law et al. 2006). Unmodified AsODNs typically have 
a cytoplasmic half-life of about 20 min, and a sustained delivery vehicle, Pluronic 
F-127 gel, has been employed (Becker et al. 1999; Green et al. 2001). Pluronic gel 
is liquid at cold temperatures (4°C) and sets into a soft gel at physiological tempera-
tures. The gel is also a mild surfactant aiding AsODN penetration into cells. The 
sustained delivery of the AsODN to tissue avoids the need to use high doses or modi-
fied backbones that have lower affinity, lower efficiency at entering cells and reduced 
specificity (Green et al. 2001). It is also possible to deliver antisense with osmotic 
minipumps or to use modifications such as short interfering RNA (siRNA). The use 
of siRNA, which often requires transfection reagents or viral delivery to achieve 
efficacy, has so far had limited application in vivo for connexin studies. Connexins 
typically have a half-life of around 1.5−2 h (Gaietta et al. 2002; Leithe et al. 2006) 
and antisense is blocking new protein translation. Antisense has no effect on existing 
protein levels and cell uncoupling will in part be dependent upon protein turnover 
rate. Cronin et  al. (2006), for example, showed different knockdown and protein 
recovery rates in spinal cord dorsal, ventral, white, or gray matter, which may reflect 
dose delivered to the different tissues, cell metabolic rates, and protein turnover 
variance.

The advantages of an antisense approach include ease of use, controllable dose, 
low cost, transient protein knockdown, site directable (especially with gel deliv-
ery systems), no compensation by other members of the connexin family noted to 
date, and clinically relevant approach. The importance of transient knockdown has 
been highlighted in Section 14.2.1; in the CNS where normal astrocyte coupling 



280 Connexin Cell Communication Channels

© 2010 Taylor & Francis Group, LLC

is essential for neuronal function, this is especially relevant. Rapid penetration of 
the Cx43 AsODN is seen in all areas of spinal cord, for example, with knockdown 
apparent within 2 h and recovery of Cx43 levels over 48–72 h (Cronin et al. 2006). 
This was achieved with just 250 µL of 1 µM Cx43 AsODN applied to intact rat spi-
nal cords with intact dura mater. The design of antisense is a science in itself and 
multiple methods have been developed. The approach used by Law et al. (2006) was 
to expose in vitro transcribed connexin mRNA to deoxyribozymes complement-
ing the sense coding sequence. Deoxyribozymes have a small catalytic domain of 
about 15 nucleotides flanked by two mRNA recognition and binding domains, each 
7–9 nucleotides long (Santoro and Joyce 1997). They have intrinsic catalytic activ-
ity and those that cleaved the connexin mRNA were used as the basis for design of 
AsODN, thus taking into account tertiary mRNA configurations rather than relying 
upon computed predictions.

The Cx43 AsODN 30mer described above has been used in several experimental 
disease models, including brain slice models (Yoon et al. 2010b), optic nerve isch-
emia (Danesh-Meyer et al. 2008), skin wound healing (Mori et al. 2006; Qiu et al. 
2003; Wang et al. 2007), skin burns (Coutinho et al. 2005), and spinal cord injury 
(Cronin et al. 2008; O’Carroll et al. 2008; Zhang et al. 2010), demonstrating anti-
inflammatory and wound-healing-promoting effects. Other studies have also shown 
connexin 32 and 26 or Cx43 antisense effects in brain slice cultures after trauma 
(Frantseva et al. 2002a) and ischemia (Frantseva et al. 2002b).

14.3.3 pEptidoMiMEticS

An alternative approach uses connexin mimetic peptides. In most cases, these are 
small peptide sequences designed to match the extracellular regions of the connexin 
molecule that is normally involved in the docking of two connexons to form a gap 
junction channel. Mimetic peptides may impair the interactions of the extracellular 
loops by binding to recognition sites on the connexon (Berthoud et al. 2000) and 
have been reported to inhibit both gap junction and hemichannel signaling in in vitro 
models (Boitano and Evans 2000; Braet et al. 2003; De Vuyst et al. 2007; Kwak and 
Jongsma 1999; O’Carroll et al. 2008; Martin et al. 2005). Connexin mimetic pep-
tides are also said to regulate both hemichannels and gap junctions independently of 
each other, with short incubation times (or low concentrations) preventing hemichan-
nel opening without affecting gap junction communication, while longer incubations 
(or higher concentrations) can interfere with gap junction communication (Leybaert 
et al. 2003; O’Carroll et al. 2008). Owing to sequence conservation in the connexin 
extracellular loops, mimetic peptides are less likely to be connexin isoform specific 
(in contrast to AsODNs, which can be designed to be totally isoform specific).

In recent years, a number of these peptides have been investigated for connexin 
activity. In one experimental model, a series of peptides covering most of the two 
extracellular loops of connexin32 were analyzed for their ability to inhibit gap junc-
tion-mediated contractions in aggregates of chick myocytes (Warner et  al. 1995). 
More recently, an analysis of overlapping peptides that covered the entire extracel-
lular loops of Cx43 was completed (O’Carroll et al. 2008). Other peptides in wide 
use for Cx43 studies are Gap26 (Chaytor et al. 1997) and Gap27 (Boitano and Evans 
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2000). For more detailed summaries, a number of reviews are available (Evans et al. 
2006; Berthoud et al. 2000; Spray et al. 2002; Evans and Leybaert 2007; Evans and 
Boitano 2001; Dahl 2007).

Most reports indicate that hemichannels can release ATP, prostaglandins, glu-
tamate, and glutathione and that this process can be interrupted by mimetic pep-
tides (Evans et  al. 2006). Much of the evidence comes from cell culture models 
and then by inference to observations in intact tissues. The primacy of the hemi-
channel target for mimetic peptides is demonstrated by the rapid action of peptides 
causing lower conductivity in isolated hemichannels (Romanov et  al. 2007) and 
rapid effects on voltage conduction in other tissues within as short a time as 10 min 
(reported in Evans and Leybaert 2007; Evans et al. 2006). The uptake of dyes such 
as propidium iodide or ethidium bromide through low calcium-induced opening of 
hemichannels also provides a direct measure of rapid mimetic peptide hemichan-
nel function. Cx43 mimetic peptide added simultaneously with propidium iodide in 
lowered extracellular calcium conditions blocks dye uptake, indicating immediate 
hemichannel closure (O’Carroll et al. 2008). More recently, Gap26 peptide added 
12 min after the start of dye uptake in a hypoxia/high-glucose model caused an 
immediate attenuation of the dye uptake curve, again indicating rapid hemichan-
nel closure by mimetic peptides (Orellana et al. 2010). The specificity of mimetic 
peptides for hemichannels has been demonstrated in astrocytes where both Gap26 
and La3+ blocked hemichannel activity (Orellana et al. 2010). La3+ was also used as 
a control by O’Carroll et al. (2008) in their screening for mimetic peptide activity. 
La3+ is said to not close pannexin channels. Furthermore, Cx43 null astrocytes have 
no hemichannel activity (supporting the idea that there is no confounding conduc-
tion role for pannexins present in this model), and neither of the two pannexin 
mimetic peptides (panx1 and Elb) nor probenecid (all presumptive pannexin block-
ers) had any effect on channel activity in the hypoxia–high-glucose reoxygenation 
astrocyte model of Orellana et al. (2010).

Mimetic peptides may act in a number of ways to affect gap junctional com-
munication (i.e., cell to cell as opposed to hemichannels effects). It was originally 
thought that mimetic peptides may directly interfere with the ability of connexons 
to dock (Berthoud et al. 2000). Evidence for this is countered by studies showing 
that peptides blocking gap junction communication do not appear to alter rates of 
connexin synthesis, alter hemichannel trafficking processes to the membrane or dis-
rupt the formation and extent of existing gap junction plaques (Martin et al. 2005; 
Berman et al. 2002). Peptides may also diffuse into a gap junction plaque to compete 
with docking sites or to alter the conformation of the docked hemichannels to cause 
them to undock. Again, evidence that peptides block gap junction communication 
but do not change plaque characteristics argues against this mode of action (Berman 
et al. 2002). One possibility is that peptides bind to and lock connexons in a closed 
state prior to docking, with the closed connexons subsequently incorporated into the 
junction plaques. Thus cell–cell communication may reduce over time, dependent 
upon protein turnover rates and the removal of previously functional channels from 
plaques and their replacement by locked closed connexons (Evans and Leybaert 
2007). It is more likely that peptides perfuse into plaque regions to close communi-
cation channels directly (Evans and Boitano 2001). Indirect support for this comes 
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from the cell settlement (parachute) assay used by O’Carroll et al. (2008). Calcein 
AM dye-loaded cells were parachuted onto a recipient monolayer of cells without 
dye and allowed to settle for 30 min to enable gap junctions to start forming between 
the hemichannels already present in the complementary membranes (a process that 
can occur in minutes). As these started to form (indicated by initiation of dye trans-
fer) Cx43 mimetic peptide was added and further dye spread was prevented over the 
next 60 min. This blocking of cell–cell communication by peptides over a relatively 
short time frame argues against a major altered connexon turnover effect but rather 
for a direct hemichannel closure mechanism. Peptide blockade effect on gap junc-
tions is thought to be reversible.

14.4 PRECLINICAL MODELS

The role of gap junctions and the potential of therapeutic approaches to inflamma-
tion in the CNS has been demonstrated in a number of ex vivo and in vivo animal 
models. The results from some of these are outlined in the following two sections, 
starting with ex vivo models.

14.4.1 Ex ViVo ModElS

14.4.1.1 Brain Slice Cultures
The air–liquid interface organotypic brain slice culture method allows the culture of 
thin slices of immature brain tissue that, for prolonged periods, retain much of the 
morphological and physiological characteristics of the intact brain (Stoppini et al. 
1991; Bahr 1995). In mature brain tissue that lacks the pluripotency of immature 
tissue, the damage incurred by “slicing” of the brain is not easily repaired. Tissue 
response to CNS injury is clearly dependent on the age of the animal (Towfighi et al. 
1997; Putnam et al. 2005) and while immature tissue is more resilient to organotypic 
slice culture preparation, adult brain tissue better reflects the pathology of the human 
condition. In the first week of a culture period, cells are regularly lost and slices thin 
down from 300–500 µm to 100–150 µm. Slices become ensheathed within a thick 
astrocytic scar, leaving a thin layer of live neurons in the middle of the slice (Stoppini 
et al. 1991). Accompanying this reduction in neuronal cell number is a visible swell-
ing and edema within the slice in the first days of culture. Based on the premise that 
toxic signals released by damaged cells at the cut surface of a slice are propagated 
via intercellular gap junctions and hemichannels (Orellana et al. 2010; Decrock et al. 
2009), blockade of intercellular gap junction communication and thereby reduced 
gap junction-mediated bystander cell death should lead to improved viability of brain 
slices obtained from mature rats. Indeed, a recent study has shown that application 
of 2 µM concentration of unmodified Cx43-specific AsODN in Pluronic F-127 gel to 
the upper surface of a freshly cut whole brain slices leads to a significant improve-
ment in the morphology within a whole brain slice taken from 14–40-day-old rats 
(Yoon et al. 2010b).

Cx43 protein was transiently down regulated in brain slices processed for Cx43 
immunohistochemistry 7 h after AsODN treatment with the average number of 
plaques being just 17.2% that of the no-treatment control slices (Yoon et al. 2010b). 
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Most of the Cx43 label present in control and AsODN-treated slices was colocalized 
with glial fibrillary acidic protein (GFAP), indicating that these are predominantly 
astrocytic gap junctions. The 7-h time point was chosen because an almost complete 
turnover of preexisting Cx43 gap junctions was expected to be achieved by then (Laird 
2006; Gaietta et al. 2002). At the cellular level there was a marked difference between 
the morphology of the untreated control and Cx43 AsODN-treated slices after 14 
days in culture with the latter appearing remarkably similar to freshly cut slices. The 
majority of the hippocampal neurons survived and were viable as indicated by the 
large number of cells labeled with 5-chloromethylfluorescein diacetate (CMFDA) and 
Neuronal-N, with preservation of the intrinsic neuronal organization within the hip-
pocampus. Thus, short-term knockdown of Cx43 during the period when glial cells 
and Cx43 are known to be upregulated as a result of “slicing damage” (Cronin et al. 
2008; Danesh-Meyer et al. 2008), leads to reduced astrogliosis, a marked reduction 
in edema and inflammation, and an optimal retention of cellular morphology (Yoon 
et al. 2010b). Cx43 AsODN treatment also allows the culture of 150-µm-thick whole 
brain slices (since die back from the cut edges is reduced, a thicker starting slice is 
not required) facilitating imaging and electrophysiological recording, and providing a 
simple but effective procedure to maintain adult CNS tissue in vitro.

Others have also shown that slice cultures afford a good model to investigate 
the role of gap junctions in the spread of injury following traumatic brain injury 
and ischemia (Frantseva et al. 2002a, 2002b). Frantseva and colleagues have shown 
that in organotypic slices from Cx43 knockout mice, as well as following knockout 
by incubation with AsODN, a significant reduction in cell death is achieved. Gap 
junction blockers carbenoxolone and octanol alleviated the trauma-induced impair-
ment of synaptic function as measured by electrophysiological field potential record-
ings. Similarly, the gap junction blocker carbenoxolone significantly decreased the 
spread of cell death, as measured by propidium iodide staining in an in vitro model 
of hypoxia–ischemia where organotypic hippocampal slices were submerged in 
glucose-free deoxygenated medium. The knockdown of two neuronal connexins, 
connexins 32 and 26, resulted in significant neuroprotection 48 h after the hypoxic-
hypoglycemic episode indicating that gap junctional communication contributes to 
the propagation of hypoxic injury and that specific gap junctions could afford a novel 
target to reduce brain damage.

14.4.1.2 Brain Slice Models of Epilepsy
It is becoming increasingly evident that gap junction and hemichannel-mediated puri-
nergic signaling is involved in an amplification cascade of cytotoxicity in pathological 
conditions (Parpura et al. 1994; Braet et al. 2004; Bruzzone et al. 2001; Charles et al. 
1992; Cornell-Bell and Finkbeiner 1991). Increased cytosolic Ca2+ and membrane 
depolarization during epileptiform events may induce hemichannel opening, allow-
ing release of ATP into the extracellular space (Albowitz et al. 1997; van der Linden 
et  al. 1993). ATP then activates G-protein-coupled P2Y receptors on neighboring 
cells, eventually leading to an elevation of cytosolic Ca2+ and ATP release. This type 
of Ca2+ wave can be stopped by gap junction blockers (Enkvist and McCarthy 1992).

Organotypic slice culture models have been used extensively to investigate mech-
anisms of epileptiform activity and electrophysiological studies have demonstrated 
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that pharmacological blockade of gap junctions can reduce or block seizure-like dis-
charges in a range of in vitro models of epilepsy (Li et al. 2001; de Curtis et al. 1998; 
Margineanu and Klitgaard 2001), while agents that promote opening of gap junctions 
enhance neuronal bursting (Köhling et al. 2001). Gap junction blockers have been 
shown to prevent neuronal network synchronization in neocortical slices obtained 
from patients with mesial temporal lobe epilepsy (Gigout et al. 2006) as well as in 
a rodent in vivo model where epilepsy is induced by 4-aminopyridine (Szente et al. 
2002). In Cx43 and Cx30 knockout mice, the threshold for generation of epilepti-
form discharge is reduced (Wallraff et al. 2006). These studies have focused on the 
role of Cx43 gap junctions in the generation of seizure-like discharges and neuronal 
synchronization, but gap junction communication may also be involved in epilep-
tic lesion spread. There is formation of an extensive astrocytic syncytium coupled 
with marked colocalization of Cx43 in hippocampal tissue surgically removed as 
a treatment for intractable mesial temporal lobe epilepsy (Fonseca et al. 2002) and 
astrocytic Cx43 gap junction coupling may contribute to both lesion spread and the 
severity of cell death following epileptiform activity.

Yoon et  al. (2010a) used Cx43 mimetic peptides to regulate hemichannel and 
gap junction-mediated intercellular communication in a hippocampal slice culture 
model of epileptiform injury. Bicuculline methyl chloride (BMC) was used to estab-
lish epileptiform activity; the causal relationship between epileptiform events and 
BMC lesion has been established elsewhere (Muller et al. 1993). Epileptiform injury 
in hippocampal slice cultures (that had been maintained for 12–14 days prior to 
commencement of treatment) was induced by 48 h of exposure to 100 µM BMC. 
During the 24 h recovery period following BMC, lesion spread was observed in the 
CA1 region of the hippocampus. A Cx43 mimetic peptide (peptide 5, O’Carroll et al. 
2008), applied during either the BMC treatment or the recovery period, produced 
concentration- and exposure time-dependent neuroprotection as measured by prop-
idium iodide labeling of dead cells at the end of the recovery period. It is essential, 
however, to differentiate between the BMC insult period and the recovery period 
where distinct mechanisms appear to be operating (Yoon et al. 2010a).

During the BMC insult period, peptide concentrations between 5 and 50 µM (suf-
ficient to block hemichannels) had a protective effect while a substantial gap junction 
blockade with 500 µM peptide exacerbated the lesion. Although peptide was applied 
for 48 h, which was expected to result in continuous blockade of gap junction and 
hemichannels, the dose-dependent effects seen during this period argue for some 
distinction between hemichannel and gap junction uncoupling effects. Gap junc-
tion communication appears to be essential for tissue survival at the time of insult 
when the slices are undergoing excessive neuronal firing and epileptiform events 
are occurring. Blockade of astrocytic gap junctions may, therefore, disturb neuro-
nal ionic homeostasis and reduce the coordinated response to injury (Blanc and 
Bruce-Keller 1998; Nakase et al. 2003; Ozog et al. 2002; Siushansian et al. 2001). 
Functional astrocytic communication will effectively buffer extracellular ions and 
neurotoxic substances released as a result of epileptic discharge. In addition, ter-
mination of an epileptiform activity is thought to occur as the presynaptic vesicles 
become slowly depleted and voltage-dependent electrogenic ion pumps are activated 
in an attempt to restore normal ionic balance (McCormick and Contreras 2001). 
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There is also evidence that termination of epileptiform events requires spatial K+ 
buffering by the glial syncytium (Bragin et al. 1997).

In contrast, all doses (both high and low) applied during the postinsult recovery 
period protected the CA1 region from further damage (Yoon et al. 2010b). Once the 
BMC insult was over and the medium changed to BMC-free and serum-containing 
medium (recovery period), toxic signals from the damaged neurons may spread via 
Cx43 gap junctions amplifying the damage. Although hemichannels may also be 
implicated (the lower doses were still effective), the trend in the postrecovery period 
was the reverse of that seen in the insult period, with increased neuroprotection at 
higher doses. Propidium iodide label was used as an indicator of cell loss but it may 
also indicate open hemichannels. MAP2 immunolabeling of neurons strengthened 
the claim that the former was the case (Yoon et al. 2010a).

The application of Cx43 mimetic peptides in vitro has shown that they are able 
to block intercellular Ca2+ propagation and Ca2+-induced ATP release/dye uptake, 
and suppress electrical coupling (Chaytor et al. 1999; Dora et al. 1999; Evans and 
Boitano 2001; Leybaert et al. 2003). Hemichannels may be opening (or be upregu-
lated) during the convulsant period in response to depolarization and low extra-
cellular Ca2+ (Evans et  al. 2006) and hemichannel-mediated purinergic signaling 
may contribute to the lesion spread. Although the effect of gap junction blockade in 
neuronal synchronization has been examined in both acute slices and in vivo animal 
experiments, and astrocytes coupled via gap junctions may recruit larger masses 
of neurons into the epileptic foci (Bennett and Zukin 2004; Köhling et al. 2001; Li 
et al. 2001; Margineanu and Klitgaard 2001; Ross et al. 2000; Carlen et al. 2000; 
de Curtis et al. 1998; Gigout et al. 2006; Jahromi et al. 2002; Perez-Velazquez et al. 
1994; Samoilova et al. 2008; Szente et al. 2002; Wallraff et al. 2006), the data from 
Yoon et al. (2010a) would suggest that complete uncoupling of gap junctions during 
the insult period itself may be detrimental.

14.4.1.3 Spinal Cord (and Peripheral Nerve Grafting)
The spinal cord is a part of the CNS and as with brain slices, spinal cord segments 
placed into organotypic culture and treated with gap junction channel modulators 
show reduced edema and inflammation, and improved neuronal survival. When 
placed into culture, nerve segments swell despite the absence of blood flow, with 
material squeezed from the ends of the cut dura. Both Cx43-specific AsODN (Zhang 
et  al. 2010) and connexin mimetic peptides (O’Carroll et  al. 2008) significantly 
reduced the swelling in a dose-dependent manner. Furthermore, treatment with 
AsODN and peptides within the first hours after removal from the animal (“injury”) 
and placing into organotypic culture reduced Cx43 levels, astrocytosis (GFAP lev-
els), and loss of Neuronal-N and SMI-32 positive neurons in a concentration- and 
time-dependent manner (O’Carroll et al. 2008).

The ability to culture spinal cord segments for up to 5 days afforded the opportu-
nity for studies investigating the effects of Cx43 AsODN in promoting or enabling 
axon regeneration following peripheral nerve grafting (Zhang et al. 2010). In Cx43 
AsODN-treated segments, good graft to spinal cord integration was observed with 
large aggregates of SMI32-positive axon fibers at the interface, some of which crossed 
the border and entered the peripheral nerve graft. In Pluronic gel, vehicle-treated or 
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medium-only control segments integration was poor, axon aggregates at the border 
were rarely seen, and there was a decrease in the number of axon extensions into the 
graft. The amount of axon outgrowth into the grafted peripheral nerve was quanti-
fied by measuring the total length of outgrowth and the number of axons cross-
ing the graft interface. On average, the total length of axon outgrowth was over 10 
times more with Cx43 AsODN treatment than in controls (Brown-Forsythe analysis, 
p = 0.024) and the average number of axons crossing the graft interface after Cx43 
AsODN treatment was more than fivefold greater than controls (p = 0.01). Thus, 
the environment generated by Cx43 AsODN treatment promoted axon regeneration 
from spinal cords into peripheral nerve grafts. Edema was reduced, but the “hos-
tile” astrocyte environment had also been inhibited with astrocytes maintained in a 
growth-supporting phenotype allowing axon regeneration to occur in the presence of 
a stimulus such as a peripheral nerve graft (Zhang et al. 2010).

14.4.1.4 Optic Nerve Ischemia
The effect of oxygen–glucose deprivation (OGD) has been investigated on isolated 
rat optic nerve segments cultured ex vivo and the effect of Cx43 AsODN treatments 
evaluated (Danesh-Meyer et  al. 2008). In this study, optic nerves were removed 
from 21–25-day-old Wistar rats, and the optimal concentration of Cx43-specific 
AsODN determined using two parameters: percentage swelling and cell death as 
identified using propidium iodide nuclear staining. To create OGD conditions, the 
isolated optic nerve segments were maintained for 2 h in a closed tube containing 
neurobasal medium without glucose and glutamine, and which had been previously 
bubbled with a 95% nitrogen:5% carbon dioxide gas mixture. The segments were 
then removed and placed into organotypic culture similar to that used for the brain 
slice cultures described above. Pluronic F-127 gel with or without Cx43 AsODN 
was layered over the segments. Upregulation of Cx43 was seen within 2 h following 
exposure of the optic nerve to OGD and peaked at day 3. Cx43 AsODN treatment 
reversed this upregulation and significantly reduced swelling, which occurred from 
the cut ends of the meninges surrounding nerve segments by over 50% (p < 0.05). 
More dead cells were found in the center of control optic nerve segments than treated 
nerve segments (p < 0.05) and controls showed evidence of capillary breakdown. 
Increased numbers of astrocytes and activated (macrophage phenotype) microglia 
were observed in controls compared to Cx43 AsODN-treated nerves (p < 0.01).

This study again indicates that application of Cx43-specific AsODN may modu-
late several facets of the CNS inflammatory process: it reduced tissue edema, retained 
greater vascular integrity (despite the absence of blood flow), and reduced differenti-
ation of inflammatory cells. In addition to an overall dampening of the inflammatory 
response, there was less lesion spread with Cx43 AsODN treatment restricting most 
damage to the cut ends of the optic nerve section, with reduced cell death centrally 
resulting after the OGD. The swelling evident at 6 h is comparable to the onset of 
swelling in the brain following ischemia (Roelfsema et al. 2004), but in optic nerve, 
which is essentially white matter track with no neural cell bodies present, swell-
ing must be predominantly within astrocytes or oligodendrocytes. CNS axon injury 
has been shown previously to rapidly activate microglial and astroglial cells close 
to axotomized neurons, with Cx43 upregulation seen within hours (Aldskogius and 
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Kozlova 1998). The Danesh-Meyer et al. (2008) study demonstrated similar changes 
with activation of microglial and astroglial cells in control specimens extending to 
the middle of the optic nerve sections, but with Cx43 AsODN limiting both astrocyte 
activation and the differentiation of microglial cells to the cut edges.

14.4.2 Brain lESionS and inflaMMation

Under normal conditions, coupled astrocytes regulate the neural environment, main-
tain potassium homeostasis, and provide a link between neurons and blood vessels 
(Blanc and Bruce-Keller 1998; Lee et al. 1994). Following physical brain damage, 
Cx43 expression is upregulated in the region of damaged tissue (Hossain et al. 1994), 
paralleled by astrogliosis (Hozumi et al. 1990; Vijayan et al. 1990; Cancilla et al. 
1992; Hossain et al. 1994) with, subsequently, undamaged neighboring cells destroyed 
in a spreading penumbra. Nonspecific gap junction channel blockers (octanol and 
halothane) can reduce final infarct volumes in vivo by 30–80% in the brain after 
focal ischemic stroke (Rawanduzy et al. 1997). In another in vivo study, unmodified 
AsODN (at 2 µM final concentration) delivered in Pluronic F-127 gel was used to 
specifically knockdown Cx43 expression following unilateral stereotaxic mechani-
cal lesioning of rat cerebral cortex. Quantitative analysis of Cx43 immunolabeling 
showed that protein levels were strongly reduced along the edge of Cx43 AsODN-
treated lesions, particularly at the basal and medial edges of the lesion compared 
with controls, and Cx43 AsODN-treated lesions remained discrete, with neuronal 
survival evident right to the edge of the needle puncture. In control lesions (gel-only 
or gel-plus-sense ODNs), neuronal loss (shown by Neuronal-N labeling) and gliosis 
(GFAP immunohistochemistry) occurred within 24 h and continued for up to 48 h. 
In Cx43 AsODN-treated animals, secondary lesion spread was reduced compared 
to control groups, especially at deeper cortical levels (Figure 14.2). The pooled 24 
and 48 h mean lesion size (central section of the lesion volume in a coronal plane) 
for Cx43 AsODN-treated lesions was 1.45 mm2 (±0.55), significantly smaller than 
control lesions, which were 2.1 mm2 (±0.6) (one-tailed Mann-Whitney U test P value 
0.030). Maximum lesion size was reached within the first 24 h in treated lesions 
whereas control lesions continued to spread for up to 48 h. Other connexin levels 
(connexins 26 and 32) were not altered by the Cx43 AsODN treatments. Specifically 
knocking down Cx43 expression within the first few hours after injury, as with octa-
nol- or halothane-induced gap junction channel closure, is effective in attenuating 
lesion spread following damage to the CNS. As noted earlier, the knockdown here 
was transient, and quite distinct to the increased lesion spread observed with long-
term channel reduction in knockout mice (see, e.g., Nakase et al. 2004; Siushansian 
et al. 2001).

14.4.3 Spinal cord inJury

Within 1–2 h of spinal cord injury, there is an acute phase that involves hemorrhage, 
inflammation, and edema. Cytotoxic edema (intracellular swelling) occurs in astro-
cytes and is likely due to the increase of a number of molecules in the extracellular 
space shortly after injury, including glutamate, lactate, K+, nitric oxide, arachidonate, 
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reactive oxygen species, and ammonia (Norenberg et al. 2004). As with the brain, 
the expression of Cx43 changes in response to spinal cord injury. Levels of Cx43 
mRNA and protein increase within hours and reach three times the normal level at 
4 weeks postinjury, while no change in expression of connexin32 or connexin36 was 
reported (Lee et al. 2005; Theriault et al. 1997). The increased Cx43 expression is 
seen in activated microglia (Eugenin et al. 2001), but it is also seen with astrogliosis 
and in blood vessel endothelium (Cronin et al. 2008). As for other CNS injury, it has 
been suggested that gap junction-mediated transfer of Ca2+, nitric oxide, and other 
death signals destroys local cell neighbors and that hemichannels release ATP, gluta-
mate, and other signals to contribute to lesion spread (Decrock et al. 2009). Theriault 
et al. (1997), for example, reported that Cx43 immunoreactivity is highest in areas 
associated with neuronal loss while Cx43 labeling is normal in areas where neurons 
are preserved.

Cx43-specific AsODN has been used to regulate Cx43 function in in vivo spinal 
cord injury hemisection and compression wound models (Cronin et  al. 2008). In 
this study, Cx43 AsODN was first applied after hemisection of the rat spinal cord. 
Treated wounds showed less swelling and hemorrhagic inflammation at 24 h than 
corresponding controls, and markedly reduced tissue disruption was seen in tissue 

FIGURE 14.2 Sections of a control rat brain needle lesion treated with Pluronic F-127 gel 
alone (a) and a lesion treated with Pluronic gel containing antisense oligodeoxynucleotides 
specific to Cx43 (b). The sections were Nissl stained and antibody labeled for the neuronal 
marker Neuronal-N. The images are of the midpoint of lesions serially sectioned in a coronal 
plane. The lesioning needle tract in each is marked with a solid line and the extent of lesion 
spread, demarcated by reduced Neuronal-N antibody labeling, with a dashed line. The upper 
edge of the corpus callosum is marked with a dotted line. The control lesion is larger with 
irregular spreading edges, and has spread downwards toward the corpus callosum within 24 h 
of lesioning. The antisense oligodeoxynucleotide-treated lesion is compact with only slight 
spreading near the top of the lesion. Viable neurons are seen right to the edge of the needle 
tract and there is virtually no downward spread, even after 48 h as in this example. Scale 
bar = 1 mm.
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transections. Increased Cx43 expression was seen in astrocytes and small vessels 
around spinal cord compression injury sites within 6 h after injury and there was a 
marked upregulation in GFAP expression. The increase in both Cx43 expression and 
astrocytosis was attenuated by the Cx43 AsODN treatment. One very clear func-
tional effect of this reduced inflammation was demonstrated by a reduction in blood 
vessel leakiness to FITC-conjugated bovine serum albumin. In control wounds 
(sense oligodeoxynucleotides or Pluronic gel only), extensive extravasation occurred 
up to 4 mm rostral and caudal to the injury site; AsODN treatment reduced both 
the range and extent of vessel leak. Similarly, neutrophil invasion (measured by 
myeloperoxidase staining) was reduced fivefold compared to control and the same 
reduction was observed for activated (macrophage phenotype compared within rest-
ing stellate form) microglia, the resident phagocytic cells (demonstrated by OX42 
staining).

The attenuation of the post-spinal cord injury inflammatory state leads to a better 
functional outcome, which was demonstrated using the Basso, Beattie, Bresnahan 
(BBB) locomotor rating scale (Basso, Beattie, and Bresnahan 1995). This scale ranges 
from 0 (total lower body paralysis) to 21 (normal behavior). Twenty-four hours after a 
compression wound, control animals had a median BBB score of 5, but Cx43-specific 
AsODN-treated animals had a significantly higher locomotor rating of 8.75 (p < 0.05) 
(Cronin et al. 2008). This indicated that lesion spread over the first 24 h had been 
significantly reduced. Over the following 14 days, control animals showed recovery 
to a median BBB score of 15 after which no further recovery occurred through until 
day 28 when the experiments were terminated. In contrast, AsODN-treated animal 
continued to improve over the full 28-day period, maintaining 2–4 BBB points over 
the controls at all time points, with a widening gap from days 14–21. The difference 
for the five test points combined showed statistical significance of p < 0.004.

More recently, the mimetic peptides that showed reduced swelling, reduced 
inflammation, and improved neuronal survival in an ex vivo model (described in 
Section 14.3.3) have shown similar benefits in a somewhat more severe impact injury 
model. It appears, therefore, that gap junction channel regulation after spinal cord 
injury could be a valuable target for therapeutic intervention. This applies equally to 
any attempt at spinal cord repair where intervention itself has the potential to cause 
an inflammatory response, lesion spread, and cyst or scar formation.

14.4.4 cErEBral Malaria

Sepsis is the leading cause of mortality in critically ill patients, with septic shock and 
sequential organ failure correlating with poor outcome (Matsuda and Hattori 2007). 
As described in Chapter 1 and 7, the interaction of leukocytes with endothelial cells 
is an early event in acute and chronic inflammation, and wound defense and repair 
(for review, see McIntyre et al. 2003). The presence of leukocytes correlates with gap 
junction Cx43 expression in both the endothelium and the inflammatory cells and, in 
general, Cx43 changes are associated with macrophage infiltration and endothelial 
cell activation (see Oviedo-Orta and Evans 2002). However, there is growing evi-
dence for the impact of vascular dysfunction with sepsis, with an emphasis on endo-
thelial failure (discussed in Section 14.2.3). The onset of endothelial dysfunction, 
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plasma leak, and hemorrhaging is also symptomatic of cerebral malaria (Combes 
et  al. 2005; van der Heyde et  al. 2006; Martini et  al. 2007). Of patients infected 
with the genus Plasmodium parasites, the cause of malaria, over 80% will exhibit 
profound thrombocytopenia. Patients presenting with impaired consciousness and 
obtundation (cerebral malaria) often exhibit retinal hemorrhaging, which is an indi-
cator of poor prognosis. Autopsy reveals petechial hemorrhaging in the brain. In 
experimental cerebral malaria models, vascular leak and petechial hemorrhaging 
reflect the impairments observed in humans (Combes et al. 2005). In experimen-
tal models too, malarial thrombocytopenia can reach life-threatening levels and is 
believed to be due to antibodies targeting platelets for destruction by the reticuloen-
dothelial system. However, antibodies account for at most 15% of platelet destruction 
as Plasmodium berghei-infected B cell-deficient mice exhibit profound thrombocy-
topenia (83%) as do C57BL/6 controls (98%) (Gramaglia et al. 2005). No significant 
increase in antibodies bound to intact platelets is observed during infection. The 
same authors have shown that impairment of functional capillary density, rather than 
tissue hypoxia, is the major lethal event in a hamster severe malaria model (Martini 
et al. 2007). Thus, a unified hypothesis has been proposed for the genesis of cerebral 
malaria with sequestration, inflammation, and hemostasis leading to microcircula-
tory dysfunction (van der Heyde et al. 2006).

Cx43 is upregulated in the vascular bed of skin wounds within 6 h of injury (Qiu 
et al. 2003; Coutinho et al. 2003), and results in vascular leakiness as demonstrated fol-
lowing retinal ischemia (Figure 14.1) or after spinal cord injury (Cronin et al. 2008). A 
common pathway to vascular disruption resulting from any infection, therefore, may 
result from (1) endothelial cell gap junction hemichannel (connexon) opening result-
ing in cytoplasmic edema, cell swelling, and rupture and (2) gap  junction-mediated 
bystander effect signaling (Lin et al. 1998) from damaged endothelial cells or pete-
chial foci to healthy neighboring cells, leading to further endothelial cell loss and 
damage spread.

To test this, C57BL/6 mice were infected with Plasmodium berghei, by injecting 
1 × 106 parasitized erythrocytes when mice were between 6 and 10 weeks of age. The 
extent of parasitemia was confirmed by counting the ratio of infected erythrocytes in 
Giemsa-stained thin blood smears. At day 5−6, mice generally succumb to cerebral 
malaria and are scored for clinical signs of severe malaria based upon their grip-
ping ability (score 0–5 where 5 is normal) and righting ability combined with overall 
appearance (breathing, ruffled fur) (score of 0–5 where 5 is normal). The two scores 
are summed to give a total clinical score. The objective was to reduce or delay vascular 
leak and organ failure resulting from infection-induced vessel dysfunction using Cx43 
mimetic peptides delivered by intraperitoneal injection to achieve systemic delivery 
to sites of vascular leak. The treatment arm was injected with 200 µL of saline con-
taining Cx43-specific mimetic peptide (peptide 5, O’Carroll et  al. 2008) such that 
the final circulating concentration was 50 µM (assuming a 2 mL blood volume and 
total take up of the peptide from the peritoneum). A control group was injected with 
200 µL of saline. Peptide (or control saline) was injected at the beginning of day 5 
and again 12–16 h later. Four control and four treated animals had a third injection at 
36 h. Animals were assessed 24, 36, or 48 h later and their weight and clinical scores 
recorded. There were nine control and nine treated animals in total.
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In this trial experiment, clinical scores indicated a significant benefit using 
the mimetic peptides. The change in clinical scores was significantly reduced in 
 peptide-treated animals (Figure 14.3; p = 0.03) indicating that treated animals were 
not succumbing to the clinical symptoms as rapidly as controls, and indicating that 
the window for antimalarial treatment can potentially be extended by at least 12 h, 
and possibly 24–48 h. The need for an adjunct therapy, which could delay patient 
decline and organ failure while antimalarial therapy kills circulating blood-stage 
Plasmodium, is well recognized; about 20% of children succumb to cerebral malaria 
despite rapid administration of chemotherapy (discussed in van der Heyde et  al. 
2006). While the connexin peptides were targeted at vascular dysfunction as a result 
of the infection, the mechanism remains to be verified. However, vascular and endo-
thelial dysfunction, fluid leak and edema resulting from malarial infection is com-
mon to infection and infectious diseases in general, and the use of connexin-specific 
regulators to ameliorate the symptoms induced, whether viral, bacterial, or parasitic, 
may offer new therapeutic opportunities.

14.4.5 StrokE and iScHEMia

Stroke is the most frequent cause of persistent neurological disability in modern 
Western society. Brain inflammation is an important pathophysiological mecha-
nism involved in stroke and impacts profoundly on the severity and extent of cell 
loss, as well as injury progression. In a rodent model of stroke, the gap junction 
inhibitor octanol was reported to reduce infarct size (Rawanduzy et al. 1997) while 
the treatment of rat brain slices with antisense oligonucleotides, designed against a 
number of different connexins, was said to reduce neuronal cell death 48 h after an 
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FIGURE 14.3 Graph showing clinical scores for mouse cerebral malaria based upon com-
bined scores of gripping ability, righting ability, and overall appearance. The maximum (nor-
mal) score is 10. Animals had an intraperitoneal injection of saline or connexin mimetic 
peptide at the beginning of day 5 and again 12–16 h later. By the end of day 5 (black bars) 
control (saline injected) animals are showing a decline, which is severe by the end of day 6 
(gray bars). Connexin peptide-treated animals show an attenuated decline.
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episode of hypoxia and glucose deprivation (Frantseva et al. 2002b). Cx43 expres-
sion increases in reactive, proliferating astrocytes following ischemic injury, and 
can result in glial scar formation. The retina forms part of the CNS and an upregu-
lation of Cx43 transcripts has been shown using a DNA microarray and real-time 
PCR analysis following mechanical injury to the zebra fish retina (Cameron et al. 
2005). In an in vitro model of retinal ischemia induced by the chemical agent cobalt 
chloride, a novel gap junction inhibitor based on primaquine (PQ1) prevented acti-
vation of caspase-3 in R28 neuro-retinal cells in culture (Das et  al. 2008). The 
authors postulated that dying retinal cells pass gap junction-permeant apoptotic 
signals to adjacent cells, resulting in a spread of damage (Das et al. 2008). Strong 
experimental evidence to support the presence of gap junction-mediated bystander 
killing in the retina comes from an elegant study by Cusato et al. (2003). Targeted 
cell death was induced via intracellular cytochrome c injection of neurons in the 
inner retina of retinal whole mounts (Cusato et  al. 2003). The injected and sur-
rounding cells were then scrape loaded and examined for apoptotic morphology or 
caspase-3 cleavage (Cusato et al. 2003). Cytochrome c injection induced bystander 
killing in neighboring cells, which was significantly reduced by the gap junction 
inhibitors octanol and carbenoxolone (Cusato et al. 2003). In a recent in vivo reti-
nal ischemia—reperfusion study, Cx43 upregulation was shown to cause endothe-
lial cell loss and vascular leak, resulting in localised inflammation (astrocytosis) 
and downstream retinal ganglion cell death  (Danesh-Meyer et al. 2012). A single 
intraperitoneal injection of hemichannel blocking connexin mimetic peptides at the 
time of reperfusion reduced vascular leak to 14% that of controls, and downstream 
retinal ganglion cell loss assessed 7 and 21 days later was only one third of that in 
controls.

14.5 HUMAN CONDITIONS

14.5.1 cHronic inflaMMatory diSordErS: nEurodEGEnErativE diSEaSES

In addition to connexin modulation for CNS trauma, there is strong evidence that 
inflammation exacerbates, maintains, and accelerates a number of chronic diseases. 
Regardless of genetic predisposition or external stimulus, these neurodegenerative, 
cardiovascular, and metabolic disorders, once triggered, share common features, 
including sustained inflammatory cell activation and vascular disruption leading to 
widespread circulation of inflammatory cytokines, making them effectively persis-
tent “wounds.” There is also increasing evidence that the presence of one disease can 
cause activation of another apparently unrelated disease, leading to multiple disor-
ders via activation of an immune response that “fast forwards” disease progression 
(Green and Nicholson 2008). As described above, in a number of CNS injury mod-
els, including the brain, optic nerve, and spinal cord, astrocytosis is observed, along 
with blood vessel disruption, neutrophil invasion, and activation of the microglia 
macrophage phenotype. Treatment with Cx43-specific AsODN or peptidomimetics 
reduces these inflammatory responses.

In excised human hippocampus from patients with medial temporal lobe  epilepsy, 
and Alzheimer’s and Parkinson’s disease brain tissue, astrocytosis and Cx43 
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upregulation correlate with the disease progression. In mesial temporal lobe epi-
lepsy, characterized by reactive astrocytic proliferation in the hippocampus, a highly 
significant increase in astrocytic Cx43 protein levels is seen (Fonseca et al. 2002). 
In separate studies, increased expression of Cx43 has been reported at the site of 
amyloid plaques in Alzheimer’s disease associated with reactive astrocytes (Nagy 
et al. 1996), and increased Cx43 expression has been described in conjunction with 
astrocytosis in the caudate nucleus of Huntington diseased human brain (Vis et al. 
1998). Parkinson’s disease is a common neurodegenerative disease caused by the 
loss of dopaminergic neurons in the substantia nigra-striatum. In a 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP) model of Parkinson’s disease, an increase in 
Cx43 expression was observed in the striatum (Rufer et al. 1996).

Neurodegenerative diseases have two features in common: the presence of mis-
folded proteins and neuroinflammatory markers (Minghetti 2005). It is possible that 
misfolded proteins are unable to be degraded and removed and are being recognized 
as foreign, inducing an inflammatory response. In the brains of Alzheimer’s patients, 
activated microglia have been found in areas where senile plaques, containing the 
misfolded amyloid protein, are present (McGeer and McGeer 2001). This study also 
showed the presence of proteins involved in the complement system, cytokines and 
free radicals, all of which are present in high levels in inflammatory areas (McGeer 
and McGeer 2001). Multiple studies have also been carried out to determine the 
cause of ongoing cell loss in Parkinson’s disease, and it is now clear that inflam-
mation plays a major part. Postmortem studies show significant loss of pigmented 
dopaminergic cells in the substantia nigra pars compacta with an associated gliosis 
indicative of neuroinflammation (Langston et al. 1999). Another study has demon-
strated that in the substantia nigra pars compacta of patients with Parkinson’s dis-
ease, major histocompatibility complex (MHC) proteins, particularly class II, are 
upregulated and that it is the microglia that are positive for these proteins (McGeer 
et al. 1988). Another sign of inflammation is the high level of cytokines in the cere-
brospinal fluid of Parkinson’s patients, including the proinflammatory markers TNF-
α, IL-1β, and IL-6 (Hunot and Hirsch 2003). Increased cytokine levels have also 
been found in the substantia nigra pars compacta and striatum but not in cortical 
regions, suggesting that the increased expression is occurring only in the affected 
nigrostriatal pathway (Hunot and Hirsch 2003).

The presence of these cytokines, in addition to the reported T-cell infiltra-
tion, supports the idea of a compromised blood–brain barrier in neurodegenera-
tive diseases and chronic inflammation. Cytokines, including TNF-α, IL-1β, and 
IFN-γ, are known to induce expression of Cx43. TNF-α has been shown to induce 
increased functional gap junction coupling in various cells, including monocytes, 
macrophages, and endothelial cells (Eugenin et al. 2003). Unpublished microarray 
data of our own shows that the expression of a number of connexins is altered in 
Alzhemier’s, Parkinson’s, and Huntington’s disease human brain tissue from brain 
areas secondarily affected in the disease, with Cx43 (predominantly on astrocytes) 
and connexin37 (endothelial cells) being increased consistently across all three dis-
eases. It is noteworthy that this change in connexin expression is accompanied by a 
highly significant increase in the expression of the inflammatory markers CD11A, 
CD11B, IL-1β, and IL-6 in all areas.
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14.5.2 cHronic inflaMMatory diSordErS: diSEaSES of tHE EyE

Glaucoma occurs at all ages but increases with age, affecting 10% of adults over 70 
years old. Alterations in Cx43 levels have been described in several in vitro (Danesh-
Meyer et al. 2008) and in vivo (Johnson et al. 2000; Johnson et al. 2007) models of 
optic nerve disease. Using real-time quantitative PCR, higher levels of Cx43 gene 
expression have also been demonstrated in astrocytes from glaucomatous human optic 
nerve heads compared to age-matched controls (Hernandez et al. 2008). Astrocytes 
are the major glial cell type in the nonmyelinated optic nerve head. Previous stud-
ies have demonstrated glial activation in experimental glaucoma (Inman and Horner 
2007; Wang et al. 2000; Kanamori et al. 2005; Yucel et al. 1999; Hayreh et al. 1999; 
Lam et al. 2003; Kielczewski et al. 2005) and in human primary open angle glaucoma 
(Varela and Hernandez 1997; Wang et al. 2002; Neufeld et al. 1997; Neufeld 1999). 
In the prelaminar region of the optic nerve head, increased GFAP immunoreactiv-
ity is observed in glaucomatous eyes compared to normal donors using immuno-
histochemical techniques (Wang et al. 2002). Intense GFAP labeling has also been 
described in the lamina cribrosa of human glaucomatous eyes (Varela and Hernandez 
1997). Importantly, these astrocytes remained active, even in the end stages of chronic 
disease (Varela and Hernandez 1997). Another potentially important consequence 
of Cx43 upregulation in glaucomatous eyes may be associated with its role in the 
maintenance of perivascular barriers, which are weakened in glaucomatous eyes. 
Patients with glaucoma exhibit vascular leakage on fluorescein angiography (Arend 
et al. 2004) and peripapillary chorioretinal atrophy is associated with areas of blood–
retinal barrier breakdown (Ahn, Kang, and Park 2004). Furthermore, optic disk hem-
orrhages may represent areas of perivascular barrier dysfunction at the edge of the 
optic nerve head in glaucoma (Bengtsson et al. 1981). Potentially, breakdown of the 
blood–retinal barrier may alter the extracellular milieu and permit the extravasation 
of circulating peptides, such as the potent vasoconstrictor endothelin-1 (Grieshaber 
and Flammer 2007). This may explain why patients with increased plasma levels of 
endothelin-1 are at greater risk of progression (Emre et al. 2005).

Age-related macular degeneration (AMD) is the leading cause of irreversible 
visual impairment in people over the age of 60 years in developed nations. AMD, 
predominantly irreversible and in many cases untreatable, affects the macula, an 
area of the retina that subserves fine and detailed vision (Anderson et al. 2010). The 
conventional understanding of AMD is that it affects four functionally interrelated 
layers in the eye: the photoreceptors, the retinal pigment epithelium (RPE), Bruch’s 
membrane, and the choriocapillaris (Shelley et  al. 2009). Research has primarily 
focused on the degeneration of the RPE, which leads to irreversible degeneration 
of the photoreceptors (Nowak 2006). Along with this degeneration, Drusen depos-
its can accumulate within the RPE and Bruch’s membrane. These deposits can be 
associated with abnormal blood vessel ingrowth, which in turn can lead to leakage, 
bleeding, and ultimately scar formation at the macula (de Jong 2006; Finger et al. 
1999). Although these changes occurring at the level of the RPE have been consid-
ered to be the initiating event in the development of AMD (Campochiaro et al. 1999), 
other pathological sequelae have been recognized. Many of the proteins identified in 
Drusen deposits can be characterized into either the process of inflammation or its 
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aftermath (Anderson et al. 2002; Hageman et al. 2001). An increase in the systemic 
inflammatory marker CRP has been observed in patients with AMD (Seddon et al. 
2004), giant multinucleated cells and leukocytes have been identified in the RPE 
of AMD patients (Dastgheib and Green 1994; Penfold et al. 1986), autoantibodies 
directed against RPE or Drusen have been detected in the sera of AMD patients 
(Penfold et al. 1990), and abnormal vasculature occurs on the choroid of AMD donor 
retinae associated with changes in Cx43 expression (CR Green and WR Good, per-
sonal observation). These findings may indicate that RPE degeneration and Drusen 
development are downstream consequences of AMD, rather than primary causes, 
with alterations in choridal blood flow and inflammation being contributory factors 
(Zarbin 2004; Charbel Issa et al. 2010) as it is with retinal ischemia (Danesh-Meyer 
et al. 2012). There is potential for connexin-specific treatments targeting choroidal 
inflammation to ameliorate the development of AMD.

14.6 CONCLUSIONS

CNS injury presents multiple challenges, not least of which is secondary damage 
comprising ischemia, inflammation, edema, oxidative injury, and glutamatergic tox-
icity. Alterations in connexin expression levels, in particular Cx43, are associated 
with both trauma and chronic conditions. Connexin upregulation has been impli-
cated in secondary damage spread, greater vulnerability to injury, edema, white 
blood cell infiltration, glial and endothelial cell activation, and blood–brain barrier 
permeability. We have described a number of in vitro, ex vivo, and in vivo models, 
which indicate that transiently reducing connexin expression or blocking gap junc-
tion channels may provide therapeutic opportunities. Specific gap junction modula-
tors such as AsODN and connexin peptidomimetics show real promise, in all cases 
reducing inflammation (a reduction in edema, inflammatory cell activation or migra-
tion to sites of injury, and prevention of inflammation-mediated vessel leak), reduc-
ing lesion size, and/or providing improved functional outcomes.
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The epithelial wound-healing process is a complex series of overlapping events 
in which communication between cells is required to orchestrate their behavior. 
Injury of any tissue results in a rapid inflammatory response, which in the case of 
skin lesions, attracts neutrophils as the first line of cell defence to combat bacterial 
infection and prevent sepsis. Release of proinflammatory signals in and around the 
wound site attracts macrophages and other phagocytes, which clear up the debris 
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in the wound. In skin wounds it has long been thought that a robust inflammatory 
response is required to trigger the healing process and to mobilize fibroblasts and 
keratinocytes to crawl forward and close the wound. In the avascular cornea of the 
eye, inflammatory cells may migrate from the peripheral limbal vessels or tear film, 
and stromal keratocytes differentiate into myofibroblasts to repair connective tissue. 
While much of the research into cell signaling in epithelial wound healing has con-
centrated on the contribution of growth factors and cytokines to the healing process, 
we have focused on a novel form of cell signaling in wound healing mediated by gap 
junctions and hemichannels, which are composed of proteins called “connexins.”

A variety of different connexins are expressed in the skin and cornea, with Cx43 
being the most ubiquitous. In rodent epidermis, Cx43 is normally strongly expressed 
in the basal layers while Cx26 and Cx30 are expressed less strongly in the spinous 
layers, with Cx31.1 in the granular layer. In the rodent corneal epithelium, Cx43 is 
again the main connexin expressed in the basal layers, with Cx26 also prominent 
there and in the intermediate layer. As in skin, Cx31.1 is expressed in superficial 
layers. In both the dermis of skin and the corneal stroma, Cx43 predominates and 
is found in fibroblasts and corneal keratocytes, in skin and conjunctival blood ves-
sels, and in skin dermal appendages. On wounding, the expression patterns of vari-
ous connexins changes dynamically during the healing process. Cx43 is decreased 
in wound-edge keratinocytes in both skin and cornea in the first 24–48 h as they 
become migratory and crawl forward to close the wound. However, in the skin der-
mis in and around the wound site, Cx43 expression is rapidly increased in the blood 
vessels and activated neutrophils as part of the inflammatory response to injury. 
Likewise, in the corneal stroma, Cx43 is amplified in surviving and proliferating 
stromal keratocytes. In rodents, application of a Cx43-specific antisense oligode-
oxynucleotide (Cx43asODN) to a skin lesion speeds the natural downregulation of 
Cx43 in keratinocytes and results in more rapid migration and wound closure. At the 
same time, this treatment prevents the upregulation of Cx43 in skin blood vessels 
and dampens down all aspects of the inflammatory response throughout the rest of 
the healing process. Interestingly, in diabetic rats, where healing is impaired, the 
keratinocyte response to a skin lesion is to increase Cx43 expression rather than to 
decrease it. Migration of keratinocytes appears to be severely impaired while they 
are overexpressing Cx43 and migration does not begin until Cx43 downregulation 
occurs 2–3 days later. Treating diabetic skin lesions with Cx43asODNs can prevent 
the abnormal upregulation of Cx43 and return healing rates to that of control levels. 
These findings support the idea of Cx43 as a therapeutic target to promote healing of 
both normal as well as impaired healing and nonhealing chronic wounds. Thus far, 
in human clinical trials, the Cx43asODN has proved to be safe and has been shown 
to promote the healing of chronic venous leg ulcers and nonhealing corneal burns.

15.1 INTRODUCTION

Recent research into improving wound healing in the skin and cornea and much of 
the associated drug development to improve it, has focused on the effects of the cyto-
kines and chemokines that are released during the inflammatory response. While 
extracellular signaling through these growth factors is known to have complex and 
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even beneficial effects on healing, no clinically successful drugs have emerged. 
Unfortunately, chronic wounds such as dermal pressure ulcers, venous leg ulcers, 
diabetic foot ulcers, or persistent corneal epithelial defects are a growing problem 
worldwide especially as the numbers of elderly and diabetic patients rise in the popu-
lations of the developed world. It is estimated that 1–2% of the Western population 
develops a chronic skin wound (Gottrup, 2004). These wounds can have significant 
morbidity attached and can have a profound negative effect on quality of life, none 
more so than when they result in amputation of lower limbs. The clinical manage-
ment of such wounds and their associated morbidity is also a burgeoning massive 
economic burden, with conservative estimates of cost exceeding $25 billion per year 
(Walmsley, 2002; Sen et  al., 2009). Currently there are no totally effective treat-
ments for these chronic wounds, and there remains a significant unmet medical need 
for new therapeutics. In this chapter, we concentrate on the role of direct cell−cell 
signaling through gap junction channels in the epithelial wound-healing process in 
cornea and skin before considering the potential of this biology as a target for thera-
peutic intervention. In the course of this process, we shall consider the evidence that 
gap junctions are one of the first forms of intercellular communication to respond to 
epithelial injury and that they play pivotal roles in the normal acute healing process 
and in potentially perturbed healing processes.

15.2 CONNEXINS IN THE SKIN

The skin is the most extensive organ in the human body and its integrity is vital to our 
existence. Gap junctions have been found to play a central role in the normal homeo-
stasis of the skin as well as in the repair process. They allow the passage of ions and 
small molecules between cells and are of particular importance for the passage of gases 
and nutrients in avascular tissues such as the epidermis. Their importance in the nor-
mal functioning and homeostasis of the epithelium—particularly the skin and ear—is 
readily demonstrated by the effects of point mutations that result in skin  diseases in 
man such as Vohwinkel syndrome, erythrokeratoderma variabilis (EKV), hystrix-like 
ichthyosis with deafness (HID) and keratitis−ichthyosis−deafness syndrome (KID) 
(Common et al., 2002; Richard, 2000, 2005; van Steensel, 2004). The effects of these 
point mutations have been recently been reviewed by Aasen and Kelsell (2009).

Nearly half of the 21 known gap junction proteins have been reported to be 
expressed in the normal mammalian skin including connexins, namely, Cx26, 30, 
30.3, 31, 31.1, 32, 37, 40, 43, and 45 (Risek et al., 1992; Kamibayashi et al., 1993; 
Fitzgerald et al., 1994; Salomon et al., 1994; Goliger and Paul, 1994; Lampe et al., 
1998; Richard, 2000, 2003, 2005; Di et al., 2001; Aasen and Kelsell, 2009). Most are 
reported to be expressed at relatively low levels. In contrast, Cx43, the most ubiqui-
tous connexin, is found at relatively high levels in epidermal keratinocytes, dermal 
fibroblasts, and appendages such as hair follicles, sweat glands, and blood vessels 
(Coutinho et al., 2003; Richard, 2005). Cx26 and Cx30 predominate in the spinous 
layers of rodent epidermis and Cx26 is also found in hair follicles. Cx31.1 is found in 
the cells of the granular layer that are undergoing cell death prior to becoming part 
of the cornified layer which will eventually be sloughed off (Goliger and Paul, 1994; 
Coutinho et al., 2003).
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15.3  CONNEXIN DYNAMICS AND THE EPIDERMAL RESPONSE 
TO SKIN WOUNDING

Acute wounding of skin triggers a cascade of overlapping events that together bring 
about healing, which is essential in order to maintain the integrity of the skin and 
prevent infection. In response to an incisional or excisional skin lesion there is a rapid 
and dynamic response in connexin expression. In rodents, Cx43 and Cx31.1 start to 
become downregulated in wound-edge keratinocytes in the first 6 h after wounding. 
There is very little of these proteins left within 24–48 h as the cells change their 
phenotype to a migratory one, protruding lamellipodia in order to crawl forward and 
close the wound (Goliger and Paul, 1995; Saitoh et al., 1997; Coutinho et al., 2003). 
In contrast, Cx26 and Cx30, which are normally found at low levels in the spinous 
layers, are greatly upregulated in rodent wound-edge keratinocytes within the first 
24–48 h and this elevated expression is maintained throughout the period of active 
migration (Coutinho et al., 2003).

We note that Cx26 and Cx30 can form hybrid heterotypic gap junctions with each 
other but not with Cx43. The coupling properties of Cx26 and Cx30 are also differ-
ent from those of Cx43 in that they do not transfer the dye Lucifer yellow very well 
(Marziano et al., 2003). In normal rodent wound healing, there is a strong expression 
of Cx26 and Cx30 in migrating keratinocytes and presumably gap junctional commu-
nication among themselves, but possibly not with the following (proliferating) cells due 
to the interaction properties with Cx43. It would seem, therefore, that normal healing 
and leading edge keratinocyte migration does not require a complete absence of gap 
junction communication, as the downregulation of Cx43 might suggest, but instead 
perhaps a change in communication characteristics associated with other connexins. 
Meanwhile, several rows of cells back from the advancing front line of migrating kera-
tinocytes, Cx43 is maintained at fairly high levels in cells that are highly communi-
cative and proliferative (Goliger and Paul, 1995; Lampe et al., 1998; Coutinho et al., 
2003). After several days of regeneration, once the two epidermal sides of the wound 
meet up their union is somehow sensed and Cx26 and Cx30 are downregulated and 
replaced by Cx43, which is transiently expressed at higher levels than normal while 
the epidermis hyperthickens. Then Cx43 gradually returns to normal, reverting to the 
laminar distribution characteristic of intact skin (Coutinho et al., 2003).

Why this dramatic series of changes in connexin expression takes place is not clear. 
The lack of interaction between Cx43 and Cx26 and Cx30 might allow for the forma-
tion of an isolated communication compartment among the migrating cells with dis-
tinctive properties from those of the normal communicating cells behind them. Indeed, 
gap junctional communication compartments have been proposed to be involved in 
coordinating both wound healing and morphogenic movements in embryonic devel-
opment (Clark, 1985; Gailit and Clark, 1994; Martin, 1997; Richards et al., 2004). It 
has also been reported that protein kinase C modulates communication during wound 
healing by phosphorylation of Cx43 on serine368 in wound-edge basal keratinocytes, 
thereby decreasing communication as measured by dye transfer (Lampe et al., 2000; 
Solan et al., 2003; van Zeijl et al., 2007; Richards et al., 2004; Pollok et al., 2010).

Alternatively, the downregulation of Cx43 may relate to its role in the center of a 
protein “nexus.” Here it binds either directly by the PDZ domain on its C-terminus 
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tail or indirectly by alternative locations to an array of other junctional membrane 
proteins such as ZO-1 and cadherins as well as α- and β-catenin and cytoskeletal 
components including microtubules and actin (Giepmans et al., 2001; Duffy et al., 
2002; Theiss and Meller, 2002; Butkevich et al., 2004; Wei et al., 2004, 2005; Li 
et al., 2005; Shaw et al., 2007). These binding events may, in turn, directly affect the 
migratory ability of the affected cells. Taken together, such key regulators of migra-
tion could influence both adhesion and cytoskeletal dynamics in ways that alter the 
healing process. In this context, it has also been proposed that Cx43 acts as a “master 
gene” that can influence the expression of over 300 other genes in a predictable way 
(Iacobas et al., 2007; Spray and Iacobas, 2007). In this way, it is possible to conceive 
of Cx43 acting as a “nexus” not only at the protein interaction level but also at the 
transcriptional level. This would give it a secondary role that is largely independent 
of its ability to form gap junctions. It is, therefore, possible that Cx43 downregulation 
also acts indirectly upon wound healing, influencing many other genes and proteins, 
including those yet to be determined.

15.4  INFLAMMATION AND THE DERMAL RESPONSE TO 
SKIN WOUNDING

In rodent models it has also been shown that dermis wound-edge fibroblasts also 
naturally downregulate Cx43 protein as they become migratory and start to form 
the granulation tissue (Mori et al., 2006). However, a central part of the early der-
mal response to injury is inflammatory, and this process is accompanied by a rapid 
upregulation of Cx43 in blood vessels in and around the wound site. This is seen as 
early as 4 h after injury, and the upregulation is maintained throughout the period 
of inflammation in the dermis, just as it has been found to do in the injured cen-
tral nervous system (Coutinho et al., 2003, Mori et al., 2006; Cronin et al., 2008). 
In this inflammatory phase, blood vessels become more permeable and the sub-
sequent release of intravascular fluids and protein then changes the extracellular 
osmotic balance, causing the dermal tissue to swell. A cascade of proinflammatory 
signals is released from the degranulating platelets, while the enzymatic action of 
thrombin on fibrinogen generates a fibrin clot that functions to plug the wound 
and temporarily protect it from the external environment (Baum and Arpey, 2005). 
Degranulating platelets also release growth factors such as platelet-derived growth 
factor (PDGF), and this component of the inflammatory response attracts Cx43-
expressing activated neutrophils, which start to invade the wound site and sur-
rounding tissues, releasing further proinflammatory signals. These in turn serve to 
recruit more neutrophils and, later, macrophages (Werner and Grose, 2003; Martin 
and Leibovich, 2005; Shaw and Martin, 2009). The early inflammatory response is 
thought crucial in order to dispose of any bacterial infection and prevent sepsis and 
thereby ensure the organism’s survival. This early response is followed by the entry 
of monocytes that will differentiate into macrophages, clearing up spent neutrophils 
and debris in the wound site (Singer and Clark, 1999). The macrophages themselves 
release an array of proinflammatory signals similar to those of neutrophils but with 
the notable addition of fibroblast growth factor 2 (FGF-2) and transforming growth 
factor beta 1 (TGF-β1).
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Generation of a robust inflammatory response has long been thought to be required 
to promote the process of tissue repair by stimulating keratinocytes to crawl forward 
and reepithelialize the wound, and fibroblasts to migrate into the wound-bed, prolif-
erate, and form granulation tissue (Singer and Clark, 1999). However, this long-held 
concept has been questioned over the last decade (reviewed Martin and Leibovich, 
2005). At variance with this concept, animal and human early-embryonic wounds 
heal without any inflammatory response and lack significant scarring (Whitby and 
Ferguson, 1991; Adzick and Longaker, 1992; Hopkinson-Woolley et  al., 1994). 
However, a scar does form if a wound is made later in embryonic development, when 
the embryo is capable of mounting a robust inflammatory response. This suggests 
that inflammation may be involved in scar formation (review: Redd et  al., 2004). 
Supporting evidence comes from wound-healing studies in the neonatal PU-1 knock-
out mouse, which lacks macrophages, mast cells, and functional neutrophils. In these 
mice, wounds heal at a normal rate in the complete absence of a circulatory inflam-
matory response (Martin et al., 2003). Similarly Smad3 knockout mice, which have a 
reduced inflammatory response to wounding, manifested as fewer neutrophils, heal 
with accelerated reepithelialization (Ashcroft et al., 1999). Indeed it is likely that the 
invading neutrophils at a wound site may destroy more than bacteria: their release 
of toxic free radicals may also kill healthy resident cells when they invade in large 
numbers (Martin and Leibovich, 2005).

On the other hand, a number of studies have reported benefits from the addition 
of proinflammatory growth factors such as FGF, PDGF, and TGFβ-1 to wounds, 
which have been said to promote healing (review: Mustoe, 2004). Different growth 
factors have been reported to promote proliferation and migration of keratinocytes 
and fibroblasts as well as enhancing granulation tissue formation and maturation. 
For example, application of TGFβ-1 to a wound was reported to increase inflamma-
tion while at the same time enhancing granulation tissue formation and maturation 
(Roberts et al., 1986).

Conversely, slow healing wounds may represent the result of some derangement 
in wound-healing mediators. Several different and potentially therapeutic growth 
factors have been taken through to human clinical trials to promote the healing of 
chronic wounds but with little success thus far (Reviewed: Mustoe, 2004; Schreml 
et al., 2010). The use of PDGF in the form of Regranex (becaplermin), has perhaps 
been one of the more successful, being found to modestly increase the rate of clo-
sure of diabetic ulcers by 10% in large clinical trials (Mustoe, 2004). It may be that 
ensuring the level of the inflammatory response is appropriate for a given wound 
by promoting its positives while reducing its negative effects will be a critical part 
of trying to improve the outcome of the wound-healing process. In any event, given 
the amount of work in this field, it is evidently not a simple or obvious process to 
manipulate or control in the complex background of wound healing.

15.5  EFFECTS OF TRANSIENT CX43 KNOCKDOWN ON SKIN 
INFLAMMATION AND WOUND HEALING

The observations of the almost ubiquitous presence of Cx43 in tissues, its short 
half-life, dynamic changes with wounding coupled with its key functional roles in 
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cell-to-cell communication, make its role in wound healing an interesting subject 
for study.

Cx43 protein expression in keratinocytes and fibroblasts is tightly regulated in 
normal wound healing, with Cx43 downregulating during the period of migration 
before returning to normal levels when the wound is closed. Connexin proteins, 
including Cx43, have a short half-life, typically about 1.5–2 h (Gaietta et al., 2002; 
Leithe et al., 2006), and are prime targets for rapid downregulation with antisense. 
Using a series of rodent models, we discovered that wound healing can be signif-
icantly improved by the topical application of a Cx43-specific antisense oligode-
oxynucleotide (Cx43asODN) gel to the wound (Qiu et al., 2003; Mori et al., 2006; 
Wang et  al., 2007; Nakano et  al., 2008). Similar improvements in the healing of 
tail-skin lesions have been seen in an inducible Cx43-deletion mouse, where Cx43 
was genetically ablated (Kretz et al., 2003, 2004). However, Cx43 protein expres-
sion in keratinocytes and fibroblasts is tightly regulated in normal wound healing, 
with Cx43 downregulating during the period of migration before returning to normal 
levels when the wound is closed. We have developed the use of our Cx43asODNs, to 
produce a topical and transient Cx43 protein knockdown at the wound site, and we 
have shown that it results in improved healing in a variety of wound-healing models 
(Qiu et al., 2003; Mori et al., 2006). The ODN used in the above studies is a 30mer 
with an unmodified backbone, specific to Cx43 mRNA (Becker et al., 1999; Green 
et al., 2001; Law et al., 2006). Being unmodified, it is rapidly broken down within 
cells with a short intracellular half-life of 20–30 min and is naturally degraded even 
faster (minutes) in the bloodstream (Wagner, 1994) so it only acts where it is topi-
cally placed. The fact that it is unmodified also has the distinct advantage that it is 
not as “sticky” as phosphothioate backbone-modified ODNs and it therefore works 
at significantly lower concentrations without the potential problems of nonspecific 
binding to serum proteins and the generation of toxic effects or any inflammatory 
response (Agrawal and Kandimalla, 1999).

To counteract the short half-life, the asODN is formulated in PluronicTM gel to 
provide a sustained topical delivery to the wound site (Becker et al., 1999; Green 
et al., 2001; Qiu et al., 2003; Mori et al., 2006; Wang et al., 2007). Pluronic gel is a 
thermoreversible compound that is liquid in the range 0–4°C and can run freely into 
the wound whereupon it rapidly changes phase within several seconds as it warms 
to become a gel. The gel then provides a consistent and continuous delivery of the 
asODNs to the wound site over a period of hours. Its mild surfactant properties are 
thought to aid asODN penetration into the local surrounding tissue.

Cx43asODNs applied to rodent skin lesions can efficiently downregulate Cx43 pro-
tein in the wound-edge keratinocytes and dermal fibroblasts within 2 h, rather than the 
24 h that this takes naturally (Figure 15.1). The more rapid downregulation of Cx43 at 
the wound site has the effect of accelerating the wound-healing process by promoting 
early cell migration and wound closure (Qiu et al., 2003; Mori et al., 2006). At the same 
time, the Cx43asODNs can suppress the upregulation of Cx43 that would naturally 
occur in inflamed blood vessels, reducing their leakiness (Cronin et al., 2008) and the 
edematous swelling around the wound site (Qiu et al., 2003; Coutinho et al., 2005).

The macroscopic effects of Cx43asODN application to wounds can be seen as soon 
as 6 h after injury, when treated wounds appear to be less reddened and swollen, to 
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have less exudate and consequently gape less than control wounds (Figure 15.2) (Qiu 
et al., 2003). These beneficial macroscopic effects are much more evident 24–48 h 
after injury. Microscopic analysis of the wounds shows that keratinocyte and fibro-
blast outgrowth is significantly faster in the treated wounds, which reepithelialize 
almost twice as fast and also form granulation tissue quicker (Mori et al., 2006). The 
final result of targeting Cx43 expression at the very start of the wound-healing pro-
cess is a significant increase in the rate of healing and a scar that is smaller, thinner, 
and flatter, with a smaller underlying granulation tissue area. Within the granulation 
tissue, also, the collagen bundles of extracellular matrix tend to adopt a more normal 
appearance with a more interwoven organization, and are less apt to form the paral-
lel pattern of bundles of collagen that characterizes scar tissue. Thus this therapeutic 
approach, targeting the earliest events in wound healing, appears to jump-start part 
of the process of repair while damping down inflammation, with beneficial effects 
on subsequent stages in the healing process.

15.6  CONNEXIN RESPONSES AND EFFECTS OF CX43 
KNOCKDOWN ON SKIN THERMAL INJURIES

As will be described in this section, thermal injuries to the skin respond differently 
from incisional or excisional wounds but in a similar way to central nervous system 
injuries, showing significant elevations of Cx43 protein that correlate with a spread 
of damage, over the first 24–48 h, from the initial site of injury outward into the 
healthy surrounding tissue extending the lesion in both depth and lateral extent simi-
lar in ways to the “bystander effect” of spreading cell death observed in CNS injuries 
(Coutinho et al., 2005; Cronin et al., 2008).

Control

Dermis

Epi

W

Epi

W

Dermis

Antisense

FIGURE 15.1 (See color insert.) Confocal microscope images of mouse incision skin 
wounds (W) 2 hours after injury. In control wounds, staining for Cx43 can be seen as bright 
green puncta in the epidermis (Epi) and dermis, whereas Cx43 protein levels are significantly 
reduced in the epidermis and dermis of Cx43asODN treated wounds. (Adapted from Qiu C 
et al. 2003. Curr Biol 13:1697–1703.)
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Following thermal injury to the skin of neonatal mice resulted in Cx43 levels that 
decreased in the first 24 hours in the injured epidermis, which blistered, and in the 
underlying dermis, which was destined to die. However, in the adjacent intact epi-
dermis and the dermis surrounding the injury, Cx43 was greatly increased within 
24 h and was maintained at high levels for at least 4 days, during which massive cell 
death took place within the original site of injury and spread laterally into the previ-
ously intact tissue in a “bystander type effect” (Coutinho et al., 2005). Application 
of a single topical treatment of Cx43asODN to the site of injury had several effects. 
The size of the blister and the swelling of the surrounding tissue were reduced in the 
first 6–24 h. At this time, the elevation of Cx43 levels in the tissues surrounding the 
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FIGURE 15.2 (See color insert.) (a) Time course of healing of paired incisional wounds in 
neonatal mouse skin treated with sense control or Cx43 antisense. Antisense treated wound 
can be seen to have a reduced exudate and swelling as early as 6 h, followed by reduced 
gape, accelerated wound closure and a thinner flatter scar. (b) Time course of healing of 
paired excissional wounds in adult mouse skin treated with sense control or Cx43 antisense. 
Antisense treated wounds show reduced swelling and faster wound closure. (Adapted from 
Qiu C et al. 2003. Curr Biol 13:1697–1703.)
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injury was not as great, but by 4 days (long after the antisense had been broken down) 
there was no detectable difference between control and treated wounds. However, by 
4 days after injury, treated wounds appeared to have reduced cell death at the site of 
injury and histological analysis showed reepithelialization to be significantly acceler-
ated, with increased cell proliferation in the nascent epidermis. Together this resulted 
in faster wound closure with smaller flatter scars. Examination of the inflammatory 
response in terms of neutrophil numbers showed that these were significantly reduced 
in treated wounds at 24 h after injury but not at 48 h (after the antisense was broken 
down). Further optimization of dose or regimen frequency may aid healing in burns, 
which represent a more complex pathological state compared to a simple skin wound.

A similar situation was found in studies of CNS injury to the rat spinal cord. In 
this setting it has been found that, while 1 µM Cx43asODN is sufficient to reduce 
Cx43 protein levels in the uninjured intact spinal cord, it was not a high enough con-
centration (or duration) to prevent the pathological upregulation of Cx43 that takes 
place after a compression injury, for which a minimum of 15 µM Cx43asODN was 
found to promote healing (Cronin et al., 2006, 2008).

An additional potential therapeutic application might be to tissues suffering 
from unwanted radiation injury after radiotherapy, which, in the case of skin, often 
becomes hypertrophic and hyperplastic. Radiation exposure seems to be a powerful 
stimulus for Cx43 expression as within a week of the start of daily irradiation of 
mouse skin with 3 Gy, enhanced levels of Cx43 could be seen in the basal cells and 
lower spinous layer of the epidermis (Liu et al., 1997). Cx43 levels were found to 
increase further in the epidermis and dermis by 3 weeks as the skin became hyper-
trophic. Changing the irradiation regime to a single 10 Gy dose also induced Cx43 in 
the epidermis but this time within days. It remains to be seen whether targeting Cx43 
following irradiation injury is able to reduce the inflammation and damage that the 
tissues undergo following the insult.

15.7  EFFECTS OF CX43asODNs ON THE CELL BIOLOGY 
OF SKIN WOUND HEALING

A more detailed analysis of the cell-biological changes that follow active Cx43 
downregulation shows that nearly the entire cascade of overlapping wound-heal-
ing events is affected in various ways long beyond the immediate action of the 
Cx43asODN itself. Antisense has a half-life of minutes in the cell and at most the 
knockdown effect from the drug is expected to last 24–48 h depending on dosing 
duration. Conversely, it has effects which are of much longer duration. Cell prolif-
eration, for instance, was found to be significantly enhanced in both the nascent 
epidermis and nascent granulation tissue (Mori et  al., 2006). Importantly, the 
inflammatory response to injury also appears to be dampened down. First, there 
are significantly fewer neutrophils both at the wound site with about 20% reduction, 
and in the surrounding tissues with about 80% reduction (Qiu et al., 2003; Mori 
et al., 2006). Depleting neutrophil numbers with antisera at a wound site has been 
reported to enhance the reepithelialization process (Dovi et al., 2003), which is also 
a feature seen in Cx43asODN-treated wounds. As previously noted, invading neu-
trophils destroy any bacteria in the wound but, by their exuberant actions, can also 
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damage intact tissues in and around the wound site. Reducing the numbers of neu-
trophils, most significantly in the tissues around the wound therefore, can reduce 
secondary damage while still preventing infection. In turn, 2–3 days later, there are 
also a reduced number of macrophages entering the wound to clean up the debris 
and the spent neutrophils (Qiu et al., 2003; Mori et al., 2006). The neutrophils and 
macrophages between them release a powerful cocktail of pro-inflammatory cyto-
kines and chemokines into the wound, which serve to amplify the inflammatory 
response. Cx43 is known to be expressed in macrophages (Beyer and Steinberg, 
1991), neutrophils (Zahler et al., 2003) and activated leukocytes (Oviedo-Orta and 
Evans, 2004) and is involved in the release of cytokines and immunoglobulins. 
Indeed, it has also been reported that in Cx43asODN-treated wounds, by the sec-
ond day after wounding, along with reductions in neutrophils and macrophages, 
there was also a significant reduction of CC chemokine ligand 2 (Ccl2) expression 
in the wounds (Mori et  al., 2006). Likewise, the cytokine tumor necrosis factor 
alpha (TNF-α) was also reduced at day 7 (Mori et al., 2006). Both Ccl2 and TNF-
α) are chemoattractants for neutrophils and macrophages, respectively (Rossi and 
Zlotnik, 2000). It would appear that in this instance, as observed in the PU-1 knock-
out mouse and in the fetus and early embryos, that healing not only continues, but is 
also promoted and improved by a reduced inflammatory response.

Many events at different stages in the wound-healing process have been reported 
to be promoted by transforming growth factor beta (TGF-β1), such as cell prolifera-
tion, migration (Postlethwaite et al., 1987), collagen production (Shah et al., 1994), 
granulation tissue formation (Desmoulière et al., 1993), contraction (Liu et al., 2001), 
angiogenesis (Roberts et al., 1986), and reepithelialization (Chesnoy et al., 2003). 
However, there remain a considerable number of contradictory reports on the effects 
of applying TGF-β1 directly to wounds depending on the models used (Hebda, 1988; 
Mustoe et al., 1991). We have found TGF-β1 mRNA and protein levels to be signifi-
cantly elevated 2 days after Cx43asODN treatment of wounds, this elevation being 
seen in nascent keratinocytes, newly forming granulation tissue and neutrophils 
(Mori et  al., 2006). Elevated TGF-β1 mRNA expression correlated well with the 
enhanced migration of keratinocytes and fibroblasts and more rapid formation of 
granulation tissue after treatment. Not only did the fibroblasts appear to populate the 
newly forming granulation tissue more rapidly but they also deposited extracellular 
matrix faster. Significantly enhanced levels of mRNA for collagen I were found on 
both days 2 and 7 after treatment and enhanced collagen protein was present on day 
7, again consistent with known actions of TGF-β1 (Mori et al., 2006).

The formation of granulation tissue appears to have a 2–3 days “head start” in 
Cx43asODN-treated wounds, and this advantage persists. Myofibroblasts expressing 
smooth muscle actin appear throughout the granulation tissue, several days ahead 
of those in control wounds, contracting down the tissue and disappearing, still 2–3 
days ahead of those in control wounds (Qiu et al., 2003; Mori et al., 2006). A similar 
enhancement of angiogenesis of granulation tissue was seen in treated wounds. Very 
fine blood vessels were found throughout the granulation tissue as early as 7 days 
after injury in treated wounds, at which time nascent vessels could be detected only 
at the edge of this tissue in control wounds. Over the next few days, blood vessels in 
control wounds pervaded the whole of the granulation tissue and the blood vessels 
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in treated wounds thickened up and became very similar in appearance to control  
wounds over the same period (Mori et al., 2006). While TGF-β1 has previously been 
reported to promote granulation tissue maturation and angiogenesis (Desmoulière 
et al., 1993; Liu et al., 2001; Roberts et al., 1986), we did not find enhanced TGF-β1 
expression at these later time points so how the enhancement of healing is brought 
about remains to be determined.

15.8  CONNEXIN EXPRESSION AND MANIPULATION 
IN DIABETIC SKIN WOUNDS

The onset of diabetes results in significant changes in connexin expression in the skin 
and other tissues throughout the body. In the skin of rats with streptozotocin-induced 
diabetes (STZ rats), within 2 weeks of the onset of diabetes, Cx43 and Cx26 proteins 
were significantly downregulated in the epidermis, whereas Cx43 was upregulated in 
the dermis, indicating that the diabetic condition does not uniformly repress connexin 
expression but can also enhance it (Wang et al., 2007). The changes in connexin pro-
tein expression were matched by decreased and increased gap junction dye transfer 
in the epidermis and dermis, respectively (Wang et al., 2007). Of note the altered 
connexin expression pattern in the skin does not further change 8–12 weeks after the 
onset of diabetes, by which time peripheral neuropathy has also set in.

Wound healing in diabetic skin is notoriously slow and, in humans often results 
in the formation of chronic diabetic ulcers that are very hard to heal (Mustoe, 2004; 
Dinh and Veves, 2005; Falanga, 2005). Interestingly the dynamic response of con-
nexins to skin lesions in diabetic STZ rats is strikingly abnormal. Whereas Cx43 
is expressed at significantly subnormal levels in intact STZ rat skin, once this is 
wounded by an incision, instead of downregulating Cx43 further as would occur 
in normal skin wounds, conversely the wound edge keratinocytes upregulate Cx43 
(Figure 15.3) in the first 24 h after injury (Wang et al., 2007). These wound-edge 
keratinocytes then form a thickened bulb of nonmigrating cells at the wound margin 
and do not start migrating until Cx43 downregulates, which in these circumstances 
generally occurs some 48 h after wounding in diabetic rats and at least 24 h after 
normal skin downregulation would occur in a similar wound. The diabetic condition 
does not impact on the upregulation of Cx26 at the wound edge, which occurs with 
normal timing over the first 24 h but in a broader zone of cells than usual (Wang 
et  al., 2007). When Cx43 eventually becomes downregulated, reepithelialization 
proceeds, but the healing process is retarded by a couple of days. It is not known 
why Cx43 is initially abnormally upregulated in the wound edge of the STZ rat. It 
may relate to abnormally high glucose levels, which are known to be able to increase 
or decrease connexin expression depending on cell type (Poladia et al., 2005; Hills 
et al., 2006; Bobbie et al., 2010).

Application of 1 µM Cx43asODN to normal acute rodent wounds is sufficient to 
promote downregulation of Cx43 at the wound edge and prevent the usual upregula-
tion in blood vessels. As STZ rats greatly increase their Cx43 expression, a single 
10 µM application of Cx43asODN has been used to treat these wounds, and has 
proved to be sufficient to prevent the Cx43 upregulation after wounding (Figure 15.3). 
This treatment also prevented the formation of a bulb of nonmigratory keratinocytes 
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FIGURE 15.3 (See color insert.) (a) Cartoon of an excisional wound on rat skin with a 
red ring marking the epidermal wound edge where the confocal images in (b) and (c) were 
taken. (b) Epidermal wound edge (arrow head) stained to show nuclei in blue and Cx43 in 
green, 1 day after wounding. The control wound 1d C shows a thinning epidermal tongue of 
cells toward the wound with reduced levels of Cx43, while the 1d D diabetic wound shows a 
thickened bulb of keratinocytes at the wound edge with elevated levels of Cx43 protein. (c) 
Epidermal diabetic wound edge (arrow head) 1 day after wounding treated with control sense 
ODNs, showing a thickened bulb of keratinocytes at the wound edge with elevated levels of 
Cx43 protein compared to the diabetic wound treated with asODNs which shows significantly 
reduced levels of Cx43 protein and the migratory phenotype of a thinned tongue of keratino-
cytes. Scale bar 100 µm. (Adapted from Wang CM et al. 2007. Diabetes 56:2809–17.)
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at the wound edge, instead promoting a thinning of the cells into a migratory tongue 
like that of controls (Wang et al., 2007). This treatment also promoted the reepitheli-
alization rate of the STZ rats, restoring it to control levels or even above (Figure 15.4). 
It is unknown whether even higher concentrations of Cx43asODN might further pro-
mote healing rates above this level.

Chronic diabetic ulcers are a major and growing problem in the Western world 
as the number of diabetics and elderly patients in the population increases (Mustoe, 
2004; Dinh and Veves, 2005; Falanga, 2005). As well as being very slow to heal, 
these chronic wounds often form ulcers, especially on the lower limbs where hydro-
static pressure contributes to edema. These ulcers have a considerable impact on the 
quality of life for patients, reducing their mobility and morbidity while being finan-
cially draining for healthcare services. A large proportion of diabetic foot ulcers 
never heal and the outcome is often amputation and a greatly shortened life expec-
tancy. Although there are various nonbiological treatment options to assist healing in 
diabetic ulcers such as off-loading foot pressure, these approaches have poor compli-
ance and variable effectiveness unless carefully applied. It is possible that Cx43 may 
represent a possible therapeutic target. One group has reported expression of Cx43 in 
wound-edge keratinocytes from biopsies of human diabetic ulcers (Brandner et al., 
2004). Human diabetic fibroblasts were reported to have elevated gap junctional 
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FIGURE 15.4 (See color insert.) (a) H&E staining of control (C) and diabetic (D) 1 day wound 
edges treated with sense control ODNs or antisense ODNs (AS). The epidermal wound edge 
is marked by a fat blue arrow and the leading edge by a thin black arrow. (b) Graphs showing 
the relative % reepithelialization at 1, 2, and 5 days after wounding in the different treatments. 
*P < 0.05; **P < 0.01; ***P < 0.001. (Adapted from Wang CM et al. 2007. Diabetes 56:2809–17.)
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communication (Abdullah et al., 1999) and perturbed cell proliferation (Loots et al., 
1999). If Cx43 expression in human diabetic wounds is perturbed in a similar way 
to that in the STZ diabetic rats, then it may be possible to manipulate the healing 
process in humans as well, and target these debilitating wounds.

15.9  PSORIATIC SKIN LESIONS: A CHRONIC INFLAMMATORY 
NONHEALING CONDITION

Psoriasis is one of the most prevalent, immune-mediated, adult skin diseases affect-
ing about 2% of the population (Christophers, 2001). Psoriatic plaques are character-
ized by a thickened epidermis with hyperproliferative keratinocytes and elongated 
rete pegs (Kruger, 2002). Between the rete pegs are found large numbers of tortuous 
capillaries, which give the skin a reddened, inflamed appearance. The persistent 
inflammation around each plaque is marked by leukocytes exiting the capillaries 
and often migrating to upper strata of the epidermis where they cluster into neutro-
phil pockets releasing proinflammatory signals. The plaques often crack and these 
lesions are very slow to heal. The keratinocytes within the plaques appear to have 
elevated levels of connexins, in particular Cx26 throughout the epidermis and to a 
lesser extent Cx43 within the stratum spinosum (Labarthe et al., 1998). Upregulation 
of Cx26 has been previously linked with hyperproliferative skin disorders (Hivnor 
et al., 2004; Lucke et al., 1999; Wang et al., 2010), but the relationship between con-
nexin expression and the psoriatic condition remains to be determined. It may, in 
future, be possible to break the pro-inflammatory cycle that persists at the psoriatic 
plaque, perhaps by targeting leukocyte connexins.

15.10 CONNEXINS IN THE CORNEA

The expression of a number of different connexins has been observed in the rodent 
and human cornea. The main ones are connexins 26, 30, 31.1, 37, 43, and 50 (Beyer 
et al., 1989; Matic et al., 1997; Ratkay-Traub et al., 2001; Laux-Fenton et al., 2003; 
Shurman et al., 2005). In rats and rabbits, Cx43 is found predominantly between epi-
thelial basal cells with immunostaining decreasing in the upper differentiating layers 
of the epithelium. Lower levels of Cx26 also occur in the basal layer and it is found in 
the suprabasal wing cells (Laux-Fenton et al., 2003; Matic et al., 1997; Ratkay-Traub 
et al., 2001). Although Cx50 has also been reported in the rabbit corneal epithelium 
(Matic et  al., 1997) no transcripts were identified in the rat cornea (Laux-Fenton 
et al., 2003). In the rat Cx30 is found in the peripheral corneal epithelium but dis-
appears toward the center of the cornea. Cx31.1, as in skin, is the most superficial 
connexin expressed (Laux-Fenton et al., 2003). In the stroma (the corneal equivalent 
of the dermis) of all species (including rat, rabbit, pig, bovine, and human) Cx43 
is the connexin between keratocytes, and in the single cell layer endothelium both 
Cx43 and Cx26 are seen (Laux-Fenton et al., 2003). In the human corneal epithe-
lium, Cx43 has been reported in most layers except the most superficial, with Cx26 
and Cx30 predominantly in the basal and lower suprabasal layers and in wing cells 
(Shurman et al., 2005). In the human cornea, Cx31.1 is again expressed in the more 
superficial layers of the epithelium (Chang et al., 2009).
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15.11  CONNEXIN DYNAMICS IN THE CORNEA IN 
RESPONSE TO WOUNDING

While the skin has been used for many wound-healing studies, there are distinct 
similarities with the cornea of the eye (Sherwin and Green, 2009). Both have a col-
lagenous stroma. Both then have a stratified squamous cell epithelium, with the main 
difference being that the healthy corneal epithelium is just five to seven cell layers 
thick. The corneal stromal keratocytes and skin dermal fibroblasts play equivalent 
roles, and both undergo phenotypic changes during wound healing. Many of the 
cytokines involved in wound repair are duplicated, including IL-1, TNF-α, EGF, 
and PDGF. After wounding keratocyte apoptosis occurs immediately adjacent to 
the wound, peaking at 4 h after injury and then followed by proliferation of remain-
ing keratocytes around the depletion zone within 12–24 h (Zieske et  al., 2001). 
Chemokines released then attract inflammatory cells from the limbal vessels at the 
corneal periphery, and from the tear film (Hong et al., 2001) although this response 
is less marked than blood-derived inflammatory cell invasion into the dermis of the 
skin. A key event is TGF-β initiation of keratocyte differentiation to myofibroblasts, 
characterized by smooth muscle actin expression. The keratocytes maintain corneal 
transparency, and keratocyte to myofibroblast differentiation with altered crystalline 
expression and disorganized collagen expression is said to account for corneal haze 
and scarring (Jester et al., 1999). Apart from stromal remodeling, epithelial hyper-
plasia induced by excessive growth factor release is another source of refractive error 
after wounding (Wilson et al., 2001).

In sum, connexin changes in response to injury are similar to those seen in the skin. 
Dynamic changes in connexin expression have been reported in response to wounding 
of both rat and rabbit corneal epithelium. A rapid downregulation of all the connexins 
that were studied was observed in the migrating wound edge within 6 h of injury (Matic 
et al., 1997; Ratkay-Traub et al., 2001; Laux-Fenton, 2006; Rupenthal, 2008; Rupenthal 
et al., 2011), but relatively high levels of the main connexins were maintained in the 
following cells behind the leading edge. The reduction in Cx43 expression seen in 
regenerating migrating corneal epithelial cells is similar to that seen in the wound edge 
of skin epithelial cells (Goliger and Paul, 1995; Coutinho et al., 2003), if a little more 
rapid in the dynamics. An overexpression of Cx43 can result after wound closure lead-
ing to epithelial hyperplasia (Laux-Fenton, 2006; Rupenthal, 2008; Rupenthal et al., 
2011). In the stroma, wounding results in an initial loss of Cx43 at the wound site itself 
as stromal keratocytes die back, but adjacent to the wound where keratocytes are pro-
liferating and differentiating into the myofibroblast phenotype increased levels of Cx43 
occur. As noted above, blood vessels become more permeable in wounded skin with 
the subsequent release of fluids and protein changing the osmotic balance, causing the 
dermis to swell. However, connexin hemichannel-mediated cytoplasmic swelling has 
been reported in the central nervous system tissue (Rodriguez-Sinovas et al., 2007) 
and this is also a factor in the cornea where edema is pronounced after wounding 
despite the tissue being avascular. Connexin hemichannel-mediated edema may be 
more pronounced than appreciated in many tissues.

As in skin, application of Cx43asODNs to wounded corneas significantly improves 
the rate and quality of healing. In photorefractive keratectomy laser ablated rat 
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corneas, Cx43asODN application increases the rate of Cx43 decrease in cells at the 
wound edge, and as in skin, increases the rate of epithelial recovery (Laux-Fenton, 
2006; Rupenthal et al., 2011). Hyperplasia is also reduced in treated corneas. Control 
laser injured rat corneas swell to more than double the normal stromal thickness 
within 24 h, but the edema is blocked with Cx43asODN, as is the proliferation and 
differentiation of inflammatory cells (myofibroblasts). In five of six patients with 
nonhealing ocular burns (chemical and thermal) treated on a compassionate use 
basis Cx43asODN treatment triggered ocular surface recovery. A notable feature 
was recovery of the sclera vascular bed and limbal reperfusion that preceded epi-
thelial recovery. In the five patients, limbal ischemia and ocular inflammation were 
significantly improved within 1−2 days of commencing treatment (Ormonde et al., 
2012) and connexin modulation with Cx43asODN eventually led to full recovery 
despite a hopeless prognosis (blindness).

In the corneal endothelium of the rat, Cx43 is strongly expressed in a uniform 
pattern. However, within 3 h of injury, Cx43 starts to be downregulated as the cells 
become migratory, only to return to normal when the wound is closed and normal 
morphology has returned (Nakano et  al., 2008). Applying Cx43asODNs or Cx43 
siRNA to the anterior chamber prior to wounding accelerated healing of the endo-
thelium and increased cell proliferation; conversely, if Cx43 is overexpressed fol-
lowing infection with adenoviral CMV-Cx43-mRFP1 wound healing was delayed 
(Nakano et al., 2008). These findings are consistent with those of skin and corneal 
epithelial wounds indicating that wound closure is enhanced when Cx43 is down-
regulated but retarded if Cx43 is present or elevated.

Cx31.1, expressed in the more superficial layers of the corneal epithelium (Laux-
Fenton et al., 2003), appears unique in that it forms a nonfunctional channel (Harris, 
2001), yet appears to play a key role in the regulation of epithelial cell apoptosis 
which leads to sloughing of epithelial cells into the tear film to maintain corneal 
homeostasis. In rat and human cornea, Cx31.1-specific antisense oligonucleotides 
that knockdown Cx31.1 expression decrease epithelial cell apoptosis. In both ex vivo 
rat and human cornea Cx31.1 reduction brings about a corresponding increase in the 
number of cell layers (22% within 24 h in rat) (Chang et al., 2009). In mouse skin 
wound healing Cx31.1 expression is reduced after wounding, returning only after 7 
days although the wounds were fully closed after 4 days (Coutinho et al., 2003). The 
dynamics of Cx31.1 after corneal wounding has not been explored.

15.12  EFFECTS OF MIMETIC PEPTIDES ON SKIN WOUND-
HEALING MODELS

Hemichannels comprise the six connexin protein units covalently bonded to each other 
and embedded across the plasma membrane but are not docked to a corresponding 
hemichannel in another cell. Under certain conditions, for example, ischemic injury, 
these “half channels” can open to communicate directly with the extracellular milieu 
(Evans et al., 2006). The control of hemichannel opening is still being determined but 
the process is now increasingly being invoked in pathological processes, including the 
inflammatory response of some tissues (Evans et al., 2006; Froger et al., 2010).
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While longer term downregulation of hemichannels is possible through the 
actions of antisense gap junctional communication and hemichannel signaling can 
be modified more acutely by the application of small peptides. These are designed 
to match the amino acid sequences from the extracellular loops of connexins, which 
are responsible for the docking of two connexons to form a gap junction channel 
(Warner et al., 1995; Boitano and Evans, 2000; Braet et al., 2003).

These peptides act rapidly to block hemichannel opening but with longer incuba-
tion times they have been reported to inhibit gap junctional communication (Leybaert 
et al., 2003). Because the sequences of extracellular loops are widely conserved the 
mimetic peptides tend not to be specific to connexin subtypes but the originals were 
derived from sequences from Cx32 and Cx43 (Warner et al., 1995). The most com-
monly used are known as GAP26 and GAP27. There are several useful reviews on 
their use and effects of these peptides so we shall not go into details here (Reviewed: 
Evans and Boitano, 2001; Spray et al., 2002; Evans and Leybaert, 2007; Dahl, 2007; 
O’Carroll et al., 2008).

Despite considerable research, the precise modes of action of mimetic peptides 
are not entirely clear. They bind to unapposed hemichannels and act to rapidly block 
their opening and their ability to release molecules such as glutamate or ATP under 
pathological states. With longer incubation times they have also been reported to 
inhibit gap junctional communication, presumably possibly by interfering with the 
docking of apposed hemichannels to form functional gap junction channels (Evans 
and Boitano, 2001; Leybaert et al., 2003). However, it has also been suggested that 
these peptides may diffuse into preexisting gap junction plaques and somehow alter 
their channel conductance of the channels without disrupting their overall struc-
ture (Martin et al., 2005). For the present, therefore, we must assume that applying 
mimetic peptides to cells or tissues has the potential to influence hemichannel activ-
ity, gap junction formation, and/or gap junctional conductance mediated by a wide 
variety of connexins, although it has been proposed that the peptide GAP27 may 
be more specific in its actions on Cx43 than GAP26, which may influence a wider 
variety of connexins (Wright et al., 2009).

The use of mimetic peptides GAP26 and GAP27 have been applied to scratch 
wound-healing models in confluent monolayer cultures of human keratinocytes and 
fibroblasts over a 5-day period (Wright et al., 2009). Both GAP26 and GAP27 peptides 
were reported to reduce gap junctional communication in these cultures after 90 min, 
although communication returned after 8 h. When the peptide was replaced every 12 h 
over the 5-day period of a wound-healing assay, either peptide was found to increase 
the rate of migration of both keratinocytes and fibroblasts. Interestingly, as in a skin 
lesion, Cx43 was found to downregulate naturally in the leading-edge cells of scratch 
wound keratinocytes and fibroblasts during the migration process (Wright et al., 2009).

More recently, such studies have been extended to additional human culture 
 models and 3D organotypic porcine models of wounding (Kandyba et  al., 2008; 
Pollok et al., 2011). Comparisons of the effect of GAP27 on the migration rates of 
infant and adult human keratinocytes and fibroblasts following scratch assays of con-
fluent cultures showed that they were all accelerated in migration by the treatment 
(Pollok et al., 2011). However, early cultures of adult diabetic keratinocytes or fibro-
blasts failed to respond to the GAP27 treatment and an enhancement of migration 
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could only be elicited in cells from very late passages (Pollok et al., 2011). In these 
instances, enhanced migration was found to correlate with enhanced cell prolifera-
tion following GAP27 treatment.

Examination of Cx43 levels at wound margins of human cell cultures showed a 
natural reduction, during migration that was not altered by application of GAP27 pep-
tide, and no differences were found in Cx43 protein levels between diabetic and non-
diabetic cultured cells (Pollok et al., 2011). However, treatment with GAP27 did result 
in a significant increase in phosphorylation of Cx43 at serine368 in all of the different 
cell types treated. Phosphorylation of Cx43 at serine368 and alteration of conductance 
has also been reported in wound-edge keratinocytes in cultures of human foreskin 
(Richards et al., 2004). It was, therefore, suggested that alterations in Cx43 conduc-
tance rather than loss of Cx43 protein was required for normal healing (Pollok et al., 
2011). These findings are quite intriguing but do not really explain why the keratino-
cytes and fibroblasts from diabetic patients expressed normal levels of Cx43 protein 
and responded to GAP27 treatment by phosphorylation of serine 368 but still failed to 
migrate faster following this treatment. Clearly there is still more work that needs to be 
done to understand the problems associated with diabetic wound healing.

15.13 CONCLUDING REMARKS

We often think of ourselves, and our bodies as being highly evolved, and optimized 
for our lifestyle and environment, such that it should normally be hard to improve 
on any biological process. However, human cultural evolution has vastly outpaced 
biological evolution, allowing us to occupy environments that are much cleaner 
and more sterile than those of our ancestors. The evolutionary wound-healing pri-
ority of any animal would be to close a wound rapidly, preventing infection and 
death by sepsis. The quality and visual appearance of the healed wound would not 
be a top priority and would not feature. It is very likely, therefore, that we have 
evolved wound-healing responses that are geared in favor of robust inflammatory 
responses, promoting survival at the expense of perfect regenerative healing. There 
may, therefore, be scope for us to tinker and improve the rate and quality of healing 
of acute wounds, including surgical wounds that now represent a significant source 
of cosmetic scaring. However, a much more important target for optimization is the 
chronic wound, which is frequently inflamed and often infected, and where healing 
has stalled. We seem poorly evolved to deal with common age- or disease-related 
chronic wound conditions. If we are able to find out precisely how healing is per-
turbed in chronic wounds, and why it stalls, we may be able to promote their repair.

While a multifactorial solution may be required, many indications point toward 
Cx43 as a potential therapeutic target for improved epithelial healing of human 
wounds. The technology, of the Cx43asODN in Pluronic gel is currently being devel-
oped by CoDaTherapeutics Inc. as Nexagon®. Nexagon has been through phase 1 
clinical trials in eye and skin and has recently finished the first phase 2 trial for the 
treatment of venous leg ulcers where initial results look promising, with one-third of 
wounds completely healing in just 4 weeks’ time with only 3 Nexagon doses admin-
istered. An investigator led phase 2 trial for corneal burns is also underway. As we 
learn more about tissue injury and inflammation in humans it is possible that more 



326 Connexin Cell Communication Channels

© 2010 Taylor & Francis Group, LLC

targets for therapeutic intervention may become apparent. The anti-inflammatory 
properties of the Nexagon treatment may also have applications in other inflamma-
tory conditions in the future.
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Roles in the Immune System and Immunopathology

Plasma membrane–associated channels known as gap junctions, along with their protein building 
blocks—connexins—have an important functional role in a range of immunological processes, 
including heart function, cell growth and specialization, and early development. Spanning basic 
science and potential clinical applications, Connexin Cell Communication Channels: Roles in the 
Immune System and Immunopathology assembles and synthesizes four decades of the most 
important research carried out in this field.

The book first provides a historical overview of the discovery of these membrane channels in cells and 
tissues of the immune system. It describes their general molecular and biological characteristics and 
examines how they participate in the evolution, organization, function, and regulation of leukocytes, 
as well as their interaction with other tissues. 

The next section examines immunologically related disease scenarios where gap junctions and 
connexins have been shown to play a fundamental role. The contributors explain how gap junctional 
communication participates in the establishment and maintenance of immunological properties such 
as antibody and cytokine production, as well as lymphocyte immune surveillance in both physiological 
and pathological conditions. The book explores the most important technical approaches used and 
how they have been specially adapted to answer key biological questions particular to the mobile 
nature of leukocytes. It also describes the most recent understanding of how gap junctions and 
connexins participate in antigen recognition, cross-presentation, lymphocyte activation, and in the 
assembly and function of the immunological synapse. 

Finally, the book focuses on the latest progress made on translating the knowledge gained to specific 
treatment modalities. Topics in this section include approaches for reducing scarring and cardiac 
arrhythmia, combating inflammation in the central nervous system, and enhancing epithelial tissue 
repair. A comprehensive view of achievements in this promising field, the book will inform and update 
specialists, clinical practitioners, and those studying the potential for commercial applications.
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