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Abstract

Local injury induces a complex orchestrated response to stimulate healing of injured tissues, cellular regeneration and phagocytosis.

Practically, inflammation is defined as a defense process whereby fluid and white blood cells accumulate at a site of injury. The balance of

cytokines, chemokines, and growth factors is likely to play a key role in regulating important cell functions such as migration, proliferation,

and matrix synthesis during the process of inflammation. Hence, the initiation, maintenance, and resolution of innate responses depend upon

cellular communication. A process similar to tissue repair and subsequent scarring is found in a variety of fibrotic diseases. This may occur in

a single organ such as liver, kidneys, pancreas, lung, skin, and heart, but fibrosis may also have a more generalized distribution such as in

atherosclerosis. The purpose of this review is to summarize recent advances on the contribution of gap junction-mediated intercellular

communication in the modulation of the inflammatory response and tissue repair.

D 2004 Elsevier B.V. All rights reserved.
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1. Tissue homeostasis

The sequence of events involved in maintenance of tissue

homeostasis encompasses mechanisms within single cells as

well as interactions between cells within a population.

Among structures such as desmosomes, tight junctions, and
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adherens junctions, gap junctions are thought to play crucial

roles in these interactions by contributing to the ability of

cells to share cytoplasmic components, a process referred to

as gap junctional intercellular communication (GJIC) [1–5].

The analyses of the three-dimensional structure of gap

junctions and their constituent channels have been signifi-

cantly elucidated in vertebrates. Gap junctions consist of

aggregates of transmembrane hemichannels (or connexons)

that dock to similar connexons on the neighboring cell.

Three-dimensional structure of a recombinant gap junction
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channel revealed that opposing connexons are staggered by

308 and packed in the intercellular gap [6,7], resulting in a

tight seal between the two hemichannels. The wall of each

connexon is formed of six protein subunits, termed connexins

(Cx), creating a 2-nm-diameter aqueous pore that allows

diffusion of molecules of about 1000 Da between the

cytoplasm of adjacent cells [1–5]. The connexin channels

act as molecular sieves, allowing the direct transfer of ions,

small molecules, and second messengers. An important role

of GJIC is to transmit information on the cell’s functional

state to its neighbors, a property of gap junction channels that

varies with their connexin composition. With the sequencing

of the human genome, the connexins are now known to be

members of a family of at least 20 proteins [8]. Most tissues

express more than one connexin type that can be regulated by

hormones, growth factors, and proinflammatory mediators,

thus ensuring a fine-tuned regulation of GJIC [3,4,9–12].

Gap junctions drive numerous important biological

processes such as the rapid transmission of electrotonic

signals to coordinate contraction of cardiac and smooth

muscles, the intercellular propagation of Ca2+ waves and the

transfer of signals to enable proper embryogenesis. Tissue

homeostasis depends not simply on intercellular communi-

cation but also on the specific pattern of connexin gene

expression [13–16]. Thus, changes in cell coupling resulting

in tissue dysfunction and pathological conditions are

associated with altered pattern of connexin expression

and/or GJIC regulation. The regulation of connexin expres-

sion is effected at different levels from transcription to post-

translational processes, although the mechanisms involved

are poorly defined.
Fig. 1. Representative view of the sequence of events occurring from cell damage

released from blood, injured tissues, or parenchymal cells (red arrowheads). This pro

(blue arrows). The first blood cell members to appear are polymorphomononucle

monocytes (M) that differentiate into macrophages (MA). Finally, the immune respo

cytokines and of a variety of growth factors by the damaged tissue also triggers the
Critical functions for gap junction channels have been

elucidated by the discovery of disease-causing mutations in

human connexin genes and the observation that mice with

targeted deletions of connexins develop distinct phenotypes

[8,17]. Mutations in connexins or defective production of gap

junctions in humans are associated with several diseases,

including deafness, Charcot-Marie-Tooth X-linked neuro-

pathy, cataractogenesis and a variety of skin disorders [18–

20]. Altogether, these recent findings confirm the view that

perturbation of gap junction-mediated homeostasis contrib-

utes to disease initiation and/or progression. The underlying

mechanisms by which GJIC contributes and/or modulates

tissue injury are, however, unknown. Here, we will discuss

recent advances on the contribution of gap junction-mediated

intercellular communication in the modulation of the

inflammatory response and tissue repair. Detailed reviews

on possible roles for gap junctions in tissue injury and in

inflammatory and immune cells recently appeared [21–24].

Because a chapter has already been dedicated to gap junctions

in neurological disorders of the central nervous systems in the

first special issue from this journal [25], the role of GJIC in

brain damage/inflammation will not be further treated here.
2. Tissue inflammation

The repair of tissue damage is a survival process that

involves cell–cell and cell–matrix interactions. Within

minutes after injury and loss of tissue homeostasis,

cytokines and chemokines are released from blood, injured

tissues, or parenchymal cells (Fig. 1). Gap junction channel
to tissue repair. Following injury or infection, cytokines and chemokines are

duction rapidly stimulates leukocyte extravasations andmigration into tissues

ar cells (PMNs) of which the most abundant are neutrophils, followed by

nse is completed with the immigration of lymphocytes (L). The production of

migration of resident cells and fibroblasts (F) to restore tissue integrity.
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expression and/or connectivity are altered in a number of

inflammatory conditions in vitro and in vivo [21,22]. In

vitro, inhibition of GJIC by proinflammatory mediators,

such as lipopolysaccharide (LPS), tumor necrosis factor

(TNF)-a, interleukin (IL)-1a, or IL-1h has been docu-

mented in endothelial cells [26,27], vascular smooth

muscle cells [28], Schwann cells [29], astrocytes [30],

and immortalized mouse hepatocytes [31]. Interestingly,

the uncoupling of cultured rat hepatocytes induced by LPS

required coculture with Kupffer cells, suggesting an

indirect effect of the bacterial molecule [32]. Rapid closure

of myoendothelial junctions was also reported in co-

cultures of human umbilical vein endothelial and smooth

muscle cells that were exposed to TNF-a [33]. Most of

these rapid changes in GJIC might be explained by actions

of the proinflammatory mediators on the gating and

permeability properties of the gap junction channels

involved. Indeed, phosphorylation at intracellular parts of

connexins is known to alter the gating and permeability of

the gap junction channels. For example, it was reported

that the tyrosine kinase c-Src might mediate the rapid

decrease in GJIC by TNF-a in human airway epithelial cell

lines by phosphorylation of Cx43 channels [34]. Very

recently, p38 stress-activated protein kinases were proposed

to control gap junction closure in astrocytes by effecting

protein kinase C, a molecule downstream in the p38

signaling cascade [35]. In addition, proinflammatory

mediators may affect connexin gene expression. Thus,

TNF-a induced the down-regulation of Cx43 expression in

the rat heart by inhibition of the Cx43 promoter activity

[36]. Although the precise mechanism remains to be

elucidated, an AP-1 site in its promoter is likely involved

in the cytokine regulation of Cx43 [37]. Similarly,

circulating cytokines might be responsible for the reduction

in connexin expression and GJIC along with gap junction

redistribution observed in advanced stages of heart disease,

as for example after ischemia and during heart failure

[38–41].

In addition to their actions on gene expression,

cytokines might affect the stability of connexin mRNAs

or protein degradation. Indeed, the half-life of Cx32,

which is the main connexin expressed in the liver, is

reduced by LPS or after ischemia/reperfusion in mice and

rats [42–45]. In the latter case, the decrease in Cx32

expression is likely to be the result of both accelerated

degradation of Cx32 mRNA and disappearance of the

connexin from the hepatocyte cell surface. Similarly,

hepatoxicity induced by carbon tetrachloride (CCl4),

which is thought to activate the inflammatory cascade,

and common bile duct ligation-induced cholestasis reduce

the expression of Cx32 and Cx26 [46,47]. So far, it is not

known whether these effects on connexins are consequen-

ces of regulation at the mRNA or protein levels. Possibly,

the shortening of the poly(A) tail may affect the stability

of Cx32 mRNA during inflammation [48]. In contrast to

these findings, Temme et al. [45] showed in immortalized
mouse hepatocytes that decreased expression of Cx32 in

response to cytokine-mediated acute-phase response (IL-1,

IL-6, TNF-a) was not associated with changes in the

protein mRNA level. Finally, internal ribosome entry sites

(IRES) have been identified in Cx32 and Cx43 mRNA

that have been implicated in translational control of

connexin expression [49,50]. Whether IRES are also

implicated in cytokine-induced alterations in connexin

expression remains to be investigated.

Although these observations point to gap junctions as

important targets of inflammatory cytokines released after

injury, there are few studies addressing whether a change

in GJIC contributes to the severity of inflamed tissue or is

a secondary consequence of tissue damage. In a sponta-

neous murine model of autoimmune thyroid disease,

chronic inflammation reduced connexin (Cx26, Cx32

and Cx43) expression. Interestingly, communication-defi-

cient diseased thyrocytes persisted in primary cultures,

suggesting that the continued presence of inflammatory

mediators is not required to sustain this difference [51].

More recently, Temme et al. [45] took advantage of the

generation of Cx32-deficient mice to determine whether

loss of this connexin gene effected LPS-induced inflam-

mation. However, no difference between Cx32-deficient

and wild-type liver acute-phase transcripts was detected.

In the same animal model, the contribution of GJIC in

cell response to injury was also analyzed during exper-

imentally induced acute pancreatitis by injection of the

pancreatic secretagogue cerulein. Interestingly, deficiency

of Cx32 converted a mild reversible form of acute

pancreatitis into a severe disease with increased necrosis,

edema, and inflammation of the exocrine pancreas [52].

Importantly, Cx32-deficient mice exhibited decreased

sensitivity of acinar cells to apoptotic stimuli. Proinflam-

matory cytokines are thought to exacerbate cell damage

but also to play key roles in tissue repair by stimulating

apoptosis and cell proliferation [53]. In the exocrine

pancreas, apoptotic acinar cells failed to communicate

with neighboring cells (M.C., unpublished data). Thus,

GJIC may be important for the cells to defend themselves

against inflammatory stimuli, for example by responding

appropriately to apoptotic stimuli.

Gap junction channels are rapidly gated. Thus, modu-

lation of GJIC may provide an early mechanism of cell

defense against tissue-perturbed integrity and homeostasis,

whether related to environmental or to genetic disease

processes. In this context, it is worth to note that forced

expression of connexins in astrocytes protects against cell

injury induced by a variety of cell stress [54], whereas

focal brain ischemia evoked in mice lacking connexin43 in

astrocytes is associated with increased apoptosis and

inflammation [55]. Hence, it is interesting to note that

gating of gap junction channels between epithelial cells is

defective in cystic fibrosis, a chronic infectious and

inflammatory disease caused by mutations of the CFTR

gene [56–58].
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3. Tissue immune response

After injury or infections, the local production of

cytokines and chemokines rapidly stimulates leukocyte

extravasations and migration into tissues (Fig. 1). This

process involves cell–cell contacts via adhesion molecules

between leukocytes and endothelial cells during extravasa-

tions, as well as between leukocytes and target cells at sites

of inflammation. The first blood cell members to appear after

injury or infections are polymorphomononuclear cells

(PMNs) of which the most abundant are neutrophils. There

is circumstantial evidence that gap junctions may also be

established between inflammatory cells during the course of

inflammation [21]. It is now increasingly recognized that

nonactivated leukocytes freshly extracted from peripheral

blood do not express connexins [24,59]. Stimulation with

LPS of peripheral hamster blood leukocytes, however,

associates with the positive immunodetection of Cx43

[59]. In human, LPS induced the aggregation of PMNs, an

event that did coincide with the translocation of Cx43 to the

cell membrane. Microinjection of Lucifer Yellow in these

aggregates did not result in dye coupling unless leukocytes

were treated with conditioned medium from activated

endothelial cells [60]. These observations suggest that

soluble factors secreted by endothelial cells may be involved

in the induction of PMNs to form gap junctions. In this

context, we have evaluated GJIC in aggregated PMNs

recovered from bronchoalveolar lavage (BAL) of mice that

received intra-tracheal instillation of LPS. Under these

conditions, PMNs, which were massively recruited from

the blood stream and crossed the endothelial and airway

epithelial barriers, did not exhibit cell coupling as evaluated

by microinjection of Lucifer Yellow and neurobiotin (M.C.,
Table 1

Connexin expression and GJIC in primary monocytes/macrophages and in mono

Monocyte/macrophage Connexin

Human circulating no Cx43

Human circulating activated Cx43

Human macrophage foam cell Cx37, Cx43

Human kidney macrophage Cx43

Hamster circulating no Cx43

Hamster circulating activated Cx43

Hamster peritoneal macrophage Cx43

Mouse peritoneal macrophage Cx43

Mouse peritoneal macrophage ND

Mouse peritoneal macrophage activated Cx43

Mouse alveolar macrophage ND

Mouse macrophage foam cell Cx37, Cx43

Mouse Langerhans cell Cx43

Rat microglia Cx43

Rat microglia activated Cx43

Rat Kupffer cell Cx43

J774 (murine macrophage) Cx43

P388D1 (murine macrophage) Cx43

MH-S (murine monocyte) no Cx43

THP-1 (human monocyte) Cx43

ND: not determined. The absence of detection of specific connexins is indicated
unpublished data). Clearly, additional experiments per-

formed under conditions close to in vivo inflammatory

situations are necessary to unequivocally address the

question of gap junction formation between activated PMNs.

Second in line of defense against invading microorgan-

isms and response to injuries are the macrophages, either

already resident in the tissue or recruited as monocytes from

the peripheral blood. Similar to the PMNs, nonactivated

monocytes freshly extracted from peripheral blood do not

express connexins [61]. Resident macrophages isolated

from BAL of control mice also showed no intercellular

diffusion of Lucifer Yellow or neurobiotin (M.C., unpub-

lished data). As for PMNs, conditioned medium from

endothelial cell cultures evoked translocation of connexins

from the cytoplasmic compartment to the cell membrane

and stimulate dye coupling in rat microglia [62]. Consistent

with these findings, Cx43 has been detected in Kupffer cells

in liver [32], peritoneal macrophages [59,63], kidney

macrophages in inflammatory renal disease [64], microglia

in brain [65], macrophage foam cells in atherosclerotic

lesions [61,66], as well as in murine [63,67,68] and human

monocytic/macrophage cell lines (Table 1). There is little

evidence, however, for dye or electrical coupling between

macrophages [69]. In the MH-S murine macrophage cell

line treated or not with proinflammatory mediators, includ-

ing granulocyte-macrophage colony stimulating factor

(GM-CSF), interferon (IFN)-g, and TNF-a, we could

observe the diffusion of neurobiotin, but not Lucifer Yellow,

in only 2 out of 15 cell clusters (Fig. 2). Of note, Cx43 could

not be detected by Western blot in this mouse macrophage

cell line (Fig. 2, Table 1), suggesting very low level of Cx43

expression or the involvement of a yet not identified

connexin. Interestingly, Cx37 was detected in mouse and
cyte/macrophage cell lines

Lucifer Yellow coupling Reference

ND [61]

yes [74]

ND [61,66]

ND [64]

no [59]

ND [59]

ND [59]

no [63]

no unpublished data

no [63]

no unpublished data

ND [24,66]

ND [21]

minimal [62]

yes [62]

ND [31]

yes [63,67]

yes [68]

no unpublished data

no unpublished data

when determined.



Fig. 2. GJIC and Cx43 expression in leukocytes. Co-microinjection of

Lucifer Yellow (A) and neurobiotin (B) in a MH-S cell pair revealed cell–

cell diffusion of the second tracer only. Bar represents 10 Am. Cx43

expression was detected by Western blots (C) in a control Cx43-expressing

airway cell line (lane 1), in THP-1 cells (lane 3), and in a mixed population

of human lymphocytes/monocytes isolated from buffy coats (lane 5). Cx43

was absent in the SKHep1 Cx43-deficient cell line (lane 2), in the MH-S cell

line (lane 4) and in human neutrophils isolated from buffy coats (lane 6).
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human macrophage foam cells (Fig. 3) [66]. This connexin

is known to better permeate neurobiotin than the higher

molecular weight dye Lucifer Yellow.

Upon repeated exposure to the same antigen (chronic

infection and/or inflammation), the specific immune response

enhances the function of innate immunity. Thus, a foreign

molecule is internalized by phagocytosis and processed by

antigen-presenting cells that migrate to secondary lymphoid

organs where they interact with T helper cells. T helper cells

either react directly with the antigen-bearing target cells

(cytotoxic T cells) or they interact with B cells, which then

differentiate and secrete specific immunoglobulins (humoral

immunity). The possible role of gap junctions in the

immunological synapse has been explored by Oviedo-Orta

and Evans who first reported that circulating human T, B, and

natural killer cells express Cx43 only, whereas human tonsil-

derived T and B cells express Cx40 and Cx43 [70]. In mixed

lymphocyte cultures, they observed that blocking GJIC

markedly reduced the secretion of immunoglobulins and

IL-10, suggesting that GJIC is an important component of the
Fig. 3. Cx37 and Cx43 expression in human atherosclerotic plaques. Frozen sectio

immunostained with antibodies against HAM-56 and against Cx37 (A) or Cx43

fluorescence microscope. Inserts show images obtained by fluorescence confocal m

co-localized with Cx37 (Texas Red detection and arrowheads in A), but not with
mechanisms underlying metabolic cooperation in the specific

immune system [71]. Blocking of GJIC was achieved by

either 18-a-glycyrrhetinic acid (aGA) or by synthetic

peptides that show specific sequence overlap with the second

extracellular loop of Cx40 or Cx43, thus preventing docking

of their respective hemichannels. Although additional studies

are needed to address the relevance of these observations, it

has been proposed that gap junction expression and function

might participate to the immune response, possibly by

regulating leukocyte activation and recruitment [72,73].

Several laboratories have tested the possibility that gap

junctions are involved in leukocyte transmigration in vitro.

Thus, transmigration of leukocytes across an endothelial cell

monolayer is altered in the presence of connexin-mimetic

peptides or gap junction channel blockers [72–74]. In these

studies, it has been shown that inhibition of GJIC increased

transendothelial migration of neutrophils, decreased that of

monocytes but had only modest effects on lymphocytes. We

have also explored the transmigration of human leukocytes

across monolayers of epithelial cells expressing different

connexin types. In contrast to earlier studies, the trans-

migration of PMNs across a monolayer of human CF airway

cells expressing Cx43, treated or not with TNF-a, was not

affected by adding uncoupling concentrations of aGA to the

experimental medium (Fig. 4).

We further studied whether connexin-specific cell–cell

signaling is involved in the transmigration of monocytes. To

this end, the transmigration of THP-1 cells, a monocytic

human cell line expressing Cx43 (Fig. 2), was evaluated in

response to monocyte chemoattractant protein 1 (MCP-1).

Transmigration was performed across monolayers of TNF-

a-activated epithelial cells stably expressing one of the

vascular connexins, namely Cx37, Cx40, or Cx43. The rate

of THP-1 transmigration was not different across Cx37-,

Cx40-, or Cx43-expressing cells but slower to that of

parental communication-incompetent cells (J.P.D. and B.K.,

unpublished data). Again, aGA did not significantly effect

monocyte transmigration across connexin-transfected cells

in this assay (Fig. 4D). These conflicting reports may reflect

variability between laboratories in the in vitro cell systems

used, including the choice of epithelial/endothelial cell lines
ns (5 Am) of an advanced atheroma in the human carotid artery were double

(B) (Texas Red detection). Sections were photographed using conventional

icroscopy. Note that the macrophage marker HAM-56 (FITC detection) is

Cx43 (arrowheads in B). Bar represents 50 Am.



Fig. 4. Effect of aGA on the transmigration of leukocytes across a cell monolayer. (A, B) Uncoupling concentration of aGA was used, as revealed by the

marked decrease of Lucifer Yellow diffusion (B) in contrast to normal dye coupling extent in a Cx43-expressing human CF15 airway cell line (A). Bar

represents 10 Am. (C) Human neutrophils isolated from buffy coats were subjected to transmigration across CF15 cells in response to the chemotactic factor n-

formyl methionyl leucyl phenylalanine (fMLP) and in the absence or presence of aGA. No change in the myeloperoxydase (MPO) activity of cells that

transmigrated was observed with time, indicating that aGA did not affect neutrophil chemotactism. Each value is mean of four separate measurements in two

experiments. The lack of effect of aGA in neutrophil transmigration was confirmed in additional experiments at 30 min (n=5), whatever the direction of cell

migration (apical to basal or basal to apical) or the presence of TNF-a. (D) The transmigration of THP-1 cells in response to MCP-1 was performed across

monolayers of TNF-a-activated epithelial cells stably expressing one of the vascular connexins. The rate of THP-1 transmigration across Cx37-, Cx40-, and

Cx43-expressing cells was measured in the absence or presence of aGA. In all cell lines, aGA did not affect the rate of THP-1 transmigration. For each cell

line, data were normalized to their respective controls in the absence of aGA.
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and methods to isolate and activate leukocytes. Clearly, it

will require additional studies in more physiological settings

to unambiguously address whether connexin-associated

functions are involved in leukocyte transmigration.

Although in vitro data showed apparent conflicting

results, recent studies in LDL receptor-deficient (LDLR�/�)

mice, a mouse model for atherosclerosis, shed new light on

the involvement of connexin in leukocyte recruitment to

inflammatory sites. Initiation of atherosclerosis, a chronic

inflammatory disease, involves complex patterns of inter-

action between leukocytes and the cells of the arterial wall, in

which adhesion molecules, cytokines, and chemokines are

known to play a critical role. During atherogenesis, induction

of Cx43 expression has been observed in the dysfunctional

endothelium at the shoulder of atherosclerotic lesions [66].

Interestingly, not only the progression of atherosclerosis was

reduced by 50%, but atherosclerotic lesions also contained

significantly less inflammatory cells in LDLR�/� mice

intercrossed with mice heterozygous for a Cx43 null mutation
(Cx43+/� LDLR�/�mice) [75]. In these mice, the expression

of Cx43 is decreased by half in the aorta [76]. Although the

underlying mechanisms remain to be determined, these

results provide in vivo evidence for a key role of Cx43 in

the development of an inflammatory disease. In the same line,

it is worth mentioning that application of Cx43 antisense to

wounded skin in mice reduced inflammatory parameters,

including leukocyte immigration [77]. The challenge remains

to identify whether (and which) signals are being exchanged

through gap junctions between leukocytes and target cells

during various phases of the inflammatory response. In this

context, hemi-gap junction channels (connexons) at the

plasma membrane may be more than precursors of gap

junctions by allowing the transport in and out of the cells of

signaling molecules [78,79]. Thus, the release of ATP

through Cx26 hemichannels expressed in an epithelial cell

line has been involved in invasion and dissemination of

Shigella flexneri, a pathogen that causes intense inflamma-

tion and destruction of the colonic mucosa [80].
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4. Tissue repair

The production of cytokines and of a variety of growth

factors by the damaged tissue also triggers the migration of

resident cells and fibroblasts to restore tissue integrity.

Remodeling of the connective tissue occurs at final stages

of wound healing, a process that is tightly regulated by a

balance between cell proliferation and programmed cell

death. Disruption of these processes leads to delayed wound

healing and excessive scarring that may take months to

resolve in adults. In a number of disease states, the resolution

of scarring is impaired, leading to tissue fibrosis [81]. Many

experimental and clinical studies have demonstrated the

mostly beneficial effects of exogenous growth factors, such

as GM-CSF, platelet-derived growth factor (PDGF), fibro-

blast growth factor (FGF), epidermal growth factor (EGF),

and transforming growth factor h (TGF-h) on the healing

process. However, the roles played by endogenous growth

factors have remained largely unclear [82]. Although the

immigration of inflammatory cells was believed to coordinate

the repair process as a major source of wound growth factor

signals, recent provocative observations contradicted this

view. Indeed, the repair of a skin wound was found identical

to wild-type animals in PU.1-deficient mice, which are

genetically incapable of raising an inflammatory response

[83]. These data indicate that cytokines and growth factors

from inflammatory cells may not be essential for repair but

might be causal of fibrosis at sites of adult healing.

The regulation of Cx43 expression and GJIC by exoge-

nously applied growth factors has been extensively studied in

cultured cells. The outcome varies between positive and

inverse relationships dependent on the growth factor and the

type of membrane receptors employed as well as on the initial

activation/phosphorylation state of the cells. For example,

EGF and related ligands signaling through receptor tyrosine

kinases, transiently reduces GJIC via effects on channel

gating by phosphorylation of Cx43 channels [84,85]. Other

growth factors like TGF-h and FGF enhanced GJIC by

increasing gap junction plaque formation [86–88], an effect

likely mediated via activation of extracellular signal-regu-

lated kinase (ERK) in lens [89]. Very variable results were

obtained on gap junctions in different wound healing models.

For example, connexin expression and GJIC were found to

decrease after wounding of the rabbit corneal epithelium until

completion of wound closure, a time point associated with re-

establishment of GJIC [90,91]. In these studies, actively

migrating epithelial cells no longer exhibited GJIC in the

wounded area whereas another report on rabbit corneas

showed no alteration in connexin expression by migrating

cells [92]. In rat carotid artery after denudation injury,

alternate changes in the expression of the three-endothelial

connexins (Cx37, Cx40, Cx43) have been associated with

ongoing regeneration of the arterial endothelium [93]. These

observations suggest for different intercellular communica-

tion requirements during the various phases of the healing

process. Indeed, the necessity for proper connexin expression
to coordinate sheet migration during endothelial repair has

been demonstrated by applying dominant negative connexin

inhibitors in an in vitro endothelial wounding model [94].

Increasing evidence indicates that changes in GJIC

between keratinocytes may help to coordinate cell prolifer-

ative and migratory activities at the healing margin of the

wounded skin. The skin is known to express up to nine

connexins that functionally compartmentalize the epidermis

[20,95–97]. The immediate response to wounding (hours) is a

decreased expression of all connexins in the epidermis (Cx43,

Cx26, Cx30, and Cx31.1) and dermis [97,98]. However, the

profile of connexin expression changes thereafter in parallel

with key events in the wound healing process. By correlating

connexin expression with Ki67 immunolabeling, Coutinho et

al. [98] concluded that Cx26 and Cx30 reappear in non-

proliferative, migrating keratinocytes at the wound leading

edge. In contrast, Cx43 correlated with cell proliferation,

behind the wound leading edge, while C31.1 reappeared

during terminal differentiation of keratinocytes in the

granular layer at 7 days post-wounding [98]. In wounded

mouse-tail skin, Kretz et al. [99] observed similar changes but

found increased expression of Cx31 into basal and then

suprabasal layers of the epidermis on day 3 post-wounding.

The importance of time-dependent regulation of gap

junctions during wound healing and skin repair has been

highlighted by two recent studies. Indeed, treatment of the

wound with Cx43 antisense dramatically increased the rate

in wound closure [77]. It is important to note that the effects

of Cx43 antisense were transient so that the re-expression of

Cx43 in later post-wounding stages was not affected. Thus,

down-regulating Cx43 in basal layer cells of the epidermis

may favor the transformation or dedifferentiation of

keratinocytes into a migrating phenotype. Similar conclu-

sions were drawn from wound healing experiments per-

formed in mice with a skin-specific deletion of Cx43 [99].

Again, lack of Cx43 accelerated wound closure in the tail

skin of these mice. In contrast to Qiu et al. [77], however,

the authors suggested that decreased GJIC between epi-

dermal cells might also be necessary for mobilization and

proliferation of keratinocytes. Clearly, additional experi-

ments will be needed to undercover the specific roles of

GJIC during the different phases of wound repair in the

epidermis, a tissue where appears to be an extensive

functional redundancy between connexins [20,99].

The multiple effects that were reported for wound treat-

ment with Cx43 antisense on decreased inflammation and

faster scar resorbtion are of particular importance but difficult

to interpret. Antisense reduced Cx43 expression in the

epidermis and dermis. Possibly, the treatment may alter the

production of pro-inflammatory signals by the keratinocytes.

In addition, other cell types expressing Cx43 may also be

affected by the antisense, for example by altering the

recruitment of leukocytes or perturbing the progression of

fibroblasts through the wound repair process [100]. Although

the mechanisms by which Cx43 antisense reduced inflam-

mation was not uncovered, these results provide evidence
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that local modulation of the cellular inflammatory response at

the site of wounding might be a beneficial therapeutic

strategy for management of tissue repair. Such strategies may

not only be important for scarless and fast tissue repair, but

may also be effective in case of excessive tissue repair

reaction as observed, for example, after balloon angioplasty

in coronary arteries. Indeed, important changes in connexin

expression have been observed in vascular smooth muscle

cells during restenosis- or atherosclerosis-related neointima

formation [66,101]. Thus, gap junctions may represent

important pharmacological targets for modulation of the

inflammatory response.
5. Concluding remarks

While the first descriptions of electrical coupling

between activated lymphocytes have been reported in the

1970s [102–104], surprisingly little mechanistic insight in

the role of gap junctions during the inflammatory response

following injury and during the repair process has been

obtained. Outstanding reports have since described alter-

ations in connexin expression in diseased human tissues.

However, most of these studies focused only on connexin

expression in the original tissue at a given time point after

injury but little or no attention was given to the series of

events leading to repair. The increasing availability of

connexin-specific antibodies allowed us now to causally

link the observed alterations in connexin expression to the

progression of disease. Studies using conditional knockout

mice where connexins are temporally and spatially deleted,

which are likely underway should shed some light on these

issues. Perhaps the most challenging task for researchers

will be to unravel the precise steps that are influenced by

gap junctions during the cascade of events underlying the

inflammatory and repair processes. This leaves new and

exciting future work in this field of research.
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Identification of second messengers that induce expression of

functional gap junctions in microglia cultured from newborn rats,

Brain Res. 943 (2002) 191–201.

[66] B.R. Kwak, F. Mulhaupt, N. Veillard, D.B. Gros, F. Mach, Altered

pattern of vascular connexin expression in atherosclerotic plaques,

Arterioscler. Thromb. Vasc. Biol. 22 (2002) 225–230.

[67] E.C. Beyer, T.H. Steinberg, Evidence that the gap junction protein

connexin-43 is the ATP-induced pore of mouse macrophages, J. Biol.

Chem. 266 (1991) 7971–7974.

[68] C.A. Martin, M.E. el-Sabban, L. Zhao, R. Burakoff, F.R.

Homaidan, Adhesion and cytosolic dye transfer between macro-

phages and intestinal epithelial cells, Cell Adhes. Commun. 5 (1998)

83–95.

[69] J.A. Levy, R.M. Weiss, E.R. Dirksen, M.R. Rosen, Possible

communication between murine macrophages oriented in linear

chains in tissue culture, Exp. Cell Res. 103 (1976) 375–385.

[70] E. Oviedo-Orta, T. Hoy, W.H. Evans, Intercellular communication in

the immune system: differential expression of connexin40 and 43,

and perturbation of gap junction channel functions in peripheral

blood and tonsil human lymphocyte subpopulations, Immunology 99

(2000) 578–590.

[71] E. Oviedo-Orta, P. Gasque, W.H. Evans, Immunoglobulin and

cytokine expression in mixed lymphocyte cultures is reduced by

disruption of gap junction intercellular communication, FASEB J. 15

(2001) 768–774.

[72] E. Oviedo-Orta, R.J. Errington, W.H. Evans, Gap junction inter-

cellular communication during lymphocyte transendothelial migra-

tion, Cell Biol. Int. 26 (2002) 253–263.

[73] S. Zahler, A. Hoffmann, T. Gloe, U. Pohl, Gap junctional

coupling between neutrophils and endothelial cells: a novel

modulator of transendothelial migration, J. Leukoc. Biol. 73 (2003)

118–126.

[74] E.A. Eugenin, M.C. Branes, J.W. Berman, J.C. Saéz, TNF-alpha
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