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Abstract Inherent to their pivotal tasks in the mainte-

nance of cellular homeostasis, gap junctions, connexin

hemichannels, and pannexin hemichannels are frequently

involved in the dysregulation of this critical balance. The

present paper specifically focuses on their roles in bacterial

infection and disease. In particular, the reported biological

outcome of clinically important bacteria including Esche-

richia coli, Shigella flexneri, Yersinia enterocolitica,

Helicobacter pylori, Bordetella pertussis, Aggregatibacter

actinomycetemcomitans, Pseudomonas aeruginosa, Citro-

bacter rodentium, Clostridium species, Streptococcus

pneumoniae, and Staphylococcus aureus and their toxic

products on connexin- and pannexin-related signaling in

host cells is reviewed. Particular attention is paid to the

underlying molecular mechanisms of these effects as well

as to the actual biological relevance of these findings.
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Abbreviations

ADP Adenosine diphosphate

A/E Attaching and effacing

ATP Adenosine triphosphate

CagA Cytotoxin-associated antigen A

cAMP Cyclic adenosine monophosphate

(CA-) MRSA (Community-associated) methicillin-

resistant Staphylococcus aureus

CL Cytoplasmic loop

CNF1 Cytotoxic necrotizing factor 1

CT Cytoplasmic carboxy tail

Cx Connexin

DAEC Diffusely adherent Escherichia coli

DNT Dermonecrotic toxin

EAEC Enteroaggregative Escherichia coli

EHEC Enterohemorrhagic Escherichia coli

EIEC Enteroinvasive Escherichia coli

EL Extracellular loop

EPEC Enteropathogenic Escherichia coli

ERK1/2 Extracellular signal-regulated kinase 1/2

ETEC Enterotoxigenic Escherichia coli

GJIC Gap junctional intercellular

communication

GTPase(s) Guanosine triphosphate hydrolyzing

enzyme(s)

HC Hemichannel

IFN Interferon

IL Interleukin

ITX Iota toxin

LJP Localized juvenile periodontitis

LPS(s) Lipopolysaccharide(s)

MALT Mucosa-associated lymphoid tissue

MAPK Mitogen-activated protein kinase

MRSA Methicillin-resistant Staphylococcus

aureus

Mathieu Vinken is a postdoctoral research fellow of the Fund for

Scientific Research Flanders (FWO-Vlaanderen), Belgium.

L. Ceelen (&) � T. Vanhaecke � V. Rogiers � M. Vinken

Department of Toxicology, Centre for Pharmaceutical Research,

Faculty of Medicine and Pharmacy, Vrije Universiteit Brussel,

Laarbeeklaan 103, 1090 Brussels, Belgium

e-mail: lceelen@vub.ac.be

F. Haesebrouck

Department of Pathology, Bacteriology and Avian Diseases,

Faculty of Veterinary Medicine, Ghent University,

Salisburylaan 133, 9820 Merelbeke, Belgium

Cell. Mol. Life Sci. (2011) 68:3047–3064

DOI 10.1007/s00018-011-0737-z Cellular and Molecular Life Sciences

123



NO Nitric oxide

NT Cytoplasmic amino tail

OMP(s) Outer membrane protein(s)

Panx Pannexin

PKA Protein kinase A

PLC Phospholipase C

PTX Pertussin toxin

TLR Toll-like receptor

TM Membrane-spanning domain

ZO-1 Zonula occludens 1

Introduction

As a part of the innate immune system, epithelial cells form

a first line of defense against infectious agents, such as

bacteria and their toxins, by forming a physical barrier and

by mediating inflammatory responses. Clearly, the integrity

of the epithelium is heavily challenged upon infection, a

process that might also affect the junctional complex [1]

comprising an elaborated morpho-functional machinery

that consists of anchoring junctions (i.e., adherens junc-

tions and desmosomes), occluding junctions (or tight

junctions) and communicating junctions [2]. The latter,

also known as gap junctions, are composed of connexin

proteins and mediate direct intercellular communication. In

recent years, however, it has become clear that connexin-

related signaling is not only restricted to gap junctions but

also involves a number of other players, including conn-

exin hemichannels and pannexins [3, 4]. The current paper

discusses the involvement of connexins and their channels

in bacterial infection and disease. In the first part, a concise

overview of gap junction biology is provided, including

their structural, functional, and regulatory properties. In the

second part, the documented biological effects of promi-

nent bacterial pathogens and their toxic products on

connexin channels are reviewed.

Connexins channels: general properties

Structure

Morphologically, gap junctions appear as plaques at the

cell plasma membrane surface and arise from the docking

of two hemichannels (connexons) of adjacent cells, which

on their turn are composed of six connexin (Cx) units. The

connexin family comprises as many as 20 isoforms in

mammals. They all share an identical molecular architec-

ture, consisting of four membrane-spanning domains, two

extracellular loops, one intracellular loop, one cytoplasmic

N-terminal tail, and one cytoplasmic C-terminal tail

(Fig. 1). Differences between connexins are mainly due to

structural variety within the cytoplasmic regions. Con-

nexins are named after their molecular weight and are

expressed in a tissue-specific and even in a cell-specific

manner. Thus, the most abundant connexin species in the

human body has a predicted weight of 43 kDa and is

therefore designated Cx43 [5–9]. Connexins interact with a

number of other cellular proteins, including scaffolding

proteins, junctional proteins, cytoskeletal proteins, traf-

ficking regulators, posttranslational modifiers, and growth

regulators, all of which may affect connexin metabolism

and functionality [5, 10]. In the last few years, a second set

of gap junction-related proteins has been characterized, the

pannexin (Panx) family, which are structurally similar to

connexins. At present, three pannexins have been identified

in humans and rodents, namely Panx1-3, and they mainly

occur in a hemichannel configuration [3, 11].

Fig. 1 Molecular architecture

of gap junctions. Gap junctions

are grouped in plaques at the

cell plasma membrane surface

and are composed of 12

connexin proteins, organized as

two hexameric hemichannels or

connexons of two apposed cells.

The connexin protein as such is

organized as four membrane-

spanning domains (TM1-4), two

extracellular loops (EL1-2), one

cytoplasmic loop (CL), one

cytoplasmic amino tail (NT),

and one cytoplasmic carboxy

tail (CT)
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Function

Gap junctions provide an essential pathway for the inter-

cellular exchange of small and hydrophilic molecules,

including glucose, glutamate, glutathione, adenosine tri-

phosphate (ATP), cyclic adenosine monophosphate (cAMP),

inositol trisphosphate, and ions, like calcium, sodium, and

potassium [3, 12]. The biophysical permeation character-

istics of these substances rely on the nature of the connexin

species that form the gap junction [12, 13]. For instance,

ATP is more able to pass through Cx43-based gap junc-

tions, compared to channels composed of Cx32 [14].

Obviously, numerous, if not all, physiological processes

are driven by the substances that are conveyed via these

channels, and hence gap junctional intercellular commu-

nication (GJIC) is considered as a key mechanism in the

maintenance of tissue homeostasis [3, 7–9]. In the last

decade, it has become clear that hemichannels in non-

junctional areas at the cell plasma membrane surface can

also function as transmembrane channels. In fact, connexin

hemichannels foresee a pathway for communication

between the intracellular compartment and the extracellular

environment. The substances that travel through hemi-

channels are quite similar to those implied in GJIC, namely

ATP, nicotinamide adenine dinucleotide, glutamate, glu-

tathione, and prostaglandins [3, 6, 11, 15, 16]. Pannexin

channels are also permeable for small signaling molecules,

like ATP, thereby playing an important role in autocrine

and paracrine purinergic signaling [11, 17]. As a result of

their crucial role in maintaining tissue homeostasis, conn-

exin and pannexin channels are also frequently involved in

conditions of homeostatic imbalance, such as during

inflammation. The latter has been most exemplified in the

context of atherosclerosis, pulmonal inflammation, and

ischemic brain damage [18]. In the current paper, the role

of connexin-related signaling triggered by bacterial infec-

tion will be thoroughly discussed.

Regulation

A labyrinth of mechanisms underlies the regulation of the

connexin life cycle and activity. Short-term control (i.e.,

second/minute range) of connexin channel functionality by

the process of channel gating is governed by a number of

factors, including transmembrane voltage, calcium ions,

and hydrogen ions, though phosphorylation has gained

most attention in this respect [7–9]. All connexins, with the

exception of Cx26, are phosphoproteins. The outcome of

the phosphorylation event, mainly occurring at the C-ter-

minal connexin tail, depends on both the identity of the

connexin species and the kinase type [19, 20]. Regulation

of GJIC and hemichannel activity over the long-term (i.e.,

hour range) basically concerns peritranscriptional control

of connexin expression. The structure of most connexin

genes is rather simple and consists of a first exon, con-

taining the 5’-untranslated region, which is separated by an

intron from a second exon, bearing the complete coding

sequence and the 3’-untranslated region [5, 21, 22].

Connexin gene transcription is ruled by conventional cis/

trans actions, involving both ubiquitous transcription fac-

tors, like specificity protein 1 and activator protein 1, and

tissue-specific transcription factors, such as hepatocyte

nuclear factor 1 [22]. Epigenetic mechanisms, including

histone acetylation and DNA methylation, predominate the

pretranscriptional platform of connexin expression [8, 22].

Recently, microRNA species have been described as novel

regulators of connexin expression at the posttranscriptional

level [23–28].

Effects of bacterial pathogens and their toxins

on connexin and pannexin channels

Gram-negative bacteria

Escherichia coli

Escherichia coli is a Gram-negative rod belonging to the

family Enterobacteriaceae. In general, this bacterium is

part of the normal microbiota of the lower bowel in humans

and other mammals. Most strains of E. coli are non-path-

ogenic, but some, such as serotype O157:H7, can cause

severe food-borne and life-threatening infections in man,

while others can evoke meningitis and urinary tract infec-

tions [29]. Among the E. coli strains that can cause

intestinal disease in healthy individuals, there are at least

six well-characterized classes of pathotypes (Table 1).

Some of them are also pathogenic for animals. However,

dairy and beef cattle can also carry E. coli O157:H7

asymptomatically and shed it in their feces, hence acting as

primary reservoirs of this E. coli serotype. Depending on

the type of strain, E. coli infection causes a broad spectrum

of intestinal and extra-intestinal syndromes by way of

virulence factors for colonization and fitness, as well as

toxic factors that distress a wide assortment of cellular

processes. For a comprehensive review on E. coli virulence

factors and their actions, the reader is referred to the paper

of Kaper et al. [29]. E. coli infection has additionally been

related to chronic disorders such as inflammatory bowel

diseases, Crohn’s disease and ulcerative colitis [30]. The

various pathotypes of E. coli are likely clonal groups that

are characterized by common O (lipopolysaccharide; LPS)

and H (flagellar) antigens that characterize serogroups

(O antigen only) or serotypes (O and H antigens). LPS is

composed of three structural domains, more specifically

lipid A, core oligosaccharide and O polysaccharides, and is
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the major building stone of the outer membrane of the

bacterial cell wall [31]. LPSs act as endotoxins and initiate

strong immune responses in animals and man. As such, it

was demonstrated that superantigens interact with LPS in

an interferon (IFN)-c-dependent way [32]. Lee et al. [31]

showed that E. coli-derived LPS indeed significantly

changed the level of IFN-c amongst other cytokines in

cystitis.

The effects of E. coli-derived LPS on connexin channels

have been extensively documented and turn out to be

complicated, whereby both, the identity of the connexin

species and the cell type, are critical determinants. Thus,

both downregulated [33–39] and upregulated [35, 37, 40–

48] connexin protein quantities have been observed upon

exposure of cells to LPS from E. coli in in vitro and in vivo

settings, whether or not in combination with IFN-c. In

some cases [38, 41, 43, 44, 47, 48], but not all [34, 38],

LPS also targeted connexin mRNA production. The dete-

rioration of Cx32 protein in rat liver after LPS

administration, for instance, was found to result from its

corresponding mRNA degradation, which in turn was a

consequence of shortening of the poly(A)tail [49, 50]. At

an even more upstream level, E. coli-derived LPS can

interfere with promoter activity of connexin genes, in casu

Cx43, both in a negative [41] and in a positive [51] way. At

the utter downstream platform of connexin expression,

considerable attention has yet been paid to the impact of

LPS on GJIC. As also noticed on the connexin protein

level, both reduction [33, 34, 36–38, 43, 52–56] and

enhancement [41, 42, 44, 47] of gap junction activity have

been reported in several experimental models. Hemichan-

nel activity, however, seems to be consistently upregulated

by LPS [45, 57–60]. A number of mechanisms have been

proposed to underlie LPS-induced modifications in GJIC,

including nitric oxide signaling [43, 54, 56] and activation

of kinase pathways [55, 61]. In fact, some of these path-

ways may be at the basis of the differential outcome

observed for LPS on gap junctions and connexin hemi-

channels. Indeed, in Cx43-transfected human cervical

carcinoma cells [58] and in co-cultures of primary mouse

astrocytes and mouse microglial cells [59, 60], E. coli-

derived LPS activated Cx43-hemichannels, but simulta-

neously inhibited their full channel counterparts. In the

former case, this involved c-Src kinase, mitogen-activated

protein kinase (MAPK)/extracellular signal-regulated

kinase 1/2 and arachidonic acid signaling [58]. It has been

suggested that such switching between GJIC and connexin

hemichannel signaling through different regulation may

serve to optimize cellular responses to newly occurring

pathophysiological conditions [58], in casu LPS-induced

inflammation. The importance of connexin signaling in the

latter was recently confirmed by Okamoto and group,

showing increased cytokine serum concentrations in Cx32

knock-out mice treated with LPS, thus suggesting that

Cx32-based cellular communication protects against such

insults [62]. In the last few years, it has become clear that

pannexin hemichannels are also essentially involved in the

biological effects that are triggered by LPS, particularly the

inflammatory response. With respect to the latter, LPS

from E. coli as well as from other Gram-negative bacteria,

bind to a Toll-like receptor (TLR) to initiate the expression

of inactive precursor interleukin (IL)-1b. Activation of

precursor IL-1b occurs through cleavage by caspase 1,

which itself becomes activated by processing within a

cryopyrin-containing inflammasome. The subsequent

extracellular release of active pro-inflammatory IL-1b
requires the presence of ATP, which acts via the purinergic

P2X7 receptor. Research from the group of Surprenant

Table 1 Different pathotypes of E. coli, their hosts, and possible disease in humans

E. coli type Host Clinical picture in man Reference

Enteropathogenic E. coli (EPEC) Mana, rabbit, dog, cat horse,

pig, cattle, sheep

Profuse watery diarrhea, vomiting, low-

grade fever, death

[183–187]

Enterohemorrhagic E. coli (EHEC) Man, goat, sheep, cattle,

pig, cat, chicken, gull

Bloody diarrheab, hemolytic-uremic

syndrome, acute kidney failure

[183–185]

Enterotoxigenic E. coli (ETEC) Manc, pig, dog, goat, sheep,

cattle, horse

(Traveler’s) watery, secretory diarrhea,

sometimes fever and vomiting, death

[183, 186, 188, 189]

Enteroaggregative E. coli (EAEC) Man Persistent watery, mucoid and secretory

diarrhea

[183]

Enteroinvasive E. coli (EIEC) Man Abundant watery diarrhea, fever [183]

Diffusely adherent E. coli (DAEC) Mand Watery diarrhea [183]

a Often infants younger than 2 years
b Serotype O157:H7
c Healthy adults or children in developing world
d Typically in children and hospitalized patients
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showed that Panx1 hemichannels are crucial for the pro-

cessing of caspase 1 and release of IL-1b. Panx1

hemichannel opening is hereby induced by ATP-stimula-

tion of P2X7 receptors, as shown in mouse and human

macrophages exposed to LPS [63–65]. It has been sug-

gested that Panx1 hemichannels fulfill a critical role in the

recognition and the intracellular delivery of bacterial

molecules, including subsequent activation of the cryopy-

rin-mediated caspase 1 cleavage, independently of TLR

signaling [66, 67]. The involvement of Panx1 hemichan-

nels in inflammatory and immune reactions in response to

bacterial molecules has also been demonstrated in other

cell types, such as erythrocytes [68], dendritic cells [69]

and neutrophils [70].

Shigella flexneri

Shigella flexneri, also called Group B Shigella, is one of the

four Shigella species belonging to the family Enterobac-

teriaceae next to E. coli, though could equally be

envisaged as an E. coli species as such based upon genome

comparison. Infection with this Gram-negative microor-

ganism may be water- or food-borne and is transmitted

from an infected individual to another, mostly by the fecal–

oral route. This often happens when basic hygiene condi-

tions and habits are scarce, such as upon inadequate hand

washing. S. flexneri infection results in shigellosis charac-

terized by a wide range of symptoms, including bloody

diarrhea originating from the colon, stomach cramps and

fever. This type of dysentery may also be attended with a

late-onset complication, called Reiter’s syndrome, in

approximately 3% of those infected [71, 72]. Bacterial

invasion of the colonic mucosa represents a fundamental

step in the pathogenesis of shigellosis. Invasion and repli-

cation within the colonic epithelium subsequently result in

an intense inflammatory reaction by the host and eventually

epithelial destruction [72]. S. flexneri pathogenesis is a

complex process that involves several types of host

immune cells. Assisted by polymorphonuclear leukocytes,

S. flexneri reaches the basolateral epithelial cell pole, which

is then invaded by this pathogen. Further invasion and

lateral spreading of the bacteria within the epithelium

causes tissue destruction that eventually burgeons into the

typical S. flexneri-related clinical symptoms. Using an

antibody approach, Clair and group found that Cx26, Cx32

and Cx43 hemichannel activity is crucial during S. flexneri

invasion in a human Caco-2/TC7 intestinal epithelial cell

line [73]. Further work from the same group also showed

that infection of Cx26-transfected HeLa cells with S. flex-

neri induces Cx26 hemichannel opening in an actin- and

phospholipase C-dependent way. As a result, ATP becomes

released in the extracellular environment, which in turn

further favors bacterial invasion and dissemination [74].

These findings were confirmed by Stella Man et al. [75],

whereby it was also demonstrated that such bacterial

spreading scenario is not present in HeLa cells transfected

with deafness-associated mutated Cx26, Cx30 or Cx31.

Recently, gap junctions were found to mediate the gener-

ation of an inflammatory response (i.e., IL-8 production) in

uninfected epithelial cells from neighboring cells infected

with S. flexneri, a process called bystander activation [76].

Yersinia enterocolitica

As a human pathogen, Y. enterocolitica, also belonging to

the family Enterobacteriaceae, is most frequently associ-

ated with a broad spectrum of clinical symptoms such as

acute diarrhea, terminal ileitis, mesenteric lymphadenitis,

and pseudoappendicitis. This zoonotic pathogen has even

approached the level of Salmonella and Campylobacter

being a major cause of acute bacterial gastroenteritis in

various countries. Human yersiniosis is mostly attributed to

contaminated pork meat, milk and water, as well as blood

transfusion [77, 78]. Once adhered to the intestinal epi-

thelium overlying the Peyer’s patches, Y. enterocolitica

invades the epithelium and proliferates in the underlying

lymphoid tissue [79]. In fact, this microorganism has

developed several strategies at the molecular level allowing

the accomplishment of a persistent infection and the

encouragement of invasion of the host cells. Both the role

of the 70–75 kb virulence plasmid, encoding for a type III

secretion apparatus, in the evasion of phagocytosis leuko-

cytes [80–82] and the role of integrin receptors on the

mammalian cell surface in bacterial internalization [83–85]

have been described on several occasions. Recently, Ve-

lasquez-Almonacid and colleagues [86] also demonstrated

that connexin hemichannels contribute to Y. enterocolitica

pathogenesis. In particular, infection of Cx43-tranfected

HeLa cells with Y. enterocolitica triggers tyrosine phos-

phorylation of Cx43. This favors Cx43 hemichannel

opening, thereby facilitating intracellular uptake of

Y. enterocolitica.

Helicobacter pylori

The genus Helicobacter nowadays includes at least 32

species with validly published names [87]. The genus can

roughly be divided into two groups, namely the enterohe-

patic and gastric Helicobacter species of which H. pylori is

the type strain. This Gram-negative bacterium colonizes

the stomach of about 40% of the human population in

developed countries and even 80% of all humans in

developing countries. H. pylori infection has been related

to chronic active gastritis without clinical symptoms,

peptic ulcer disease, gastric adenocarcinoma, and mucosa-

associated lymphoid tissue (MALT) lymphoma [88–91].
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Its role in the development of gastric cancer can be

explained by the bacterium’s ability to influence inflam-

matory cytokine secretion, apoptosis, cell proliferation, and

cell differentiation through the activation of a number of

oncogenic pathways [88, 92]. Among the various virulence

factors that control this process, cytotoxin-associated

antigen A (CagA) is the most prominent one, particularly

in the context of H. pylori-induced gastric cancer [89, 93–

96]. CagA affects cellular signaling as a result of altered

epithelial cell permeability, cell contacts and cell polarity

[88]. Indeed, H. pylori CagA? and CagA- strains both

abolish GJIC in a human gastric epithelial cell line, asso-

ciated with inhibition of cell proliferation [97]. Upon

administration of water extracts of CagA? H. pylori to rats

in which gastric ulcers were induced by acetic acid, healing

and reappearance of Cx32 protein expression in gastric

mucosa are significantly delayed [98]. CagA? H. pylori

also downregulates Cx43 production in cultured human

gastric carcinoma cells [99]. Likewise, in precancerous

gastric lesions of patients with H. pylori infection, espe-

cially the CagA? variant, Cx32 and Cx43 levels are more

reduced compared to non-infected patients [100, 101].

Eradication of H. pylori usually results in restoration of

connexin expression in human gastric cells, both in vitro

[99] and in vivo [100].

Bordetella pertussis

Currently, the genus Bordetella is comprised of nine

recognized species of which B. pertussis and B. paraper-

tussishu in humans, and B. bronchiseptic and B.

parapertussisov in animals are the most common ones.

These Gram-negative bacteria produce a toxin, called

lethal toxin or dermonecrotic toxin (DNT), which elicits a

variety of precarious disorders amongst several organs in

experimental animals. As such, DNT of B. bronchiseptica

is considered to play a role in the pathogenesis of porcine

atrophic rhinitis resulting from turbinate atrophy due to a

deficient osteoblastic differentiation [102]. In humans,

infection of the airways with B. pertussis has been recog-

nized as a significant hazard to newborns and infants and is

increasingly acknowledged as a cause of pertussin, or

whooping cough, in adolescents and adults. Common

complications of the disease, sometimes fatal, include

bronchopneumonia and encephalopathy [103–105].

Although the pathogenesis of B. pertussis infection and

disease largely remains to be established, a number of

virulence-associated factors are known to drive these pro-

cesses. These include calmodulin-activated adenylate

cyclase toxin, tracheal cytotoxin and pertussin toxin (PTX)

[106, 107]. The latter is envisaged as the main etiological

agent of whooping cough that plays a crucial role in the

initial colonization stage of the infection. PTX is able to

bind to the surface of phagocytes, which then take up the

bacteria. The lipid moiety of PTX is thought to be a major

modulator of the host immune defenses. PTX has been

found to inhibit GJIC in Novikoff hepatoma cells. This was

not a result of changes in Cx43 mRNA or protein levels,

nor was it associated with modifications of its phosphory-

lation pattern, but was due to inhibition of gap junction

assembly at the cell plasma membrane surface, which in

turn stemmed from aberrant Cx43 trafficking [108].

Aggregatibacter (Actinobacillus) actinomycetemcomitans

Aggregatibacter, formerly Actinobacillus, actinomycetem-

comitans [109] is a capnoic Gram-negative coccobacillus

known to produce localized juvenile periodontitis (LJP),

osteomyelitis, and infections of the heart, brain and urinary

tract [110, 111]. It has been suggested that A. actinomy-

cetemcomitans induced-apoptosis of alveolar bone cells

plays an important role in periodontal diseases [112]. This

bacterial agent forms several putative virulence factors,

such as a secreted chaperonin 60 and repeat toxin leuko-

toxin, that both affect several white blood cell types,

proteins possessing the ability to block eukaryotic cell

cycle progression, including cytolethal distending toxin,

and proteins that can provoke diverse types of pro-

inflammatory cytokine networks [113–115]. Other proteins

secreted by A. actinomycetemcomitans play a central role

in binding to endothelium or epithelium and/or for possible

invasion of host cells. This specifically holds true for sar-

cosyl-insoluble outer membrane protein (OMP) members,

which may underlie A. actinomycetemcomitans-induced

LJP [116, 117]. As such, both A. actinomycetemcomitans

and its OMP29 product reduce GJIC in cultures of human

gingival epithelial cells. This is associated with downreg-

ulated levels of phosphorylated and non-phosphorylated

Cx43 protein and concomitant lowered cAMP amounts. In

the same study, it was also demonstrated that the anti-ulcer

agent irsogladine maleate is able to counteract the delete-

rious actions of OMP29 on Cx43-based gap junctions

[118].

Pseudomonas aeruginosa

Pseudomonas aeruginosa is one of the 13 members of the

genus Pseudomonas, which are Gram-negative, aerobic

rods. It is ubiquitous in soil and water as well as on sur-

faces in contact with soil or water. In addition, it can be

present in a biofilm attached to some surface or substrate.

This bacterial agent is considered occasionally as a path-

ogen of plants, but it also has become more and more

accepted as an emerging opportunistic pathogen of clinical

relevance in animals and humans. The main requisite for

the development of an infection with this microbe is a
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compromised immune system [119, 120]. Populations of

patients prone to acquire P. aeruginosa infection are those

suffering from cancer, cystic fibrosis, and burns. P. aeru-

ginosa can cause multiple health-care associated nosoco-

mial infections such as septicemia, urinary tract infections,

pneumonia, chronic lung infections, endocarditis, derma-

titis, and osteochondritis [121, 122]. The secretion of

effector proteins is a crucial step during P. aeruginosa

infection. These effector proteins disrupt the epithelial

barrier and hamper wound repair by limiting cell migration

and cell proliferation, causing apoptosis or necrosis and

abolishment of tight junctions. They also impede macro-

phage and neutrophil function and migration [123].

Furthermore, one of the broad arsenals of virulence

determinants produced by this bug that plays an important

role in the development of these infections is LPS [124].

Intratracheal instillation of P. aeruginosa-derived LPS in

mice results in upregulated alveolar Cx43 production. This

is thought to be crucial for neutrophil recruitment to the

lung [125]. By contrast, intranasal instillation of LPS in

mice downregulated the Cx40 expression in lung [126].

Similarly, in cultured nasal epithelial cells, P. aeruginosa

LPS negatively affected Cx43 expression [127].

Citrobacter rodentium

Citrobacter rodentium is a natural pathogen of mice using

attaching and effacing (A/E) lesion formation as an

apparatus of tissue targeting and infection, similar to

enterohemorrhagic E. coli (EHEC) and Enteropathogenic

E. coli (EPEC) in humans and domestic animals. A

diversity of clinical manifestations and differing lethality

degrees are noted, albeit with one vast similitude, namely

hyperplasia of the colon. Important to mention is that

C. rodentium-infected laboratory mice are in particular a

powerful in vivo model for studying the pathogenesis of

infectious gastroenteritis [128, 129]. Using this model,

Guttman and colleagues recently reported increasing levels

of Cx43 in mouse colon, whereby unpaired hemichannels

were formed at both the apical and the lateral membrane

surface of the colonocytes. By applying animals genetically

deficient in Cx43, it was subsequently demonstrated that

Cx43 hemichannel opening triggers water release during

C. rodentium-induced diarrhea [130].

Gram-positive bacteria

Clostridium species

Clostridium botulinum Clostridium bacteria are Gram-

positive anaerobic organisms. The genus is comprised of

approximately 100 species that contain ubiquitous bacteria

as well as important pathogens including C. botulinum

[131]. The obligate anaerobe C. botulinum is worldwide

present in aquatic sediments and soils and may hence

contaminate vegetables. The bacterium is, however, also

able to colonize the gastrointestinal tract of mammals,

birds and fish. C. botulinum, and rarely C. butyricum and

C. baratii, produce highly potent botulinum neurotoxins

that are responsible for botulism, a severe neuroparalytic

disease. Seven serologically distinct neurotoxins (A–G)

that differ in structure, toxicity, and host species specificity

have been described. Most strains produce one neurotoxin,

but a few produce two [132]. Neurotoxins A, B, E, F and

rarely G give rise to flaccid paralysis in humans. Yet,

human botulism is divided into five clinical classes, namely

food-borne, wound, infant, adult infectious and inadvertent

botulism [133]. Two other toxins are produced by some

strains of C. botulinum types C and D, namely binary actin-

modifying C2 toxin and C3-like exoenzyme [132]. The

latter displays adenosine diphosphate (ADP)-ribosyltrans-

ferase activity and negatively affects Rho family guanosine

triphosphate hydrolyzing enzymes (GTPases). It has been

reported that inhibition of Rho GTPases by the C3 toxin in

cultured cancerous human astrocytes results in repression

of extracellular ATP release, probably through connexin or

pannexin hemichannels [134]. Reduction of ATP-related

communication through hemichannels has also been

observed in cultured primary rat astrocytes exposed to

C. botulinum toxin A [135]. Furthermore, C. botulinum

toxin C3 also influences gap junction activity, as it

represses GJIC in cultures of primary rat cardiomyocytes.

This is not associated with modifications in Cx43 protein

levels or with changes in the Cx43 phosphorylation pattern.

The interaction between Cx43 and zonula occludens 1

(ZO-1), increases by the C3 toxin. Cx43-ZO-1 interaction

typically occurs at the periphery of gap junction plaques

and is thought to control gap junction turnover. Thus,

Cx43-ZO-1 interaction is inversely related to gap junc-

tional plaque size and therefore negatively affects GJIC

[136]. In the eye lens of transgenic mouse expressing

C. botulinum-derived C3 ADP-ribosyltransferase and in

cultures of primary rabbit corneal epithelial cells of,

C. botulinum toxin C3 reduced Cx50 immunostaining

[137] and Cx43 immunoreactivity [138], respectively.

Clostridium perfringens Clostridium perfringens, is,

similar to C. botulinum, found in soil and marine samples

as well as in the intestinal environment of domestic

animals and human beings as a benign component.

Nonetheless, when this environment is distorted by sudden

changes in diet or other factors, it also can act as an

opportunistic veterinarian and human pathogen, resulting

in a plethora of syndromes such as food poisoning,

necrotic enteritis and gas gangrene in man, and enterot-

oxaemia in cattle, sheep, horses and pigs, necrotic enteritis
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in poultry and typhlocolitis in equines. Development of

these disorders can mainly be attributed to potent toxins

that act locally or, when absorbed, systemically with

usually destructive consequences for the host [139–142].

Next, C. perfringens infection also may result in a

decreased cardiac contractility, mainly due to phospholi-

pase C and may therefore be lethal [143]. C. perfringens

strains have the ability to produce a large number of tox-

ins, including enterotoxin, beta2 toxin, perfringolysin O,

alpha toxin, beta toxin, epsilon toxin and iota toxin (ITX)

[142]. ITX appears to influence several actin isoforms

including alpha-actin of the heart muscle as shown in an in

vitro study conducted by the group of Gabbiani [144].

Derangeon et al. [136] additionally tested the outcome of a

chimeric toxin constructed of C. perfringens-derived iota

toxin component Ib and C. botulinum-derived C3 ADP-

ribosyltransferase on gap junctions in cultures of ventric-

ular cardiomyocytes from neonatal rats and found that it

decreases GJIC and Cx43 gap junctional plaque size.

Furthermore, exposure of isolated gap junction-rich cell

membrane fractions from mouse liver to phospholipase C

from C. perfringens resulted in disappearance of gap

junctions [145].

Clostridium difficile Clostridium difficile is a major

causative agent of antibiotic-associated diarrhea that can

result in serious complications, including Pseudomembra-

nous colitis. This is often a consequence from eradication

of the residual gut microbiota by antimicrobials. In most

cases however, C. difficile-infection passes by without any

symptoms [141]. C. difficile associated disease may also be

represented as an extracolonic manifestation causing

infection of the small intestine, reactive arthritis, osteo-

myelitis, various skin diseases and bacteraemia [146]. In

addition, brain astrocytes, and more specifically the cyto-

skeleton, may be affected as shown in an in vitro study of

Ciesielski-Treska and co-researchers [147]. The pathoge-

nicity of C. difficile is interceded by two large exotoxins,

namely Toxin A and Toxin B. Once transported into the

cytoplasm of the host cell, both toxins act as negative

effectors of Rho family GTPases. Most of C. difficile iso-

lates with mutations in the Toxin A and Toxin B genes

produce another toxin, C. difficile toxin. This iota-like

toxin has ADP-ribosyltransferase activities, but is thus far

assumed to be non-essential in the development of colitis

caused by C. difficile [146, 148]. It also inhibits Rho family

GTPases and Blum and colleagues reported that this action

results in a drop of extracellular ATP release in cultured

human cancerous astrocytes. Although unequivocal scien-

tific evidence is lacking, this study suggests that the ATP

release system affected by Toxin B might be a hemichannel

composed of either connexins or pannexins. However, the

relevance of this finding is yet unclear [133].

Streptococcus pneumoniae

Streptococcus pneumoniae, also referred to as pneumo-

coccus, a member of the genus Streptococcus, is a normal

inhabitant of the human upper respiratory tract, but may

also act as an important human pathogen which is the

causative agent of numerous disorders ranging from

pneumonia, usually of the lobar type, acute paranasal

sinusitis and otitis media to meningitis, bacteremia, sepsis,

osteomyelitis, septic arthritis, endocarditis, peritonitis,

pericarditis, cellulitis, necrotizing fasciitis, and brain

abscess in humans and/or animals. Moreover, this Gram-

positive bacterium is at this moment the prime cause of

invasive bacterial disease in infants and the elderly [149–

154]. With regard to acute otitis media, S. pneumoniae is

one of the top-three isolates found in this pervasive illness

in infants and children, next to Haemophilus influenzae and

Moraxella catarrhalis [155] with the highest rates in

developed and emerging countries [156]. An important

consequence of middle ear infection is sensorineural

hearing loss due to cochlear damage. This is associated

with loss of Cx26 expression in the spiral ligament [157].

Cx26-based gap junctions are known to play a role in the

cycling of potassium ions and intercellular metabolite

sharing, which is essential for the maintenance of the ionic

composition of the endolymph and the endocochlear

potential in the cochlea. Deterioration of these critical

functions may results in cochlear dysfunction and deafness

[158].

Staphylococcus aureus

Staphylococcus aureus, a Gram-positive spherical bacterial

microorganism, can be cultured from nasal passages of

clinically healthy humans, but most other anatomical

locales, such as the skin, oral cavity and gastrointestinal

tract may also frequently yield this bacterial species.

Methicillin-resistant S. aureus (MRSA) has been well-

established in hospitals for several decades, though MRSA

strains have additionally emerged more and more outside

the hospital becoming identified as community associated-

MRSA (CA-MRSA) strains of the organism, which now

predominate staphylococcal infections observed in clinic

settings [159, 160]. Since 2005, a MRSA clone CC398 has

been reported to colonize pigs, veal calves, and broiler

chickens and to infect dairy cows. It also has the capacity

to spread to humans [161]. S. aureus is the leading bacterial

cause of gastroenteritis as a result of the consumption of

contaminated food. More specifically, staphylococcal food

poisoning is attributable to the uptake of enterotoxins

belonging to the family of pyrogenic toxins produced

by S. aureus. Types of diseases caused by S. aureus and

its virulence determinants include, next to food-borne
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originated-gastroenteritis, skin infections possibly evolving

into impetigo or cellulitis or scalded skin syndrome, lac-

tational mastitis, bacteremia or sepsis, pneumonia,

endocarditis which may lead to heart failure, osteomyelitis,

chorioamnionitis and neonatal sepsis in pregnancy, brain

abscess, and toxic shock syndrome and circulatory collapse

eventually leading to death mainly in people with severe

burns over large areas of the body [160, 162–166]. Pepti-

doglycan present in the cell wall of S. aureus appears to

play an important role in the toxic shock syndromes’

pathogenesis. It has indeed been acknowledged that this

macromolecule, and more specifically its embedded TLR2

ligand, operates as a pathogen-associated molecular trigger

that activates the pro-inflammatory innate immune reac-

tion. However, it also has the ability to modulate the anti-

inflammatory response related to its pathogenicity [167].

Such contradictory actions are also found at the gap junc-

tional platform. Thus, S. aureus-derived peptidoglycan was

reported to induce GJIC in cultures of primary mouse

microglia, which was linked to enhanced Cx43 gene tran-

scription and translation [168]. In cultures of primary

mouse astrocytes, though, both S. aureus and its peptido-

glycan silence gap junction activity, a process that involves

the p38 MAPK signaling cascade. At the connexin level, a

decrease in mRNA and protein amounts of both Cx30 and

Cx43 was observed, whereas Cx26 production became

induced [169]. In a recent study, Karpuk and colleagues

reported downregulated astrocyte GJIC in brain slices of

mice infected with S. aureus. Interestingly, this coincided

with activation of hemichannel activity, which in turn was

paralleled by increased expression of Cx30 and Cx43

[170]. Such opposite outcome on both channel types is

reminiscent of the differential actions of LPS on hemi-

channels and gap junctions [58–60], and thus suggests

specific functions for these channels in these conditions.

On the other hand, peptidoglycan, albeit derived from

S. epidermidis, was recently found to increase Cx43 mRNA

and protein abundance in cultured murine endothelial cells

and by doing so, both GJIC and Cx43-based hemichannel

activity became elevated. The latter was probably triggered

through Cx43 phosphorylation and in turn caused induction

of IL-6 and TLR2 expression. Thus, Cx43-based hemi-

channels are likely to play an important role in the

initiation of early innate immune responses in the endo-

thelium [171].

Conclusions and perspectives

Infectious diseases are caused by a plethora of pathogenic

microorganisms, among which bacteria are prominent

ones. Upon bacterial infection, epithelial barriers become

compromised, which is unavoidably accompanied by

disruption of cell junctions. Rickettsia infection, for

instance, is associated with abrogation of adherens junc-

tion formation in host cells [172], whereas desmosomes

are targets for exfoliative toxin released by S. aureus

[173]. Likewise, several bacterial pathogens modulate

tight junctional structure and function, including E. coli,

S. flexneri, H. pylori, and C. perfringens [174–176]. Given

their key roles in the maintenance tissue homeostasis, it is

not surprising that connexins and pannexins, as well as

their channels, are also affected during infectious diseases

[3, 4, 9] from bacterial, viral or parasitic origin. As such,

the classical swine fever virus [177], the Borna disease

virus [178] and the human cytomegalovirus [179] have

been found to downregulate connexin expression. Similar

findings were reported for the protozoan parasites Try-

panosoma cruzi [180, 181] and Toxoplasma gondii [181].

As specifically addressed in the current paper, bacterial

pathogens and their toxins also typically modify connexin

production in host cells. A variety of mechanisms hereby

seems to be involved, implying both the most upper reg-

ulatory levels of connexin expression and the downstream

platform of posttranslational control of connexin channel

functionality (Table 2). The overall impact of these events

on GJIC and connexin hemichannel functionality is

complex and depends on a number of parameters,

including the cellular context and the connexin species.

Consequently, the biological relevance of these commu-

nicative changes yet remains largely unclear. Although

exceptions exist, most reports support a scenario whereby

pathogens modify connexin-related signaling pathways in

such a way that endogenous communication in host cells,

especially GJIC, becomes lost at the expense of the host-

pathogen interaction. The latter is likely to contribute to

the pathogenesis of the invading organism. This particu-

larly holds true for connexin hemichannels. In fact,

opening of connexons following bacterial infection not

only foresees a direct route for the cellular uptake of the

pathogen [86], but also provides a pathway for extracel-

lular release of ATP [74] and water [130], which may

favor bacterial invasion and spreading [73, 74, 86]. For

pannexin hemichannels, a more specific role has been

reported, namely their involvement in the processing of

caspase 1 and release of IL-1b during LPS-evoked

inflammation [63–65]. It should be noted, however, that

the research field of hemichannels composed of connexins

or pannexins, is still in its infancy, mainly because of

the ubiquitous lack of exploratory agents that allow

unequivocal discrimination from either their full channel

counterparts, as in the case of connexins, or from other

channel types, especially applying to pannexins. It can be

anticipated that more light will be shed on the involve-

ment of each of these connexin-related signaling pathways

in bacterial pathogenesis upon introduction of appropriate
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Table 2 Effects of bacterial pathogens and their toxins and connexin-related signaling

Agent Cell type Effect Mechanism Reference

CNF1 (E. coli) Rat primary ventricular

cardiomyocytes

:GJIC Activation of RhoA GTPase

:Cx43 junctional plaque size

;Cx43/ZO-1 interaction

[134]

LPS (E. coli) Co-culture of rat primary astroglial

cells and rat primary microglial cells

;GJIC ;Cx43 protein expression [33, 34]

LPS (E. coli) Co-culture of mouse primary

astrocytes and mouse primary

microglial cells

;GJIC [57, 58]

LPS (E. coli) Co-culture of mouse primary

astrocytes and mouse primary

microglial cells

:HC [59, 60]

LPS (E. coli) Rat primary neonatal astrocytes ;GJIC ;Cx43 mRNA and protein

expression

Activation of inducible NO

synthase

:TLR4 expression

:ERK1/2 phosphorylation

;Caveolin-3 expression

[43]

LPS (E. coli) Human Cx43-transfected cervical

carcinoma HeLa cells

:HC Activation of arachidonic acid

signaling

[58]

LPS (E. coli) Human Cx26-transfected cervical

carcinoma HeLa cells

:HC [58]

LPS (E. coli) Human Cx43-transfected cervical

carcinoma HeLa cells

;GJIC [58]

LPS (E. coli) Human primary microglial cells *GJIC [190]

LPS (E. coli) Rat microvascular endothelial cells

from skeletal muscle

;GJIC Activation of tyrosine kinases [55]

LPS (E. coli) Mouse aortic endothelial cellsb ;GJIC ;Cx40 protein expression [36]

LPS (E. coli) Rat primary astrocytes ;GJIC Activation of NO synthase [56]

LPS (E. coli) Rat primary hepatocytes *GJIC [37]

LPS (E. coli) Co-cultures of rat primary hepatocytes

with Kupffer cells

;GJIC [37]

LPS (E. coli) Isolated rat livers from rats2 ;GJIC ;Cx32 mRNA and protein

expression

;Cx26 protein expression

[38]

LPSa Human mesenchymal stem cells :HC [57]

LPSa Mouse microglial cells :HC :Cx32 cell plasma membrane

expression

[45]

LPSa Rat hepatic stellate cells *GJIC [48]

LPSa Co-culture of human umbilical vein

endothelial cells and human

umbilical vein smooth muscle cells

;GJIC [191]

LPSa Co-culture of mouse CD4? T

lymphocytes and mouse

macrophages

;GJIC [53]

LPSa Co-culture of rat IEC-6 enterocytes

and mouse J774 macrophages

;GJIC ;Cx43 phosphorylation

Cx43 redistribution to cytosol

:NO production

[54]

LPS (E. coli) ? IFN-c Rat and mouse primary microglial

cells

:GJIC :Cx43 protein expression [42]

LPS (E. coli) ? IFN-c Mouse epidermis-derived XS52

dendritic cells

:GJIC [44]
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Table 2 continued

Agent Cell type Effect Mechanism Reference

LPS (E. coli) ? IFN-c Mouse bone marrow-derived dendritic

cells

:GJIC :Cx43 mRNA and protein

expression

[44]

LPSa ? IFN-c Human primary monocytes :GJIC :Cx43 mRNA and protein

expression

[41]

LPSa ? IFN-c Mouse peritoneal macrophages *GJIC [192]

LPSa ? IFN-c Mouse J774 macrophages *GJIC [192]

LPSa ? hypoxia ? reoxygenation Mouse microvascular endothelial cells

from skeletal muscle

;GJIC ;Cx40 PKA-specific serine

phosphorylation

[61]

S. flexneri Human Cx26-transfected cervical

carcinoma HeLa cells

:HC Actin polymerization

Activation of PLC

[74]

S. flexneri Human Cx26-transfected cervical

carcinoma HeLa cells

:HC [75]

S. flexneri Human mutated Cx26-transfected

cervical carcinoma HeLa cells

*HC [75]

S. flexneri Human Cx30-transfected cervical

carcinoma HeLa cells

*HC [75]

S. flexneri Human Cx31-transfected cervical

carcinoma HeLa cells

*HC [75]

S. flexneri Human Caco-2/TC7 intestinal

epithelial cells

:HC [73]

Y. enterocolitica Cx43-transfected human cervical

carcinoma HeLa cells

:HC :Cx43 phosphorylation [85]

H. pylori CagA?/CagA- Human gastric SGC-7901 epithelial

cells

;GJIC [96]

B. pertussis toxin Rat Novikoff hepatoma cells ;GJIC ;Gap junction assembly

;Cx43 trafficking

[107]

A. actinomycetemcomitans Human primary gingival epithelial

cells

;GJIC [116]

OMP29 (A.
actinomycetemcomitans)

Human primary gingival epithelial

cells

;GJIC ;Cx43 protein expression

;cAMP levels

[116]

C. rodentium Mouse colonocytes2 :HC :Cx43 protein expression [129]

Toxin A (C. botulinum) Rat primary astrocytes ;HC [135]

Toxin B (C. botulinum) Human Cx43-transfected cervical

carcinoma HeLa cells

:HC [58]

Toxin C3 (C. botulinum) Rat primary ventricular

cardiomyocytes

;GJIC Inhibition of RhoA GTPase

;Cx43 junctional plaque size

[134]

Toxin C3 (C. botulinum) Human 1321N1 astrocytes ;HC Inhibition of

RhoA GTPase

:Cx43/ZO-1

interaction

[133]

Chimera of toxin C3 (C.
botulinum) and Iota toxin (C.
perfringens)

Rat primary ventricular

cardiomyocytes

;GJIC Inhibition of

RhoA GTPase

[134]

Iota toxin (C. perfringens) Rat primary ventricular

cardiomyocytes

*GJIC [134]

Toxin B (C. difficile) Human 1321N1 astrocytes ;HC Inhibition of

RhoA GTPase

133

S. typhimurium Mouse B16F10 melanoma cells :GJIC :Cx43 protein expression [182]

S. typhimurium Co-culture of mouse B16F10

melanoma cells and mouse DC1

dendritic cells

:GJIC :Cx43 protein expression [182]
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experimental tools. The fundamental knowledge that will

be gained by doing so is not only of major importance for

molecular biologists, but is also of great interest to clinical

scientists. Indeed, connexins and their channels potentially

represent new targets for the treatment of infectious dis-

eases. The anticonvulsant levetiracetam [33] and the

glucocorticoid dexamethasone [34], for example, were

both reported to alleviate LPS-induced reduction of

GJIC and Cx43 expression levels in co-cultures of primary

rat astroglial cells and primary rat microglial cells. Simi-

larly, abrogation of GJIC and Cx43 production in human

gingival epithelial cells exposed to A. actinomycetem-

comitans-derived OMP29 could be counteracted by the

anti-ulcer agent irsogladine maleate [118]. On the other

hand, the effects of bacteria on connexin signaling might

be exploited in cancer therapy. In this context, Saccheri

and group recently reported increased Cx43 levels in

S. typhimurium-infected human and mouse melanoma

cells, resulting in the establishment of a gap junction

network with adjacent dendritic cells. As a result, anti-

genic peptides are transferred from the melanoma cells to

the dendritic cells, which then present these peptides on

their surface. The latter then trigger activation of cytotoxic

T cells against the tumor antigen and thus an anti-tumor

response [182]. Collectively, these data show that further

exploitation of this emerging research field may open new

perspectives for the development of new site-directed

strategies for the clinical treatment of various diseases.

Acknowledgments This work was financially supported by grants

of the Research Council of the Vrije Universiteit Brussel (OZR-

VUB), the Industrial Research Funds (IOF), the Fund for Scientific

Research Flanders (FWO-Vlaanderen) and the European Union (FP6

project carcinoGENOMICS and FP7/Colipa projects DETECTIVE

and HeMiBio).

References

1. Swamy M, Jamora C, Havran W, Hayday A (2010) Epithelial

decision makers: in search of the ‘epimmunome’. Nature

immunology 11(8):656–665

2. Vinken M, Papeleu P, Snykers S, De Rop E, Henkens T,

Chipman JK, Rogiers V, Vanhaecke T (2006) Involvement of

cell junctions in hepatocyte culture functionality. Crit Rev

Toxicol 36(4):299–318

3. Decrock E, Vinken M, De Vuyst E, Krysko DV, D’Herde K,

Vanhaecke T, Vandenabeele P, Rogiers V, Leybaert L (2009)

Connexin-related signaling in cell death: to live or let die? Cell

Death Differ 16(4):524–536

4. Vinken M, Decrock E, De Vuyst E, Ponsaerts R, D’hondt C,

Bultynck G, Ceelen L, Vanhaecke T, Leybaert L, Rogiers V

(2011) Connexins: sensors and regulators of cell cycling. Bio-

chim Biophys Acta 1815:13–25

5. Dbouk HA, Mroue RM, El-Sabban ME, Talhouk RS (2009)

Connexins: a myriad of functions extending beyond assembly of

gap junction channels. Cell Commun Signal 7:4

Table 2 continued

Agent Cell type Effect Mechanism Reference

S. aureus Mouse brain slicesb :HC

;GJIC

:Cx43/Cx30 protein expression [170]

S. aureus Mouse primary astrocytes ;GJIC ;Cx43/Cx30 mRNA and

protein expression

:Cx26 mRNA and protein

expression Activation of p38

MAPK pathway

[168]

Peptidoglycan (S. epidermidis) Mouse b.End5 endothelial cells :GJIC

:HC

:Cx43 mRNA and protein

expression

[171]

Peptidoglycan (S. epidermidis) Cx43-transfected human cervical

carcinoma HeLa cells

:HC [171]

Peptidoglycan (S. aureus) Mouse primary microglia :GJIC :Cx43 mRNA and protein

expression

[167]

Peptidoglycan (S. aureus) Mouse primary astrocytes ;GJIC ;Cx43/Cx30 mRNA and

protein expression

:Cx26 mRNA and protein

expression Activation of p38

MAPK pathway

[168]

a Source not specified
b In vivo/ex vivo study

cAMP cyclic adenosine monophosphate, CNF1 cytotoxic necrotizing factor 1, Cx connexin, ERK1/2 extracellular signal-regulated kinase 1/2,

GJIC gap junctional intercellular communication, GTPase guanosine triphosphate hydrolyzing enzyme, HC connexin hemichannel communi-

cation, IFN interferon, LPS lipopolysaccharide, MAPK mitogen-activated protein kinase, NO nitric oxide, OMP29 outer membrane protein 29,

PKA protein kinase A, PLC phospholipase C, TLR Toll-like receptor, ZO-1 zonula occludens 1

3058 L. Ceelen et al.

123



6. Goodenough DA, Paul DL (2009) Gap junctions. Cold Spring

Harbor Perspect Biol 1(1):a002576

7. Rackauskas M, Neverauskas V, Skeberdis VA (2010) Diversity

and properties of connexin gap junction channels. Medicina

(Kaunas, Lithuania) 46(1):1–12

8. Vinken M, De Rop E, Decrock E, De Vuyst E, Leybaert L,

Vanhaecke T, Rogiers V (2009) Epigenetic regulation of gap

junctional intercellular communication: more than a way to keep

cells quiet? Biochim Biophys Acta 1795(1):53–61

9. Vinken M, Doktorova T, Decrock E, Leybaert L, Vanhaecke T,

Rogiers V (2009) Gap junctional intercellular communication as

a target for liver toxicity and carcinogenicity. Crit Rev Biochem

Mol Biol 44(4):201–222

10. Laird DW (2010) The gap junction proteome and its relationship

to disease. Trends in cell biology 20(2):92–101

11. D’Hondt C, Ponsaerts R, De Smedt H, Bultynck G, Himpens B

(2009) Pannexins, distant relatives of the connexin family with

specific cellular functions? Bioessays 31(9):953–974

12. Alexander DB, Goldberg GS (2003) Transfer of biologically

important molecules between cells through gap junction chan-

nels. Curr Med Chem 10(19):2045–2058

13. Cottrell GT, Burt JM (2005) Functional consequences of het-

erogeneous gap junction channel formation and its influence in

health and disease. Biochim Biophys Acta 1711(2):126–141

14. Goldberg GS, Moreno AP, Lampe PD (2002) Gap junctions

between cells expressing connexin 43 or 32 show inverse

permselectivity to adenosine and ATP. J Biol Chem

277(39):36725–36730

15. Evans WH, De Vuyst E, Leybaert L (2006) The gap junction

cellular internet: connexin hemichannels enter the signalling

limelight. Biochem J 397(1):1–14

16. Schalper KA, Palacios-Prado N, Orellana JA, Saez JC (2008)

Currently used methods for identification and characterization of

hemichannels. Cell Commun Adhesion 15(1):207–218

17. D’Hondt C, Ponsaerts R, De Smedt H, Vinken M, De Vuyst E,

De Bock M, Wang N, Rogiers V, Leybaert L, Himpens B,

Bultynck G (2011) Pannexin channels in ATP release and

beyond: an unexpected rendezvous at the endoplasmic reticu-

lum. Cellular Signal 23(2):305–316

18. Scheckenbach LKE, Crespin S, Kwak BR, Chanson M (2011)

Connexin channel-dependent signaling pathways in inflamma-

tion. J Vasc Res 48:91–103

19. Moreno AP, Lau AF (2007) Gap junction channel gating mod-

ulated through protein phosphorylation. Prog Biophys Mol Biol

94(1–2):107–119

20. Solan JL, Lampe PD (2009) connexin 43 phosphorylation: struc-

tural changes and biological effects. Biochem J 419(2):261–272

21. Sohl G, Willecke K (2004) Gap junctions and the connexin

protein family. Cardiovasc Res 62(2):228–232

22. Oyamada M, Oyamada Y, Takamatsu T (2005) Regulation of

connexin expression. Biochim Biophys Acta 1719(1–2):6–23

23. Anderson C, Catoe H, Werner R (2006) MIR-206 regulates

connexin 43 expression during skeletal muscle development.

Nucleic Acids Res 34(20):5863–5871

24. Callis TE, Pandya K, Seok HY, Tang RH, Tatsuguchi M, Huang ZP,

Chen JF, Deng Z, Gunn B, Shumate J, Willis MS, Selzman CH,

Wang DZ (2009) MicroRNA-208a is a regulator of cardiac hyper-

trophy and conduction in mice. J Clin Investig 119(9):2772–2786

25. Inose H, Ochi H, Kimura A, Fujita K, Xu R, Sato S, Iwasaki M,

Sunamura S, Takeuchi Y, Fukumoto S, Saito K, Nakamura T,

Siomi H, Ito H, Arai Y, Shinomiya K, Takeda S (2009) A

microRNA regulatory mechanism of osteoblast differentiation.

Proc Natl Acad Sci USA 106:20794–20799

26. Kim HK, Lee YS, Sivaprasad U, Malhotra A, Dutta A (2006)

Muscle-specific microRNA miR-206 promotes muscle differ-

entiation. J Cell Biol 174(5):677–687

27. Lu Y, Zhang Y, Shan H, Pan Z, Li X, Li B, Xu C, Zhang B,

Zhang F, Dong D, Song W, Qiao G, Yang B (2009) MicroRNA-

1 downregulation by propranolol in a rat model of myocardial

infarction: a new mechanism for ischaemic cardioprotection.

Cardiovasc Res 84(3):434–441

28. Yang B, Lin H, Xiao J, Lu Y, Luo X, Li B, Zhang Y, Xu C, Bai

Y, Wang H, Chen G, Wang Z (2007) The muscle-specific

microRNA miR-1 regulates cardiac arrhythmogenic potential by

targeting GJA1 and KCNJ2. Nat Med 13(4):486–491

29. Kaper JB, Nataro JP, Mobley HL (2004) Pathogenic Escherichia
coli. Nat Rev Microbiol 2(2):123–140

30. Rolhion N, Darfeuille-Michaud A (2007) Adherent-invasive

Escherichia coli in inflammatory bowel disease. Inflamm Bowel

Dis 13(10):1277–1283

31. Lee SJ, Kim SW, Cho YH, Yoon MS (2006) Anti-inflammatory

effect of an Escherichia coli extract in a mouse model of lipo-

polysaccharide-induced cystitis. World J Urol 24(1):33–38

32. Dalpke AH, Heeg K (2003) Synergistic and antagonistic inter-

actions between LPS and superantigens. J Endotoxin Res

9(1):51–54

33. Haghikia A, Ladage K, Hinkerohe D, Vollmar P, Heupel K,

Dermietzel R, Faustmann PM (2008) Implications of antiin-

flammatory properties of the anticonvulsant drug levetiracetam

in astrocytes. J Neurosci Res 86(8):1781–1788

34. Hinkerohe D, Smikalla D, Schoebel A, Haghikia A, Zoidl G,

Haase CG, Schlegel U, Faustmann PM (2010) Dexamethasone

prevents LPS-induced microglial activation and astroglial

impairment in an experimental bacterial meningitis co-culture

model. Brain Res 1329:45–54

35. Fiorini C, Decrouy X, Defamie N, Segretain D, Pointis G

(2006) Opposite regulation of connexin33 and connexin 43 by

LPS and IL-1alpha in spermatogenesis. Am J Physiol 290(3):

C733–C740

36. Simon AM, McWhorter AR, Chen H, Jackson CL, Ouellette Y

(2004) Decreased intercellular communication and connexin

expression in mouse aortic endothelium during lipopoly-

saccharide-induced inflammation. J Vasc Res 41(4):323–333

37. Gonzalez HE, Eugenin EA, Garces G, Solis N, Pizarro M, Ac-

catino L, Saez JC (2002) Regulation of hepatic connexins in

cholestasis: possible involvement of Kupffer cells and inflam-

matory mediators. Am J Physiol Gastrointest Liver Physiol

282(6):G991–G1001

38. De Maio A, Gingalewski C, Theodorakis NG, Clemens MG

(2000) Interruption of hepatic gap junctional communication in

the rat during inflammation induced by bacterial lipopolysac-

charide. Shock (Augusta, GA) 14(1):53–59

39. Sharma R, Fischer MT, Bauer J, Felts PA, Smith KJ, Misu T,

Fujihara K, Bradl M, Lassmann H (2010) Inflammation induced

by innate immunity in the central nervous system leads to pri-

mary astrocyte dysfunction followed by demyelination. Acta

Neuropathol 120(2):223–236

40. Oviedo-Orta E, Hoy T, Evans WH (2000) Intercellular com-

munication in the immune system: differential expression of

connexin 40 and 43, and perturbation of gap junction channel

functions in peripheral blood and tonsil human lymphocyte

subpopulations. Immunology 99(4):578–590

41. Eugenin EA, Branes MC, Berman JW, Saez JC (2003) TNF-

alpha plus IFN-gamma induce connexin 43 expression and

formation of gap junctions between human monocytes/macro-

phages that enhance physiological responses. J Immunol

170(3):1320–1328

42. Eugenin EA, Eckardt D, Theis M, Willecke K, Bennett MV,

Saez JC (2001) Microglia at brain stab wounds express connexin

43 and in vitro form functional gap junctions after treatment

with interferon-gamma and tumor necrosis factor-alpha. Proc

Natl Acad Sci USA 98(7):4190–4195

Bacteria and connexins 3059

123



43. Liao CK, Wang SM, Chen YL, Wang HS, Wu JC (2010)

Lipopolysaccharide-induced inhibition of connexin 43 gap

junction communication in astrocytes is mediated by downreg-

ulation of caveolin-3. Intern J Biochem Cell Biol 42(5):762–770

44. Matsue H, Yao J, Matsue K, Nagasaka A, Sugiyama H, Aoki R,

Kitamura M, Shimada S (2006) Gap junction-mediated inter-

cellular communication between dendritic cells (DCs) is

required for effective activation of DCs. J Immunol

176(1):181–190

45. Takeuchi H, Jin S, Wang J, Zhang G, Kawanokuchi J, Kuno R,

Sonobe Y, Mizuno T, Suzumura A (2006) Tumor necrosis

factor-alpha induces neurotoxicity via glutamate release from

hemichannels of activated microglia in an autocrine manner.

J Biol Chem 281(30):21362–21368

46. Jara PI, Boric MP, Saez JC (1995) Leukocytes express connexin

43 after activation with lipopolysaccharide and appear to form

gap junctions with endothelial cells after ischemia-reperfusion.

Proc Natl Acad Sci USA 92(15):7011–7015

47. Eugenin EA, Gonzalez HE, Sanchez HA, Branes MC, Saez JC

(2007) Inflammatory conditions induce gap junctional commu-

nication between rat Kupffer cells both in vivo and in vitro. Cell

Immunol 247(2):103–110

48. Fischer R, Reinehr R, Lu TP, Schonicke A, Warskulat U, Dienes

HP, Haussinger D (2005) Intercellular communication via gap

junctions in activated rat hepatic stellate cells. Gastroenterology

128(2):433–448

49. Gingalewski C, Wang K, Clemens MG, De Maio A (1996)

Posttranscriptional regulation of connexin 32 expression in liver

during acute inflammation. J Cell Physiol 166(2):461–467

50. Theodorakis NG, De Maio A (1999) Cx32 mRNA in rat liver:

effects of inflammation on poly(A) tail distribution and mRNA

degradation. Am J Physiol 276(5 Pt 2):R1249–R1257

51. Fernandez-Cobo M, Gingalewski C, De Maio A (1998)

Expression of the connexin 43 gene is increased in the kidneys

and the lungs of rats injected with bacterial lipopolysaccharide.

Shock (Augusta, GA) 10(2):97–102

52. Fernandez-Cobo M, Gingalewski C, Drujan D, De Maio A

(1999) Downregulation of connexin 43 gene expression in rat

heart during inflammation. The role of tumour necrosis factor.

Cytokine 11(3):216–224

53. Bermudez-Fajardo A, Yliharsila M, Evans WH, Newby AC,

Oviedo-Orta E (2007) CD4? T lymphocyte subsets express

connexin 43 and establish gap junction channel communication

with macrophages in vitro. J Leukoc Biol 82(3):608–612

54. Anand RJ, Dai S, Rippel C, Leaphart C, Qureshi F, Gribar SC,

Kohler JW, Li J, Stolz DB, Sodhi C, Hackam DJ (2008) Acti-

vated macrophages inhibit enterocyte gap junctions via the

release of nitric oxide. Am J Physiol Gastrointest Liver Physiol

294(1):G109–G119

55. Lidington D, Ouellette Y, Tyml K (2000) Endotoxin increases

intercellular resistance in microvascular endothelial cells by a

tyrosine kinase pathway. J Cell Physiol 185(1):117–125

56. Bolanos JP, Medina JM (1996) Induction of nitric oxide syn-

thase inhibits gap junction permeability in cultured rat

astrocytes. J Neurochem 66(5):2091–2099

57. Fruscione F, Scarfı̀ S, Ferraris C, Bruzzone S, Benvenuto F,

Guida L, Uccelli A, Salis A, Usai C, Jacchetti E, Ilengo C,

Scaglione S, Quarto R, Zocchi E, De Flora A (2011) Regulation

of human mesenchymal stem cell functions by an autocrine loop

involving NAD(?) release and P2Y11-mediated signaling. Stem

Cells Dev (in press)

58. De Vuyst E, Decrock E, De Bock M, Yamasaki H, Naus CC,

Evans WH, Leybaert L (2007) Connexin hemichannels and gap

junction channels are differentially influenced by lipopolysac-

charide and basic fibroblast growth factor. Mol Biol Cell

18(1):34–46

59. Retamal MA, Froger N, Palacios-Prado N, Ezan P, Saez PJ,

Saez JC, Giaume C (2007) Cx43 hemichannels and gap junction

channels in astrocytes are regulated oppositely by proinflam-

matory cytokines released from activated microglia. J Neurosci

27(50):13781–13792

60. Froger N, Orellana JA, Cohen-Salmon M, Ezan P, Amigou E,

Saez JC, Giaume C (2009) Cannabinoids prevent the opposite

regulation of astroglial connexin 43 hemichannels and gap

junction channels induced by pro-inflammatory treatments.

J Neurochem 111(6):1383–1397

61. Bolon ML, Peng T, Kidder GM, Tyml K (2008) Lipopoly-

saccharide plus hypoxia and reoxygenation synergistically

reduce electrical coupling between microvascular endothelial

cells by dephosphorylating connexin 40. J Cell Physiol

217(2):350–359

62. Okamoto T, Akiyama M, Takeda M, Akita N, Yoshida K,

Hayashi T, Suzuki K (2011) Connexin32 protects against vas-

cular inflammation by modulating inflammatory cytokine

expression by endothelial cells. Exp Cell Res 317(3):348–355

63. Pelegrin P, Surprenant A (2006) Pannexin-1 mediates large pore

formation and interleukin-1beta release by the ATP-gated P2X7

receptor. EMBO J 25(21):5071–5082

64. Brough D, Pelegrin P, Rothwell NJ (2009) Pannexin-1-depen-

dent caspase-1 activation and secretion of IL-1beta is regulated

by zinc. Eur J Immunol 39(2):352–358

65. Pelegrin P, Barroso-Gutierrez C, Surprenant A (2008) P2X7

receptor differentially couples to distinct release pathways for

IL-1beta in mouse macrophage. J Immunol 180(11):7147–7157

66. Kanneganti TD, Lamkanfi M, Kim YG, Chen G, Park JH,

Franchi L, Vandenabeele P, Nunez G (2007) Pannexin-1-med-

iated recognition of bacterial molecules activates the cryopyrin

inflammasome independent of Toll-like receptor signaling.

Immunity 26(4):433–443

67. Marina-Garcia N, Franchi L, Kim YG, Miller D, McDonald C,

Boons GJ, Nunez G (2008) Pannexin-1-mediated intracellular

delivery of muramyl dipeptide induces caspase-1 activation via

cryopyrin/NLRP3 independently of Nod2. J Immunol

180(6):4050–4057

68. Skals M, Jorgensen NR, Leipziger J, Praetorius HA (2009)

Alpha-hemolysin from Escherichia coli uses endogenous

amplification through P2X receptor activation to induce hemo-

lysis. Proc Natl Acad Sci USA 106(10):4030–4035

69. Lamkanfi M, Malireddi RK, Kanneganti TD (2009) Fungal

zymosan and mannan activate the cryopyrin inflammasome.

J Biol Chem 284(31):20574–20581

70. Chen Y, Yao Y, Sumi Y, Li A, To UK, Elkhal A, Inoue Y,

Woehrle T, Zhang Q, Hauser C, Junger WG (2010) Purinergic

signaling: a fundamental mechanism in neutrophil activation.

Sci Signal 3(125):ra45

71. Alebiosu CO, Raimi TH, Badru AI, Amore OO, Ogunkoya JO,

Odusan O (2004) Reiter’s syndrome—a case report and review

of literature. Afr Health Sci 4(2):136–138

72. Jennison AV, Verma NK (2004) Shigella flexneri infection:

pathogenesis and vaccine development. FEMS Microbiol Rev

28(1):43–58

73. Clair C, Combettes L, Pierre F, Sansonetti P, Tran Van Nhieu G

(2008) Extracellular-loop peptide antibodies reveal a predomi-

nant hemichannel organization of connexins in polarized

intestinal cells. Exp Cell Res 314(6):1250–1265

74. Tran Van Nhieu G, Clair C, Bruzzone R, Mesnil M, Sansonetti

P, Combettes L (2003) Connexin-dependent inter-cellular

communication increases invasion and dissemination of Shigella
in epithelial cells. Nat Cell Biol 5(8):720–726

75. Man YK, Trolove C, Tattersall D, Thomas AC, Papakonstanti-

nopoulou A, Patel D, Scott C, Chong J, Jagger DJ, O’Toole EA,

Navsaria H, Curtis MA, Kelsell DP (2007) A deafness-

3060 L. Ceelen et al.

123



associated mutant human connexin 26 improves the epithelial

barrier in vitro. J Membr Biol 218(1–3):29–37

76. Kasper CA, Sorg I, Schmutz C, Tschon T, Wischnewski H, Kim

ML, Arrieumerlou C (2010) Cell-cell propagation of NF-kappaB

transcription factor and MAP kinase activation amplifies innate

immunity against bacterial infection. Immunity 33(5):804–816.

doi:10.1016/j.immuni.2010.10.015

77. Rosner BM, Stark K, Werber D (2010) Epidemiology of

reported Yersinia enterocolitica infections in Germany,

2001–2008. BMC Public Health 10:337

78. Hoelen DW, Tjan DH, Schouten MA, Dujardin BC, van Zanten

AR (2007) Severe Yersinia enterocolitica sepsis after blood

transfusion. Neth J Med 65(8):301–303

79. Hamzaoui N, Kerneis S, Caliot E, Pringault E (2004) Expression

and distribution of beta1 integrins in in vitro-induced M cells:

implications for Yersinia adhesion to Peyer’s patch epithelium.

Cell Microbiol 6(9):817–828

80. Bonazzi M, Cossart P (2006) Bacterial entry into cells: a role for

the endocytic machinery. FEBS Lett 580(12):2962–2967

81. Pizarro-Cerda J, Cossart P (2006) Bacterial adhesion and entry

into host cells. Cell 124(4):715–727

82. Viboud GI, Bliska JB (2005) Yersinia outer proteins: role in

modulation of host cell signaling responses and pathogenesis.

Annu Rev Microbiol 59:69–89

83. Alrutz MA, Isberg RR (1998) Involvement of focal adhesion

kinase in invasin-mediated uptake. Proc Natl Acad Sci USA

95(23):13658–13663

84. Weidow CL, Black DS, Bliska JB, Bouton AH (2000) CAS/Crk

signalling mediates uptake of Yersinia into human epithelial

cells. Cell Microbiol 2(6):549–560

85. Wong KW, Isberg RR (2005) Emerging views on integrin sig-

naling via Rac1 during invasin-promoted bacterial uptake. Curr

Opin Microbiol 8(1):4–9

86. Velasquez Almonacid LA, Tafuri S, Dipineto L, Matteoli G,

Fiorillo E, Della Morte R, Fioretti A, Menna LF, Staiano N

(2009) Role of connexin-43 hemichannels in the pathogenesis of

Yersinia enterocolitica. Vet J 182(3):452–457

87. Haesebrouck F, Pasmans F, Flahou B, Chiers K, Baele M,

Meyns T, Decostere A, Ducatelle R (2009) Gastric helicobacters

in domestic animals and nonhuman primates and their signifi-

cance for human health. Clin Microbiol Rev 22(2):202–223

(Table of contents)

88. Ding SZ, Goldberg JB, Hatakeyama M (2010) Helicobacter
pylori infection, oncogenic pathways and epigenetic mecha-

nisms in gastric carcinogenesis. Futur Oncol (London, England)

6(5):851–862

89. Kelley JR, Duggan JM (2003) Gastric cancer epidemiology and

risk factors. J Clin Epidemiol 56(1):1–9

90. Kusters JG, van Vliet AH, Kuipers EJ (2006) Pathogenesis of

Helicobacter pylori infection. Clin Microbiol Rev 19(3):449–490

91. Pounder RE, Ng D (1995) The prevalence of Helicobacter
pylori infection in different countries. Aliment Pharmacol Ther

2(9 Suppl):33–39

92. Lionetti E, Indrio F, Pavone L, Borrelli G, Cavallo L, Franca-

villa R (2010) Role of probiotics in pediatric patients with

Helicobacter pylori infection: a comprehensive review of the

literature. Helicobacter 15(2):79–87

93. Hatakeyama M (2008) Linking epithelial polarity and carcino-

genesis by multitasking Helicobacter pylori virulence factor

CagA. Oncogene 27(55):7047–7054

94. Lu H, Yamaoka Y, Graham DY (2005) Helicobacter pylori
virulence factors: facts and fantasies. Curr Opin Gastroenterol

21(6):653–659

95. Mimuro H, Suzuki T, Tanaka J, Asahi M, Haas R, Sasakawa C

(2002) Grb2 is a key mediator of Helicobacter pylori CagA

protein activities. Mol cell 10(4):745–755

96. Yokoyama K, Higashi H, Ishikawa S, Fujii Y, Kondo S, Kato H,

Azuma T, Wada A, Hirayama T, Aburatani H, Hatakeyama M

(2005) Functional antagonism between Helicobacter pylori
CagA and vacuolating toxin VacA in control of the NFAT

signaling pathway in gastric epithelial cells. Proc Natl Acad Sci

USA 102(27):9661–9666

97. Tao R, Hu MF, Lou JT, Lei YL (2007) Effects of H. pylori
infection on gap-junctional intercellular communication and

proliferation of gastric epithelial cells in vitro. World J Gas-

troenterol 13(41):5497–5500

98. Mine T, Endo C, Kushima R, Kushima W, Kobayashi I, Mur-

aoka H, Taki R, Fujita T (2000) The effects of water extracts of

CagA positive or negative Helicobacter pylori on proliferation,

apoptosis and connexin formation in acetic acid-induced gastric

ulcer of rats. Aliment Pharmacol Ther 1(14 Suppl):199–204

99. Xu CX, Qi YM, Yang WB, Wang F, Zhou JD, Shen SR (2007)

[Effect of CagA(?) Helicobacter pylori strain on the expression

of connexin 43 and cell proliferation in BGC-823 cells]. Zhong

nan da xue xue bao Yi xue ban = J Central South Univ 32

(2):288–294

100. Jia Y, Xu CX, Yang WB (2008) [Expressions of connexin 32

and connexin 43 in patients with gastric precancerous lesion

after eradication of Helicobacter pylori]. Zhong nan da xue xue

bao Yi xue ban = J Central South Univ 33(7):628–633

101. Xu CX, Jia Y, Yang WB, Wang F, Shen SR (2008) Relationship

between Helicobacter pylori infection and expression of conn-

exin (Cx) 32 and Cx43 genes in gastric cancer and gastric

precancerous lesions. Zhonghua yi xue za zhi 88(22):1523–1527

102. Matsuzawa T, Kashimoto T, Katahira J, Horiguchi Y (2002)

Identification of a receptor-binding domain of Bordetella der-

monecrotic toxin. Infect Immun 70(7):3427–3432

103. Foreman-Wykert AK, Miller JF (2005) A new animal model of

Bordetella pertussis infection and immunity. Trends Microbiol

13(12):559–560

104. Loscher CE, Donnelly S, Lynch MA, Mills KH (2000) Induction

of inflammatory cytokines in the brain following respiratory

infection with Bordetella pertussis. J Neuroimmunol 102(2):

172–181

105. Paddock CD, Sanden GN, Cherry JD, Gal AA, Langston C, Tatti

KM, Wu KH, Goldsmith CS, Greer PW, Montague JL, Eliason

MT, Holman RC, Guarner J, Shieh WJ, Zaki SR (2008)

Pathology and pathogenesis of fatal Bordetella pertussis infec-

tion in infants. Clin Infect Dis 47(3):328–338

106. Hewitt M, Canning BJ (2010) Coughing precipitated by Bor-
detella pertussis infection. Lung 188 Suppl 1:S73–S79

107. Mattoo S, Cherry JD (2005) Molecular pathogenesis, epidemi-

ology, and clinical manifestations of respiratory infections due

to Bordetella pertussis and other Bordetella subspecies. Clin

Microbiol Rev 18(2):326–382

108. Lampe PD, Qiu Q, Meyer RA, TenBroek EM, Walseth TF,

Starich TA, Grunenwald HL, Johnson RG (2001) Gap junction

assembly: PTX-sensitive G proteins regulate the distribution of

connexin 43 within cells. Am J Physiol 281(4):C1211–C1222

109. Norskov-Lauritsen N, Kilian M (2006) Reclassification of

Actinobacillus actinomycetemcomitans, Haemophilus aphro-
philus, Haemophilus paraphrophilus and Haemophilus segnis as

Aggregatibacter actinomycetemcomitans gen. nov., comb. nov.,

Aggregatibacter aphrophilus comb. nov. and Aggregatibacter

segnis comb. nov., and emended description of Aggregatibacter
aphrophilus to include V factor-dependent and V factor-inde-

pendent isolates. Intern J Syst Evol Microbiol 56(Pt 9):

2135–2146

110. Antony B, Thomas S, Chandrashekar SC, Kumar MS, Kumar V

(2009) Osteomyelitis of the mandible due to Aggregatibacter
(Actinobacillus) actinomycetemcomitans. Indian J Pathol

Microbiol 52(1):115–116

Bacteria and connexins 3061

123

http://dx.doi.org/10.1016/j.immuni.2010.10.015


111. Schreiner HC, Sinatra K, Kaplan JB, Furgang D, Kachlany SC,

Planet PJ, Perez BA, Figurski DH, Fine DH (2003) Tight-

adherence genes of Actinobacillus actinomycetemcomitans are

required for virulence in a rat model. Proc Natl Acad Sci USA

100(12):7295–7300

112. Morimoto Y, Morimoto H, Murata T, Kobayashi S, Ohba T,

Haneji T (1999) Extracts of Actinobacillus actinomycetemcom-
itans induce apoptotic cell death in human osteoblastic MG63

cells. J Dent Res 78(3):735–742

113. Meyer DH, Fives-Taylor PM (1997) The role of Actinobacillus
actinomycetemcomitans in the pathogenesis of periodontal dis-

ease. Trends Microbiol 5(6):224–228

114. Ceelen LM, Decostere A, Ducatelle R, Haesebrouck F (2006)

Cytolethal distending toxin generates cell death by inducing a

bottleneck in the cell cycle. Microbiol Res 161(2):109–120

115. Henderson B, Nair SP, Ward JM, Wilson M (2003) Molecular

pathogenicity of the oral opportunistic pathogen Actinobacillus
actinomycetemcomitans. Annu Rev Microbiol 57:29–55

116. Komatsuzawa H, Asakawa R, Kawai T, Ochiai K, Fujiwara T,

Taubman MA, Ohara M, Kurihara H, Sugai M (2002) Identifi-

cation of six major outer membrane proteins from

Actinobacillus actinomycetemcomitans. Gene 288(1–2):

195–201

117. Komatsuzawa H, Kawai T, Wilson ME, Taubman MA, Sugai M,

Suginaka H (1999) Cloning of the gene encoding the Actino-
bacillus actinomycetemcomitans serotype b OmpA-like outer

membrane protein. Infect Immun 67(2):942–945

118. Uchida Y, Shiba H, Komatsuzawa H, Hirono C, Ashikaga A,

Fujita T, Kawaguchi H, Sugai M, Shiba Y, Kurihara H (2005)

Irsogladine maleate influences the response of gap junctional

intercellular communication and IL-8 of human gingival epi-

thelial cells following periodontopathogenic bacterial challenge.

Biochem Biophys Res Commun 333(2):502–507

119. Kobayashi H, Kobayashi O, Kawai S (2009) Pathogenesis and

clinical manifestations of chronic colonization by Pseudomonas
aeruginosa and its biofilms in the airway tract. J Infect Che-

mother 15(3):125–142

120. Pier GB (2007) Pseudomonas aeruginosa lipopolysaccharide: a

major virulence factor, initiator of inflammation and target for

effective immunity. Int J Med Microbiol 297(5):277–295

121. Hauser AR (2009) The type III secretion system of Pseudomo-
nas aeruginosa: infection by injection. Nature reviews

7(9):654–665

122. Lyczak JB, Cannon CL, Pier GB (2002) Lung infections asso-

ciated with cystic fibrosis. Clin Microbiol Rev 15(2):194–222

123. Engel J, Balachandran P (2009) Role of Pseudomonas aeru-
ginosa type III effectors in disease. Curr Opin Microbiol

12(1):61–66

124. King JD, Kocincova D, Westman EL, Lam JS (2009) Review:

lipopolysaccharide biosynthesis in Pseudomonas aeruginosa.

Innate Immunity 15(5):261–312

125. Sarieddine MZ, Scheckenbach KE, Foglia B, Maass K, Garcia I,

Kwak BR, Chanson M (2009) Connexin 43 modulates neutrophil

recruitment to the lung. J Cell Mol Med 13(11–12):4560–4570

126. Rignault S, Haefliger JA, Waeber B, Liaudet L, Feihl F (2007)

Acute inflammation decreases the expression of connexin 40 in

mouse lung. Shock (Augusta, Ga) 28(1):78–85

127. Yeh TH, Hsu WC, Chen YS, Hsu CJ, Lee SY (2005) Lipo-

polysaccharide decreases connexin 43 expression on nasal

epithelial cells in vitro. Acta Otolaryngol 125(10):1091–1096

128. Borenshtein D, McBee ME, Schauer DB (2008) Utility of the

Citrobacter rodentium infection model in laboratory mice. Curr

Opin Gastroenterol 24(1):32–37

129. Mundy R, MacDonald TT, Dougan G, Frankel G, Wiles S

(2005) Citrobacter rodentium of mice and man. Cell Microbiol

7(12):1697–1706

130. Guttman JA, Lin AE, Li Y, Bechberger J, Naus CC, Vogl AW,

Finlay BB (2009) Gap junction hemichannels contribute to the

generation of diarrhoea during infectious enteric disease. Gut

59(2):218–226

131. Hatheway CL (1990) Toxigenic clostridia. Clin Microbiol Rev

3(1):66–98

132. Bohnel H, Gessler F (2005) Botulinum toxins—cause of

botulism and systemic diseases? Vet Res Commun 29(4):

313–345

133. Peck MW (2009) Biology and genomic analysis of Clostridium
botulinum. Adv Microbial Physiol 55:183–265, 320

134. Blum AE, Joseph SM, Przybylski RJ, Dubyak GR (2008) Rho-

family GTPases modulate Ca(2?) -dependent ATP release from

astrocytes. Am J Physiol 295(1):C231–C241
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