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Abstract The different types of cells in the lung, from the

conducting airway epithelium to the alveolar epithelium

and the pulmonary vasculature, are interconnected by gap

junctions. The specific profile of gap junction proteins, the

connexins, expressed in these different cell types forms

compartments of intercellular communication that can be

further shaped by the release of extracellular nucleotides

via pannexin1 channels. In this review, we focus on the

physiology of connexins and pannexins and describe how

this lung communication network modulates lung function

and host defenses in conductive and respiratory airways.
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Abbreviations

A2B Adenosine 2B receptor

ANO1 Anoctamin1

ASL Airway surface liquid

ATI Alveolar type I cells

ATII Alveolar type II cells

ATP Adenosine triphosphate

BAL Bronchoalveolar lavage

BMSC Bone marrow-derived mesenchymal stem or

stromal cells

C12 N-3-oxo-dodecanoyl-L-homoserine lactone

CaCC Calcium-activated chloride channels

CAMKK Ca2?/calmodulin-dependent kinase kinase

cAMP Cyclic adenosine monophosphate

CD73 Ecto-50-nucleotidase
CF Cystic fibrosis

CFTR Cystic fibrosis transmembrane conductance

regulator

Cx(s) Connexin(s)

ENaC Amiloride-sensitive epithelial channel

FRAP Fluorescence recovery after photobleaching

GJIC Gap junctional intercellular communication

HPV Hypoxic pulmonary vasoconstriction

IL-8 Interleukin-8

IP3 Inositol triphosphate

JNK c-Jun N-terminal kinases

LPS Lipopolysaccharide

LXA4 Lipoxin A4

MAPK Mitogen-activated protein kinase

MSC Mesenchymal stem or stromal cell

NF-jB Nuclear factor-jB
PAMP Pathogen-associated molecular pattern

Panx(s) Pannexin(s)

PGE2 Prostaglandin E2

P2R Purinergic receptor

PRR Pathogen recognition receptor

TLR Toll-like receptor

TNF-a Tumor necrosis factor-a

Introduction

The lung is the essential organ for breathing and, according

to this vital function, is divided in 2 main portions, namely

the respiratory portion, the site for gas exchange between air

and blood, and the air-conducting portion, the duct for

inhaled and exhaled air [1]. The air-conducting portion
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begins above the lungs, extending across most of the res-

piratory system from the nasal cavities to the

intrapulmonary bronchi and the bronchioles, while the

respiratory portion is composed of respiratory bronchioles,

alveolar ducts, and alveoli entirely located within the lungs.

Inhaled air needs to be cleaned from dust, pollen, chemicals,

and pathogens present in the environment before it reaches

the alveoli for gas exchange. Moreover, recent studies have

revealed the presence of a respiratory microbiota, composed

by commensal and opportunistic pathogen microbes resid-

ing in nose and lungs [2]. Thus, inherent to this organ, an

appropriate lung function depends on host defense mecha-

nisms, mainly represented by mucociliary clearance,

secretion of antimicrobial molecules and surfactant, innate

and adaptive immunity, and also inflammation in case of

severe harmful stimuli [3]. The continuous exposure to

inhaled hostile factors makes lungs in constant risk of injury

and thereby tissue repair processes are also crucial for

maintaining lung homeostasis. The latter requires efficient

coordination between the different cell types constituting

the organ. Here, we describe the cell-to-cell communication

network provided by connexins (Cxs) and pannexins

(Panxs) in conductive and respiratory airways, and we focus

on the physiology of these channels in promoting lung

function and host defense.

The lung communication network components:
expression and function in lung development
and aging

Cxs form gap junction channels enabling for direct cell-to-

cell communication, a mechanism referred to as gap junc-

tional intercellular communication (GJIC) [4]. Cxs

oligomerize into hexameric structures to form a connexon at

the plasma membrane. Connexons between cells in contact

dock to form gap junctions, thus directly connecting their

cytoplasm and allowing the passage of inorganic ions and

small water-soluble molecules. In addition, connexons, also

known as hemichannels, can provide direct access for the

exchange of small molecules with the extracellular envi-

ronment [5]. Oligomers of Panxs are similar to connexons at

the level of structure and function, but they do not form gap

junctions [6]. Panxs are glycoproteins that form single high-

conductance plasma membrane channels allowing para-

crine cell-to-cell communication [7]. In particular, Panx1,

which is the most ubiquitously expressed of the 3 Panxs, has

been described as a mechano-sensitive adenosine triphos-

phate (ATP) releasing channel involved in several

biological processes. However, in some physiological

context, it remains difficult to clearly discriminate between

Cx hemichannels and Panx channels due to their close

functional and pharmacological similarities [8, 9].

Specific patterns of Cx and Panx expression have been

observed in the lungs depending on species, stages of dif-

ferentiation, and cell types of the airway tree [10, 11]. In

this paper, we review the expression of Cxs and Panxs in

conductive and respiratory airways, and we discuss the

involvement of the 2 protein families in the developing and

adult lung.

Connexin and pannexin expression in conductive

airways

The air-conducting portion is lined by a pseudostratified

epithelium, which is referred to as the airway epithelium,

and is formed by basal, ciliated, and mucus-secreting

goblet cells [1]. The conductive airways also contain sub-

mucosal glands, which are connected with the epithelium

through ducts and are mainly composed by mucus-pro-

ducing cells and serous cells (Fig. 1).

Cx26 and Cx32 are prominent in airway epithelial cells

of ferret fetus, but, while gap junctions formed by these

Cxs persist in the glandular epithelium up to the weanling

stage, their expression declines with ciliogenesis of the

superficial airway epithelium and rapidly disappears after

birth [12, 13]. Similarly, Cx26 and Cx43 are expressed in

the undifferentiated human airway epithelium, but upon

differentiation they rapidly disappear [13, 14]. Conversely,

Cx30 and Cx31 remain detectable in human differentiated

epithelium. Cx30 appears to have mostly apical or lateral

localization and to mediate GJIC between ciliated cells and

between basal and ciliated cells, whereas Cx31 is present

between few cells localized basally and seems to
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Fig. 1 Expression profile of Panx1 and principal connexins in the

adult conducting airways. Hematoxylin and eosin-stained section of

human tracheal mucosa illustrating the surface airway epithelium and

the tracheal glands. The localization of connexins and pannexin1 is

depicted by a color code and schematically represented below the

photograph (Panx1, blue line; Cx26, red dots; Cx30, yellow dots;

Cx31; purple dots; Cx32, green dots; Cx43, brown dots)
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preferentially connect basal cells [14]. In addition, primary

cultures of differentiated human airway epithelial cells

have also been found to express mRNAs for Cx30.3 and

Cx31.1 [14]. Interestingly, the adult mouse airway

epithelium exhibits a similar expression profile for Cx30

and Cx31, but, unlike what has been described in humans,

Cx26 is present in adult epithelium, although its detection

is discontinuous [14], and also Cx37 may be weakly

expressed in murine airway epithelium [15–17]. In mouse

submucosal glands, Cx26 and Cx32 are expressed between

the epithelial cells, while Cx43 is observed between

myoepithelial cells surrounding the glands [14].

Panx1 and Panx3 protein have been detected in whole

murine lungs [18]. Primary cultures of differentiated

human airway epithelial cells express mRNAs for Panx1

and Panx2, but not for Panx3 [19]. Panx1 is diffusely

expressed in undifferentiated human airway epithelial cells,

but its expression increases during differentiation and it is

detected apically in ciliated and goblet cells. In addition,

submucosal glands express Panx1 preferentially at the

basolateral side of the glandular cells [19]. Figure 1 sum-

marizes the profile of Cx and Panx expression in the

conductive airways of the adult lung.

Connexin and pannexin expression in respiratory

airways

In the respiratory portion (Fig. 2), alveoli are lined by a

thin epithelial monolayer composed of alveolar type I

(ATI) and type II (ATII) cells that are in close contact

with the endothelial monolayer of respiratory capillary

network [1]. While ATI cells mediate gas exchange and

constitute the majority of the alveolar surface, ATII cells

absorb actively excessive alveolar liquid and produce

surfactant, a major determinant of alveolar patency [20].

The lumen of some alveoli also hosts alveolar macro-

phages, lung-resident phagocytes that are located in close

proximity to the epithelial surface and capillary endothe-

lial cells [21].

Cx26 and Cx43 have been detected in human epithelial

cells of the respiratory airways [13, 22, 23]. However, most

of our knowledge of Cx expression in the alveoli comes

from murine models. Airway epithelial cells of mouse

origin have been found to express Cx26, Cx32, Cx37,

Cx43, and Cx46 [15, 17, 24]. In adult rat alveoli, Cx26,

Cx32, and Cx40 show moderate staining by immunofluo-

rescence, whereas Cx43 and Cx46 are strongly expressed

[25–27]. While Cx46 is preferentially detected in ATI

cells, Cx32 seems to be restricted in ATII cells for its

location in the corners of alveoli. Interestingly, ATI and

ATII cells are unable to form functional hetero-cellular gap

junctions via Cx32 and, even though Cx32 has the potential

to connect ATII cells, ATII cells are rarely adjacent to each

other, suggesting an alternative role as hemichannels for

Cx32 in these cells [26, 28]. In contrast, Cx43 is fairly

distributed in both ATI and ATII cells and is the major Cx-

mediating GJIC between the 2 cellular types [26]. In

mouse, a subset of alveolar macrophages attached to the

alveolar wall express Cx43 and form gap junctions with the

epithelium [29]. Cx43 is also detected in alveolar

endothelial cells together with Cx40 [30–32], whereas

Cx37 is present in endothelium of large lung blood vessels,

but not in alveolar capillaries [15].

In alveolar sections of mouse lungs, all the 3 Panxs have

been observed. Panx1 and Panx3 localize more at the

plasma membrane, while Panx2 is expressed in a perinu-

clear fashion [33]. However, the pattern of Panx expression

within the different alveolar cells is not known. The only

exception includes isolated human alveolar macrophages,

where the mRNA profile of Panxs has been characterized

[19, 34]. Human alveolar macrophages have high levels of

Panx1 mRNA. Conversely, Panx2 expression is about

10-fold lower than Panx1 and Panx3 mRNA is not detected

in these immune cells. Figure 2 summarizes the profile of

Cx and Panx expression in the respiratory airways of the

adult lung.
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Fig. 2 Expression profile of Panx1 and principal connexins in the

adult respiratory airways. Semithin section of human lungs illustrat-

ing the respiratory airway epithelium and its relation with the

capillary bed. The localization of connexins and pannexin1 is

depicted by a color code and schematically represented below the

photograph (Panx1, blue line; Cx26, red dots; Cx32, green dots;

Cx43, brown dots; Cx40, light blue dots; Cx46, pink dots)
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Connexins and pannexins in lung development

and aging

Being the most abundantly Cx expressed in lung cells,

Cx43 has been found to play a crucial role in lung devel-

opment. Cx43 gene expression was shown to be

downregulated during alveologenesis in a rat model of

nitrofen-induced pulmonary hypoplasia, and upregulated in

ill rats treated with retinoic acid, which is known to stim-

ulate alveolar formation [35]. Cx43 knockout mice die at

birth as a result of a failure in pulmonary gas exchange

caused by a swelling and blockage of the right ventricular

outflow tract from the heart [36]. A recent analysis of these

knockout mice has also shown that their lungs are

hypoplastic compared to wild-type mice, with smaller

vessels and muscular layer and a strong delay in the

development of the alveoli [37]. Airspaces are narrow and

alveolar septa are thick, with a decrease in ATI cells and an

enrichment of ATII cells in the mesenchyme. However, the

mechanism by which Cx43 regulates lung differentiation is

not clear. Failure in alveolar development in Cx43

knockout mice can be caused by a defect in vessel or

epithelial formation, because Cx43 is expressed in both

alveolar endothelial and epithelial cells. Since mice with

endothelial-specific deletion of Cx43 have apparently

normal lung development [30, 38], Cx43 is more likely to

play roles in the proliferation/differentiation of epithelial or

mesenchymal cells. Conversely, mice double knockout for

Cx37 and Cx40, the other 2 main Cxs expressed in

endothelial cells, die perinatally, and display severe vas-

cular abnormalities affecting several organs compared to

mice lacking either Cx40 or Cx37 alone. These include

localized hemorrhages in lungs, with extravascular blood

present in some of the airspace, which is probably the

cause of death for inadequate pulmonary function [39].

The generation and characterization of Cx knockout

mice have been also useful to understand the role of Cxs in

the rising of aging-associated lung pathologies. As men-

tioned, knockout mice deficient for expression of either

Cx40 [40] or endothelial Cx43 alone [38] do not exhibit

obvious pulmonary alterations. However, adult mice lack-

ing both Cx40 and endothelial Cx43 spontaneously develop

lung dysfunction and fibrosis, leading to a shortened life

span as they age [41]. As early as 16 weeks after birth,

these mice begin to exhibit disruption of the alveolar air-

spaces. Upon aging, lung fibrosis gets worse with alveolar

thickening, increased lung fibroblast content, and increased

deposition of elastin and collagen in the extracellular

matrix. Although the mechanistic basis linking Cx43 and

Cx40 to lung fibrosis is not known, these results suggest

that alveolar endothelial Cxs regulate intercellular

communication between the vasculature and airspaces, and

are important to maintain lung morphology and function.

Moreover, lung fibroblasts isolated from patients with

idiopathic pulmonary fibrosis have reduced Cx43 expres-

sion and decreased intercellular communication [42]. It

remains to be elucidated whether impaired GJIC is

involved in activation and proliferation of altered fibrob-

lasts, which are central events in the pathogenesis of this

fibrotic pathology [43].

Altered Cx expression and function have been also

described in several lung cancer cells and exogenous

tumorigenic agents have been associated with aberrant

location or the absence of Cxs expressed in lung [10, 44].

These features have been observed in urethane-induced

mouse lung adenomas, where both Cx32 and Cx43 were

absent [24]. Interestingly, Cx32 knockout mice do not

exhibit obvious pulmonary alterations, but they are more

susceptible to benzene-induced lung toxicity [45] and have

a higher incidence of chemical-induced bronchioloalveolar

adenoma [46, 47]. Cx32-deficient non-tumor cells display

increased proliferation compared to their wild-type coun-

terparts and lung tumors originate from the proliferation-

competent ATII cells, suggesting that Cx32 may regulate

lung epithelial cell growth under stress conditions [46].

Similarly, a higher incidence of spontaneous and chemical-

induced lung cancer has been described in Cx43?/- mice

with reduced Cx43 expression in the lung [24, 48, 49].

Deletion of a single allele of Cx43 leads to lower GJIC

capacity and increased cell proliferation of mouse ATII

cells [50]. Furthermore, a large number of human lung

cancer cell lines shows downregulation of Cx26 expres-

sion, which is linked to gene promoter methylation [23].

Nevertheless, the initial assumption suggesting that Cxs

would act as tumor suppressor genes has been questioned

repeatedly. Indeed, Ito and colleagues showed that the

maintenance of Cx26 expression in human lung squamous

cell carcinomas might be related to a higher ability to

establish metastasis [51]. Thus, the roles of Cxs and gap

junctions in lung carcinogenesis may depend on the stage

of the cancer progression and the tumor cell phenotype

[52].

Panx expression and function during lung development

and aging are unknown. Panxs have been implicated in

differentiation of keratinocytes [53], neurons [54, 55],

chondrocytes [56], and osteoblasts [57] as well as in tumor

progression of glioma cells [58, 59], keratinocytes [60],

and mouse melanomas [61]. Surprisingly, given the ubiq-

uitous expression of Panx1 in many tissues, Panx1

knockout mice do not present any major anatomical

abnormalities [7]. Recent analysis of these mice has found

that Panx1 regulates cellular properties of keratinocytes
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and dermal fibroblasts in skin development and wound

healing [62]. Further studies are needed to address the

involvement of Panxs in lung development and aging.

Connexin-dependent and pannexin-dependent
communication in conductive airways

Mucociliary clearance

The first line of defense against pathogen invasion and

external particles is the mucus lining the surface of the

airway epithelium [63]. The secreted mucus layer acts as a

physical and chemical trap for inhaled hostile factors,

which are then removed from the lungs via cough reflex

and mucociliary clearance [64]. Ciliary beating was shown

to be regulated in a gap junction-dependent mechanism.

Indeed, early studies demonstrated that Cx channels take

part in the synchronization of beat frequency in airway cell

culture of rabbit origin [65]. Later, it was suggested that the

transmission of inositol triphosphate (IP3) from one cell to

another via gap junctions mediates calcium wave propa-

gation between airway epithelial cells and coordinate

ciliary beating [66]. Another mechanism of cell-to-cell

communication has been extensively described to coordi-

nate ciliary beating and mucin secretion in response to

mechanical stress [67]. This mechanism involves ATP

release to the extracellular space, which in turn stimulates

type-2 purinergic receptors (P2R) and induces calcium

signaling in surrounding ciliated epithelial cells [68].

Recently, the release of ATP induced by hypotonic stress

was found to correlate with functional expression of Panx1

channels in differentiated human airway epithelial cells

[19, 69] as well as in murine airway tissues, while Panx1

knockout mice showed impaired ATP release [19, 70].

However, in other studies, both Cxs and Panxs were found

to be involved in ATP release at airway mucosa [71, 72]. In

addition, mucus-secreting airway epithelial cells are able to

secrete ATP and other nucleotides within mucin granules

by exocytosis [73].

Mucus clearance is facilitated by a thin periciliary liquid

layer, which exhibits an optimal height for effective cilia

beating [74]. This liquid layer together with the mucus

layer forms the airway surface liquid (ASL). The ASL

volume is determined by active transepithelial salt trans-

port, involving chloride secretion via cystic fibrosis

transmembrane conductance regulator (CFTR) channels

and the calcium-activated chloride channel (CaCC) anoc-

tamin1 (ANO1 or TMEM16A), while sodium absorption

occurs through the amiloride-sensitive epithelial channel

ENaC. Moreover, active chloride release mediates fluid

secretion by serous cells to allow the transport of mucus

from submucosal glands to the epithelial surface [75].

Interestingly, Cx43-mediated GJIC is required to stimulate

mucus hydration in the human glandular epithelial cell line

Calu-3 [76]. In fact, inhibition of gap junctions with

mimetic-blocking peptides specific for Cx43 or with

pharmacological inhibitors prevents the activation of

CFTR-dependent chloride and fluid secretion in response to

adenosine, protease-activated, and prostaglandin E2 (PGE2)

receptor stimulation. These results have been confirmed in

human primary airway epithelial cells, where pharmaco-

logical inhibition of GJIC results in a failure of PGE2 to

increase ASL volume [76]. Pharmacological inhibition of

Panx1 channels was also found to abolish the increase of

ASL volume induced by lipoxin A4 (LXA4) in human

airway epithelial cells [77]. LXA4-stimulated ASL volume

increase by activating chloride secretion through CaCCs

and by inhibiting ENaC-dependent sodium absorption [78,

79]. LXA4-induced fluid secretion was dependent on apical

ATP release via Panx1 channels and on activation of the

purinergic receptor P2RY11 [77].

Collectively, these findings draw a picture in which gap

junctions and Panx channels integrate multiple signaling

pathways to finely coordinate ciliary beating and mucus

hydration. Therefore, the lung communication network

provides a mean to maintain efficient mucociliary clear-

ance and, thereby, a proper epithelial host defense [10].

Innate immune response and inflammation

A successful host response is essential for an orchestrated

pathogen clearing in the lungs. The airway innate immune

response begins with the identification of pathogen-asso-

ciated molecular patterns (PAMPs) through pathogen

recognition receptors (PRRs) expressed on the host

epithelium [80]. PRRs include, among others, toll-like

receptors (TLRs), which are transmembrane proteins that

can be expressed either on the cell surface or in endosomal

compartments [81]. Once TLRs sense a pathogen, they

activate signaling pathways, such as mitogen-activated

protein kinases (MAPKs), and transcription factors,

including nuclear factor-jB (NF-jB), to initiate an

inflammatory response characterized by the production of

cytokines and chemokines, and by apoptosis [81, 82]. In

addition, activation of TLRs stimulates epithelial secretion

of defense molecules, such as antimicrobial peptides [83,

84] and mucus [85], as well as epithelial fluid efflux for

enhancing mucociliary clearance [86–88].

In the human airway epithelial cell line 1HAEo-, bind-

ing of bacterial lipoprotein to TLR2 induces immediate

calcium-dependent signaling that leads to activation of NF-

jB and release of interleukin-8 (IL-8), a powerful chemo-

attractant for neutrophil recruitment to the infected area

[89]. Interestingly, in lungs of mice infected with the res-

piratory opportunistic pathogen Pseudomonas aeruginosa,
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recruitment of neutrophils is significantly inhibited by

intraperitoneal administration of a pharmacological blocker

of gap junctions. The results have been confirmed in vitro,

where the same blocker reduces IL-8 production in response

to the pathogen. Cx43-based gap junctions were shown to

transiently amplify this TRL2-induced pro-inflammatory

signaling by communicating calcium fluxes from stimulated

to adjacent non-stimulated cells [89]. However, this sig-

naling amplification can be attenuated in the presence of

lipopolysaccharide (LPS), tumor necrosis factor-a (TNF-a),
and lysophosphatidic acid, which were found to inhibit

GJIC by a mechanism dependent on phosphorylation of the

Cx43 C-terminus by the tyrosine kinase c-Src [90–92].

Indeed, Pseudomonas aeruginosa induced tyrosine phos-

phorylation of Cx43 and decreased GJIC in airway

epithelial cells 4 h post-stimulation prevented excessive

NF-kB activation [89]. Thus, this gating regulation of Cx

channels enables the epithelium to immediately respond to

bacterial infections, but later it limits the extent of inflam-

mation by a delayed negative feedback elicited by pro-

inflammatory mediators. It is worthwhile to note that in

cystic fibrosis (CF) airway epithelial cells, this negative

feedback does not occur, which may contribute to the

severity of the disease [90–92]. CF, a genetic disease caused

by mutations in the CF transmembrane conductance regu-

lator (CFTR) gene, is characterized by excessive and

destructive airway inflammation [93].

Gap junctions were also described to be finely regulated

during P. aeruginosa infection of polarized submucosal

glandular Calu-3 cells [94]. P. aeruginosa flagellin acti-

vates cell surface receptors, probably TLR5, to elicit an

intracellular MAPK-dependent signaling cascade leading

to increased expression of Cx43 and enhancement of GJIC.

Based on the crucial role of GJIC in ASL regulation, up-

regulation of Cx43 expression and function may boost

CFTR activation and fluid transport in order to counteract

bacterial infection [76]. Cx43 was oppositely modulated by

MAPKs. Thus, p38 stimulated Cx43 up-regulation, while

c-Jun N-terminal kinases (JNK) exerted a negative regu-

lation. Interestingly, Cx43-mediated cell-to-cell

communication did not affect IL-8 secretion in these

glandular epithelial cells, but modulated apoptosis. Apop-

tosis is important for bacterial clearance from the lungs and

for the stimulation of tissue repair [82, 95]. In addition to

strongly enhanced GJIC, inhibition of JNK increased the

number of apoptotic cells during bacterial infection. The

latter effect was prevented by lentiviral expression of a

Cx43-specific short hairpin RNA [94]. Therefore, gap

junctions exert a pro-apoptotic role in glandular epithelial

cells infected by Pseudomonas aeruginosa, but the tightly

regulated expression of Cx43, mediated by JNK signaling,

confers a mechanism to modulate the survival/apoptosis

balance. Again, it is worthwhile to mention that this

regulation of Cx43 was altered in CF-like conditions.

Indeed, CFTR inhibition in Calu-3 cells was associated

with decreased Cx43 expression and reduced apoptosis

[94]. Thus, defective regulation of Cx43 in CF airway

epithelial cells may contribute to the reduced apoptosis and

bacterial killing that has been observed in this disease [96,

97].

Airway epithelial repair

The recovery of an intact epithelium following infection,

inflammation, or injury is critical for restoration of lung

homeostasis. The repair process requires the migration and

proliferation of local progenitor cells of undamaged areas,

which gives rise after re-differentiation to all cell types

constituting the airway epithelium [98]. In mice, basal cells

have been identified as epithelial progenitor cells, which

are able once activated to self-renew and to regenerate

ciliated and mucus-secreting cells [98].

Cx and Panx channels have both been involved in the

process of airway epithelial repair. As described above,

airway epithelial cells release ATP through Panx1 channels

in response to various stimuli, including LXA4. In addition

to induce fluid secretion, LXA4 stimulates epithelial repair

[99]. Pharmacological inhibition of Panx1 channels has

been found to abolish proliferation of the human airway

epithelial cell line NuLi-1 stimulated by LXA4, resulting in

decrease wound closure [77]. ATP, upon its release via

Panx1 channels, triggers airway epithelial repair by stim-

ulation of P2RY11 receptors, activation of KATP potassium

channels, and phosphorylation of extracellular signal-reg-

ulated kinases [99]. In contrast, in a wound/healing model

of primary cultures of differentiated human airway

epithelial cells, Cx26 has been shown to act as a negative

regulator of epithelial cell proliferation [100]. Cx26 is not

detectable in differentiated airway epithelial cells [14], but

upon wounding, its expression is transiently induced in

activated basal cells. Intracellular and some junctional

staining of Cx26 have been detected 12 h post-wounding in

basal cells at the edge of the wound. Its expression mark-

edly increases with time, reaching the peak at 48 h after

injury, when it localizes only at cell–cell contacts and it

strongly decreases after wound closure [100]. Activation of

cell proliferation upon injury is required to trigger Cx26

expression in repairing cells, but the signaling factors that

regulate Cx26 induction during repair remained to be

identified. Interestingly, Cx26 silencing in immortalized

cell lines using small interfering RNA and in non-differ-

entiated primary human airway epithelial cells using

lentiviral-transduced short hairpin RNA enhances cell

proliferation [100]. The signaling molecules/pathways

mediated by GJIC that controls proliferation within

repairing epithelial basal cells are unknown. Recently, it
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has been reported that Cx26-based gap junctions redis-

tribute cyclic adenosine monophosphate (cAMP) between

cancer cells that, in turn, block cell division [101]. Thus,

induction of Cx26-mediated intercellular communication

by proliferative signals in repairing basal cells may repre-

sent a feedback mechanism to repress their proliferation

and progressively promote differentiation. Interestingly, as

described for Cx43, Cx26 regulation is altered in CF cells.

At the early phase of wound repair, primary culture of CF-

differentiated human airway epithelial cells exhibits

prompt induction of proliferation and Cx26 expression

even in regions far from the edge of the wound, as well as

an enhanced initial rate of wound closure [100]. Further-

more, in CF and other lung diseases characterized by

extensive tissue injury and chronic P. aeruginosa infection,

proper Cx function in repairing cells might be also dis-

turbed by quorum-sensing molecule C12 (N-3-oxo-

dodecanoyl-L-homoserine lactone), which is highly pro-

duced by bacterial biofilm [102]. While an intact polarized

epithelium is able to inactivate this molecule, recent data

show that C12 disrupts gap junctions and epithelial integ-

rity by inducing cell shrinkage and blebbing in non-

polarized airway epithelial cells [103]. These effects result

in impaired airway epithelial cell repair in wound/healing

in vitro model.

Connexin-dependent and pannexin-dependent
communication in respiratory airways

Hypoxic pulmonary vasoconstriction

Hypoxic pulmonary vasoconstriction (HPV) is a physio-

logical mechanism that improves lung ventilation/

perfusion ratio and arterial oxygenation [104]. Pulmonary

arteries constrict in lung areas with low oxygen levels in

order to redirect blood flow to alveoli with higher oxygen

supply, thereby increasing the total area involved in gas-

eous exchange. Although pulmonary arterial smooth

muscle cells are thought to constitute both the sensor and

the transducer of the hypoxic signal as well as its con-

tractile effector, significant controversy remains

concerning the underlying mechanisms of local alveolar

oxygen sensing and of signal transduction activating

vasoconstriction [104].

Interestingly, a recent study has shown that the site for

oxygen sensing is located at the alveolo-capillary level

with subsequent propagation of the hypoxic signal to

upstream arterioles [105]. Inhibition of gap junctions with

mimetic-blocking peptides specific for Cx40 or with

pharmacological inhibitors largely attenuates HPV in the

lungs of wild-type mice. HPV is also impaired in Cx40

knockout mice and in mice with endothelial-specific

deletion of Cx40, clearly demonstrating the relevance of

Cx40-based GJIC at the lung vascular endothelium in this

mechanism [105]. Hypoxic conditions in wild-type mice

induce endothelial membrane depolarization which starts

in alveolar capillaries and propagates to neighboring arte-

rioles. The depolarization in upstream vessels is prevented

in Cx40 knockout mice. Therefore, HPV originates at the

alveolar site, where hypoxia triggers endothelial membrane

depolarization in the capillaries, which is transmitted by

electric coupling via Cx40-based gap junctions to the

upstream arterioles. At this site, the hypoxic-transmitted

signal elicits vasoconstriction through a signaling cascade

induced by endothelial membrane depolarization and

involving activation of endothelial voltage-dependent a1G
subtype calcium channels, cytosolic phospholipase A2, and

formation of epoxyeicosatrienoic acids, which may stim-

ulate arterial smooth muscle cell contraction [105].

Strikingly, although HPV is a physiological process, it

can lead to pulmonary hypertension under conditions of

chronic lung hypoxia [104]. Interestingly, chronic hypoxic

pulmonary hypertension is attenuated in Cx40 knockout

mice, suggesting that Cx40 is not only required for phys-

iological HPV, but is also involved in lung vascular

remodeling and pulmonary hypertension in response to

chronic hypoxia [105]. Furthermore, induction of pul-

monary hypertension in rats by chronic hypoxia or

pharmacological treatment increases the expression of

Cx43 at the lung arterial wall [106, 107]. Since inhibition

of Cx43 with blocking peptides tends to decrease HPV

[105], the role of this Cx in mediating HPV may become

deleterious during pulmonary hypertension, representing a

potential target for the treatment of this disease [10].

Surfactant secretion

In the lower airways, surfactant released by ATII cells is

required for the reduction of alveolar surface tension to

prevent collapse of the lungs (atelectasis) during the ven-

tilatory cycle and for protection against reactive oxygen

lung injuries and infections [20]. Lung surfactant consists

of glycerophospholipids packaged into specialized orga-

nelles termed lamellar bodies, which are delivered by

exocytosis to the apical cell surface. This exocytosis is

triggered by an increase in cytosolic calcium concentration.

ATI cells, which represent 90 % of alveolar cells and that

are more subjected to mechanical stress, promote the

release of surfactants by ATII cells through calcium wave

propagation [26, 108]. In isolated intact rat alveoli, photo-

excited release of caged calcium inside the alveolar

epithelial cells was performed to study the transmission of

calcium [108]. This technique led to an increase of calcium

concentration in the cytosol of selected cells and induced

ATII cell secretion, even when photo-excited cells were

The lung communication network 2799

123



ATI cells. Furthermore, GJIC also enables calcium wave

propagation from one alveolus to the neighboring ones.

Interestingly, the interalveolar communication involving

ATI and ATII cells was blocked by mimetic-blocking

peptides specific for Cx43 [108]. Thus, calcium signaling is

propagated within the alveolar epithelium through Cx43-

based gap junctions, leading to ATII surfactant secretion. It

is important to note that in response to mechanical stretch

transmission of calcium waves from ATI to ATII cells and

the resulting surfactant secretion can also occur via para-

crine stimulation of P2R through ATP release [27, 109].

Pharmacological and peptide inhibitors of Cxs have no

effect on this paracrine cell-to-cell communication [109],

suggesting that in alveolar epithelial cells, ATP can be

release through Panx channels and/or by exocytosis.

Therefore, propagation of calcium signals, either via gap

junctions or via paracrine ATP release, is crucial to mod-

ulate surfactant secretion and may also help to adjust

surfactant production to stimuli such as changes in pul-

monary blood pressure [110, 111].

Alveolar macrophage-driven immune response

In healthy humans, alveolar macrophages are most likely

the only immune cells present in the alveoli, representing

the sentinel phagocytic cells of the innate immune system

in the lungs [21]. The innate immune response of macro-

phage-like cells involves the activation of inflammasomes,

which are large multiprotein complexes for proper matu-

ration and secretion of the pro-inflammatory cytokines IL-

1b and IL-18, and for induction of apoptosis/pyroptosis

[112]. Although an early report has found that Panx1

interacts with P2X7 receptor to activate inflammasomes

[34], its requirement for this innate immune response is

still controversial [113].

Induction of inflammasome signaling, ascribed primarily

to the alveolar macrophage, has been demonstrated to

impair Pseudomonas aeruginosa clearance and to increase

apoptosis/pyroptosis and mortality in murine acute pneu-

monia [114]. Interestingly, pharmacological inhibition of

Panx1 channels by probenecid enhanced bacterial clearance

by reducing levels of IL-1b in lung of mice affected by

acute P. aeruginosa pneumonia [115]. In addition, the

authors showed that probenecid also inhibited in vitro IL-1b
secretion by murine alveolar macrophages upon bacterial

infection. Therefore, probenecid inhibition of Panx1-de-

pendent inflammasome activation in alveolar macrophages

has been proposed as therapeutic option to reduce the

negative consequences of inflammation in acute P. aerug-

inosa pneumonia [115]. Conversely, in agreement with

previous studies showing that inflammasome activation is

required for protective immunity in the lung against

Streptococcus pneumoniae infection [116, 117], probenecid

treatment in mice infected with S. pneumoniae did not

improve the clearance of this bacterium from the lung. On

the contrary, the number of viable S. pneumoniae was even

augmented in bronchoalveolar lavage (BAL) of treated

mice [115].

A recent study has demonstrated intercellular commu-

nication occurring in the alveolar lumen between resident

macrophages and epithelial cells [29]. Formation of gap

junctions between sessile macrophages and the epithelium

was demonstrated by cell-specific photo-excited release of

caged calcium and fluorescence recovery after photo-

bleaching (FRAP). In 40 % of alveolar macrophages,

uncaging-induced calcium waves spread from the epithe-

lium to macrophages and in the opposite direction.

Treatment with mimetic peptides specific for Cx43 abol-

ished this communication. FRAP techniques and Cx43

staining revealed the presence of ‘‘Cx43-high’’ coupled and

‘‘Cx43-low’’ uncoupled alveolar macrophage populations.

Cx43 expression was more abundant in murine macro-

phages attached to the alveolar wall than non-adherent

macrophages isolated by BAL, indicating that this resident

population is able to form gap junctions with the alveolar

epithelium. Furthermore, exposure of lung alveoli to

Escherichia coli LPS-induced cyclic and synchronized

calcium spikes in both macrophages and epithelial cells.

The spikes propagated between different alveolar macro-

phages, often separated by several alveoli, across the

intervening epithelium. These calcium waves were inhib-

ited by Cx43 blockers, but not by P2R antagonists, ruling

out a role for Cx hemichannels in this cell-to-cell com-

munication mechanism. Mice with either alveolar

macrophage-specific or alveolar epithelial-specific deletion

of Cx43 lacked LPS-induced synchronized calcium spikes.

Importantly, in response to LPS treatment, these mice also

showed an increase in different inflammatory parameters,

including nuclear translocation of NF-jB, production of

pro-inflammatory cytokines and chemokines, recruitment

of neutrophils to alveoli, and higher mortality as compared

to wild-type mice. The anti-inflammatory signals induced

by calcium wave transmission involved calcium/calmod-

ulin-dependent kinase kinase (CAMKK) and

phosphorylation in alveolar epithelial cells of its down-

stream target, namely the pro-survival kinase Akt. All

together, these findings indicate that in the alveolar lumen,

Cx43-based GJIC between resident macrophages and the

epithelium modulates the extent of the inflammatory

response against bacterial pathogens and protects from

acute lung injury.

Leukocyte recruitment in the alveolar lumen

Chemokines and inflammatory mediators activate and guide

leukocytes to inflamed tissues by stimulating chemotaxis, a
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complex process that involves recognition of chemotactic

gradients, cell polarization, and directed migration [118].

Panx1 channels have been demonstrated to control several

aspects of human neutrophil chemotaxis by mediating ATP

release and autocrine purinergic signaling [119, 120].

Extracellular nucleotides also act as potent mediators of

lung inflammation, providing a paracrine mechanism for

intercellular communication between leukocytes and cells

present in the alveoli [121]. In a murine model of lung

fibrosis induced by airway administration of bleomycin,

ATP released into the alveolar lumen was shown to con-

stitute a major endogenous danger signal that engages the

P2X7 receptor Panx1 axis, leading to IL-1b maturation,

leukocyte recruitment, and lung fibrosis [122]. Indeed,

acute inflammation was reduced by mimetic-blocking

peptides specific for Panx1. Furthermore, based on in vitro

experiments, it has been proposed that airway and alveolar

epithelial cells underlie increased levels of luminal ATP

during lung fibrosis [122]. However, ATP release by pul-

monary epithelial cells in response to bleomycin treatment

was only partially inhibited by Panx blockers, suggesting

that other mechanisms, such as Cx hemichannels, exocy-

tosis, and/or membrane leakage of damaged cells, might be

responsible for increased levels of extracellular nucleotides.

Similarly, stress inflammatory conditions also induce mas-

sive release of ATP from endothelial cells [121]. Activated

leukocytes were also proposed as a source of enhanced

levels of extracellular ATP through release via Cx37

hemichannels for monocytes [123] and Cx43 hemichannels

for neutrophils [124], although Panx1 channels may fulfill

similar functions.

The ability of gap junctions to propagate inflammatory

signals has been clearly shown to be crucial in the

endothelium to mediate the adhesion and the transmigra-

tion of neutrophils in the alveolar space of inflamed lungs.

The lung microvascular Cx40 and Cx43 show opposite

expression patterns and function during acute lung

inflammation [10]. Cx40 expression was found to

decrease in response to lung injury in rabbits and this

phenotype has been associated with increased pulmonary

vascular permeability [125, 126]. Intranasal instillation of

E. coli LPS in mice also reduced pulmonary Cx40

expression, but the development of inflammation did not

differ between wild-type and Cx40 knockout mice [127].

In contrast, increased recruitment of neutrophils to the

alveoli was observed in mice with endothelial-specific

deletion of Cx40 early during the inflammatory response

to intratracheal instillation of LPS from P. aeruginosa

[32]. Furthermore, murine lung capillaries lacking

endothelial Cx40 showed decreased activity of ecto-50-
nucleotidase (CD73), the ectoenzyme that hydrolyzes

extracellular nucleotides to generate adenosine. Several

studies indicate that production of adenosine has a pro-

tective role in acute lung inflammation [128]. Adenosine

produced by CD73 prevents leukocyte adhesion to the

endothelium via an intracellular cAMP signaling triggered

by stimulation of A2B receptors [129]. Interestingly, tar-

geting endothelial Cx40 in vitro reduced GJIC and CD73

expression and activity, resulting in enhanced leukocyte

adhesion to a mouse endothelial cell line. Moreover, it has

been shown that adenosine enhances Cx40-mediated

GJIC, enabling the propagation of anti-adhesion signaling

between endothelial cells [32].

In contrast to Cx40, Cx43 expression increases during

the acute phase of inflammation at alveolar septa of dam-

aged lungs [130]. Inhibition of Cx43-based gap junctions

was found to block the increase of endothelial barrier

permeability, which is responsible for alveolar edema,

induced by lung acid injury [131]. Intratracheal instillation

of P. aeruginosa LPS also increased the expression of

Cx43 in mouse alveolar compartment [31]. In this study,

the pro-inflammatory role for this Cx was demonstrated

in vivo using Cx43?/- mice with reduced Cx43 expression

in the lung. These mice showed decreased neutrophil

recruitment to the alveolar space 24 h after induction of

lung inflammation. Conversely, mice expressing a trun-

cated Cx43 protein at amino acid 257, causing the

formation of Cx43 channels that remain mostly open due to

lack of regulatory motifs present in the C-terminus [132],

exhibit increased neutrophil recruitment during acute lung

inflammation [31]. Furthermore, mimetic-blocking pep-

tides specific for Cx43 reduced adhesion of leukocytes to

the surface of murine alveolar and endothelial cell lines,

while treatment of wild-type mice with peptides reduced

recruitment of neutrophils and promoted the resolution of

inflammation in response to LPS instillation. Consistent

with this model, imaging of the intact perfused lung

showed evidence of calcium waves that propagate along

pulmonary vessels through Cx43-based gap junctions [30].

A consequence of this Cx43-dependent conduction is the

expression at the surface of venular endothelial cells of the

leukocyte adhesion molecule P-selectin in response to an

increase in calcium level in the alveolar capillary bed,

thereby facilitating the transmigration of neutrophils and

leukocytes across the thin alveolar endothelial-epithelial

barrier. Thus, Cx40-based and Cx43-based gap junctions

with their specificity in propagating pro-inflammatory or

anti-inflammatory signals between endothelial cells appear

as key modulators of neutrophil recruitment during acute

lung inflammation. While Cx40 delays the adhesion of

neutrophils to the endothelial cells early during the

inflammatory response, Cx43 promotes their transmigra-

tion across the alveolar wall during the acute phase of

inflammation.
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Alveolar barrier repair

Recovery of proper respiratory function after lung injury

requires the restoration of an intact and a functional

alveolar barrier able to drain alveolar edema fluid and

secrete surfactant [133]. Although ATII cells have been

classically considered the only cells that can repopulate

denuded alveolar epithelium, recent studies in murine

model have identified progenitor cells in strategically

located niches in the distal lung that contributes to

alveolar repair mechanisms [133]. Cell-based therapies

that have been shown to reduce lung injury and to

enhance lung repair in murine models could be beneficial

for treating patients with severe acute lung inflammation

and injury. Novel treatment strategies include the

administration of allogeneic mesenchymal stem or stro-

mal cells (MSCs), which are connective tissue progenitor

cells with multilineage differentiation potential [134].

These stem cells can be isolated not only from adult

bone marrow, but also from several non-hematopoietic

organs, including the lungs [135]. Interestingly, once

engrafted in the lungs, MSCs are able to communicate

with locally resident alveolar epithelial cells via gap

junctions [136]. In a recent elegant study, Islam and

colleagues have proposed an intriguing function for gap

junctions in the context of MSC-based therapy for severe

lung injury [137]. Using live-lung FRAP microscopy and

Cx43-blocking peptides, Cx43-dependent GJIC between

MSCs and alveolar epithelial cells was confirmed in

murine lung after intratracheal administration of mice

bone marrow-derived MSCs (BMSCs). However, for-

mation of gap junctions occurred only under acute lung

inflammation induced by E. coli LPS. In control mice

treated with phosphate buffer, BMSCs were detected

outside of the alveoli in pleural interstitia and in thoracic

lymph nodes. As previously described, LPS increased the

expression of Cx43 in alveoli, creating a Cx43-rich

alveolar environment that is required for the attachment

of BMSCs. Indeed, GJIC was essential for BMSCs

placement at the alveoli, because mouse BMSCs

expressing a dominant-negative mutant of Cx43

(Cx43T154A), resulting in the formation of closed gap

junctions [138], did not communicate with epithelial

cells and migrated more out of the lung [137]. LPS-

induced acute lung inflammation and injury were mark-

edly reduced by instillation of mouse BMSCs, as

indicated by decreased leukocyte recruitment and alveo-

lar barrier permeability, restoration of surfactant

secretion and increase survival. In contrast, administra-

tion of BMSCs expressing Cx43T154A or small interfering

RNA against Cx43 did not ameliorate the severity of the

disease. The beneficial effects exerted by BMSCs

required GJIC and were dependent on the ability of these

cells to transfer mitochondria and supply bioenergy to

the damage alveolar epithelial cells. In fact, the estab-

lishment of GJIC during alveolar attachment was shown

to trigger an intracellular calcium rise in mouse BMSCs,

which in turn formed nanotubes and released

microvesicles containing mitochondria. BMSC-derived

microvesicles were then engulfed via endocytosis by

ATII cells, thereby, transferring their mitochondrial

contents to the alveolar epithelium. This transfer resulted

in enhanced intracellular ATP production in the inflamed

lung, providing supplemental energy that may help the

recovery of the alveolar cells [137].

Although other paracrine and cell contact-independent

mechanisms are likely to also contribute to improved lung

healing and function by MSCs in acute inflammatory dis-

eases [133], these findings indicate that GJIC is crucial to

mediate some therapeutic effects of MSCs in the repair of

the alveolar barrier function. These findings should open

the way for future studies addressing the role of Cxs and

Panxs in lung-resident stem cells and their involvement in

lung repair.
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Concluding remarks

The principal function of the lungs is to bring oxygen from

the atmosphere into the bloodstream while maintaining the

sterility of the peripheral tissue. Respiration induces stret-

ches of the respiratory epithelium, which provides a

mechanism for surfactant secretion. The oxygen/carbon

dioxide ratio contributes to contraction of the respiratory

vessel walls in order to direct blood flow to areas with

optimal oxygen supply. The inhaled air is filtered in the

conductive airways by mucociliary clearance and, when

needed, bacterial clearance is promoted via several inflam-

matory mechanisms involving macrophages, endothelial,

and epithelial cells. In response to injury a repair process is

engaged, although fibrosis can also occur [3]. To fulfill these

critical functions, the different cells of the lung act as inte-

grated systems enabled by Cxs and Panxs, which regulate

extracellular and intercellular signaling, control the flow of

metabolites, and restrict the flow of toxic agents. The roles

of Panx1 and Cxs in the airway epithelium and the alveolar

barrier of the adult lung are summarized in Figs. 3 and 4.

While a diversity of gap junction proteins is involved in

coupling epithelial cells and non-epithelial cells in the lung,

Cx43, Cx40, and Panx1 appear so far to have critical roles in

intercellular communications among epithelial cells,

endothelial cells, and macrophages. Clearly, more has to be

understood regarding the physiological roles of Cxs and

Panxs in lung functions, which may provide the foundation

to determine whether targeting these intercellular commu-

nication pathways represent an efficient approach to the

treatment of lung pathologies [10].
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