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Abstract

The pathways that lead to the internalization of pathogens via phagocytosis remain incompletely 

understood. We now demonstrate a previously unrecognized role for the gap junction protein 

connexin43 (Cx43) in the regulation of phagocytosis by macrophages and in the host response to 

bacterial infection of the peritoneal cavity. Primary and cultured macrophages were found to 

express Cx43, which localized to the phagosome upon the internalization of IgG-opsonized 

particles. The inhibition of Cx43 using small interfering RNA or by obtaining macrophages from 

Cx43 heterozygous or knockout mice resulted in significantly impaired phagocytosis, while 

transfection of Cx43 into Fc-receptor expressing HeLa cells, which do not express endogenous 

Cx43, conferred the ability of these cells to undergo phagocytosis. Infection of macrophages with 

adenoviruses expressing wild-type Cx43 restored phagocytic ability in macrophages from Cx43 

heterozygous or deficient mice, while infection with viruses that expressed mutant Cx43 had no 

effect. In understanding the mechanisms involved, Cx43 was required for RhoA-dependent actin 

cup formation under adherent particles, and transfection with constitutively active RhoA restored a 

phagocytic phenotype after Cx43 inactivation. Remarkably, mortality was significantly increased 

in a mouse model of bacterial peritonitis after Cx43 inhibition and in Cx43 heterozygous mice 

compared with untreated and wild-type counterparts. These findings reveal a novel role for Cx43 

in the regulation of phagocytosis and rearrangement of the F-actin cytoskeleton, and they implicate 

Cx43 in the regulation of the host response to microbial infection.
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Phagocytosis is the first line of defense against invading pathogens and requires a dramatic 

rearrangement of the actin cytoskeleton to internalize invading microbes into the membrane-

bound phagosome (1–3). The mechanisms that regulate the reorganization of the actin 

cytoskeleton underneath particles that are adherent to the surface of macrophages remain 

incompletely understood. To investigate the early events that lead to particle internalization 

via phagocytosis, we now focus on the role of the integral membrane protein connexin43 

(Cx43).4 Cx43 is an important component of gap junctions, intercellular channels that allow 

the passage of molecules <1000 Da between adjacent cells (for a recent review, please see 

Ref. 4). Gap junctions are formed at opposing sides of adjacent plasma membranes through 

the interaction of paired connexon monomers, also known as hemichannels (5). Recent 

evidence has indicated that hemichannels are present within cells that do not form gap 

junctions, and also that connexins may exert important functions that do not involve 

intercellular channels (6). Evidence from a variety of sources suggests that such functions 

could potentially play a role in the regulation of phagocytosis by macrophages, which are 

not interconnected in most cases, through several potential mechanisms. For instance, 

hemichannel activity has been shown to alter calcium stores in cells, long known to be 

important in the regulation of phagocytosis (7), through the activation of purinergic P2 

receptors by ATP (8). Cx43 has also been shown to interact with a variety of cytoskeletal 

proteins (9–11), suggesting the possibility that Cx43 could modify the actin cystokeleton in 

the early events leading to phagocytosis. As a further rationale for the study of connexins in 

phagocytosis, connexins have been shown to be present in immune cells, including 

macrophages, although their role in these cells remains largely unknown (12–14). A role for 

Cx43 in the regulation of phagocytosis would represent an exciting departure from current 

thinking in this area, for it would demonstrate a previously unrecognized role for this 

membrane protein in the modulation of an essential component of the host immune 

response. We therefore sought to test the hypothesis that Cx43 would play a role in the 

initiation or regulation of phagocytosis through effects on the actin cytoskeleton.

In support of this hypothesis, we now demonstrate the surprising findings that Cx43 plays an 

important role in the regulation of phagocytosis, that Cx43 appears to act by interaction with 

the RhoA signaling pathway and the modulation of the actin cytoskeleton, and that the 

regulation of phagocytosis by Cx43 plays a role in the host response to bacterial infection.

Materials and Methods

Cell culture, harvest, treatment, and reagents

HeLa cells and the murine macrophage cell lines J774 and RAW264.7 were obtained from 

the American Type Culture Collection (ATCC) and maintained in DMEM supplemented 

with 10% FBS, 1% glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C in a 

5% CO2 atmosphere. Abs were obtained from the following sources: Cx43 (Chemicon 

International), lysosomal-associated membrane protein 2 (LAMP-2; Zymed Laboratories), 

p38 (Cell Signaling Technology), RhoA (Cytoskeleton), and CD45 (Abcam). Sheep RBC 

4Abbreviations used in this paper: Cx43, connexin43; DIC, differential interference contrast; dn, dominant negative; LAMP-2, 
lysosomal-associated membrane protein 2; LPA, lysophasphatidic acid; siRNA, small interfering RNA; SRBC, sheep RBC; wt, wild 
type.
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were from Fitzgerald Industries International. Dynabeads (nonconjugated, noncross-linked, 

nondyed, 3 μm) were from Dynal Biotech. All other reagents were from Sigma-Aldrich.

Genotyping of mice was confirmed by PCR using tail tip genomic DNA, which was 

prepared by the proteinase K digestion method (16). The following primers were used: 

CCCCACTCTCACCTATGTCTCC, ACTTT TGCCGCCTAGCTATCCC, 

CTTGGGTGGAGAGGCTATTC, AGGT GAGATGACAGGAGATC. For PCR analyses, 

genomic DNA was used as a template in a reaction, where wild-type and mutant alleles are 

detected in a reaction simultaneously. PCR reactions were performed in 25 μl reaction 

volume containing forward and reverse primers, Taq polymerase, and PCR buffer 

(Invitrogen). The PCR conditions were 95°C for 5 min hold, 12 cycles of 95°C for 30 s, 

64°C for 30 s, and 72°C for 1 min, and 25 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C 

for 1 min in MyCycler PCR system (Bio-Rad). This will generate a 519-bp amplicon for 

wild-type, a 519-bp amplicon and a 280-bp amplicon for heterozygote, and a 280-bp 

amplicon for homozygote. The PCR-amplified products were separated through 2% agarose 

in 1× TAE (40 mM Tris acetate, 1 mM EDTA (pH 8.2)) gels and photographed using an 

Alpha Innotech Imager 2000.

Peritoneal macrophages were obtained from male C57BL/6 mice and male connexin 

heterozygote mice (The Jackson Laboratory) by peritoneal lavage. Cells were harvested 

when animals were at 4–6 wk of age; all animal experiments were performed in accordance 

with the Children's Hospital of Pittsburgh Animal Care and Use Committee guidelines 

(protocol 08-05). Where indicated, animals were treated with i.p. injections of oleamide 

(12.5, 25, or 50 mg/kg, once daily) for 3 days. Animals were sacrificed and macrophages 

were then harvested as follows: after cleansing the skin with 70% ethanol, an incision was 

made in the lower abdomen through the skin, leaving the peritoneum intact. Animals were 

then injected with 10 ml ice-cold PBS followed by gentle massage to allow for the 

distribution of the lavage fluid throughout the peritoneal cavity. The PBS lavage fluid was 

then removed using a 10-ml syringe attached to a 21-guage needle, and cells were washed 

three times in DMEM + 10% FBS. Macrophages were identified by adherence to glass 

coverslips (1 h, 37°C) and morphology characteristics under light microscopy. In all 

experiments, there were at least eight animals per group and each experiment was performed 

at least four times.

Isolation of embryonic liver macrophages

To study macrophages from Cx43-null mice, which die shortly after birth, macrophages 

were harvested from embryonic liver in an adaptation of the technique of Morris and 

colleagues (17). Pregnant females were sacrificed at embryonic days 16–18 from the strains 

Cx43+/+, Cx43+/−, and Cx43−/−, which were mated from Cx43 heterozygotes (strain 

B6;129S-Gja1tm1Kdr/J, The Jackson Laboratory). Embryos were removed and washed in ice-

cold PBS. Tails were clipped and snap-frozen for genotyping. Livers were dissected under a 

Nikon SMZ1000 dissecting microscope, washed with PBS, minced into small pieces, and 

digested with 0.05% collagenase and 0.02% DNase in DMEM for 60 min at 37°C with 

gentle pipetting to dissociate tissue. Cells were taken from the supernatant after allowing the 

suspension to settle for 1 min, washed in DMEM three times, plated on glass coverslips, and 
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incubated for 4–6 h at 37°C, 5% CO2. Unattached cells were washed off with ice-cold PBS 

and the remaining cells were allowed to attach for a subsequent 6 h before use. This 

technique yielded a population of cells that was >95% positive for macrophages as 

previously described (17), and as demonstrated by the macrophage marker CD45. 

Phagocytosis experiments using these cells were performed in a blinded fashion (i.e., 

without the knowledge of the genotype results of the individual mice studied) on at least 12 

mice per experiment.

SDS-PAGE and immunofluorescence

For detection of Cx43 or CD45 expression, cells were lysed and protein concentration was 

measured using the bicinchoninic acid assay (Sigma-Aldrich). Lysates were then subjected 

to SDS-PAGE as described (18) and immunoblotted using Abs against Cx43 (1/1000). In 

parallel, cells were plated on glass coverslips, washed three times in ice-cold PBS, fixed in 

4% paraformaldehyde, and immunostained using Abs against Cx43 and visualized using 

confocal microscopy (Olympus FluoView 1000) as described (19). For studies to detect the 

presence of Cx43 on the phagosomal membrane, J774 macrophages were allowed to 

internalize Dynabeads on coverslips in 12-well dishes (90 μl/well) for 30 min at 37°C, 

washed in ice-cold PBS, and then fixed in 4% paraformaldehyde and evaluated by 

immunofluorescence microscopy as described (19). Actin cup formation was quantified 

using MetaMorph 7 software (Molecular Devices), during which an actin cup was defined as 

the local enrichment of F-actin immediately subjacent to an adherent particle. Where 

indicated, actin was detected by staining cells with rhodamine-phalloidin (Molecular Probes/

Invitrogen).

Phagosomal fractions were isolated according to the method of Desjardins et al. (1) and 

modified by Hackam and colleagues (20). Briefly, cells were plated on 10-cm petri dishes in 

5 ml of DMEM with 10% FBS until they reached 80% confluence. Latex beads (0.8-μm-

diameter blue dyed, Sigma-Aldrich) were added to the cells (90 μl beads in 10 cc media) for 

2 h at 37°C to allow phagocytosis to occur. Cells were then washed three times in ice-cold 

PBS (10 min each, with continuous shaking) and homogenized in a Dounce homogenizer 

until 90% of cells were broken, as assessed by light microscopy. The homogenate was next 

subjected to centrifugation at 350 × g for 5 min. The resulting supernatant was mixed with 

60% sucrose and 3 mM of imidazole (pH 7.4) and applied to the bottom of a discontinuous 

sucrose gradient composed of the following 2-ml steps: 10%, 25%, 35%, and 40% sucrose-

imidazole. The gradient was subjected to centrifugation at 100,000 × g for 60 min, and the 

phagosomal fraction was collected from the 10–25% interface. This was added to 15 ml of 

PBS and centrifuged at 40,000 × g for 15 min. The phagosomal pellet was solubilized for 

immunoblotting following SDS-PAGE, or was evaluated for purity by transmission electron 

microscopy. We have demonstrated that this preparation yields a fraction that is >95% pure 

phagosomal material, without contaminating organelles or cells (20).

Measurement of phagocytosis

To accurately quantify the rate and extent of phagocytosis, it was critical to reliably 

distinguish particles that were internalized from those that were merely adherent to the 

macrophage surface. To do so, three separate approaches were utilized: an in vitro sheep 
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RBC assay, an in vitro bead (confocal-based) assay, and an in vivo-labeled bacteria assay as 

follows:

Sheep RBC assay—The following experimental protocol was adapted from that of 

Grinstein and colleagues (2). In brief, sheep RBC (SRBCs, Fitzgerald Industries 

International) were opsonized by incubating with anti-RBC IgG (Sigma-Aldrich, 1/10 

dilution from stock, 20 min, 37°C) and were then added to J774 cells, murine peritoneal 

macrophages, or murine embryonic hepatic macrophages that had been plated overnight on 

glass coverslips at 60% confluence (SRBC/macrophage ratio 10:1, 30 min incubation at 

37°C). Noninternalized SRBCs were then removed by hypotonic lysis with ice-cold water 

for 30 s. After washing with ice-cold PBS, cells were fixed in 4% paraformaldehyde for 1 h. 

Phagocytosis was then assessed using a Nikon Eclipse TS100 microscope under phase 

contrast optics, under which only internalized particles appear. The number of macrophages 

that had internalized at least one SRBC was then measured.

Bead internalization assay—Macrophages were incubated with Dynabeads under the 

above conditions in the presence of 10% FCS. After allowing phagocytosis to occur (5, 15, 

30, 60, or 120 min, 37°C), noninternalized particles were removed by copious washes with 

PBS. Internalized particles were distinguished from extracellular particles using an Olympus 

Fluo-View 1000 confocal microscope under differential interference contrast (DIC) filters, 

during which slices were obtained throughout the plane of the cell. A three-dimensional 

reconstruction was developed for each field, with planes obtained from the top of the cell to 

the coverslip, which reliably identified noninternalized particles. At the indicated time point, 

cells were fixed, permeabilized, and stained with Abs to Cx43 and examined by confocal 

microscopy.

To assess whether bead internalization was FcR-mediated, RAW264.7 macrophages or J774 

cells were washed in serum-free conditions, then treated with anti-FcR Ab (mouse 

monoclonal hybridoma supernatant 2.4G2 from ATCC) or nonspecific anti-mouse IgG 

(Sigma-Aldrich) for 1 h, and allowed to undergo phagocytosis of either Dynabeads or latex 

particles for 1 h at 37°C. The rate of phagocytosis was then determined as described below.

To assess particle binding, RAW264.7 macrophages were incubated with Dynabeads in the 

presence of serum and placed at 4°C for 1 h, then washed with ice-cold PBS, and the 

number of bead-associated particles was assessed by light microscopy. In parallel, 

RAW264.7 macrophages were treated with cytochalasin D (100 μM; 1 h, Sigma-Aldrich) 

(19, 20), treated with Dynabeads in the presence of serum for 1 h at 37°C, then washed with 

copious amounts of ice-cold PBS and assessed for the number of bead-associated particles 

by light microscopy. Where indicated, RAW264.7 macrophages were first treated with small 

interfering RNA (siRNA) to Cx43 or scrambled (control) siRNA as described below.

In vivo phagocytosis assay—C57BL/6 mice (n = 5 mice/group) were treated with 

either vehicle (0.5% ethanol in PBS) or oleamide (5 mg/kg) daily for 3 days. On the third 

day of treatment, mice were injected i.p. with Escherichia coli (8 × 108 CFU/mouse, DH5a; 

Invitrogen) labeled with Oregon Green (Invitrogen, 1 mg/ml in PBS for 1 h at 37°C) as per 

the manufacturer's instructions. After allowing 2 h for internalization of labeled bacteria, 
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peritoneal macrophages were harvested as described above by lavage. In parallel 

experiments, Oregon Green-labeled bacteria were injected into the peritoneal cavities of 

either wild-type or Cx43+/− mice, and macrophages were harvested 2 h later. Harvested 

macrophages were plated on glass coverslips, and after allowing 20 min for adherence, cells 

were washed with copious amounts of ice-cold PBS to remove noninternalized bacteria. 

Macrophages were then fixed using 4% paraformaldehyde, and examined using confocal 

microscopy (Olympus FluoView 1000) under DIC and FITC filter sets, which could reliably 

detect internalized fluorescent particles. Where indicated, macrophages were subjected to 

siRNA transfection (see below), treatment with IFN-γ (100 U/ml) and LPS (10 ng/ml), (12 

h), with the gap junction protein inhibitor oleamide (50 μM, 1 h), with the Rho activator 

lysophasphatidic acid (LPA, 10 μM, 30 min), or with the Rho inhibitor Y27632 (10 μM, 1 

h).

Activation and inhibition of Cx43 using siRNA

To inhibit the expression of Cx43 in RAW264.7 macrophages, cells were plated onto 6-well 

culture dishes (500,000 cells/well, Sigma-Aldrich). After allowing 24 h for adhesion, the 

medium was changed and cells were treated with 20 μl of pooled Cx43 siRNA (5 nM, 

Ambion) and 10 μl Lipofectamine 2000 (Invitrogen) in OptiMEM media (Invitrogen). Six 

hours later, wells were repleted with DMEM containing 10% FBS. After 24 h, cells were re-

treated with the original concentration of siRNA. Five days after the initial plating, cells 

were harvested, lysed, and assessed by SDS-PAGE for the expression of Cx43 and actin as 

described above, or evaluated for the ability to undergo phagocytosis. In all experiments, a 

nontargeting siRNA engineered against no specific gene (5 nM) was included in all as a 

negative control. RhoA activity was “restored” using a constitutively active form of RhoA 

(V-14 RhoA, a generous gift from Dr. Michael S. Kolodney, University of California at Los 

Angeles School of Medicine) using Lipofectamine 2000 as a carrier molecule according to 

the manufacturer's protocol.

HeLa cells were transfected with the following cDNA constructs alone or in combination: 

GFP-Cx43 (a generous gift of Dr. M Falk, Lehigh University, Bethlehem, PA), FcRIIa (a 

generous gift from Dr. Allan D. Schreiber, University of Pennsylvania School of Medicine, 

Philadelphia, PA), and enhanced GFP (Clontech) using Lipofectamine 2000 as a carrier 

according to the manufacturer's instructions.

Generation of Cx43 adenoviruses

Adenoviruses expressing wild-type (wt) or dominant-negative (dn) (L90V) Cx43 with the C-

terminal fused to GFP were constructed using the Adeno-X Expression Systems 2 from 

Clontech according to the manufacturer's protocol. Briefly, cDNAs coding for GFP, wtCx43, 

and dnCx43 (L90V) (generous gifts of Dr. Charles Murry, University of Washington, Seattle, 

WA; Dr. Dale Laird, University of Western Ontario, London, Ontario, Canada) (21, 22) were 

cloned into pDNR-CMV and integrated into Adeno-X acceptor vectors by using Cre-loxP 
site-specific recombination. The resulting plasmids were linearized with PacI digestion and 

transfected into the adenovirus packaging cell line HEK293. Adenoviruses were further 

amplified and titered in HEK293 cells. In all experiments, macrophages were then infected 

with viruses at a multiplicity of infection of ~20. At this ratio, all cells were found to express 
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GFP-wtCx43 or GFP-dnCx43 as determined under fluorescent microscopy using an 

excitation wavelength of 390 nm and emission wavelength of 505 nm. The expression and 

distribution of GFP-Cx43 was similar to that of endogenous Cx43 in macrophages, as 

confirmed by confocal microscopy (not shown).

Determination of RhoA-GTPase activation

RhoA-GTPase activity was quantified using an ELISA-based detection assay 

(Cytoskeleton). Briefly, RAW264.7 macrophages were treated with either Cx43-siRNA or 

control siRNA as above, and after indicated treatment were subjected to hypotonic lysis at 

4°C. The relative expression of activated RhoA-GTP to inactive RhoA-GDP was determined 

spectrofluorometrically based on the increased avidity of RhoA-GTP for the effector protein 

rhotekin, as we and others have previously described (23, 24). Positive controls included 

samples enriched with GTP-γS to maximize RhoA activation.

Induction of experimental bacterial peritonitis

Mice were genotyped and matched to age (4–5 wk) and weight, then injected with 1 × 105 

CFU/g of E. coli (strain DH5a) daily for 3 days. Where indicated, mice were also injected 

daily for 3 days with either oleamide (12.5, 25, or 50 mg/kg) or saline. The number of 

animals alive on each day was measured, and the mortality rate at the end of the 3-day 

period was determined. At least 10 mice in each group were studied.

Statistics

Phagocytosis was quantified by dividing the number of cells per high-power field that had 

phagocytosed at least one particle by the total number of phagocytic cells per high-power 

field. For quantification of phagocytosis, at least 10 fields were examined and enumerated 

per experimental condition. In experiments performed on embryonic macrophages, the rate 

of phagocytosis of GFP-wtCx43 and GFP-dnCX43 was normalized to the rate of GFP-

infected macrophages for the indicated treatment group. All experiments were repeated at 

least five times. Comparisons were made by Student's t test and ANOVA where appropriate. 

Kaplan-Meier survival curves were calculated using the online Bioinformatics software 

package of the Walter and Eliza Hall Institute of Medical Research, University of 

Melbourne.

Results

Cx43 is expressed on the phagosome in macrophages

To test the hypothesis that Cx43 may participate in phagocytosis, we first evaluated the 

expression of Cx43 in macrophages and on phagosomes. As shown in Fig. 1A, Cx43 

expression could be detected in J774 and RAW264.7 macrophage cell lines, as well as in 

elicited murine peritoneal macrophages from Cx43+/+ mice. There was a decreased yet 

detectable band obtained in macrophages from Cx43+/− mice. To investigate whether Cx43 

was delivered to the nascent phagosome, as would be predicted if it has a role in 

phagocytosis, we performed immunoconfocal microscopy of RAW264.7 macrophages that 

had been allowed to internalize Dynabeads in the presence of serum for varying time points 

as described in Materials and Methods. As shown in Fig. 1B, Cx43 (green staining) was 
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detectable immediately underneath particles that were adherent to the cell surface (seen in 

the DIC images), and it became associated with the phagosomal membrane at the earliest 

time points after internalization (see arrows at the 15-min time point). Importantly, in cells 

that were allowed to undergo phagocytosis for longer periods, Cx43 was detected on the 

phagosomal membrane at all time points (see arrows in Fig. 1B). It is noteworthy that the 

number of internalized particles increased over time, and Cx43 was detected around each 

particle. To confirm these findings, a biochemical approach was taken. Specifically, we 

performed subcellular fractionation and phagosomal isolation of J774 cells that had been 

allowed to internalize latex particles for 2 h, as described in Materials and Methods. The 

purity of the membrane preparation has been confirmed earlier (2, 25), and it was found to 

express the lysosomal marker LAMP-2 and to be devoid of the cytoplasmic protein p38 (Fig. 

1C). Importantly, purified phagosomes were found to express Cx43 (Fig. 1C), consistent 

with the confocal findings. Of note, the principal receptor that was found to govern 

phagocytosis of Dynabeads (Fig. 1B) and latex beads (Fig. 1C) was determined to be the 

FcR, as Abs against FcR significantly reduced the extent of phagocytosis of both types of 

particles that were detected (Fig. 1D). Based on these results, we next investigated whether 

Cx43 participated in phagocytosis.

Cx43 plays a role in phagocytosis by macrophages

As shown in Fig. 2, three lines of evidence support the conclusion that Cx43 participates in 

macrophage phagocytosis. Treatment of macrophages with the gap junction inhibitor 

oleamide (26) was found to significantly reduce the ability of J774 cells to undergo 

phagocytosis of IgG-opsonized erythrocytes (Fig. 2A, OLM). There was no effect of vehicle 

control (0.5% ethanol in PBS). There were also no effects of oleamide on cell viability or on 

the responsiveness of macrophages to release NO in response to activation by LPS (data not 

shown), excluding effects of oleamide on these cell functions. To further assess these 

pharmacologic results, a siRNA approach was undertaken to more specifically determine the 

role of Cx43 in phagocytosis. Compared with untreated cells or cells treated with control 

siRNA against no known target, treatment of RAW264.7 macrophages with siRNA against 

Cx43 led to a significant reduction in the expression of Cx43 and also to a striking reduction 

in the rate of phagocytosis (Fig. 2B). Importantly, as shown in Fig. 2C, Cx43 did not appear 

to play a role in the adhesion of particles to macrophages, as the number of Dynabeads that 

were adherent to the surface of RAW264.7 macrophages that were treated either at 4°C or 

with the phagocytosis inhibitor cytochalasin D was similar in the presence (open bars) or 

absence (filled bars) of Cx43. We next assessed the rate of phagocytosis in macrophages 

obtained from mice with a genetic reduction in the expression of Cx43 (27). As shown in 

Fig. 2D, a marked reduction in phagocytic ability was observed by peritoneal macrophages 

that were harvested from Cx43+/− mice as compared with Cx43+/+ mice. Taken together, 

these findings strongly suggest that Cx43 plays a role in phagocytosis.

Heterologous transfection of cells lacking Cx43 with FcR and Cx43 confers phagocytic 
ability to HeLa cells

Having shown that the inhibition or relative absence of Cx43 leads to a decrease in 

phagocytic ability in macrophages, we next sought to further assess the role of Cx43 in 

phagocytosis by utilizing a knock-in approach. Since all macrophage cell lines that we 
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assessed were found to express Cx43, we performed these experiments using a heterologous 

transfection approach in HeLa cells, which lack Cx43, but also lack phagocytic Fc receptors 

(Fig. 3). Previous authors, including ourselves, have demonstrated that transfection of FcR 

into non-FcR-expressing cells, including fibroblasts (28) and intestinal epithelial cells (19), 

confers the target cell a phagocytic phenotype upon expression of FcR protein. We therefore 

sought to determine the rate of phagocytosis in Fc-transformed HeLa cells in the absence or 

presence of cotransfected Cx43. As is shown in Fig. 3, incubation of nontransfected HeLa 

cells with IgG-opsonized erythrocytes did not result in either significant adhesion or 

internalization (Fig. 3A). Transfection of HeLa cells with the FcIIR phagocytic receptor 

(along with GFP to identify transfected cells) resulted in the adherence of subsequently 

added IgG-opsonized erythrocytes, but not to their internalization (Fig. 3, B and C). 

Remarkably, cotransfection of HeLa cells with both Cx43 and FcIIR resulted in significant 

internalization of IgG-opsonized erythrocytes, compared with nontransfected cells, or cells 

transfected with cDNA alone (Fig. 3, D–F). The expression of GFP-Cx43 by SDS-PAGE in 

nontransfected and transfected HeLa cells, as well as in macrophages (positive control), is 

shown in Fig. 3G. Note that GFP-Cx43-transfected HeLa cells demonstrate a band at ~70 

kDa, the combined molecular mass of Cx43 and GFP, whereas no bands are detected in 

nontransfected HeLa cells or GFP-transfected HeLa cells. The location of Cx43 in 

macrophages, the positive control, at 43 kDa is revealed by the arrow. Taken in aggregate, 

these knock-in results support the evidence obtained from the deletion studies described 

above and demonstrate a role for Cx43 in phagocytosis.

Cx43 transfection restores phagocytosis in Cx43-deficient macrophages

We next sought to determine whether we could reverse the inhibition in phagocytosis 

observed in Cx43-deficient macrophages solely by inducing Cx43 expression. Because 

Cx43-null mice die shortly after birth (29), macrophages were harvested late in gestation 

(embryonic days 15–18) from the livers of Cx43+/+, Cx43+/−, and Cx43−/− fetuses. As is 

shown in Fig. 4A, we were able to harvest a relatively pure population of embryonic hepatic 

macrophages, as shown by the high expression of the macrophage marker CD45. 

Importantly, embryonic hepatic macrophages obtained from Cx43+/+ mice underwent 

phagocytosis of IgG-opsonized RBCs efficiently. However, the rate of phagocytosis was 

significantly decreased in those macrophages obtained from Cx43+/− mice (Fig. 4B, a 

finding consistent with the results shown in Fig. 2C). The rate of phagocytosis was further 

decreased in embryonic hepatic macrophages obtained from Cx43−/− mice, consistent with a 

role for Cx43 in the regulation of phagocytosis (Fig. 4B).

Having determined the phagocytic ability of macrophages from wild-type, heterozygous, 

and Cx43-null mice, we next sought to assess the effects of overexpression of Cx43 on 

phagocytosis in macrophages from these mice. Infection of embryonic macrophages with 

adenoviruses that express GFP-Cx43 resulted in a pattern of GFP expression similar to that 

of endogenous Cx43 in >90% of cells (data not shown). Remarkably, infection of Cx43 in 

embryonic macrophages obtained from Cx43−/− mice led to a marked increase in the rate of 

phagocytosis, as compared with Cx43−/− macrophages that were infected with GFP alone 

(see Fig. 4C, compare green bars to yellow bars). Infection with adenoviral GFP-Cx43 also 

led to an increase in phagocytosis in Cx43+/+ or Cx43+/− macrophages as compared with 
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cells infected with GFP alone (Fig. 4C, compare green bars to yellow bars). To further 

confirm the specificity of the effect of Cx43 on phagocytosis, Cx43+/+, Cx43+/−, and 

Cx43−/− macrophages were infected with adenoviruses that express a dominant-negative 

L90V mutation in the polypeptide backbone of Cx43 (21). Importantly, there was no 

increase in the rate of phagocytosis by embryonic hepatic macrophages obtained from 

Cx43−/− mice after infection with L90V-GFP Cx43 (see Fig. 4C, compare blue bars to 

yellow bars). It is noteworthy that the dominant-negative Cx43 construct significantly 

inhibited phagocytosis by Cx43+/+ macrophages as expected (Fig. 4C, compare blue bars to 

green bars). Taken together, these findings demonstrate that Cx43 plays a role in 

macrophage phagocytosis.

Cx43 plays a role in the FcR-induced activation of RhoA and actin cup formation

We next sought to explore the mechanisms by which Cx43 could regulate phagocytosis in 

macrophages. To do so, we focused on the early signaling events that lead to particle 

internalization, which we and others have shown to require the activation of the Rho-GTPase 

family of small molecular mass G proteins (18, 30, 31). As shown in Fig. 5A, the activation 

of RhoA using LPA leads to an increase in phagocytosis, while inhibition of RhoA using the 

inhibitor Y27632 reduces phagocytosis. These findings replicate previous work confirming a 

role for RhoA in phagocytosis (18, 32). Strikingly, the inhibition of Cx43 in macrophages 

with Cx43 siRNA significantly reduced the extent of RhoA activation in RAW264.7 

macrophages that was induced upon binding of IgG-opsonized particles (Fig. 5B), while the 

marked inhibition of phagocytosis that we previously observed in response to Cx43 

inhibition could be reversed upon transfection of cells with constitutively active RhoA-GTP 

(Fig. 5C). This finding indicates RhoA activity could reverse the inhibition in phagocytosis 

that occurred in response to Cx43 inhibition, and it supports the notion that Cx43 activation 

may be linked to phagocytosis via RhoA signaling. Given that RhoA signaling leads to the 

formation of actin cups at the site of adherent particles (18), we next considered whether 

Cx43 may be required for actin cup formation. As shown in Fig. 5D, inhibition of Cx43 in 

RAW264.7 macrophages with Cx43 siRNA significantly reduced the formation of actin 

“cups” after adherence of opsonized latex beads, as compared with both untreated cells and 

cells treated with control siRNA against no known targets (see representative images in Fig. 

5, E–J). Taken together, these results indicate that Cx43 is likely to participate in 

phagocytosis in vitro in part through RhoA-mediated effects on the actin cytoskeleton.

Cx43 participates in host survival after bacterial peritonitis

Having shown a role for the regulation of phagocytosis by Cx43 in vitro, we next sought to 

assess whether Cx43 could regulate phagocytosis in vivo and, if so, whether such regulation 

would affect the host response to bacterial infection of the peritoneal cavity. As shown in 

Fig. 6, A–C, intraperitoneal treatment of mice with the gap junction inhibitor oleamide led to 

a profound reduction in the phagocytosis of fluorescent-labeled bacteria that had been 

injected into the peritoneal cavity compared with animals injected with vehicle alone or 

noninjected mice. The inhibition of phagocytosis that was measured in response to oleamide 

injection was further revealed by the dose-dependent reduction in the ability of peritoneal 

macrophages to internalize opsonized particles after being exposed to intraperitoneal 

oleamide (Fig. 6D). There was no effect on phagocytosis of vehicle alone. To investigate the 
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potential physiological relevance of the role of Cx43 on phagocytosis, a model of bacterial 

peritonitis was utilized. The intraperitoneal inoculation of E. coli of mice resulted in a 

mortality of ~50% after 48 h (Fig. 6E). A similar rate of mortality was seen after 48 h in 

mice injected with E. coli along with vehicle alone (Fig. 6E). However, co-injection of 

oleamide with E. coli resulted in a mortality rate of nearly 100% after 48 h (Fig. 6E). There 

was no effect on mortality of injection with vehicle alone or oleamide alone. Importantly, the 

rate of phagocytosis in vivo of Oregon Green-labeled bacteria that had been injected into the 

peritoneal cavity was significantly reduced in Cx43+/− mice (Fig. 6, G and H) as compared 

with wild-type littermates (Fig. 6, F and H).

To further assess the role of Cx43 in the regulation of the host response to infection, and to 

extend these pharmacologic findings, we further assessed the ability of Cx43+/− mice to 

respond to an intraperitoneal bacterial challenge. As shown in Fig. 7, the injection of E. coli 
into the peritoneal cavities of Cx43+/− mice led to a significant increase in mortality on each 

subsequent day after injection compared with wild-type counterparts. The Kaplan-Meier 

survival curves for wild-type and Cx43+/− mice that had been injected with intraperitoneal E. 
coli reveal that Cx43+/− mice had a significantly increased mortality, at p = 7.45 × 10−5. 

Taken together, these results indicate that Cx43 plays a role in the host response to bacterial 

infection in vivo, and that this regulation has an effect on host survival after bacterial 

infection.

Discussion

We now report the novel finding that the gap junction protein Cx43 plays a previously 

unrecognized role in the regulation of phagocytosis by macrophages. While we acknowledge 

that the inhibition of Cx43 resulted in only a partial (albeit significant) inhibition in 

phagocytosis, the fact that three different techniques to reduce Cx43 function 

(pharmacologic, siRNA, and Cx43-mutant mice) yielded a similar reduction in phagocytosis, 

as well as the fact that a role for Cx43 in phagocytosis was observed in both cultured and 

primary macrophages, strongly argues that Cx43 plays at least a partial role in the complex 

process of phagocytosis. In seeking to understand the potential mechanisms involved, we 

further report that inhibition of Cx43 leads to an inhibition of FcR-induced activation of 

RhoA and a subsequent reduction in the extent of actin cup formation around adherent 

particles. Taken together, these findings expand on the known roles of Cx43 in immune cells 

such as macrophages, and they provide added insights into the signaling pathways that are 

required for particle internalization to occur.

How do we explain the involvement of Cx43 in phagocytosis? Given that macrophages exist 

as single cells, it is unlikely that Cx43 is exerting its role as a gap junction protein. However, 

Cx43 is a known component of hemichannels, the non-opposed halves of gap junction 

channels that are localized at the cell surface and intracellularly and function independently 

of gap junctions. It is possible that Cx43 could participate in the regulation of phagocytosis 

by acting via hemichannels on calcium regulation for instance, which is a known function of 

hemichannels (33) and is also known to play a role in phagocytosis (34). In support of this 

possibility, treatment of macrophages with oleamide, which is known to inhibit the function 

of hemichannels (35, 36), was found to inhibit phagocytosis. Alternatively, Cx43 may exert 
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other roles independent of hemichannel activity in macrophages that could regulate 

phagocytosis. Specifically, Cx43 has been shown to bind to a variety of actin regulatory 

proteins that could regulate actin cup formation and initiate phagocytosis (10, 11, 37, 38). 

Cx43 has been shown to participate in RhoA signaling cascade in astrocytes (39) and to 

interact with PSD95/Dlg/ZO-1 (PDZ) domains of various proteins (40), protein-protein 

binding regions that act to assemble membrane receptors and cytosolic proteins (41). PDZ 

domains have been found on proteins with established roles in the initiation of phagocytosis 

including the adaptor protein GIPC, a PDZ domain-containing protein, shown to regulate 

cytoskeletal dynamics (42). This suggests the possibility that Cx43 could act through its 

PDZ domain-binding region through similar regulatory targets in the initiation of 

phagocytosis. In support of the fact that Cx43 may interact with other proteins that are 

required for phagocytosis to occur, we note that that infection of macrophages with a L90V 

mutation in the polypeptide backbone of Cx43 resulted in a marked inhibition of 

phagocytosis in wild-type cells and did not reverse the inhibition of Cx43 observed in cells 

obtained from Cx43-deficient mice. This leads us to speculate that the L90V mutation in 

Cx43 renders Cx43 incapable of forming the necessary protein-protein interactions that are 

required for phagocytosis to occur. We now submit that acting either via hemichannels or in 

a more expanded manner through the interaction with protein targets that play important 

roles in the rearrangements of the actin cytoskeleton, Cx43 participates in the process of 

phagocytosis.

One of the most striking findings of the present study is that the inhibition of Cx43 in vivo, 

using either pharmacologic or genetic approaches, led to a marked increase in mortality after 

bacterial peritoneal sepsis. Previous authors have provided a link between connexin activity 

and sepsis. For instance, Fernandez-Cobo et al. have shown that the dysfunction in cardiac 

contractility that has been observed to occur in septic patients may be mediated by a down-

regulation of Cx43 in the heart, possibly via the release of TNF-α (43). Celes et al. recently 

described a loss of Cx43 expression in the heart in mice subjected to a cecal ligation and 

puncture model of sepsis, lending further support to this concept (44). De Maio et al. have 

shown that the release of LPS, which often accompanies sepsis, leads to a loss of gap 

junction-mediated communication between hepatocytes, suggesting a possible role in the 

disordered hepatic metabolic function that occurs during inflammatory states (45), while the 

administration of LPS to monolayers of cultured mouse microvascular endothelial cells was 

found to reduce cell-to-cell communication through phosphorylation of Cx43 by tyrosine 

kinase (46). We therefore now propose that in addition to its established roles in gap junction 

communication, Cx43 may exert a broader role in the regulation of the host immune 

response and the development of sepsis.

We readily acknowledge that in addition to a direct role of Cx43 on phagocytosis, there are 

additional possible routes by which Cx43 heterozygosity could worsen outcome from 

infection. For instance, Cx43 has been shown to exert a role in cell migration (47–49), and it 

could therefore lead to an impairment in the ability of neutrophils to migrate to sites of 

bacterial infection, and as a result impair microbial clearance and worsen outcome after 

peritoneal infectious challenge. Alternatively, Cx43 has been shown to play a role in 

generation of reactive oxygen species (50). Any impairment in reactive oxygen species 

generation in macrophages, either extracellularly or within the phagosome itself, could 
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reduce microbial killing and worsen outcome in Cx43 heterozygous mice. If Cx43 

hemichannels play a role in ATP transport into the phagosome, Cx43 heterozygosity could 

theoretically also impair microbial killing by limiting the extent of phagosomal acidification 

by limiting the local availability of free ATP and thus impair the function of the vacuolar 

type H+-ATPase that is the driving force leading to phagosomal acidification (25). 

Alternatively, decreased Cx43 function could lead to impaired T and B lymphocyte function, 

resulting in decreased cytokine generation and impaired generation of Abs, functions that 

have recently been shown to involve Cx43 activity (51). Hence, although the current studies 

strongly indicate a role for Cx43 in phagocytosis, we acknowledge the possibility that other 

Cx43-mediated effects could also be involved that could lead to a worse outcome from 

bacterial infection that we observed in the Cx43 heterozygous animals.

In summary, we now demonstrate that the gap junction protein Cx43 plays a role in the 

regulation of phagocytosis through a mechanism that involves the RhoA-mediated 

rearrangement of the actin cytoskeleton that is required for particle internalization to occur. 

These studies shed light not only on an unexpected role for Cx43, but also raise important 

insights into the complex molecular armamentarium required for normal host defense.
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FIGURE 1. 
Cx43 is expressed in macrophages and localizes to phagosomes. A, Macrophage cell lines, 

including J774 macrophages (J774), RAW 264.7 (RAW), and primary murine peritoneal 

macrophages (Mθ) from Cx43 wild-type (+/+) and heterozygous (+/−) mice, were subjected 

to SDS-PAGE and were assessed for the expression of Cx43 by immunoblotting. Blots were 

stripped and reprobed with Abs against F-actin. B, RAW264.7 macrophages were allowed to 

internalize Dynabeads for the indicated periods of time (5, 15, 30, 60, and 90 min) and then 

washed with copious amounts of PBS, fixed, permeabilized, and immunostained with Abs to 

Cx43 and imaged by confocal microscopy. Shown are the corresponding images for Cx43 

(green) and DIC at each time point indicated. Arrows show the presence of bound (at 5 min) 

or internalized particles (at all other time points). Representative of three separate 

experiments. Size bar = 3 μm. C, Phagosomes (Phag) were isolated from J774 macrophages 

that had been fed a meal of latex beads and immunoblotted alongside J774 cells lysates (Mθ) 

using Abs against Cx43, LAMP-2, a phagosomal marker, and p38-MAPK (p38), a 

cytoplasmic protein expectedly absent from phagosomal membranes. Representative of three 
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separate experiments. D, Rate of phagocytosis after 1 h of either Dynabeads (open bars) or 

latex beads (filled bars) in RAW264.7 macrophages (open bars) or J774 cells (filled bars) 

that had been either untreated, treated with anti-FcR, or treated with nonspecific IgG.
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FIGURE 2. 
Cx43 inhibition decreases phagocytosis by macrophages. A, J774 macrophages were either 

untreated (Ctl) or were treated with oleamide (OLM) or vehicle (Veh) and assessed for the 

ability to undergo phagocytosis of opsonized sheep erythrocytes. Representative of three 

separate experiments. *, p < 0.05. B, RAW264.7 macrophages were either untreated 

(control) or were treated with siRNA against either Cx43 (Cx43 siRNA) or against no 

known targets (Ctl siRNA). The expression of Cx43 and F-actin were assessed by Western 

blotting (upper panel). Shown is the quantification of phagocytosis. *, p < 0.05; 

representative of at least three separate experiments (lower panel). C, The adhesion of 

Dynabeads to RAW264.7 macrophages that were either treated with control siRNA (open 

bars) or with siRNA to Cx43 (filled bars). Adhesion occurred as shown either at 4°C or after 

treatment with the phagocytosis inhibitor cytochalasin D. D, The extent of phagocytosis of 

opsonized erythrocytes by peritoneal macrophages harvested from either wild-type (+/+) or 

Cx43 heterozygous mice (+/−). *, p < 0.05. Representative DIC micrographs of 

macrophages from wild-type (ii) and Cx43+/− mice (iii) that had been allowed to internalize 

SRBCs. Size bar = 5 μm.

Anand et al. Page 19

J Immunol. Author manuscript; available in PMC 2016 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
Heterologous transfection of HeLa cells with Fc-Cx43 confers phagocytic ability. HeLa cells 

deficient in Cx43 were transfected with FcIIA and/or GFP and/or GFP-Cx43, then allowed 

to phagocytose SRBCs A, DIC micrograph of nontransfected HeLa cells in association with 

SRBCs (arrow). B and C, Confocal micrograph showing the GFP emission (B) and DIC 

image (C) revealing the distribution of SRBCs adherent to the surface of Fc-transfected 

HeLa cell. D and E, Confocal micrograph showing the GFP emission (D) and DIC image 

(E) of HeLa cells that had been cotransfected with FcRIIA and GFP-Cx43 and allowed to 

engulf SRBCs. Arrows show the presence of internalized SRBCs. Size bar = 10 μm. F, 

Phagocytosis capacity among the different groups. *, p < 0.05 vs control of at least seven 

separate experiments. G, SDS-PAGE with Abs to Cx43 in lysates obtained from RAW264.7 

macrophages (Mθ, positive control), nontransfected HeLa cells (−ve), GFP-transfected HeLa 

cells (GFP), and GFP-Cx43-transfected HeLa cells (GFP-Cx43). Arrows show the location 

of Cx43 at 43 kDa in macrophages (the positive control) and GFP-Cx43 at 70 kDa in GFP-

Cx43-transfected HeLa cells. Representative of three separate experiments.
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FIGURE 4. 
Expression of adenovirus GFP-Cx43 reverses the impairment in phagocytosis observed in 

Cx43-deficient macrophages. A, Macrophages were harvested from the livers of embryonic 

Cx43+/+, Cx43+/−, and Cx43−/− mice at gestational age embryonic days 16–18 as described 

in Materials and Methods, immunostained with Abs against the macrophage marker CD45, 

and examined by confocal microscopy. Representative CD45 staining (i-iii) and the 

corresponding DIC images (iv-vi) are shown. B, Embryonic macrophages were harvested 

from livers of Cx43+/+, Cx43+/−, and Cx43−/− mice and allowed to internalize opsonized 

RBCs as described in Materials and Methods. The phagocytosis index (no. of cells with at 

least one internalized RBC per 100 cells relative to wild-type macrophages) is shown. 

Representative of five separate experiments. *, p < 0.05 vs wild-type macrophages. C, 

Macrophages were harvested from Cx43+/+, Cx43+/−, and Cx43−/− mice and infected with 

adenoviruses expressing GFP (yellow bars), GFP-wtCx43 (green bars), or GFP-dnCx43 

(blue bars). Cells were then allowed to undergo phagocytosis of opsonized RBCs as 

described in Materials and Methods. The phagocytosis index (number of macrophages with 

at least one internalized particle per 100 cells relative to GFP-infected macrophages from 

each strain) is shown. †, p < 0.05 vs GFP-infected cells from wild-type mice. Note that in 

each case the rate of phagocytosis was decreased in GFP-infected cells from +/− and −/− 
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mice vs +/+ mice. *, p < 0.05 vs GFP-infected macrophages for each strain. Note that in 

each case infection with GFP-wtCx43 leads to a significant increase in phagocytosis; **, p < 

0.05 vs GFP-wtCx43. Note that for each mouse strain, infection with GFP-dnCx43 leads to a 

significant decrease in the rate of phagocytosis compared with infection with wild-type 

Cx43. Representative of at least five separate experiments with more than five mice and 100 

cells per group.
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FIGURE 5. 
Cx43 plays a role in the FcR-induced activation of RhoA and actin cup formation. A, J774 

macrophages were treated with LPA (10 μM, a Rho activator), Y27632 (10 μM, a Rho 

inhibitor), or Cx43 siRNA, and assessed for the ability to internalize opsonized SRBCs, as 

compared with vehicle-treated control cells. *, p < 0.05; representative of at least five 

separate experiments. B, Fold activation of RhoA in RAW264.7 cells as assessed by ELISA 

after RAW264.7 cells had been transfected with either control siRNA or Cx43 siRNA, under 

the following conditions: untreated control (Ctl), IgG-opsonized SRBCs (RBC), or LPA (10 

μM); *, p < 0.05 vs control; representative of at least five separate experiments; **, p < 0.01 

vs control-siRNA RBC-treated cells; †, p < 0.01 vs control-siRNA LPA-treated cells. C, 

Phagocytosis capacity of RAW264.7 macrophages that had been treated with Cx43 siRNA 

or control siRNA then subsequently treated with media alone (Ctl) or transfected with 

constitutively active RhoA-GTP (V14-RhoA). *, p < 0.05 vs control for both control-siRNA 

or Cx43-siRNA; representative of at least three separate experiments. D, Percentage of 

macrophages shown to exhibit the formation of actin cups at the surface of RAW264.7 cells 

that had internalized IgG-opsonized RBCs, under the following conditions: untreated (Ctl), 

or transfected with control siRNA (Ctrl-siRNA) or siRNA to Cx43 (Cx43-siRNA). E–J, 
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Representative confocal micrographs showing actin cup formation around nascent SRBC 

phagosomes in RAW264.7 cells. Cells were either nontransfected (Control) or were 

transfected with the indicated siRNA. Size bar = 2 μm. Corresponding DIC images (E, G, 

and I) and F-actin fluorescence (F, H, and J) are displayed. Arrows indicate the formation of 

actin cups.
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FIGURE 6. 
Cx43 participates in phagocytosis in vivo and plays a role in host survival in response to 

bacterial peritonitis. A, Phagocytosis rate of Oregon Green-labeled E. coli by peritoneal 

macrophages of mice that had been injected i.p. either with saline (Ctl), vehicle (Veh), or 

oleamide (Olm, 25 mg/kg) daily for the preceding 3 days. B and C, Representative merged 

confocal images showing DIC (gray) and Oregon Green fluorescence (green staining) of 

macrophages obtained from mice that had been injected with either vehicle control (B) or 

oleamide (C). Arrows point to macrophages that had internalized bacteria. Representative of 

three separate experiments; p < 0.05. D, Rate of phagocytosis of IgG-opsonized SRBCs by 

peritoneal macrophages that had been harvested from mice that were injected i.p. with 

different concentrations of oleamide (Olm-1, 12.5 mg/kg; Olm-2, 25 mg/kg) or vehicle 

(Veh). *, p < 0.05, n = 3 separate experiments with three mice per experiment involving 

>100 macrophages per mouse. E, Percentage mortality 48 h after injection of mice with 8 × 

108 CFU live E. coli in addition to either oleamide alone (Olm), vehicle alone (Veh), E. coli 
alone, E. coli plus vehicle (E. coli + Veh), or E. coli plus oleamide (50 mg/kg, E. coli + 

Olm). *, p < 0.05, representative of five separate experiments. F–H, Representative merged 

confocal images showing DIC (gray) and Oregon Green fluorescence (green staining) of 

macrophages obtained from wild-type mice (F) or Cx43+/− mice (G). Arrows point to 

macrophages that had internalized bacteria. Quantification is shown in H. Representative of 

three separate experiments; *, p < 0.05.
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FIGURE 7. 
Cx43-deficient mice demonstrate reduced survival after bacterial peritoneal sepsis. Age- and 

weight-matched Cx43+/+ (solid lines) and Cx43+/− mice (dashed lines) (n = 10/group) were 

injected with E. coli daily for 3 days as described in Materials and Methods. Shown are 

Kaplan-Meier survival curves revealing the proportion of mice that are alive in each group as 

a function of time from the first injection of bacteria.
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