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Background: In the last 50 years, the use of medical implants has increased dramatically. Failure of implanted
devices and biomaterials is a significant source of morbidity and increasing healthcare expenditures. An important
cause of implant failure is the host inflammatory response. Recent evidence implicates extracellular ATP as an
important inflammatory signaling molecule. A major pathway for release of cytoplasmic ATP into the extracellular
space is through connexin hemichannels, which are the unpaired constituents of gap junction intercellular channels.
Blockade of hemichannels of the connexin 43 (Cx43) isoform has been shown to reduce inflammation and improve
healing. We have developed a Cx43 mimetic peptide ( JM2) that targets the microtubule-binding domain of Cx43.
The following report investigates the role of the Cx43 microtubule-binding domain in extracellular ATP release by
Cx43 hemichannels and how this impacts early inflammatory events of the foreign body reaction.
Methods: In vitro Cx43 hemichannel-mediated ATP release by cultured human microvascular endothelial cells
subjected to hypocalcemic and normocalcemic conditions was measured after application of JM2 and the known
hemichannel blocker, flufenamic acid. A submuscular silicone implant model was used to investigate in vivo ATP
signaling during the early foreign body response. Implants were coated with control pluronic vehicle or pluronic
carrying JM2, ATP, JM2 + ATP, or known hemichannel blockers and harvested at 24 h for analysis.
Results: JM2 significantly inhibited connexin hemichannel-mediated ATP release from cultured endothelial cells.
Importantly, the early inflammatory response to submuscular silicone implants was inhibited by JM2. The reduction
in inflammation by JM2 was reversed by the addition of exogenous ATP to the pluronic vehicle.
Conclusions: These data indicate that ATP released through Cx43 hemichannels into the vasculature is an important
signal driving the early inflammatory response to implanted devices. A vital aspect of this work is that it demonstrates
that targeted molecular therapeutics, such as JM2, provide the capacity to regulate inflammation in a clinically
relevant system.

Introduction

The last 50 years have seen a steady increase in the
number and types of implantable medical devices and

biomaterials placed in the human body. These devices in-
clude hernia mesh, pacemakers, and silicone implants, with
the technology collectively representing an $85 billion in-
dustry.1–3 Overall, the use of implants for clinical applica-
tions has substantially increased patient survival and quality
of life.4–6 However, implant failure and associated compli-
cations are significant sources of patient morbidity and in-
creased healthcare costs.7–9

The immune response secondary to tissue damage, he-
mostasis, and introduction of foreign material is an impor-

tant contributing factor in device-related complications.10,11

The acute phase of this response is characterized by neu-
trophil (polymorphonuclear leukocyte [PMN]) infiltration,
activation, and release of hydrolytic enzymes and reactive
oxygen species. These processes play an essential function
in immune defense against infection as well as in providing
an initiating step in subsequent tissue regeneration. How-
ever, these same processes damage surrounding tissues,
corrode implants, and can destroy implanted cells.9–13 The
effect of infiltrating PMNs is not limited to the acute phase
of the foreign body response. PMNs at the implant site
generate signals that regulate the behavior and phenotype of
subsequently arriving macrophages.14–16 Macrophages are
responsible for regulating chronic responses to foreign
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bodies, such as implant encapsulation, which can lead to
device failure.3,17,18 Therefore, the fate of implanted medi-
cal devices may be determined during the first hours and
days after surgical placement.

The inflammatory response encompasses a series of sig-
naling pathways that induce and regulate infection pre-
vention, the clearing of debris, and elimination of foreign
material.19 Cytokines released by immune cells are widely
accepted as key signals in inflammatory processes.20 How-
ever, recent evidence supports a parallel pathway of purine-
mediated (aka purinergic) signaling as a critical modulator
of inflammation. Notably, extracellular ATP has been shown
to be a mediator of multiple early inflammatory mecha-
nisms, including neutrophil trafficking.21,22

An important mechanism of ATP release occurs through
connexin hemichannels expressed at the cell surface by
many cell types, including endothelial cells, fibroblasts, and
leukocytes. Connexin hemichannels are the undocked con-
stituents of gap junction (GJ) intercellular channels that
reside in an adjacent membrane domain called the peri-
nexus.23,24 GJ intercellular channels are capable of trans-
ferring ions, messengers, and other molecules, 1000 Da or
less, between the cytoplasm of adjacent cells.25 Conversely,
hemichannels provide a tightly regulated conduit for pas-
sage of small molecules and ions, including ATP, into the
extracellular space.26–28 It is well established that GJs, and
their connexin subunits, function in various aspects of the
tissue injury response and wound healing processes.29–32

Reports for such functions include roles for intercellular
spread of injury signals (bystander effect), inflammation and
chronic wounds, cardiac preconditioning, and formation of
granulation tissue.31,33–35

A variety of signals and environmental conditions, in-
cluding low extracellular calcium and shear stresses, induce
hemichannel opening and ATP release.36–38 The connexin
43 (Cx43) isoform is the most ubiquitously expressed con-
nexin and is present in cells and tissues significant to the
foreign body response, including vascular endothelial cells,
fibroblasts, and smooth muscle.39 Interestingly, Cx43 ex-
pression increases in blood vessels in response to tissue
damage.40 Several studies specifically implicate Cx43 hemi-
channels in a variety of injuries and inflammatory pathways
by demonstrating that modulation of Cx43 hemichannels
correlates with reduced inflammatory infiltrate and im-
proves healing.30–32,34 However, a direct link between Cx43
hemichannel function, purinergic signaling, and early in-
flammation during the foreign body response has yet to be
established. This study provides the first evidence that these
events are intimately related.

The novel peptide, JM2, was developed as a cell-
permeable tool to investigate Cx43 function and is based on
the juxtamembrane region of Cx43—a sequence that in-
corporates the microtubule-binding domain (Fig. 1).41 Mi-
crotubules have been implicated in trafficking of connexins
to the cell surface,42–44 and the work by Lo and colleagues
demonstrates that deletion of the microtubule-binding do-
main inhibits Cx43 channel functions.45 Therefore, we hy-
pothesized that targeting the juxtamembrane domain would
reduce Cx43 hemichannel-mediated ATP release and con-
sequently inhibit the inflammatory response. To test this
hypothesis, we used an in vitro model of connexin hemi-
channel-mediated ATP release in cultured human micro-

vascular endothelial cells (HMVECs) and an in vivo model
of early inflammation during the foreign body response. The
results support a model in which inflammatory cells are
targeted to implanted materials by ATP released from mi-
crovascular endothelial Cx43 hemichannels. These obser-
vations have significant implications for efforts to improve
clinical outcomes associated with implanted medical de-
vices, biomaterials, and tissue-engineered constructs.

Materials and Methods

Peptides and cell culture

Peptides were produced at American Peptide Company
(Sunnyvale, CA) or Petron, Inc., (Daejeon, Korea) and
comprised a biotin tag, a poly-d-arginine internalization
vector,46 and the Cx43 C-terminal amino acids 231–245
(VFFKGVKDRVKGRSD), which include the microtubule-
binding sequence (amino acids 234–24341), biotin-rrrrrrrr-
VFFKGVKDRVKGRSD, for targeting. HMVECs (Lonza,
Allendale, NJ) were cultured in EGM�-2 MV (Lonza) ac-
cording to the manufacturer’s instructions and used for ex-
periments at passage 5 or below.

ATP release assay

HMVECs were cultured to confluence on 96-well plates
and treated for 2 h with either vehicle (H2O), 50 mM JM2, or
50mM flufenamic acid (FFA; Abcam, Cambridge, MA).
Following the 2 h incubation, the media were replaced with
either Hank’s balanced salt solution buffered with 25 mM
HEPES (HBSS-HEPES) plus Ca2 + and Mg2 + or HBSS-
HEPES containing 4 mM EGTA and without Ca2 + and
Mg2 + for 5 min. One hundred micromolars of ARL 67156
(Sigma-Aldrich Corp., St. Louis, MO) was also added to the
buffers to prevent ATP hydrolysis. After the 5-min incu-
bation, the buffer was collected and analyzed for ATP levels
using an ATP bioluminescent assay kit (Sigma-Aldrich
Corp.) on a BioTek Synergy HT microplate reader (BioTek
Instruments, Inc., Winooski, VT). Four separate experiments
were performed with three replicates for each treatment.

Implant preparation

Silicone implants (nonreinforced, vulcanized, 40 durometer,
matte-finished clinical-grade silicone sheeting; Specialty Man-
ufacturing, Saginaw, MI) were cut to a uniform 0.5 · 0.5 · 5 mm
size. Implants were coated with 25% pluronic F127 solution

FIG. 1. Structure of the JM2 peptide. The peptide com-
prises the connexin 43 (Cx43) C-terminal amino acids
231–245 (VFFKGVKDRVKGRSD), which include the
microtubule-binding sequence, attached to a poly-d-arginine
internalization vector. A biotin tag is attached to the N-
terminus for identification and labeling.
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(Sigma-Aldrich Corp.), which is a thermoreversible gel liquid
at 4�C and solid above 30�C,47 and served as a vehicle to
deliver treatments. Control and treatment solutions were pre-
pared the day of the surgery and filtered through an enclosed
0.2-mm system (Millipore Corp., Darmstadt, Germany). Im-
mediately before implantation, silicone rods were coated with
control pluronic or pluronic-carrying treatments. Experimental
groups included the following added to the pluronic vehicle:
180mM JM2 peptide alone; 1 mM ATP alone (Sigma-Aldrich
Corp.); 180mM JM2 + 1 mM ATP; 1 mM FFA; and 200mM
mefloquine (MFQ; Sigma-Aldrich Corp).

Surgery

Animals were housed in accordance with IUCAC guide-
lines. Two hundred fifty to 350 g male Sprague-Dawley rats
were anesthetized with 3.5% isoflurane, maintained with
2.5%, and provided 0.03 mg/kg buprenorphine for analgesia.
The left hind leg was clipped, prepped, and draped in a
sterile manner using povidone-iodine surgical scrub solution.
A 1.5-cm longitudinal incision was made over the region of
the biceps femoris muscle, the midpoint of which was 32–
34 mm from the ankle joint. Skin flaps were raised using
blunt dissection to expose a small portion of the underlying
muscle. A longitudinal 4-mm incision, 33 mm from the ankle
joint, was then made in the biceps femoris using micro-
scissors. Dissection was then carefully continued through the
biceps femoris to the underlying vastus muscle group to
create a pocket for the coated implant in the fascial plane
between muscles. The implant (nonreinforced, vulcanized, 40
durometer, matte-finished clinical-grade silicone sheeting cut
to a uniform 0.5 · 0.5 · 5 mm size; Specialty Manufacturing)
was positioned with the long axis perpendicular to the fibers
of the biceps femoris and parallel to those of the vastus
muscle group. Once the implant was properly seated, the
muscle was closed with two simple interrupted sutures of 4-0
prolene (Ethicon, Inc., Somerville, NJ). The wound was ir-
rigated with warmed normal saline and the skin was closed
with GLUture� tissue glue (Abbott Laboratories, Abbot Park,
IL). At 24 h, the animals were anesthetized as described and
the implants with surrounding muscle were removed, washed
of blood and debris with cold sterile normal saline solution,
placed in 4% paraformaldehyde (Sigma-Aldrich Corp.), and
cooled on ice for fixation. To reduce bias introduced by
personnel responsible for tissue sectioning and cell counting,
animals were identified only by a unique number.

Histology

Tissue was fixed overnight with 4% paraformaldehyde at
4�C, sectioned in 6-mm-thick slices with a microtome en-
suring full sections of the implant pocket were obtained, and
then placed on slides for staining with hematoxylin and
eosin (H&E) following a standard protocol. Morphologic
analysis of the implant interface, implant pocket, inflam-
matory infiltrate, and adjacent muscle was performed using
an Olympus BX63 microscope (Olympus America, Inc.,
Center Valley, PA) with 10 · and 40 · objectives. To reduce
confounding by the dorsally located sutures, the ventral
portion of the implant pocket adjacent to the underlying
vastus muscle group was analyzed for all samples and only
sections with an intact implant–muscle interface of at least
500 mm were included in the analysis.

Cellular infiltrate quantitative analysis

Inflammation was measured as a function of the leukocyte
number with cell counting performed on the H&E-stained
tissue sections. The implant interface was divided into
100 mm lengths to define regions for cell counting, three of
which were selected at random. To account for tissue dis-
tortion caused by sectioning, boundaries of the regions for
counting included the 100mm length of the implant in-
terface, a corresponding 100mm length of vastus muscle
not involved with inflammation, and perpendicular lines of
varying length intersecting the ends of the two 100mm
lengths. Cells in the defined regions were manually counted
using cellSens software (Olympus Corp.). All cells thought
to be neutrophils, monocytes, macrophages, or other gran-
ulocytes were included, while spindle-shaped cells, thought
likely to be fibroblasts, were excluded. Section averages
were calculated for each animal and then grouped by treat-
ment arm for statistical analysis.

Infiltrate cellular composition analysis

To calculate the proportion of the inflammatory infiltrate
comprising PMNs, counts of total mature neutrophils and
total infiltrating cell numbers (which included monocytes,
macrophages, and other granulocytes) were measured in 3
high-powered fields per 500 mm length of implant inter-
face. PMNs were identified by their characteristic mor-
phology and differential staining in H&E using cellSens
software (Olympus Corp.). The fraction of PMNs for each
tissue section was calculated by dividing total PMN
numbers by total infiltrating cell numbers. This fraction
was used to estimate the number of PMNs per 100 mm
length of implant–muscle interface for each animal.

Statistical analysis

For each in vivo experimental arm, animal data were
pooled and average cell numbers and standard deviations
were calculated. Using IBM SPSS Statistics for Windows
(IBM Corp., Armonk, NY), a one-way ANOVA test was
performed for the results of the ATP release assay and an-
imal implant model. A p < 0.05 was considered significant.
Post hoc Bonferroni tests were used to detect significance
between groups.

Results

Targeting the Cx43 microtubule-binding
domain significantly reduces ATP release
in a hemichannel-dependent manner

In this study, we endeavored to examine the link between
extracellular ATP and inflammation in the foreign body
response. Connexin hemichannels, and in particular Cx43,
are major contributors to the release of purinergic signals
that attract inflammatory cells in other injury types.48,49

Chemical inhibitors of connexins (such as FFA and MFQ,
respectively) affect other channel types, including pannexin
channels and ion channels.50–53 Nonspecific inhibition by
these inhibitors may have pleiotropic effects. In addi-
tion, FFA has a direct effect on inflammation by inhibiting
prostaglandin production.54 Therefore, we developed a pep-
tide mimetic of the juxtamembrane region of the Cx43
carboxyl-terminus, JM2, to specifically target Cx43-b-tubulin
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interaction, which has been shown to be necessary for Cx43
channel function (Fig. 1).45 To test whether the peptide af-
fected connexin-mediated ATP release, HMVECs were sub-
jected to low-Ca2 + conditions. Chelation of calcium with
EGTA subjects the endothelial cells to hypocalcemic condi-
tions, which is known to cause connexin hemichannel-me-
diated release of ATP.55 Consistent with this, our results
show a statistically significant increase ( p < 0.01) in ATP
detected in the media of EGTA-treated HMVECs (Fig. 2).
The amount of ATP detected in the normocalcemic media
was not affected by treatment with FFA or JM2. However, in
low-calcium conditions, the addition of FFA or JM2 to the
media significantly attenuated the increased ATP release
( p < 0.05) observed with EGTA treatment alone.

Known blockers of connexin hemichannels reduce
early inflammation surrounding silicone implants

H&E bright-field imaging of the muscle tissue–silicone
implant interface at 24 h revealed a mixed cellular infiltrate
of neutrophils, monocytes, macrophages, other granulo-
cytes, and fibroblasts in a dense eosinophilic layer of ex-
tracellular matrix in control conditions (Fig. 3). Neutrophils
were the most abundant inflammatory cell type present in
control specimens, although notable populations of mono-
cytes and macrophages were observed (Fig. 4). In contrast,
the channel blockers, FFA and MFQ, were found to de-
crease the intensity of the total inflammatory infiltrate
compared with control (16.3% and 35.6%, respectively).
Reductions observed in total inflammatory cell numbers
were significant for the MFQ group ( p < 0.05), but not for
the FFA group ( p > 0.05) (Fig. 5). However, reductions in
PMN populations compared with control were statistically
significant ( p < 0.01) in both FFA- and MFQ-treated ani-
mals (Figs. 6 and 7).

JM2 inhibits and reduces inflammation surrounding
silicone implants in an ATP-dependent manner

MFQ and FFA are promiscuous inhibitors known to block
not only connexin hemichannels but also pannexin and other

ion channels.51,52,56,57 In contrast, the Cx43 microtubule-
binding motif is specific to Cx43 and not conserved among
other connexin isoforms, let alone other channel types.41

Therefore, we used JM2 to determine the contribution of
Cx43 to early inflammation in the foreign body response.
Morphological and cellular infiltrate features were com-
parable between control implants and those treated with
pluronic gel containing 1 mM ATP (Figs. 3 and 4). By
comparison, the presence of 180mM JM2 in the pluronic
coating dramatically reduced the inflammatory infiltrate
compared with control and ATP groups (Figs. 3 and 4). This
was confirmed by cell counts, which indicated a statistically
significant ( p < 0.05) reduction in inflammatory cells of
38.9% and 41.1% compared with control and ATP groups,
respectively (Fig. 5). The matrix interface present at the
implant surface of JM2-treated animals appeared less dense
than ATP or control groups. Importantly, the effects of JM2
alone were reversed by addition of 1 mM ATP with 180 mM
JM2, resulting in a dramatic increase in the inflammatory
response compared with JM2 ( p < 0.001), control ( p < 0.01),
and ATP alone ( p < 0.05). Compounding this effect, quan-
titative analysis of infiltrate composition at 24 h confirmed
that PMNs represented the largest fraction of cells in the
control, ATP, and JM2 + ATP groups, while in JM2-treated
animals, PMNs only represented 28.4% of the total infiltrate
(Figs. 6 and 7). Taking cellular composition into account,
treatment with JM2, FFA, or MFQ yielded statistically
significant ( p < 0.01) reductions in PMNs of 74%, 54%, and
69.9%, respectively. These results demonstrate that the JM2
peptide inhibits early inflammation during the foreign body
response, indicating that purinergic signaling through Cx43
hemichannels is a major contributor to targeting of neutro-
phils to implant sites.

Discussion

This study represents the first demonstration that extra-
cellular ATP is a crucial factor in determining the intensity
of acute inflammation during the foreign body response to
sterile implants. Specifically, we found that endothelial cell

FIG. 2. Targeting Cx43/microtubule
interaction inhibits ATP release by micro-
vascular endothelial cells. Human micro-
vascular endothelial cells exposed to low
calcium induced by EGTA chelation display
significantly enhanced ATP release over
baseline (vehicle control). JM2 and flufe-
namic acid (FFA) alone had no effect on
ATP release; however, when applied in hy-
pocalcemic conditions, JM2 and FFA pre-
vent ATP increases induced by low calcium.
*p < 0.01 versus all normocalcemic treat-
ments; #p < 0.05 EGTA versus JM2 + EGTA
and FFA + EGTA. Comparisons between all
other groups were not statistically signifi-
cant. Error bars represent standard deviation.
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FIG. 3. JM2 improves the histologic appearance of the implant/muscle interface. Hematoxylin and eosin-stained tissue
sections were imaged at 10 · magnification. (A) Pluronic vehicle control, (B) 1 mM ATP, (C) 180 mM JM2, (D) 180mM
JM2 + 1 mM ATP, (E) 200mM FFA, and (F) 200mM mefloquine (MFQ). * indicates implant pocket; arrows indicate
implant interface. Application of JM2, FFA, and MFQ reduced formation of matrix surrounding implants and reduced
cellularity of the compact matrix (indicated by {}) and loose matrix (indicated by []) adjacent to implant pockets. Note that
JM2, FFA, and MFQ groups had smaller numbers of infiltrating inflammatory cells around implants. Color images available
online at www.liebertpub.com/tea

FIG. 4. JM2 reduces the number of infiltrating polymorphonuclear leukocytes (PMNs). Hematoxylin and eosin-stained
tissue sections were imaged at 40 · magnification. (A) Pluronic vehicle control, (B) pluronic containing 1 mM ATP, (C)
pluronic containing 180mM JM2, (D) pluronic containing 180mM JM2 + 1 mM ATP, (E) Pluronic containing 200mM FFA, and
(F) Pluronic containing 200mM MFQ. Arrows indicate cells representative of PMNs. Inhibition of ATP signaling with JM2,
FFA, or MFQ reduced populations of infiltrating PMNs as at 24 h. PMNs, polymorphonuclear leukocytes.
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ATP release through Cx43 hemichannels could be attenu-
ated by targeting the Cx43 microtubule-binding domain.
Application of the Cx43 mimetic peptide used to target this
domain reduced inflammation around silicone implants and
this effect could be rescued by addition of exogenous ATP.
Taken together, these findings suggest that ATP release
from endothelial cells mediates recruitment of inflammatory
cells to sites of surgical implantation.

This model is supported by evidence in the literature.
Early inflammatory events following surgical placement of
medical devices and biomaterials have been shown to ini-
tiate processes responsible for implant-associated com-
plications, dysfunction, or failure.3,18,58,59 Shortly after
placement, a provisional matrix forms on the implant sur-
face comprising proteins derived from bodily fluids in the
immediate vicinity.60,61 This coating serves as a recognition
site for recruitment, adherence, and activation of PMNs (60,
61). These activated neutrophils release cytokines that
attract additional neutrophils, monocytes, and macro-

phages.14,16,58–60,62 The ensuing release of reactive oxygen
species and enzymes damages implanted materials and kills
healthy surrounding native tissue.10 Downstream conse-
quences of this response may contribute to the formation of
a fibrotic contractile capsule.3,18,30

However, the initial signals targeting PMNs to the im-
plant site are not fully defined.10–12 This process is regulated
by a complex array of cellular signals released by multiple
cell types. Recent research has demonstrated that purinergic
signals participate in regulation of inflammatory processes.
In vitro work in the 1990s by Bodin and Burnstock showed
that under experimental conditions of shear and inflamma-
tion, endothelial cells were found to release ATP into the
surrounding media.63 Chen et al. found that neutrophil
chemotaxis occurred in an ATP-dependent manner.22 Ad-
ditional work by this group showed that in an animal model
of sepsis, PMN activation correlated with serum levels of
ATP.64 Furthermore, activation of ATP receptors after in-
traperitoneal injection of Escherichia coli increased the

FIG. 5. Inflammatory infiltrate in response
to silicone implants at 24 h is significantly
reduced by JM2. Cell numbers in interface
regions defined by 100 mm lengths were
counted and are presented as averages per
experimental group. *p < 0.05 versus control
pluronic; #p < 0.001 versus JM2 + ATP.
Error bars represent standard deviation.

FIG. 6. Targeting Cx43 channels reduces
the proportion of inflammatory infiltrate
comprising neutrophils. Average percent of
infiltrates identified as PMNs for each ex-
perimental group. *p < 0.001 versus control
pluronic or ATP groups; #p < 0.01 versus all
other groups. Error bars represent standard
deviation.
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neutrophil response.65 Relevant to sterile implant place-
ment, work by Kubes and colleagues has demonstrated that
extracellular ATP generated in a sterile injury plays a key
role in targeting PMNs to damaged tissues.21 Knockout of
CD39, which degrades ATP to AMP, was shown in mice to
increase tissue damage induced by ischemia and increase
the number of acutely infiltrating inflammatory cells, indi-
cating that inhibiting enzymatic clearance of ATP pro-
duces a proinflammatory environment.66 The findings of
these studies confirm that purinergic signals, in particular
extracellular ATP, direct neutrophil responses to inflam-
matory stimuli.

Permeability of connexin hemichannels to ATP is regu-
lated by a number of physiologic, metabolic, and mechan-
ical conditions. Tight regulation of connexin hemichannels
assures a low open probability, maintaining low mem-
brane permeability in connexin-expressing cells.67 How-
ever, connexin hemichannels have been shown to open in
response to a variety of stimuli, including mechanical stress
and ischemic conditions.20 Mechanical stress to cellular
components of tissues is an unavoidable consequence of
injury even in the context of sterile surgical procedures. An
in vitro model of mechanical stress by Gomes et al. entailed
physically depressing the cellular membrane of bovine
corneal endothelial cells, known to express Cx43 hemi-
channels, with a glass pipette, inducing ATP release through
connexin hemichannels.68 Plated astrocytes subjected to
mechanical stimulation induced ATP release, again, through
Cx43 hemichannels.69 Ponsaerts et al. found that the Cx43
hemichannel opening was regulated by interactions with the
cytoskeleton.70 Although these results were observed in
in vitro models, they indicate that connexin hemichannels,
in particular of the Cx43 isoform, open and release ATP
under conditions that are encountered during inflammation.

We and others have demonstrated that connexins are
fundamental to wound healing responses. Seminal work by
Qiu et al. established this role for connexins in wound
healing by showing that knockdown of Cx43 expression
accelerated healing and reduced scarring.32 Subsequent
work by our laboratories has solidified the importance of
Cx43 in the injury response. Application of a connexin

mimetic peptide significantly improved the wound healing
response to dermal injuries in mice.31 More salient to the
present study, we demonstrated that connexin channel
function is an important mediator of the inflammatory and
encapsulation response to a foreign body.30 In that study, a
peptide designed to block Cx43/ZO-1 interaction was used
(ACT1). Importantly, ACT1 was shown to sequester hemi-
channels by incorporation into GJ plaques as intercellular
channels.23 This indicated that hemichannel function plays
a role in the inflammatory response to an implant with
downstream effects on encapsulation, but the specific link
between hemichannel function and the foreign body re-
sponse was not clear.

Taken together, the evidence that purinergic signals ini-
tiate early inflammation, connexin hemichannels are con-
duits for ATP release, and Cx43 plays a key role in wound
healing and the foreign body response indicates that Cx43
hemichannels are a principle pathway for inflammation-
inducing purinergic signaling following an injury. There-
fore, in the present study, we sought to test this hypothesis,
and our results demonstrate that inhibition of connexin-
mediated ATP release significantly reduces inflammatory
cell infiltrates around implants during the acute phase of the
response. Importantly, we found that the most effective
means of limiting inflammation was by specifically in-
hibiting ATP release through Cx43 hemichannels using
JM2, a peptide targeting the unique Cx43 microtubule-
binding motif.41 The significance of this finding is that it
provides a specific target for therapeutic intervention. Others
have linked connexins, purinergic signaling, and inflam-
mation in a model of spinal cord injury49; however, this is
the first demonstration in an implant model.

We note that the combinatorial treatment of JM2 and
ATP did not fully rescue the reduced relative contribu-
tion of neutrophils observed in JM2-treated implants
(Fig. 6). This may reflect a secondary effect of JM2 on
GJ communication. Specifically, Lo and colleagues have
demonstrated that targeting the Cx43 microtubule-bind-
ing domain reduces GJ communication.45 Therefore,
while addition of ATP to JM2 treatments might rescue
reduced ATP signaling, JM2 may also reduce cell death

FIG. 7. Connexin channel blockers sig-
nificantly reduce the number of infiltrating
neutrophils at the implant interface. Neu-
trophils were counted in high-resolution
(40 · ) images of the implant interface and,
based on the total number of infiltrating
cells, counted in low-resolution images (Fig.
4); the number of neutrophils per 100mM of
implant interface was estimated for each
section. Connexin channel inhibitors, JM2,
FFA, and MFQ, significantly reduce the
number of infiltrating neutrophils at the
implant interface *p < 0.01. Error bars rep-
resent standard deviation.

1758 CALDER ET AL.



signals communicated directly through GJs—the bystander
effect.71 The resulting decrease in cellular debris could
further dampen the neutrophil response.

Another pertinent consideration for our findings is the
macrophage phenotype. Macrophages enter the implant
site soon after PMNs and participate in both the acute and
chronic immune responses.61 During an inflammatory re-
sponse, neutrophils and macrophages release signals that
regulate each other’s behavior.59,72,73 PMNs affect the re-
cruitment and behavior of macrophages, including pheno-
typic polarization.58,59,74 Macrophage polarization is an
important factor in determining whether the host’s response
to an implant will be damaging or regenerative, as demon-
strated by recent findings.75 Badylak and colleagues have
shown that macrophage phenotypes influence the immune
response to an implanted material.74 Resolution of inflam-
mation, indicated by neutrophil apoptosis and phagocytosis
by macrophages, promotes an anti-inflammatory macrophage
phenotype.72,76–78 On the other hand, persistent activation of
neutrophils leads to continued recruitment and production of
proinflammatory cytokines promoting proinflammatory
macrophage phenotypes.58,74,79,80 These findings, in the
context of our results, suggest that inhibition of Cx43
hemichannel ATP release may promote anti-inflammatory
macrophage phenotypes after implant placement, reducing
implant failure and associated complications.

A major obstacle to successful implantation of tissue-
engineered constructs and cell-based therapies is the host
immune response.20,81–83 Once implanted, the actions of the
acute immune response jeopardize the integrity of scaffolds
and the survival of implanted cells. The clinical success of
these constructs depends on adequate delivery and survival
of engineered tissues and cells. Technologies that act locally
and promote integration and regeneration of the site rather
than continued inflammation may potentially increase the
success of engineered tissues. Selective local inhibition of
Cx43 hemichannel-mediated ATP release may provide an
option to increase cell viability by reducing the intensity of
the neutrophil response and promoting anti-inflammatory
signaling, thereby promoting survival of cellular constructs.

Importantly, the effects of the peptide are likely limited in
duration to the time frame of the early inflammatory re-
sponse. We have found that a similar Cx43-based peptide,
when applied to the murine heart in a methyl cellulose
patch formulation, is detectable in ventricular muscle within
the first 24 h and is mostly gone by 48 h.84 We have also
previously shown that neutrophil infiltration in a rat sub-
muscular implant model is greatest at 24 h.30 Therefore,
cell-penetrating Cx43-based peptides represent effective
tools to augment the initial neutrophil-dominated stages of
the innate inflammatory response without impacting the
proliferative and remodeling phases of wound healing.

Cx43 hemichannels are increasingly recognized as com-
ponents of inflammatory signaling mechanisms.85 As such,
the implications of this study and others showing that en-
dothelial cell release of ATP is an important factor in a
variety of pathologic conditions extend far beyond the im-
mune response to an implant. Further studies will likely
shed light on the role played by connexin-mediated pur-
inergic signaling in infection, sustained immunity, the
endothelial dysfunction of shock, and reperfusion injury,
among others.

Concluding Remarks

The use of medical implants has grown tremendously in
the past 50 years and continues to do so.1,2 Implant dys-
function and failure are major sources of patient morbidity
and increased healthcare costs.8 The response to an implant
is a complex series of events that includes tissue damage,
hemostasis, immune activation, debris clearance, abatement,
and tissue regeneration versus chronic inflammation.86

Driving this sequence is a web of various autocrine and
paracrine cellular signals, with recent evidence pointing to
extracellular ATP as an important component in the sig-
naling milieu.20 This study contributes to this growing body
of evidence, with the novel finding that purinergic signaling
is a key component of early inflammation during the foreign
body response. Moreover, our results show that this re-
sponse is likely mediated by Cx43 hemichannel release of
ATP. Importantly, these data support previous findings that
a new class of Cx43-based peptidomimetic drugs is a highly
efficacious route to treating injuries, while limiting off-
target side effects.30,31,34,35,84 These novel molecular thera-
pies may be vital in improving patient tolerance of implanted
devices and engineered tissues.
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