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Increased cell-cell coupling increases infarct size and does not
decrease incidence of ventricular tachycardia in mice
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Increasing connexin43 (Cx43) gap junctional conductance as a means to improve cardiac
conduction has been proposed as a novel antiarrhythmic modality. Yet, transmission of molecules
via gap junctions may be associated with increased infarct size. To determine whether maintaining
open gap junction channels impacts on infarct size and induction of ventricular tachycardia (VT)
following coronary occlusion, we expressed the pH- and voltage-independent connexin isoform
connexin32 (Cx32) in ventricle and confirmed Cx32 expression. Wild-type (WT) mice injected
with adenovirus-Cx32 (Cx32inj) were examined following coronary occlusion to determine infarct
size and inducibility of VT. There was an increased infarct size in Cx32inj hearts as compared to
WT (WT 22.9 +4%; Cx32inj 44.3 + 5%; p < 0.05). Programmed electrical stimulation showed
no difference in VT inducibility in WT and Cx32inj mice (VT was reproducibly inducible in 55%
of shams and 50% of Cx32inj mice (p> 0.05). Following coronary occlusion, improving cell—cell

Boston, MA 02115, USA.
e-mail: hduffy@bidmc.harvard.edu

communication increased infarct size, and conferred no antiarrhythmic benefit.
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INTRODUCTION
In the acute stage of a myocardial infarction loss of the gap junction
protein connexin43 (Cx43) occurs contributing to slowed conduc-
tion and reentrant arrhythmias (Gutstein et al., 2001, 2003, 2005;
Kieken et al., 2009). The mechanisms, by which Cx43 channels are
lost, include the alteration of protein-partners of Cx43 (Kieken
et al., 2009). These modifications result in the loss of channels
previously localized to the intercalated disk (ID) in the canine heart
(Kiekenetal.,2009), as well as a decrease in new Cx43 trafficking to
the ID in HeLa cells (Shaw et al., 2007). It has been hypothesized that
restoring gap junctional communication may increase conduction
velocity and thus be antiarrhythmic in settings where conduction
is slow and reentry occurs (Roell et al., 2007; Hagen et al., 2009).
The advantage of speeding conduction has received experimental
validation in experiments in which a skeletal muscle Na* chan-
nel was overexpressed in the canine subacute myocardial infarct
model (Lau et al., 2009; Coronel et al., 2010). One concern regard-
ing improving cell—cell connectivity comes from studies showing
that a decrease in Cx43 (Kanno et al., 2003) causes a decrease in
infarct size whereas a loss of the Cx43 regulatory carboxyl domain
in the mouse (Maass et al., 2009) causes an increase in infarct size.
This suggests that closing gap junctions may be cardioprotective.
Based on these studies, we hypothesized that increasing cell cou-
pling following coronary occlusion would produce larger infarcts.
If this is the case then such an intervention might show limited
or no antiarrhythmic efficacy or greater arrhythmogenesis while
conferring the risks attendant on a larger infarct.

To test our hypothesis we overexpressed connexin32 (Cx32),
which is primarily found in non-electrically excitable cells such
hepatocytes, oligodendrocytes, and Schwann cells, in the heart.

Cx43 channels are voltage dependent (closing under depolar-
izing conditions) and pH sensitive (closing when the tissue pH
becomes lower than pH 6.5; Stergiopoulos et al., 1999) such
that ischemia causes rapid channel closure. In contrast, Cx32
channels are non-voltage dependent and non-pH dependent.
These channels should remain open in ischemic myocardium
due to their decreased pH sensitivity. We examined infarct size
in adenoviral-Cx32 injected wild-type (WT) mice (Cx32inj) and
used program stimulation to determine if connexin addition
was antiarrhythmic. We found that infarct size was increased
with no change in ventricular tachycardia (VT) inducibility in
Cx32inj mice, suggesting that the increase in infarct size may
offset any potential antiarrhythmic benefit. This suggests that
caution is warranted when considering using connexin replace-
ment or connexin agonist therapies to decrease arrhythmias in
the post-MI heart.

MATERIALS AND METHODS

All protocols conformed to The Public Health Service Policy on
Humane Care and Use of Laboratory Animals and were reviewed
and approved by the Columbia University Animal Care and
Use Committee.

Cx32 ADENOVIRUS PREPARATION

We inserted murine Cx32 into the pDC516 shuttle vector (Microbix,
Toronto, Canada) and prepared an adenovirus from this trans-
gene using the Admax system (Microbix) and HEK293 cells. After
plaque purification, total DNA was extracted from infected cells
(Qiagen, Valencia, CA, USA). The cDNA transgene was ampli-
fied by polymerase chain reaction and sequenced to confirm the
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absence of mutations. The titer was determined using fluorescent
focus assay with mouse anti-adenosine virus antiserum (Advanced
ImmunoChemical, Long Beach, CA, USA) and goat anti-mouse
antiserum (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

WESTERN BLOT ANALYSIS

As described previously (Ozgen et al., 2007), tissues were chopped
and sonicated in two 15 s bursts in lysate buffer (mM) Tris—HCI 20
(pH 7.4), EDTA 10, sodium orthovanadate 0.04, benzamidine 3.2,
phenylmethylsulfonyl fluoride 0.1, 1% Triton X-100, and complete
proteinase inhibitor (Roche) and incubated on ice for 30 min. After
centrifugation at 10,000 rcf for 10 min supernatants were collected
and protein concentration was measured using Bio-Rad protein
assay. Forty micrograms of whole cell lysate was separated on a
4-20% Tris—glycine gradient gel (Invitrogen) and transferred to
PVDF membranes (Bio-Rad). Membranes were blocked for 1 h in
5% milk in phosphate buffered saline containing 0.1% Tween 20
(PBST) then incubated with anti-Cx43 rabbit polyclonal antibody
(Zymed Lab., 1:1000) or anti-Cx32 rabbit polyclonal antibody
(Sigma, 1:250) in 5% BSA/PBST overnight at 4°C. Membranes were
washed in PBST three times for 5 min and anti-rabbit TrueBlot sys-
tem (eBioscience, 1:2000) secondary antibody was used to eliminate
interference of heavy and light chain endogenous IgG in 5% milk in
PBST. Membranes were washed for three times for 5 min in PBST.
Immunodetection was performed with an enhanced chemilumines-
cence method (Amersham Pharmacia Biotech) and developed using
X-ray film (Amersham Pharmacia Biotech). Data were normalized
to beta Actin as a loading control (Abcam Inc., 1:1000).

IN SITU SCRAPE LOADING

To determine if functional gap junction channels remained open
in Cx32inj hearts following coronary occlusion we performed an
in situ dye spread assay in the intact heart using Lucifer yellow (LY)
and Texas red (TR). Scrape loading was performed on WT control
hearts (n = 3), sham injected hearts following coronary occlusion
(n = 4) and Cx32inj hearts following coronary occlusion (n =5). LY
readily passes through gap junctions thus the extent of LY spread
can be used as an indication of gap junctional function. TR cannot
pass through gap junction channels, and therefore only cells with
punctured membranes are marked. For these experiments the hearts
were removed and placed in warm saline and a 26-gage needle was
used to puncture the peri-infarct region (as determined by tissue
blanching) on the left ventricle. A mixture of 0.5% LY and 0.5% TR
in 150 mM LiCl was infused into the hole. Following a 15-min incu-
bation, the hearts were rinsed in Phosphate Buffered Saline, fixed
in 4% paraformaldehyde for 30 min, and frozen in liquid nitrogen
in OTC. Samples were sectioned to 10 uM (Microm HM505E),
air dried, and fixed with 4% paraformaldehyde in PBS for 30 min
at room temperature. Sections were imaged on a Leica DM5500
epifluorescence microscope. Dye spread was measured using NIH
Image J. Degree of coupling was determined as the LY spread minus
the TR spread (mm of LY spread — mm of TR spread).

MURINE INFARCT PREPARATION

Adult mice were anesthetized (ketamine 90 mg/kg plus xylazine
10 mg/kg i.p.) and fixed in the supine position on a heating pad.
Intubation was attained by direct laryngoscopy and the outer sheath

of a 24-gage intravenous catheter was placed into the distal trachea.
The catheter was then connected to a rodent ventilator for continu-
ous mechanical ventilation (respiratory rate 120/min with a tidal
volume of 0.5 ml, Harvard Apparatus Respirator, model 707). Rectal
temperature was maintained within 35-37°C. A left thoracotomy
was performed via the fourth intercostal space. All muscles over-
lying the intercostal space were dissected free and retracted; only
the intercostals muscles were transected. The heart was exposed
and an 8-nylon suture was passed using a tapered needle around
the left coronary artery 1-2 mm from the tip of the left atrium
(Michael etal., 1995). Infarction was evident from discoloration of
the ventricle. The chest and skin were closed with 6-0 sutures, the
endotracheal tube was withdrawn, and the animals were allowed
to recover (Lutgens et al., 1999). WT animals were injected with
25 ul of saline containing 1.6 X 10° ffu of either empty adenovi-
rus (Sham) or adenoviral constructs expressing Cx32 at a single
location into the anterior left ventricular wall approximately 5 min
prior to the ligation of the coronary artery. Expression of Cx32 was
observed following injection into the ventricle as confirmed in western
blots following left coronary artery ligation. WT and Cx32inj experi-
mental animals were re-anesthetized 4 days later and hearts were
rapidly removed for scrape loading experiments or to determine
the inducibility of VT.

INFARCT SIZE DETERMINATION

Infarct sizing was performed as previously described (Lau et al.,
2009). Briefly, hearts were removed and snap frozen in liquid nitro-
gen and placed in PBS cooled to 4°C. The heart was cut into trans-
verse slices from apex to base using a vibratome (Leica VT 1000S)
and incubated for 2 h in 1% tetrazolium red (pH, 7.4 buffer at
37°C). The tissue was immersed in 10% formalin for 15 min and
pressed between two glass plates to obtain uniform thickness. Apical
and basal sides of slices were photographed, and a digital image
was obtained. Planimetry was used to determine overall infarct size
(Image J, NIH Shareware). The volume of infarcted myocardium
was expressed as percentage of total ventricular volume.

ELECTROPHYSIOLOGY STUDIES

Animals were re-anesthetized 4 days after surgery, and elec-
trodes were placed to record the standard limb electrocardiogram
throughout the experiments. An octapolar 1.1°F catheter (Scisense,
Canada) was inserted into the right ventricle through a right exter-
nal jugular vein cutdown (Sabada et al., 2000). Ventricular effective
refractory period (ERP) was determined by introducing extras-
timuli following a 10-beat S1-S1 train with a basic cycle length of
125 ms. To induce ventricular arrhythmias, three extrastimuli with
a cycle length slightly longer than the ERP were applied after each
train. Cycle length of extrastimuli was progressively shortened in
steps of 1 ms. If VT (VT-five or more ventricular beats) was not
inducible then the identical procedure was repeated with 6 and
10 extrastimuli.

STATISTICAL ANALYSIS

Infarct size and western blot results were compared using a Student’s
t-test. Dye spread was compared using one-way ANOVA with
Fishers test for least significant difference. Three separate sections
from each animal were included in the dye spread analysis and data is
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represented as the mean, with error bars indicating standard error of
the mean. Differences were considered to be significant at p < 0.05.
VT inducibility was compared using Fisher’s exact test. Differences
were considered to be significant at p < 0.05.

RESULTS

CONFIRMATION OF THE PRESENCE OF THE Cx32 CONSTRUCT IN THE
VENTRICULAR MYOCARDIUM

To determine if Cx32 was present in Cx32inj mice, we examined
the ventricles from Cx32inj mice. Cx32 was absent in WT mice
and was present in the ventricles of Cx32inj mice at 1.27 (AU;
Figures 1A,B).

DETERMINATION OF Cx32 FUNCTION IN Cx32inj MICE FOLLOWING
CORONARY 0CCLUSION

Examination of LY spread in WT mice showed extensive dye spread
within the left ventricle while TR labeling was only found in cells
directly adjacent to the puncture site (dark core in the middle of the
dye spread image). Quantification of the overlay of the two dyes
indicated that LY spread extended several cells past the TR labeled
cells indicating a high level of coupling between these myocytes
(Figure 2, Control). In contrast, WT hearts following coronary
occlusion showed very little dye spread of LY or of TR with almost
complete colocalization indicating that in WT mice following coro-
nary occlusion there is very little coupling between the myocytes
(Figure 2, Sham Inj). The Cx32inj mice, on the other hand, showed
extensive LY dye spread even following coronary occlusion well past
the TR labeled cells. This is similar to what was seen in control WT
mice (Figure 2, Cx32 Inj). These data show that the Cx32 channels
in the hearts maintained coupling following coronary occlusion.

INFARCT SIZE

To determine the size of infarcts created by coronary ligation in WT
and Cx32inj hearts, transverse slices of tetrazolium red stained hearts,
which depict volume of infarcted myocardium, were measured and
expressed as a percentage of volume of infarcted myocardium to
total ventricular myocardial volume (Figure 3A). Examination of
infarct size in Cx32inj hearts compared to WT showed that the
presence of Cx32 correlated with an increase in infarct size. Infarct
size was larger in Cx32inj mice vs WT mice (Cx32inj 44.3 * 5%;
WT 22.9 t 4%; respectively; p < 0.05; Figure 3B).

ELECTROPHYSIOLOGY STUDIES

Eleven shams and 10 Cx32inj mice were studied using programmed
electrical stimulation following coronary occlusion. There was no
significant difference in VT incidence: VT was reproducibly induc-
ible in 55% of sham mice and 50% of the Cx32inj mice indicating
that opening gap junctions was not antiarrhythmic in this setting.
In those in which VT was induced, sham and Cx32inj mice required
the same number of extra stimuli to induce VT. Ventricular fibril-
lation (VF) was not experimentally induced in the WT or Cx32inj
mice. Experimental conditions for pacing-induced VF in mouse hearts
vary among different studies. An important factor for VF inducibility
is the size of the heart (so-called “critical mass”): the smaller the size
of excitable myocardium the more difficult is VF induction. We used
relatively small mice (~20 g), whereas in the studies focused on VF
induction 40-50 g mice were used (Chen et al., 2007). In addition,
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FIGURE 1 | (A) Western blot analysis of Cx32 protein. Lysates of mouse
ventricles from wild-type and Cx32 adenoviral vectorinjected wild-type mice
were run on 4-20% Tris—glycine gradient gels using mouse liver as a positive
control for Cx32. (B) The data confirm the presence of Cx32 in injected wild
type ventricles (Cx32 Inj), and the absence of Cx32 in the sham-injected
ventricles (Sham Inj).

special interventions to facilitate VF induction have been employed,
and include the use of isolated hearts (Vaidya et al., 1999), modifi-
cation of ionic current, and application of pharmacological agents
(Stables and Curtis, 2009). Even with particularly aggressive pacing
protocols, VF incidence has been relatively low (Vaidya et al., 1999;
Gehrmann et al., 2001 ).

DISCUSSION

Following myocardial infarction gap junction channels close
and Cx43 is lost, contributing to the formation of the arrhyth-
mogenic substrate. Changes in localization and regulation of Cx43
during ischemic heart disease contribute to slowed conduction,
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FIGURE 2 | Determination of the function of Cx32 in the MICx32inj hearts.
Dye spread studies show that wild-type hearts (Control) pass LY dye well past the
RD markers (RD) indicating that these hearts exhibit high levels of coupling
(Overlay). Following coronary occlusion LY is mostly confined to the cells which
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also contain RD indicating a total loss of gap junctional coupling. In contrast, the
Cx32inj hearts still exhibit high levels of coupling even after coronary occlusion
(MI Cx32 Inj). These data show that addition of Cx32 to the heart rescues the loss
of coupling phenotype observed following coronary occlusion in wild-type mice.

unidirectional block, and formation of reentrant circuits (Peters
et al., 1997; Kalcheva et al., 2007). Additionally, in a canine heart
failure model, reduced Cx43 expression is associated with reductions
in intercellular coupling leading to slower conduction and increased
dispersion of repolarization, possibly contributing to an arrhyth-
mic substrate (Poelzing and Rosenbaum, 2004). We now show that
replacement of Cx43 with a non-voltage dependent, non-pH sen-
sitive connexin isoform, Cx32 (Harris, 2001), increases cell cou-
pling post-coronary occlusion while also producing larger infarcts.
Because our data show that the Cx32 channels maintained coupling
in hearts following coronary occlusion, we believe that the increase
in infarct size is a result of the addition of Cx32. Additionally, in
WT hearts LY dye spread was minimal indicating nominal coupling
of myocytes. Mice expressing genetically engineered Cx43, that lack
C-terminal regulation sites and maintain coupling during coronary
occlusion, also have increased infarct size and enhanced susceptibil-
ity to arrhythmias (Maass et al., 2009). Cx32 channels do not pass
apoptotic signals (see Discussion below) while Cx43 channels do, and
therefore Cx32 could potentially provide antiarrhythmic effects with-
out passage of cell death molecules which are believed to be the cause
of increased infarct size.

Chordates have over 20 isoforms of connexin proteins with an
approximate 40% sequence identity, with even greater homology
in the transmembrane and extracellular domains. The different

isoforms compose channels with diverse unitary conductances,
permeabilities, voltage sensitivities, and sensitivities to modula-
tory substrates (Yan and Kléber, 1992). Cx43 has a unitary con-
ductance of 100 pS, and is less charge selective than Cx32 (60 pS),
although selectivity to small molecules is dependent on the size and
hydration of the molecule in addition to its charge (Goldberg et al.,
2002). One of the most relevant differences between Cx43 and
Cx32 in the context of tissue ischemia is the difference in the
effect of intracellular pH on junctional conductance. Following
myocardial infarction the intracellular pH in papillary muscles
of the heart has been reported to be 6.93 (Liu et al., 1993). Cx43
channel conductance is more sensitive to intracellular acidifica-
tion than Cx32 with K values around pH 6.7 as opposed to pH
5.9 for Cx32. Therefore, channels formed from Cx43 are likely to
close under the pH conditions found in the post-ischemic heart,
while Cx32 channels are likely to remain open. It has been theo-
rized that the mechanism by which coupling increases infarct
size is by passage of apoptotic signals through open channels
(Cusato etal.,2003). Cx32 is unable to pass apoptotic signals and
has a reduced permeability to several intracellular messengers
such as: AMP, ADP, and ATP (Goldberg et al., 2002). Nonetheless
Cx32 can replace the function of Cx43 regarding propagation of
electrical impulses regardless of Cx43 and Cx32 protein-partners
(Rodriguez-Sinovas et al., 2010). Our studies now suggest that
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FIGURE 3 | Infarct size analysis. (A) Transverse slices of tetrazolium
red-stained wild-type (Control), wild-type with coronary occlusion (Ml
Sham-Inj), and Cx32 adenoviral vectorinjected wild-type with coronary
occlusion (MI Cx32 Inj) hearts, depicting volume of infarcted myocardium.
Non-infarcted tissue stains red with tetrazolium, whereas infarcted tissue
remains unstained. (B) Quantification of infarcted tissue volume shows an
increase in infarct size in the Cx32 adenoviral vectorinjected wild-type heart.

passage of apoptotic signals is not necessary to cause increased
infarct size; rather the presence of any open gap junction chan-
nel suffices. One possibility is that Cx32 expression rescues Cx43
channels. Based on our immunostaining, which shows no Cx43
at the IDs in the heterozygous mouse after MI we do not think
that this is likely. However, if it did occur in very low levels it
would be undetectable by our methods. Because our dye spread
studies show that following MI Cx43 channels are closed, any
small remaining rescue of Cx43 by Cx32 is unlikely to produce
coupling. Cx32 is a low conducting pore as compared to Cx43 (60
vs 100 pS). Therefore less dye spread would be expected even if the
number of coupled Cx32 channels were identical to the number
of Cx43 channels. Additionally, we expressed Cx32 in levels that
are lower than endogenous Cx43, and the combination of these
two events would lead to less dye spread via Cx32 channels. With

regard to electrophysiology, this would limit ion flux but not action
potential propagation slowing, as the threshold for activation of a
cardiac myocyte is lower than the Cx32 permeability. Additionally
there were no differences in the arrhythmogenicity of these hearts
indicating that addition of a connexin is not enough to rescue the
arrhythmic phenotype. Hence, adding connexin proteins to the
heart following coronary occlusion is not antiarrhythmic at this
stage, and may actually increase the risk for later stage arrhythmias
by aiding in formation of a larger scar.

We speculate that there are several potential explanations for
the increase in infarct size with the presence of open Cx32 chan-
nels. It may be that, as opposed to what has been previously shown
(Rodriguez-Sinovas et al., 2010) Cx32 does indeed pass apoptotic
signals under the conditions of myocardial ischemia. While our
studies cannot rule this out definitively we suggest this is unlikely.
Studies in heterologous cell systems and in other tissues have shown
that connexin channel properties are not altered by the system in
which they are introduced (Schiller et al., 2001; Hanstein et al.,
2009). The low Cx32 conductance to apoptotic signals in cells in
culture (Andrade-Rozental et al., 2000) suggests Cx32 gap junctions
cannot pass these signals in whole tissues. The second possibility is
that the presence of Cx32 at the ID helps maintain Cx43 at the disk
as well; Thus it would be the passage of apoptotic signals through
these channels that causes the increase in infarct size. Our scrape
loading data are not suggestive of maintenance of Cx43 protein at
the ID, and moreover, the intracellular acidification of cells within
the infarct zone would ensure that the channels would remain
closed. In addition, Xenopus oocyte preparations expressing Cx43
fail to become electrically coupled to cells expressing Cx32 (White
etal., 1995) indicating that this type of heteromerism is unlikely to
occur. Being that Cx32 caused increased infarct size and we believe
that the apoptotic signals are not passed via these channels the likely
mechanism by which the spread of cell death occurs is via the electrical
current. We believe the significant finding is that a connexin isoform
that cannot spread apoptotic signals still increases infarct size. This
leads to the new theory that electrical signals may cause cellular dam-
age that then initiates cell death far from the initial site of injury.

Another possible mechanism for the spread of cell death is via
maintenance of Ca** signaling between myocytes following coro-
nary occlusion. Normal cardiac myocytes release calcium from
intracellular stores leading to a calcium spike and activation of
excitation—contraction (EC) coupling (Kranias and Bers, 2007).
At the end of the EC cycle, excess calcium undergoes reuptake
into the sarcoplasmic reticulum (SR) decreasing cytosolic calcium
and allowing the cell to relax prior to the next contraction. This
process is regulated by the SERCA system which involves a tightly
regulated cascade of signals which switch the SERCA pumps off and
on in response to intracellular calcium levels (White et al., 1995).
In ischemic myocardium levels of SERCA are decreased, leading to
incomplete calcium reuptake into the SR (White et al., 1995) and a
concomitant increase in the level of intracellular calcium. This high
calcium level then stimulates the activation of apoptotic pathways
including opening of the mitochondrial permeability transition
pore, and is followed by cell death (Moens et al., 2005). Based on this
study we speculate that when gap junctions are closed in the infarct
region, electrical signals are unable to pass from cell to cell thus
limiting the spread of calcium-dependent cell death. The addition
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of a gap junction channel which does not close under ischemic
conditions is likely to increase infarct size by increasing depolariza-
tion- dependent calcium release and subsequent cell death in areas
that would have survived otherwise.

Initial identification of gap junction closure as a major mecha-
nism for induction of life threatening arrhythmias suggested that
therapeutically targeting Cx43 would decrease the incidence of
arrhythmias. These studies were confounded by findings that
lower levels of Cx43 corresponded to smaller infarct size post-MI
(Gutstein et al., 2001) leading to the hypothesis that increasing
Cx43 would increase infarct size. The study described here shows
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