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Aims Hearts of mice expressing K258stop in place of connexin43 (Cx43) protein were subjected to acute
myocardial infarction in order to assess the importance of Cx43 regulation on infarct size and arrhythmia
susceptibility. This mutation K258stop prevents chemical regulation of Cx43 channels, including by low
intracellular pH.

Methods and results Langendorff-perfused hearts of mice harbouring one Cx43 knockout (KO) allele and
one K258stop or Cx43 allele (K258stop/KO; Cx43/KO as control) were subjected to 1 h of ischaemia and
4 h of reperfusion by reversibly occluding the left anterior descending (LAD) coronary artery. Inducibility
of ventricular tachyarrhythmias (VTs) was tested by applying an endocardial burst-pacing protocol
during LAD occlusion. Separately, time course and the extent of acidification-induced closure of gap
junction channels were tested by dual-voltage clamp. Infarct volume (as per cent of area at risk) was
significantly larger in K258stop/KO hearts compared with Cx43/KO controls (42.2 + 3 vs. 30.4 + 1.7%,
P =0.004, n=8 each). During LAD occlusion, K258stop/KO hearts had a higher incidence of pacing-
induced VT and a higher frequency of occurrence of spontaneous premature ventricular beats. The
occurrence of ventricular arrhythmias was also significantly larger in the K258stop/KO hearts during
reperfusion. In separate experiments, we demonstrated reduced sensitivity to acidification-induced
uncoupling in cell pairs obtained from K258stop/KO hearts.

Conclusion Loss of the regulatory domain of Cx43 leads to an increase in infarct size and increased sus-
ceptibility to arrhythmias following acute coronary occlusion.

1. Introduction

Gap junctions allow for passage of ions and small molecules
between cells; in the heart, these structures are essential
for electrical synchronization of the heartbeat. Previous
studies suggest that myocardial infarction (M) leads to gap
junction channel closure," and that the consequent loss of
intercellular communication may affect both infarct size
and arrhythmogenesis.>® Indeed, Kanno et al.? demon-
strated that left anterior descending (LAD) coronary artery
occlusion in mice having reduced expression of connexin43
(Cx43) resulted in significantly smaller infarcts than in
hearts from wild-type (WT) controls, likely because of a
reduction in gap junction-mediated spread of toxic ischae-
mic metabolites.*> Yet, although reducing intercellular
communication may protect the integrity of cardiac tissue,
it may also disrupt electrical propagation and set the stage
for life-threatening arrhythmias. Murine models have

* Corresponding author. Tel: +1 734 998 7500/7512; fax: +1 734 998 7711.
E-mail address: mdelmar@umich.edu

shown that loss of Cx43 expression greatly increases the
risk of ventricular tachycardia and sudden death.®” Acute
MI in heterozygous Cx43 knockout (KO) hearts, expressing
only 50% of WT Cx43 protein, resulted in increased incidence
of ventricular arrhythmias.® Yet, the alternative hypothesis,
that preventing the regulation of gap junctions in the acute
stages of Ml may decrease arrhythmia susceptibility, remains
to be assessed.

Cx43 channels can be regulated by a variety of factors,
many of which are present in the setting of acute Ml (e.g.
low intracellular pH,’ or kinase activation'®'"). The ability
of Cx43 to be regulated by the intracellular environment is
thought to be essential for the gap junction-related
changes that occur during an acute MI. Studies from this
and other laboratories have shown that Cx43 regulation
requires the integrity of the carboxyl terminal (CT) domain
of Cx43'>"'3, Thus, we have utilized a genetically modified
murine model to directly assess whether preventing Cx43
chemical gating (by deleting the Cx43CT domain) impacts
infarct size and arrhythmogenesis in the setting of acute MI.
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Characterization of the murine model under study has
been published.'" In these animals, the coding region of
the Cx43 gene was replaced with a mutation lacking most
of the CT domain (K258stop). While homozygous K258stop
animals died shortly after birth owing to a disruption in epi-
dermal differentiation, decreasing the K258stop gene
dosage by cross-breeding with Cx43-deficient animals (con-
nexin43 del allele, genotype referred to as K258stop/KO)
rescued the lethal epidermal phenotype.'®'® Further
studies showed that hearts of K258stop/KO adult animals
were morphologically normal, and the cardiomyocytes
were functionally coupled, though differences were noted
in the total amount of ventricular gap junction protein and
on the number, size, and localization of ventricular gap
junctions, when compared with hearts of Cx43/KO litter-
mates.' Here, we show that loss of the Cx43CT domain
leads to an increase in infarct size and an increase in the sus-
ceptibility to ventricular arrhythmias in these animals. This
study has important implications to the overall understand-
ing of the role of cardiac gap junctions in ischaemia-related
disturbances of the cardiac rhythm.

2. Methods

All experiments were conducted with the approval from the
Committee for the Humane Use of Animals of SUNY Upstate
Medical University (protocol 936) and conformed with the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication
58-23, revised 1996).

Additional details on methods can be found in Supplemen-
tary material online.

2.1 Animal resources

Cx43/KO and K258stop/KO littermates were obtained as
described."® Mice were kept under standard housing con-
ditions with a fixed 12/12 h light/dark cycle. Hearts of 12
Cx43/KO and K258stop/KO adult animals (3-6 months of
age) were subjected to the study.

2.2 Acute MI and reperfusion of isolated, perfused
mouse hearts

Experimental protocol was adapted from Lerner et al.®
Hearts were perfused retrogradely with oxygenated modi-
fied Krebs-Henseleit buffer at 37°C. After 30 min stabiliz-
ation, the LAD was occluded for 1h, and reperfusion
allowed for 4 h. Hearts were stained with 1% triphenyltetra-
zolium chloride (vital stain) and 1% Evans Blue (perfused
area) to distinguish between areas perfused and not per-
fused during LAD occlusion (area at risk, AAR). Coronal sec-
tions of left ventricle were weighed and photographed. Left
ventricular mass, mass of the AAR, and mass of the infarct
were quantified using Image J software. Infarct size was
expressed as per cent of the mass of the AAR.

2.3 Electrophysiology of isolated perfused mouse
hearts

An eight-polar electrophysiology catheter connected to a
Pulsar 6i stimulator was used for pacing and recording of
intracavitary electrograms. Signals were digitized, moni-
tored, and recorded as waveforms with a Sinus Rhythm

Analyzer™ 400 unit (Micro-Med, Inc.). Burst-pacing series
consisted of 18 S1 stimuli (interpulse interval: 80, 60, 40,
and 20 ms; 2.5x threshold). Each train of S1 stimuli was
carried out three consecutive times for each cycle length
(inter-train interval, 5s). This protocol was repeated at 15
(n= 6 hearts), 30, 45, and 60 min after LAD occlusion and
during equilibration (n= 12 hearts). Ventricular tachyar-
rhythmia (VT) was defined as a minimum of three consecu-
tive ectopic beats. Spontaneous and burst-pacing-induced
VTs were analysed for morphology (mono- or polymorphic),
number of beats, and duration of episodes. Electrophysio-
logical data were analysed offline (DMSI Version 1.12
software).

2.4 Cell isolation and dual-patch electrophysiology

Adult mouse ventricular myocytes were obtained by enzy-
matic dissociation following standard procedures.'” Cells
were used for recording within 8 h after isolation. Details
on recording of gap junctional currents can be found in Shi-
bayama et al."® and Lewandowski et al.'® and in Supplemen-
tary material online. Estimation of macroscopic junctional
conductance (G;) and series resistance correction followed
methods previously described.?°

2.5 Statistical analysis

Statistical significance of incidences was assessed by Fisher’s
exact test. Statistical analysis of sample populations was
performed using ANOVA with subsequent post hoc Tukey
test (Origin Version 7.0; Origin Lab Corporation, Northamp-
ton, MA, USA) and, if necessary, corrected for multiple
measurements Values are shown as mean + SEM. Statistical
significance was set at P < 0.05. Significant differences
(P < 0.05) within the same genotype group are indicated
by the symbol #; significance between experimental groups
is indicated by *.

3. Results
3.1 Analysis of infarct size

Closure of gap junctions in response to intracellular acidifi-
cation depends on the presence of the Cx43CT domain."?
Here, we tested whether loss of the Cx43CT domain influ-
ences cardiac infarct size consequent to LAD occlusion.
Infarct and AAR volumes after 1 h LAD occlusion and 4h
reperfusion were measured for K258stop/KO hearts; Cx43/
KO hearts were used as control (Figure 7). Quantification
of AAR as a fraction of left ventricular volume revealed no
significant differences between genotypes (Figure 1B). AAR
was 53.5 + 6.4% of left ventricular mass for K258stop/KO
hearts and 56.5 + 5.8% for Cx43/KO hearts (n=8 in both
groups; P=0.73). However, there was a significant differ-
ence between genotypes regarding infarct size (Figure 2B).
In K258stop/KO hearts, infarct mass represented 42.2 + 3%
of the hypo-perfused mass of the left ventricle, whereas in
Cx43/KO hearts, the infarct comprised only 30.4 4+ 1.7% of
the AAR (P =0.004).

3.2 Electrophysiological stability: cycle length
and QRS duration

Although burst-pacing-induced and spontaneous VTs were
observed (see what follows), none of these arrhythmias
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Figure 1 Quantification of infarct size. (A) Representative sections of Cx43/
KO (top) and K258stop/KO (bottom) left ventricles after 1 h of LAD occlusion
and 4 h of reperfusion. Perfused area: blue; area at risk (AAR): red and white.
Bar: 5 mm. AAR volume expressed as percentage of total left ventricular mass
(B); infarct volume as percentage of AAR (C). No difference in the AAR, but
infarct volume was significantly increased in K258stop/KO hearts (grey) com-
pared with WT/KO (black).
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Figure 2 Cycle length and QRS duration. (A) Cycle length (RR intervals; top)
and QRS duration (bottom). (B) No significant differences in basic cycle length
(BCL) between genotypes. (C) QRS interval steadily decreased in Cx43/KO
hearts during reperfusion, but not in K258stop/KO hearts.

degenerated into ventricular fibrillation or asystole. RR and
QRS intervals (Figure 2A, n=8 each) were collected
throughout the experiment. In both groups, there was a
tendency towards higher cycle lengths during LAD occlu-
sion, which recovered during reperfusion (see Figure 2B).
Although cycle lengths of K258stop/KO hearts were slightly
longer throughout, there were no significant differences
between both genotypes (P = 0.15).

QRS duration was measured after 20 min of equilibration
and before the initial burst pacing, 20 min after the onset
of LAD occlusion, and 10 min, 1, 2, 3, and 4 h after the
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Figure 3 Ventricular tachycardia during LAD occlusion and reperfusion.
Burst pacing at 20 ms cycle length 1h after the onset of LAD occlusion.
Top: examples showing three burst-pacing events (I, Il, lll) for representative
K258stop/KO (right) and Cx43/KO control hearts (left). Horizontal bars: 5's;
vertical bars: 2.5V. Bottom: burst-pacing events at expanded time scale.
VTs were induced by three sets of burst stimuli in K258stop/KO hearts, and
duration of VT episode was longer than that in Cx43/KO hearts.

onset of reperfusion (data in Figure 2C). Two-way ANOVA
detected a difference between both genotypes (P < 0.001)
due to the significant shortening (P < 0.05) of QRS duration
in control hearts as the experiment progressed in time (in
Cx43/K0: 12.6 + 0.6 ms at start; 10.9 + 0.4ms at 3.5h;
and 10.4 +0.2ms at 4h of reperfusion; in K258stop/KO
hearts: 12.4 + 04 ms at start; 12.4 4+ 0.5 ms at 3.5 h; and
13.2 £+ 0.6 at 4 h of reperfusion).

3.3 Susceptibility to burst-pacing-induced VT
during ischaemia

To compare susceptibility to ischaemia-induced arrhythmo-
genesis, Langendorff-perfused hearts were subjected to
burst pacing after 15, 30, 45, and 60 min of LAD occlusion
(Figure 3). As a control, hearts were also initially tested at
the end of the 30 min equilibration phase. One K258stop/
KO heart displayed two short burst-pacing-induced VT
events; all other hearts were free of spontaneous or
pacing-induced arrhythmias during equilibration. Figure 4A
shows the fraction of all tested hearts (per genotype) in
which VT was induced by burst pacing, at each point in
time. There was no difference in inducibility of VTs
between hearts of both groups at 15 min (83.3%; n=6 in
both groups) and 30 min of LAD occlusion (66.7%; n= 12 in
both groups). In the second half-hour of the ischaemic
event, however, K258stop/KO hearts were more prone to
develop VTs after burst pacing (83.8 vs. 41.7% for Cx43/KO
hearts at 45 min, P=0.049; 100% compared with 75% of
Cx43/KO hearts at 60 min, P = NS; n = 12 each). Increased
susceptibility to pacing-induced ventricular arrhythmias in
the K258stop/KO hearts was further quantified by comparing
the average number of VT events at each time point, regard-
less of burst-pacing frequency (Figure 4B). The average
number of pacing-induced VTs was similar between groups
(3.0 £ 0.8 Cx43/KO vs. 2.4 +0.7 K268stop/KO) 15 min
after LAD occlusion. For the Cx43/KO group, this number sig-
nificantly decreased as time progressed (0.9 4+ 0.3 at
30 min; 0.8 + 0.4 at 45 min; P < 0.05 each). Yet, a time-
dependent decrease in the number of pacing-induced VT
events was not observed in the K258stop/KO group (2.3 +
0.6 at 30 min and 2.8 + 0.6 at 45 min; Figure 4B). Conse-
quently, there was a statistically significant difference in



364

K. Maass et al.

A Incidence of induced VT B Induced VTs per heart
w 5

£ 100 A =

@ £ 4

2 75 5 .

8 - 3 3 .

g so0 3

g o

i £

5 0N % 45 60 ¢

Time after LAD occlusion (min) Time after LAD occlusion (min)

C Incidence of spontaneous VT D Spontaneous VTs per heart
=z 75 12 %

T

g —

= £

# 50 B 8

g 25 § 4

(5]

£ £

E o 0 E

Reperfusion (hrs)

M Cx43/K043
[0 K258stop/KO43

Figure 4 Ventricular tachycardia susceptibility. (A) Percentage of hearts
susceptible to burst-pacing-induced tachyarrhythmias at each time point
for Cx43/KO (black columns) and K258stop/KO (grey columns).
K258stop-expressing hearts displayed higher inducibility of pacing-induced
tachyarrhythmias at 45 min (83.3 vs. 41.6% in WT) and 1 h of LAD occlusion
(100 vs. 77.6%). (B) K258stop/KO hearts (grey columns) showed higher
number of VT episodes compared with Cx43/KO controls (black columns) at
30 and 45 min of ischaemia. (C) Percentage of hearts displaying spontaneous
VTs during each hour of reperfusion. Cx43/KO, black bars; K258stop/KO, grey
bars. K258stop-expressing hearts displayed trend towards higher incidence of
tachyarrhythmias during second (42.9 vs. 14.3% in control), third (57.1 vs.
14.3%), and fourth hours of reperfusion (57.1 vs. 14.3%). Because of small
sample size, difference was not statistically significant (Fisher’s exact test).
(D) K258stop/KO hearts (grey columns) presented with significantly more epi-
sodes of tachyarrhythmias than controls (black columns). To assess this vari-
able, spontaneous VT episodes during the entire reperfusion were counted for
each animal and averaged per genotype (1.57 4+ 0.95 in Cx43/KO hearts vs.
7.14 4+ 2.27 in K258stop/KO hearts; P = 0.043).

Table 1 Duration of burst-pacing-induced VTs
Cx43/KO K258stop/KO P-value
(n=57) (n=115)
VT duration >1s 8.8% 35.6% <0.001
VT duration >4s 3.5% 22.6% 0.006

VTs, ventricular tachyarrhythmias; n, total number of VT events (12
hearts and 576 burst-pacing events per group).

the number of pacing-induced VT events when data obtained
from K258stop/KO hearts were compared with those
obtained from control (P=0.007). Moreover, although
pacing-induced VT episodes in Cx43/KO hearts were mostly
of short duration (3-20 ectopic beats), 20 or more ectopic
beats were often observed in the K258stop/KO group.
Table 1 segregates data according to the duration of the
VT episode. Only 8.8% of events observed in Cx43/KO
hearts lasted >1 s (3.5% of total events lasted >4 s). In con-
trast, 35.6% of all events in the K258stop/KO hearts lasted
more than 1s (P <0.001), with 22.6% lasting >4s (P=
0.006). Finally, to assess whether the occurrence of the
pacing-induced arrhythmias in K258stop/KO hearts was
due to the ischaemic event, sham-operated hearts were
also tested. As opposed to the results obtained from the
group in which the LAD was occluded, no pacing-induced
ventricular arrhythmias were observed in sham-operated

animals (n= 3). Overall, truncation of the Cx43CT domain
led to an increase in the incidence and duration of VT epi-
sodes occurring as a result of fast pacing in the setting of
LAD occlusion.

3.4 Incidence of spontaneous episodes of VT and
premature ventricular complexes

Electrical traces with clear atrial deflections throughout
recording were analysed off-line for the occurrence of spon-
taneous VT (Supplementary material online, Figure S1) and
isolated premature ventricular complexes (PVCs) (idioven-
tricular events occurring between two sinus beats; Sup-
plementary material online, Figure S2; n=7 for both
genotypes). No episodes of spontaneous VT, on the hearts
of either genotype, were observed during the period of
LAD occlusion. Yet, spontaneous VT was frequently observed
during reperfusion. The fraction of hearts displaying spon-
taneous VT during the first hour of reperfusion was slightly
smaller for the K258stop/KO group (42.9 vs. 57.1% in the
Cx43/KO group). However, this trend reversed during the
second hour and persisted for the duration of the recording
(Figure 4C). Additionally, individual K258stop/KO hearts
developed more episodes of spontaneous VT. Spontaneous
VT episodes during reperfusion were counted for each
animal, and then averaged for total number of animals
with a genotype. Whereas Cx43/KO hearts developed
1.57 + 0.95 episodes of VT during reperfusion, K258stop/
KO hearts showed an average of 7.14 + 2.27 episodes per
heart (P = 0.043; Figure 4D).

PVCs of individual animals were counted throughout the
ischaemic period, as well as for the first 20 min of reperfu-
sion and subsequently for 5 min every 30 min. Whereas the
percentage of hearts with PVCs was comparable and the
average number of PVCs per individual heart was not signifi-
cantly different during the first 45 min of LAD occlusion,
K258stop/KO hearts displayed increased propensity for
PVCs in the last 15 min of LAD occlusion (Figure 5A). Only
57% of the Cx43/KO hearts developed PVCs during this
stage, in contrast to 100% of the K258stop/KO hearts. Com-
parison of average number of PVCs for 15 min intervals
during ischaemia showed significant difference between
genotypes (Figure 5B; P=0.0006). Moreover, the average
total number of PVCs was nine times larger in those hearts
expressing the truncated Cx43 protein (4.3 + 0.9 in Cx43/
KO vs. 40.7 + 15.4 in K258stop/KO hearts; P=0.035). As
also seen for spontaneous VTs, the incidence of PVCs
stayed high in the K258stop/KO group throughout reperfu-
sion (between 80 and 100% of sampled hearts), whereas it
dropped from 100% in the first hour of reperfusion to
<60% in the second, third, and fourth hours of reperfusion
in the Cx43/KO group (Figure 5C). The number of PVC
events per heart was also higher for the K258stop/KO
group, particularly in late stages of reperfusion
(Figure 5D). Overall, Cx43CT truncation led to an increase
in the incidence of PVCs starting in the second hour of reper-
fusion and remaining for the duration of recording (4 h in
total).

3.5 Effects of intracellular acidification on adult
cardiomyocyte K258stop gap junctions

To demonstrate that Cx43CT truncation interferes with
chemical gating of cardiac gap junctions, we carried out
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Figure 5 PVC during ischaemia and reperfusion. Seven Langendorff-
perfused hearts per genotype were monitored for PVCs during LAD occlusion.
(A) Percentage of all hearts displaying spontaneous PCVs during each 15 min
interval. Cx43/KO (black columns) and K258stop/KO (grey columns).
K258stop-expressing hearts displayed a trend towards higher incidence of
tachyarrhythmias during the fourth 15 min interval (100 vs. 50%). Because
of small sample size, the difference was not statistically significant
(Fisher’s exact test). (B) K258stop/KO hearts displayed increasingly more epi-
sodes of PVC than the hearts of Cx43/KO animals. This trend was significant in
the last 15 min of LAD occlusion (Cx43/KO: 2 + 1.3 vs. K258stop/KO: 16.8 +
3.8). The same seven hearts per genotype were also monitored for PVCs
during the 4 h of reperfusion. (C) Percentage of all hearts displaying PVCs
during each hour of reperfusion Cx43/KO (black columns) and K258stop/KO.
K258stop-expressing hearts displayed a higher incidence of PVCs during the
second, third, and fourth hours of reperfusion. (D) K258stop/KO hearts
tended to display more PVCs than the hearts of Cx43/KO animals during
reperfusion. This trend was significant during the third and fourth hours of
reperfusion.

dual whole-cell voltage clamp analysis in pairs of adult
cardiac myocytes internally dialysed with a pipette solution
buffered at pH 6.2." Initial whole-cell conductances were
not significantly different between cardiomyocyte pairs of
either genotype (Cx43/KO: 27.2+5.2, NS, n=25;
K258stop/KO: 25.3 + 3.6, NS, n=6; P> 0.05). Cardiomyo-
cyte pairs expressing Cx43 displayed the previously
described reduction in junctional conductance (G;) upon
intracellular acidification. Within 20 min after patch break,
G; dropped to 20% of the initial value (Figure 6, grey tri-
angles). In accordance with the impairment of chemical
gating observed in exogenously expressed, CT-truncated
Cx43 channels,'? cell pairs from hearts harbouring the
K258stop/KO genotype remained coupled throughout the
period of intracellular acidification, with junctional conduc-
tance decreasing to an average 80% from control at the end
of recording (Figure 6; grey circles). The latter was attribu-
table to channel rundown, since a similar decrease was
observed in cell pairs with the same genotype and recorded
with an internal pipette solution buffered at pH 7.2 (black
circles). Overall, these data support the notion that
K258stop gap junction channels may remain open during
the ischaemic event.

0.2 © K258/KO pH 6.2 (n=6)

‘ e K258/KO pH 7.2 (n=3)

A wt/KO  pH 6.2 (n=5)
00—
0 4 8 12 16 20

Time after patch break (min)

Figure 6 Acidification-induced uncoupling in pairs of cardiomyocytes.
Changes in junctional conductance (Gj) as a function of time after patch
break. Cells recorded in dual-patch clamp configuration. Pipettes were
filled with an internal pipette solution buffered to pH 7.2 (closed circles)
or 6.2 (grey symbols). Notice the progressive reduction in G; in cell pairs
obtained from Cx43/KO hearts (grey triangles), not apparent in cells with
the K258stop/KO genotype (grey circles and closed circles; P << 0.001; Stu-
dent’s t-test).

4. Discussion

Cx43-mediated intercellular communication is highly sus-
ceptible to changes in the intracellular environment. This
‘chemical gating’ of Cx43 requires the integrity of the CT
domain.™ As such, K258stop mice offer, for the first time,
an experimental system to analyse the role of Cx43 regu-
lation on infarct size and arrhythmogenesis in the setting
of LAD occlusion. Because of high postnatal lethality of
homozygous K258stop mice, our study was carried out in
the hearts of adult K258stop/KO mice, using Cx43/KO
hearts as controls.

4.1 Increase in infarct size after acute MI
in K258stop/KO hearts

An important goal was to define whether the truncation of
the CT domain of Cx43 associated with changes in infarct
size. To minimize a possible role of the inflammatory
response on affecting infarct size in vivo, 2! we focused on
the acute ischaemia in a Langendorff-perfused preparation.
As a first step, we determined ‘area at risk’, that is, the area
of the ventricles that was deprived of coronary circulation
following LAD occlusion (see ‘Methods’; see also Michael
et al.??). Our analysis indicated that AAR in K258stop/KO
mice was not different from previously reported for either
WT22 or mice deficient in Cx43.8 This was consistent with
gross anatomical observations indicating no apparent
change in the morphology of the coronary circulation and
provided us with a parameter for the normalization of
infarct size for each individual case studied.

Our data show that Cx43CT truncation led to a significant
increase in infarct size (Figure 2B). The latter
occurred despite an almost 90% reduction in total Cx43
content'* and suggests that loss of the CT domain prevented
ischaemia-induced closure of cardiac gap junctions. This is
consistent with previous observations in exogenous
expression systems, and in cell culture preparations,
indicating that the Cx43CT domain is involved in
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intra-'>2* and intermolecular interactions necessary for

chemical gating of Cx43.">%* The result is also consistent
with patch clamp experiments demonstrating that intra-
cellular acidification (a component of myocardial ischaemia”)
did not lead to uncoupling between cell pairs from hearts with
the K258stop/KO genotype. Overall, our data support the
hypothesis that Cx43 chemical gating plays a fundamental
role in the containment of necrosis consequent to the acute
ischaemic insult, likely by preventing the passage of toxic
metabolites and apoptotic signals between cells.?*?°

4.2 Increased arrhythmogenesis in ischaemic
K258stop/KO hearts

The studies of Lerner et al.® showed that the occurrence of
VT in Langendorff-perfused heterozygous Cx43 knockout
(Cx43/K0) hearts subjected to 1 h of acute MI was signifi-
cantly higher than in the WT animals. Here, we used a
similar experimental protocol to demonstrate that the inci-
dence of ventricular arrhythmias increases when the CT
domain of Cx43 is truncated (Figures 3 and 4). The mechan-
ism for this increase in arrhythmia susceptibility is unclear. It
is worth noting that the amount of K258stop protein in the
hearts of these animals is only 22% of the amount of Cx43
found in Cx43/KO controls, and gap junction plaques are
less abundant.’ Previous studies have shown that a
reduction of >50% of total cardiac Cx43 protein in mice
leads to severe ventricular arrhythmias and sudden
death.®” As such, it could be argued that the increased
arrhythmogenesis is consistent with reduced levels of con-
nexin expression, as seen in conditional Cx43KO mice. Yet,
previous studies have shown that macroscopic G; between
cardiac myocyte pairs obtained from K258stop/KO hearts
is not significantly reduced.' Data in this paper are consist-
ent with this observation (our measurements of G; did not
reveal differences between groups). Cx43-truncated
unitary conductance values are similar to those of the WT
channel.™ Our previous studies have shown a loss of the
residual state in the truncated form, though this modifi-
cation is likely to not reflect on the extent of cell-cell coup-
ling in the functioning heart, given the very limited extent
of transjunctional voltage difference between cardiac cells
in the syncitium. Overall, our data show that Gj in
K258stop/KO hearts subjected to ischaemia is larger than
in the control group, given the loss of chemical gating.
Finally, if the reduced amount of gap junction protein was
fundamental to the increased incidence of arrhythmias
that we observed, this difference would have been notice-
able without ischaemia, or in the first few minutes of the
ischaemic event (Figure 4B). Overall, decreased electrical
coupling seems a highly unlikely explanation for the higher
incidence of ischaemia-induced arrhythmias observed in
the K258stop/KO animals.

An alternative explanation might be found in the paradox-
ical improvement of impulse propagation observed in
cardiac tissue following partial uncoupling.?® Reduction of
cell coupling has been shown to suppress unidirectional con-
duction block?”*#® and improve propagation.?®?” Chemical
Cx43 gating in the normal heart may therefore provide,
even if temporarily, an improvement of the sink-to-source
match between the normal and damaged myocardia and in
doing so, prevent formation of areas of block. The large
sink-to-source mismatch between unaffected myocardium

and a well-coupled area of injury would, on the other
hand, act as a substrate for ventricular tachycardia in the
setting of MI.

Increased infarct size may in itself act as an arrhythmo-
genic substrate. In that regard, it is important to emphasize
the heightened susceptibility to spontaneous ventricular
arrhythmias observed after the first hour of reperfusion in
the K258stop/KO group. Previous studies have shown that
gap junction-mediated intercellular communication is a
key determinant of infarct size? and that re-establishment
of coupling during reperfusion can be arrhythmogenic.?’
We speculate that the larger infarct size in K258stop
hearts would provide for larger anatomical obstacles, as
well as a larger source of toxic metabolites associated
with cell injury. Both factors would have a pro-arrhythmic
effect.

Finally, although we speculate that the observed inci-
dence of arrhythmias is a direct result of changes in Cx43
function, an indirect involvement of other molecules,
which may be affected secondary to genetic manipulation,
cannot be excluded. From that perspective, extrapolation
of our results to the setting of gap junction pharmacology
should be done with caution. Previous studies indicate that
chemical agents that improve electrical coupling may have
an anti-arrhythmic effect.3 In apparent contrast, we show
that a manipulation likely to cause loss of Cx43 chemical
gating leads to increased incidence of arrhythmias. Yet,
loss of the CT domain affects a variety of functions including
protein trafficking,>' gap junction plaque size and
number,'*32 intermolecular interactions with kinases,333
scaffolding proteins®> and other molecules of the interca-
lated disc,'*3¢ and intramolecular interactions within the
Cx43 molecule.?37 As such, disruption of these interactions
may not have the same impact as the use of a chemical
agent that preserves or improves coupling. It should be
noted, however, that holding gap junctions open in the
setting of intracellular acidification supported slow conduc-
tion,'® which can facilitate re-entrant arrhythmias.>®3°

In summary, we have used a genetically modified murine
model to directly characterize, for the first time, the role
of the CT domain of Cx43 on cardiac infarct size and arrhyth-
mia susceptibility. Our results strongly support the notion
that Cx43 regulation plays an important role in the contain-
ment of myocardial damage during the ischaemic event. Our
data further suggest that Cx43 chemical gating is involved in
preserving electrical stability in the infarcted heart. Our
results suggest that a complete isolation of Cx43 from its
molecular partners (by deletion of its regulatory domain)
may have a negative impact on heart function in the
setting of MI.

Supplementary material

Supplementary material is available at Cardiovascular
Research online.
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