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Abstract

Objectives—We sought to test whether c-Src tyrosine kinase mediates connexin 43 (Cx43)
reduction and sudden cardiac death in a transgenic mouse model of cardiac-restricted
overexpression of angiotensin-converting enzyme (ACE8/8).

Background—Renin-angiotensin system (RAS) activation is associated with an increased risk
of arrhythmia and sudden cardiac death; however, that mechanism is not well understood. The
upregulation of c-Src by angiotensin Il may result in the reduction of Cx43, which impairs gap
junction function and provides a substrate for arrhythmia.

Method—Wild-type and ACE8/8 mice with and without treatment with the c-Src inhibitor PP1
were studied. Telemetry monitoring, in vivo electrophysiology studies, Western blot analyses for
total and phosphorylated c-Src and Cx43, immunohistochemistry staining for Cx43, and functional
assessment of Cx43 with fluorescent dye diffusion were performed.

Results—The majority of the arrhythmic deaths resulted from ventricular tachycardia
denegerating to ventricular fibrillation (83%). Levels of total and phosphorylated c-Src were
increased and Cx43 reduced in ACE8/8 mice. PP1 reduced total and phospho c-Src levels,
increased the Cx43 level by 2.1-fold (P < 0.005), increased Cx43 at the gap junctions
(immunostaining), improved gap junctional communication (dye spread), and reduced ventricular
tachycardia inducibility and sudden cardiac death. The survival rate increased from 11% to 86%
with four weeks of PP1 treatment (P < 0.005). Treatment with an inactive analog did not change
survival or Cx43 levels.
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Conclusion—RAS activation is associated with c-Src upregulation, Cx43 loss, reduced myocyte
coupling, and arrhythmic sudden death, which can be prevented by c-Src inhibition. This suggests
that an increase in c-Src activity may help mediate RAS-induced arrhythmias and that c-Src
inhibitors might exert antiarrhythmic activity.
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Introduction

The renin-angiotensin system (RAS) is a key signaling pathway, and the activation of that
system is associated with an increased incidence of cardiovascular death (1;2). In humans,
increased angiotensin Il (Ang Il) levels are associated with an increased risk of ventricular
arrhythmia (3), and treatment with an angiotensin-converting enzyme (ACE) inhibitor
reduces that risk (4-8). Nevertheless, it is not completely understood how RAS system
activation increases arrhythmic risk.

A critical component of the RAS system is the ACE, which cleaves the decapeptide
angiotensin | to produce the 8 amino acid peptide Ang Il, a central signaling molecule of the
RAS system. Previously, we developed a transgenic mouse model of RAS activation by
overexpression of ACE restricted to the heart (ACE8/8 mice) via replacement of the somatic
ACE promoter with the cardiac-specific a-myosin heavy chain promoter (9). These mice
(ACES8/8) are not hypertensive, have structurally normal left ventricle with a normal left
ventricular ejection fraction (LVEF), and have no ventricular fibrosis. They exhibit cardiac
oxidative stress, a high incidence of ventricular tachycardia and ventricular fibrillation (VT/
VF), and subsequent sudden cardiac death (SCD) associated with reduced ventricular
connexin 43 (Cx43) levels (10). Treatment with ACE inhibitor and Ang 11 receptor 1 blocker
reduce the arrhythmic risk and increase the Cx43 level (11). In the adult heart, ventricular
gap junctions are formed primarily by Cx43 protein. A significant reduction in or lack of
Cx43 can result in slow conduction velocity and ventricular arrhythmia (12). The molecular
mechanism by which RAS activation causes the decrease in Cx43 is unknown, however.

The tyrosine kinase c-Src has been linked primarily to tumor growth, and the inhibition of c-
Src has been shown to be effective in controlling cancers (13-17). We have shown that in an
animal model of myocardial infarction, the upregulation of c-Src and an increase in the level
of phosphorylated Tyr 416 c-Src (the active form of c-Src) result in the downregulation of
Cx43 by competition between phosphorylated c-Src and Cx43 for a binding site at zonula
occludens-1, an intercalated disk scaffolding protein (18). Elevated levels of reactive oxygen
species and Ang Il can result in the upregulation of c-Src (19-21). We postulated that a
cause of Cx43 reduction and sudden death in ACE8/8 mice was an increased level of c-Src
and that the inhibition of c-Src would increase Cx43 and improve survival in ACES8/8 mice.

Materials and Methods

The derivation and electrophysiological characterization of ACE8/8 mice have been
described previously (9;10), and it has been shown by telemetry monitoring that the cause of
SCD in those animals are VT/VF, asystole and slowed conduction (10). We repeated
telemetry monitoring for wild-type and ACE8/8 mice in this study. Wild-type mice with and
without treatment with the c-Src inhibitor 1-(1,1-dimethylethyl)-1-(4-methylphenyl)-1H-
pyrazolo[3, 4-d]pyrimidin-4-amine (PP1), ACE8/8 mice with and without treatment with
PP1, and ACES8/8 mice treated with 1-phenyl-1H-pyrazolo[3,4-d]pyrimidin-4-amine (PP3),
an inactive analog of PP1, were studied. The animal experiments were conducted according
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to the National Institutes of Health (NIH) Guide for the Care and Use of Experimental
Animals and were approved by the University of Illinois Institutional Animal Care and Use
Committee. Mice of both sexes were treated with 1.5-mg/kg PP1 (Enzo Life Sciences,
Plymouth Meeting, PA), a specific inhibitor of c-Src tyrosine kinase, twice weekly for 4
consecutive weeks by intraperitoneal injection (22-24). PP3 (Enzo Life Sciences) was
administered intraperitoneally at the same dose (1.5 mg/kg twice weekly for 4 consecutive
weeks). The treatment of all animals was initiated when the mice were 30 days old.

Telemetry Monitoring and Electrophysiology Study

Seven ACE 8/8 mice of 5 weeks old, and six C57BL/6 control mice, were implanted with
ETAF10 transmitters (Data Sciences International, St. Paul, M.N.). Briefly, mice were
anesthetized by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg)
cocktail. A skin incision was made at right abdominal region and a transmitter was inserted
subcutaneously to the left. The two electrocardiogram (ECG) leads were tunneled and
positioned under skin to generate a lead Il electrocardiographic configuration. The skin
incision was then closed and the animals were followed by telemetry for a maximum of 3
weeks or until their death. Twenty four hours after transmitter implantation, ECG signals
recorded between 12 to 3 pm, when mice were relatively calm and resting, were used to
calculate baseline heart rate. The ECG signals immediately prior to the death were analyzed
for rhythm changes. The heart rate calculation and cardiac rhythm analysis were performed
using Dataquest ART Version 4.1 software (DSI).

For the electrophysiology studies, the mice were anesthetized with an intraperitoneal
injection of ketamine (100 mg/kg) and xylazine (5 mg/kg). After cutdown, a 1.1-F catheter
with 0.5-mm interelectrode spacing (EPR 800, Millar Instruments, Houston, TX) was placed
into the right jugular vein and was advanced into the right ventricle. A constant current
stimulator (A320, World Precision Instruments, Sarasota, FL) connected to a laptop
computer was used for cardiac stimulation. During the experiment, body temperature was
maintained at 37°C with a warming pad. Burst pacing at cycle lengths of 100 to 50 ms was
used to test for VT inducibility. A rhythm with more than 3 consecutive ventricular beats
was considered to be VT.

Western blot analysis

The mice were killed, and their hearts were excised. The ventricular tissue was homogenized
in a buffer containing 20 mM of tris-(hydroxymethyl)-aminomethane (Tris-Cl) (pH, 7.4),
150 mM of sodium chloride (NaCl), 2.5 mM of ethylenediamine tetraacetic acid (EDTA),
1% Triton-100, 10 puL/mL of phenylmethylsulfonyl fluoride (PMSF), 10 puL/mL of protein
inhibitor cocktail (Pierce, Rockford, IL), and 10 uL/mL of phosphatase inhibitor cocktail 1
(Sigma-Aldrich, St. Louis, MO). Protein samples (5 to 20 ug) were separated via 10%
sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and were
transferred to nitrocellulosemembranes. The membranes were blotted with the primary
antibodies against c-Src, phosphorylated (Tyr 416) c-Src, and Cx43 (Cell Signaling,
Danvers, MA) and ACE (Millipore, Temecula, CA). For a loading control, the membranes
were blotted with a primary antibody against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; Santa Cruz Biotech, Santa Cruz, CA). After treatment with secondary antirabbit
or antimouse antibodies, imaging was performed with enhanced chemiluminescence. The
radiographic film images were scanned and analyzed with NIH ImageJ software.

Immunohistochemistry

The mouse hearts were fixed in 10% formalin, after which 8-um thick sections were blocked
for 1 hour at room temperature and were then incubated with anti-Cx43 antibodies overnight
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at 4°C at concentrations known to provide the best signal-to-noise ratio. The slides were
reviewed with a Zeiss Axioskop microscope (Carl Zeiss, Inc, Thornwood, NY), and
photomicrographs with original magnification x40 were taken from the apex, the mid-left
ventricle (LV), and the LV base. From each of those sites, photomicrographs were taken
from the endocardium and epicardium. The Cx43 content was quantified with the use of a
grid that divided the field of view into 200 squares. At the intersection points aligning with
the intercalated disks, Cx43 was scored as “1” (present) or “0” (absent). The results were
expressed as the percentage occupied by Cx43 in the total area examined, excluding
pseudospaces. This method has been used previously to quantify levels of collagen and
Cx43 in cardiac tissue (25;26).

Functional assessment of Cx43

Statistical

Results

We used an established technique for measuring Cx43 function that involves fluorescent dye
introduction and diffusion in intact heart muscle (27). Fresh hearts were obtained from wild-
type, ACES8/8, ACE8/8 PP1-treated, and ACES8/8 PP3-treated mice. A sample from each
heart was placed in phosphate buffered saline at 37°C, the anterior surface of the LV was
punctured with a 27-guage needle, and the sample was incubated with a droplet of 0.5%
Lucifer yellow (LY) and a droplet of 0.5% Texas Red Dextran (TRD) in 150 mM of LiCl
solution. After a 15- minute incubation, the samples were fixed in 4% formaldehyde for 30
minutes, washed in phosphate-buffered saline, frozen in liquid nitrogen, and sliced into 14-
um sections. The sections were mounted on microscope slides and examined on a Leica
DM5000 B epifluorescence microscope (Leica Microsystems Inc., Bannockburn, IL).
Digital images of the spread of LY and TRD were obtained. The measurement of the dye
spread was performed with ImageJ software. Molecules of TRD are too large to traverse gap
junctions and stains cells with disrupted membrane. The TRD distribution was subtracted
from the length of the LY spread at the same site to measure the true LY spread through gap
junctions. Dye spread in longitudinal and transverse directions was assessed.

analysis

The values are presented as the mean + the SEM. The t test, one-way analysis of variance
with post hoc tests of significance, the Tukey honestly significant test, and the Fisher exact
test for 2 x 2 tables were used where appropriate, and a P value of < 0.05 was considered
statistically significant. The survival data were analyzed with the Kaplan-Meier method, and
the P value was calculated with the log-rank test. The correlation was assessed with the
Pearson correlation coefficient method.

PP1 treatment prevents SCD and reduces VT inducibility

Baseline heart rate was similar between the control and ACE 8/8 groups (548+17 bpm vs.
491+34 bpm, P = NS). All the control mice survived until the end of the telemetry follow-
up. In contrast, 6 out of 7 ACE 8/8 mice died within 5-23 days (10 + 3 days) after
transmitter implantation. Rhythm analysis showed one mouse died because of progressive
bradycardia and five died because of VT degenerating to VF (Figure 1). Treatment with PP1
significantly improved the survival rate of ACE8/8 mice from 3 of 30 SCD and a mean
survival time of 10.2 + 1.5 days to 20 of 23 and a mean survival time of 24.7 + 0.2 days
during the 30 days of treatment and observation (P < 0.005) (Figure 1). The treatment of
wild-type mice with PP1 was not associated with any adverse reaction. The treatment of
ACEBS/8 mice with PP3, the inactive analog, did not result in a statistically significant
improvement in the survival rate when compared with untreated ACE 8/8 mice (11.2 £1.2
days vs. 10.2 = 1.5 days, P = NS). VT inducibility was observed in 3.3% of the wild-type
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mice (n=30) and in 86.9% of the ACE8/8 mice (n = 23; P < 0.005). PP1-treated ACES8/8
mice showed a significant reduction in VT inducibility (86.9% vs. 50%, P < 0.05) (Figure
1).

PP1 treatment reduces c-Src and raises Cx43 levels

Western blot of the total and phosphorylated (Tyr416) forms of c-Src protein showed a 1.5-
fold increase in the total c-Src level and a 2.6-fold increase in the level of phospho-Src
protein in the hearts of ACE8/8 mice when compared with those levels in control hearts (P <
0.05). In untreated ACE8/8 mice, the level of Cx43 protein was 36% of its level in wild-type
mice (P < 0.005) (Figure 2A). In addition, the level of Cx43 was lower in ACE8/8 mice with
SCD when compared with those animals that did not experience SCD during the treatment
time period (57.8%, P < 0.05). PP1 treatment in ACE8/8 mice reduced the total and the
phospho-(Tyr416) c-Src protein levels to 58% and 75%, respectively, of those levels in
untreated ACES8/8 mice (P < 0.05) (Figure 2B). PP1 treatment also caused a 2.1-fold
increase in the Cx43 protein level in treated ACE8/8 mice compared with untreated ACE8/8
mice (P < 0.005). The correlation between the levels of phospho-(Tyr416) c-Src and Cx43
was statistically significant in ACE8/8 mice (R =-0.85, P < 0.05). Treatment of ACE8/8
mice with inactive PP3 did not increase the total Cx43 protein level (P = NS). Treatment of
wild-type control mice with PP1 did not change the total Cx43 level (Figure 2C). Gene
microarray analysis did not show any statistically significant change in the messenger RNA
abundances of Cx43. Treatment of ACE8/8 mice with PP1 did not decrease the ACE level
(Figure 2C).

Immunohistochemical analysis showed that the Cx43 level was significantly lower in the
ACES/8 untreated hearts than in the wild-type hearts (5.4 £ 0.7% vs. 18.3 £ 0.6%, P <
0.005) (Figure 3). PP1 treatment caused a 2.0-fold increase in the Cx43 content in the
ACES8/8 mouse hearts (P < 0.005). The extent of that improvement in the Cx43 level after
PP1 treatment was consistent with the 2.1-fold increase in the total protein level for Cx43
noted on Western blot analysis. The immunostaining for Cx43 showed that the Cx43 level
was increased at intercalated disks. Treatment with the inactive analog PP3 did not increase
the Cx43 level at the gap junctions when compared with untreated ACE8/8 mice (P = NS).

c-Src Inhibition improves gap junction function

Analysis of dye spread as a functional measure of Cx43 activity showed that LY migration
in ACE 8/8 mice was 66% of that in wild-type mice (0.14+0.01 mm vs. 0.21+0.02 mm
respectively, P < 0.05), which indicates reduced gap junction function in ACE8/8 mice
(Figure 4). Treatment with the c-Src inhibitor PP1 restored gap junction function to that of
wild-type mice (0.14+0.01 mm in ACE8/8 vs. 0.21+0.02 mm in PP1-treated ACES8/8 mice,
P < 0.05; wild-type vs. PP1, P = NS). The analysis of dye spread in longitudinal and
transverse directions separately showed that the changes in dye spread were more prominent
in a longitudinal than in a transverse direction. This is consistent with the
immunohistochemical result that Cx43 increased most at the intercalated disks. PP3 had no
statistically significant effect on dye diffusion.

Discussion

The telemetry study showed that the mode of SCD in ACE8/8 mice is mainly VT/VF and
occasionally severe bradyarrhythmia. This result confirms our previous telemetry recording
in these animals (10), and the observed arrhythmias resulting in SCD are consistent with
human findings (28). The cardiac sodium channel generates the main current for conduction,
but ACEB8/8 mice have no significant change in their sodium current; however, their level of
Cx43 is dramatically reduced (10). Cx43 is the major protein of ventricular gap junctions
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that are low-resistance conduits for electrical conduction in the heart. In this study, we show
that c-Src is upregulated in these animals and that it mediates the effect of Ang Il in
reducing Cx43 and causing VT/VF. That finding is consistent with those of other
investigators showing that Ang Il and oxidative stress upregulates c-Src (19-21). In addition,
treatment with Losartan, an Ang Il type 1 receptor blocker, reduces the active form of Src
protein in ACEB8/8 mice supporting that the observed change in the level of Src is due to the
elevated level of Ang Il and via the binding to its type 1 receptor (supplement figure). We
have previously shown that ACE 8/8 mice show cardiac oxidation, and this might be one
mechanism for the increase in activated c-Src.

c-Src can result in the reduction of the Cx43 level via its competition with Cx43 for binding
to zonula occludens-1. Increased phospho (Tyr416)-c-Src results in the unbinding of Cx43
from gap junctions, diffusion away from the intercalated disk, and enzymatic degradation
(18). This may not be the sole mechanism by which c-Src upregulation results in a reduction
in Cx43. Nevertheless, the effect of PP1 on the inhibition of c-Src, the increase in the level
of Cx43, and the statistically significant inverse correlation between the levels of
phosphorylated c-Src and Cx43 support a cause-effect relationship between the upregulation
of ¢-Src and a reduction in Cx43. Cx43 RNA abundance was unchanged in ACE 8/8 mice
and with treatment suggesting that the effects of c-Src and PP1 were post-transcriptional.
The increased level of ACE in ACE8/8 mice compared to the control animals did not change
with PP1 treatment arguing that the effect of PP1 was downstream of RAS activation.

We showed that improvement in the total Cx43 level occurred primarily at the intercalated
disks and was correlated with an improvement in gap junction function measured with dye
diffusion. The increase in Cx43 and the increase in the ease of dye spread were associated
with a reduced risk of VT inducibility and sudden death. Cx43 reversal was not complete in
our study, but the changes noted were in a range consistent with a significant reduction in
sudden death. Homozygous Cx43 knockout mice die from ventricular arrhythmia and
conduction blocks (12;29). Nevertheless, heterozygote Cx43*/~ mice with ~50% of the
normal level of Cx43 are not prone to ventricular arrhythmias and cardiac death (29), which
suggests that a reduction of more than 50% of the normal level of Cx43 is required for
electrical conduction to be significantly impaired and cause arrhythmic death. In our case, c-
Src inhibition in ACE8/8 mice increased Cx43 levels from 36% to 68% and was associated
with an improvement in survival from 11% to 86% during the 4 weeks of the treatment with
PP1. This is consistent with prior data in genetically altered mice and with model predictions
that the full restoration of Cx43 levels is not necessary to achieve a significant therapeutic
effect (30).

In conclusion, RAS activation is associated with c-Src upregulation, Cx43 loss, reduced
myocyte coupling, and arrhythmic sudden death. Those effects can be ameliorated by c-Src
inhibition, which suggests that an increase in c-Src activity may participate in RAS-induced
arrhythmias and that c-Src inhibitors might exert antiarrhythmic activity in states of RAS
activation. Since we used a model of RAS activation limited to the heart, results may vary
with in vivo systemic RAS activation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations list

ACE Angiotensin-converting enzyme

Ang 1l Angiotensin |1
Cx43 Connexin 43

LY
LV

Lucifer yellow
Left ventricle

LVEF Left ventricular ejection fraction

RAS Renin-angiotensin system
SCD Sudden cardiac death
TRD Texas Red Dextran

VF
VT
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Figure 1. Survival analysis, telemetry monitoring and inducibility of VT

(A) Kaplan-Meier survival distribution analysis of ACES8/8 untreated mice, ACE8/8 mice
that received PP3 treatment, ACE8/8 mice that received PP1 treatment, and wild-type mice
that received PP1 treatment. PP1 treatment significantly reduced the sudden cardiac death
rate with the mean survival time of 10.2 +/- 1.5 days in ACE8/8 (n=28) and 24.7 +/- 0.2
days in ACE8/8 treated with PP1 (n=22) (P < 0.005, log-rank test). No death happened in
WT mice receiving PP1 treatment (n=14). PP3, the ineffective analog of PP1, did not
increase the survival rate in ACE8/8 mice (11.2 +/- 1.2 days vs. 10.2 +/- 1.5days, P = NS,
n=10). (B) Examples of telemetry recording of the rhythm preceding SCD. The top panel
shows an example of severe bradycardia and the bottom panel is an example of VT
degenerating to VF resulting in SCD. The majority of SCD events resulted from ventricular
arrhythmia (83%). (C) Inducibility of VT was tested using a 1.1F catheter and an internal
jugular vein access. A rhythm with more than 3 consecutive ventricular beats was
considered to be VT. Examples of intracardiac electrograms of WT, ACE8/8 and ACES8/8
treated with PP1 are shown after 12 beats of burst pacing with pacing cycle length of 50 ms.
VT inducibility rate was statistically reduced with PP1 treatment in ACE8/8 mice (86.9% vs.
50%, P < 0.05, n=20 and n=10 respectively).
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Figure 2. Western blot analysis of protein levels

All results are corrected for the GAPDH level. (A) The total c-Src protein level was 1.47-
fold higher in ACE8/8 mice than in wild-type mice (P < 0.05), and the phospho-(Tyr416) c-
Src protein level was 2.6-fold higher in ACES8/8 mice than in control mice (P < 0.05). The
Cx43 level was reduced in ACE8/8 mouse hearts to 36% of the level in wild-type mouse
hearts (P < 0.005 (n=6 for all groups). (B) PP1 treatment: Four weeks of intraperitoneal
injection of PP1 in ACE8/8 mice decreased the total c-Src protein level to 58% of that in
untreated ACE8/8 mice (P < 0.05) and reduced the phospho-(Tyr 416) c-Src level to 75% of
that in untreated ACE8/8 mice (P < 0.05). More importantly, PP1 treatment resulted in a 2.1-
fold increase in the Cx43 level in ACES8/8 mice and increased the level of Cx43 to 68% of
its normal level in wild-type mice (n=6 for all groups). (C) The ACE level was increased
11.9-fold in ACES8/8 mice compared to the control animals (P < 0.005). Treatment with PP1
did not change the cardiac ACE level in ACE8/8 mice (P = NS). Treatment of wild-type
animals with PP1 did not change significantly the total level of Cx43 (P = NS) (n=6 for all

groups).
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Figure 3. Results of immunostaining for Cx43

The Cx43 level which was measured as the ratio of stained area for Cx43 in the field of view
to the total field of view was significantly lower in ACE8/8 mouse hearts than in wild-type
mouse hearts (18.3 + 0.6% vs. 5.4 + 0.7%, P < 0.005). PP1 treatment resulted in a 2-fold
increase in the Cx43 level in ACE8/8 mouse hearts (P < 0.005). The result of
immunostaining for Cx43 was consistent with the result of western blotting and it confirmed
that the improvement in the Cx43 protein level was associated with the increased level of
this protein at its site of function, gap junctions. Treatment with PP3, the inactive analog of
PP1, did not increase Cx43 level in compare to untreated ACES8/8 mice (5.4 +/-0.7% vs. 6.5
+/-1%, P = NS) (n=4 for all groups).
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Figure 4.

Function of gap junctions was assessed by modified scrape loading. Lucifer Yellow (LY;
400kDa) spreads extensively through myocytes from WT hearts (A), far beyond the spread
of TRD (B; 10000kDa). Overlay image is seen in C. In the ACE8/8 hearts LY spread is
decreased (D) with fewer cells coupled beyond the TRD (E). Overlay image indicates that
fewer cells are coupled in these ACE8/8 hearts (F). Treatment of mice with PP1 restores
normal dye spread (G) to well beyond the TRD (H). Note that the overlay image from WT
mice (C) and from the PP1 treated mice (1) are similar in the extent of dye spread seen.
Quantification of the overall dye spread shows that the overall dye spread in the ACES8/8
mice is significantly decreased (0.14+0.01 mm vs. 0.21+0.02 mm respectively, P < 0.05)
and that is restored to the normal level after PP1 treatment (0.21+0.02 mm in WT vs.
0.20£0.02 mm in PP1, P = NS, PP1 vs. ACE8/8 P < 0.05). Analysis of the anisotropy of dye
spread indicates that in this model dye spread is lost in both the transverse and longitudinal
directions, although more prominent in the longitudinal direction (K). Treatment of wild-
type mice with PP1 did not significantly change the gap junction conduction (P = NS) (n=5
for all groups).
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