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Remodelling of cardiac gap junction
connexin 43 and arrhythmogenesis

Takashi Mayama MD', Ken Matsumura MD', Hai Lin PhD?, Koichi Ogawa PhD?, Issei Imanaga MD PhD FIACS*

T Mayama, K Matsumura, H Lin, K Ogawa, I Imanaga.
Remodelling of cardiac gap junction connexin 43 and

arrhythmogenesis. Exp Clin Cardiol 2007;12(2):67-76.

BACKGROUND: In cardiac muscle, the gap junction plays a piv-
otal role in electrical cell-to-cell coupling and impulse propagation
between cells. The function of the gap junction depends on the reg-
ulation of connexin in the gap junction channel. A dysfunction of
the gap junction is possibly caused by the downregulation of connexin
or one of arrhythmogenic factors. The mechanisms of ventricular fib-
rillation, a lethal tachyarrhythmia, have been studied in relation to
the remodelling of connexin.

OBJECTIVES: To determine what type of connexin 43 (Cx43)
remodelling contributes to the generation of ventricular fibrillation
and what factors induce the modelling of Cx43.

METHODS: Aconitine-induced ventricular fibrillation was induced
in hearts isolated from adult rats. Alterations in the electrical activity,
the phosphorylation of Cx43 and the expression of Cx43 were evalu-
ated by both intracellular and extracellular recording of the action
potentials, Western blotting and immunohistochemistry, respectively.
Flutter activity after the application of aconitine shifted spontaneously
to fibrillation, showing an electrical interaction between neighbouring
cells in close proximity to one another. The facility of the shift from
flutter to fibrillation was evaluated as a susceptibility of the heart to fib-
rillation in relation to gap junction function. The effects of phorbol
12-myristate 13-acetate, angiotensin 1l (All) analogues, All antago-
nists, the diabetic state, protein kinase A (PKA) activator, cyclic AMP
analogues, d-sotalol (class I antiarrhythmic drug) and PKA inhibitors

on the susceptibility of the heart to fibrillation were examined.
RESULTS: Pathological hearts with heterogeneous expression of
Cx43 at the gap junction, such as phorbol 12-myristate 13-acetate-
and All analogue-treated hearts, as well as diabetic hearts, showed a
significantly higher susceptibility to fibrillation. On the other hand,
hearts with augmentative expression of Cx43 at the gap junction,
such as hearts pretreated with a PKA activator, a cyclic AMP ana-
logue (8-bromo-cyclic AMP) or d-sotalol, showed a significantly lower
susceptibility to fibrillation. At the beginning of fibrillation, an
increase in the cardiac tissue All level, an augmentation of the pro-
tein kinase C (PKC)-epsilon activity, the presence of PKC-mediated
hyperphosphorylation, a suppression of the PKA-mediated phospho-
rylation of Cx43 and a reduction in the expression of Cx43 at the gap
junction were observed. These alterations in Cx43 expression were
also observed to increase as the fibrillation advanced.
CONCLUSIONS: Augmentation of PKC-mediated phosphoryla-
tion and suppression of PKA-mediated phosphorylation induces the
downward remodelling of Cx43. Such remodelling of Cx43 induces
asynchronous electrical activities and makes the ventricular tissue
susceptible to fibrillation. PKC is activated by All. The fibrillation
itself remodels Cx43, thereby causing a vicious cycle. As a result,
PKC inhibitors, All antagonists and PKA activators are considered
to possibly have a protective effect against the initiation or advance-
ment of ventricular fibrillation.
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In cardiac muscle, it is generally accepted that the gap junc-
tion greatly contributes to electrical cell-to-cell coupling and
impulse propagation between cells, because the electrical
resistance of the gap junction is much lower than that of the
surface membrane (1) and the gap junction channel is perme-
able to large molecules (2,3). The function of the gap junction
fundamentally depends on the characteristics of connexin that
form the gap junction channel, including such factors as the
number of functional channels, the opening and closing of the
channel, the phosphorylation of connexin, the expression of
connexin and the distribution of connexin. It has been reported
that the remodelling of connexin essentially contributes to an
arrthythmogenic substrate (4-6).

Ventricular fibrillation is the most lethal type of all known
tachyarrhythmias. Several factors, such as abnormalities of the
ionic channels of the active membrane and the re-entry of exci-
tation, which is caused by a slow conduction or acceleration of

anisotropic conduction, are involved in the mechanisms that
cause the generation of fibrillation. These two factors are possi-
bly induced by the downward remodelling of connexin. A
direct relationship between susceptibility of the heart to
arrthythmogenesis and remodelling of connexin should thus be
elucidated to clarify the contribution of the gap junction to the
generation of fibrillation.

Aconitine, a type of alkaloid, is known to be seriously toxic
to cardiac muscle cells and also induces cardiac fibrillation. In
this regard, characteristics of aconitine-induced cardiac fibrilla-
tion have been previously reported (7-9); it has also been used as
a model of cardiac fibrillation in in vitro experiments. The regu-
lar and rapid electrical activity of the heart, namely, the flutter
induced after the application of aconitine, is then spontaneously
followed by irregular and rapid electrical activity, ie, fibrillation,
while also demonstrating the appearance of intercellular electri-
cal interaction. The interaction of electrical activity between
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neighboring cells, which is induced by the micro-re-entry of
excitation, is possibly caused by a dysfunction of the gap junc-
tion. It is therefore conceivable that the generation of fibrilla-
tion is triggered by a dysfunction of the gap junction.

The present study focused on how alterations in the
expression and phosphorylation of connexin 43 (Cx43),
which is predominantly expressed in ventricular cells, affect
the susceptibility of the heart to aconitine-induced fibrilla-
tion, and also attempted to clarify how fibrillation itself
remodels Cx43. Part of this study was previously reported in a
preliminary form (10).

METHODS

Animals and extraction of the heart

Adult, male Wistar rats with a mean (x SEM) weight of
235.5+15.2 g were used. For the type 1 (insulin-dependent diabetes
mellitus [[DDM]) diabetic model, streptozotocin (STZ)-induced
diabetic rats were used. These rats were in a diabetic state with a
blood glucose level higher than 400 mg/dL by four to five weeks
after the injection of STZ 50 mg/kg in a single intravenous dose
(11). For the type 2 (noninsulin-dependent diabetes mellitus
[NIDDM)]) diabetic model, genetically diabetic Otsuka Long-Evans
Tokushima Fatty (OLETF) rats (Otsuka Pharmaceuticals Co Ltd,
Japan) were used (Long-Evans Tokushima Otsuka [LETO] rats were
used as controls). These rats were in a diabetic state with a blood
glucose level higher than 300 mg/dL, four months after birth. Age-
matched animals were used as a normal control group. They were
sacrificed by a blow to the head, and the experimental protocol was
carried out according to the method approved by the Institutional
Animal Care and Use Committee of Fukuoka University (Fukuoka,
Japan). The animals were given intraperitoneal injections of
heparin (Heparin Novo, Novo Nordik A/S, Denmark) at a dose of
1000 U/kg, 30 min before they were sacrificed.

Recording of the transmembrane action potentials

Thin endocardial muscle strips (less than 1 mm in thickness, 10 mm
to 15 mm in length and 2 mm to 3 mm in width) were isolated from
the right ventricular wall after removal of the heart from the ani-
mal. These were fixed in a perfusion chamber (0.4 mL in volume)
and irrigated with well-oxygenated standard Krebs solution (NaCl,
130 mmol/L; KCl, 5.4 mmol/L; NaHCOj3, 11.9 mmol/L; NaH;POy,
1.2 mmol/L; MgCly, 1.2 mmol/L; CaCl,, 2.5 mmol/L; glucose,
5.5 mmol/L; saturated with a gas mixture of 97% O, and 3% CO,,
and adjusted to a pH of 7.4) at a constant flow (5 mL/min) and at a
constant temperature (37°C). The preparation was thereafter elec-
trically stimulated with a threshold strength at 4 Hz using a suction
electrode. The transmembrane action potentials were then
recorded by two or three conventional glass microelectrodes placed
at a distance of 200 pm from each other.

Recording of the monophasic action potentials

The hearts, excised quickly from the animal, were mounted on a
Langendorff apparatus and were then perfused with well-
oxygenated standard Krebs solution at a constant pressure
(60 mmHg). After 10 to 15 min of stabilization, the monophasic
action potentials were recorded with suction electrodes placed on
the surface of either the right or left ventricle, which showed
spontaneous beating at 200 beats/min to 300 beats/min.

Immunoblotting and immunohistochemistry

After 10 to 15 min of stabilization, the isolated hearts mounted on
the Langendorff apparatus were perfused with Krebs solution,
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including reagents. At the beginning of fibrillation, at an
advanced stage of fibrillation (after 20 min of fibrillation) and
after treatment with reagents, the ventricular tissue specimens
were removed from the Langendorff apparatus and subjected to
Western blotting and immunohistochemistry. The tissue samples
were frozen in liquid nitrogen for Western blotting or were
immersed in fixing solutions (3% buffered paraformaldehyde) for
immunohistochemistry.

The phosphorylation of Cx43 was evaluated by Western blot-
ting using mouse monoclonal anti-Cx43 antibody as a primary
antibody (lot number 19100924, Chemicon International Inc,
USA) and anti-mouse immunoglobulin G (IgG) as a secondary
antibody (lot number 145660, Amersham Pharmacia Biotech,
United Kingdom), or the rabbit polyclonal anti-Cx43 antibody as
a primary antibody (lot number 41191365, Zymed Laboratories
Inc, USA) and anti-rabbit IgG as a secondary antibody (lot num-
ber 21020094, Chemicon International Inc). The total amount of
Cx43 was evaluated by the mean density of the total band detected
using the mouse monoclonal anti-Cx43 antibody as a primary
antibody (lot number 40387290, Zymed Laboratories Inc) and
anti-mouse IgG as a secondary antibody (lot number NA 931,
Amersham Pharmacia Biotech). The procedures for Western blot-
ting and the evaluation of the phosphorylation of Cx43 have been
previously described (11,12).

For the immunohistochemistry of Cx43, the rabbit polyclonal
anti-Cx43 antibody was used as a primary antibody (lot number
30476831, Zymed Laboratories Inc), and goat anti-rabbit [gG was
used as a secondary antibody (Alexa Fluor 488, Lot num-
ber 35068A, Molecular Probes, USA). The expression of
immunoreactive spots of Cx43 at the intercalated disk and local-
ization of Cx43 were evaluated by immunohistochemistry.
Immunofluorescence was detected by confocal laser scan
microscopy (LSM-410, Carl Zeiss, Germany) on the preparations
sliced to 10 pm in thickness. The procedures for immunohisto-
chemistry and analysis of immunofluorescence have been previ-

ously described (11,12).

Measurement of tissue angiotensin II

The expression of angiotensin II (All) in cardiac tissue was eval-
uated by Western blotting using rabbit anti-All and IgG (lot
number 419835, Phoenix Pharmaceuticals Inc, USA).

Identification of isoforms of protein kinase C

The identification of protein kinase C (PKC) isoforms was per-
formed by Western blotting using a polyclonal antibody for PKC-o
(C-20, sc-208, lot number G032), PKC-B; (C-16, sc-209, lot
number E222), PKC-B; (C-18, sc-210, lot number 11602), PKC-8
(C-17, sc-213, lot number G012), PKC-¢ (C-15, sc-214, lot num-
ber J1503) and PKC-0 (C-18, sc-212, lot number 12502) (Santa
Cruz Biotechnology Inc, USA).

Chemicals and reagents

The following agents were used: aconitine (lot number
045K1002, Sigma-Aldrich, USA), cyclic AMP analogue (8-bromo-
adenosine 3',5'-cyclic monophosphate sodium salt, lot number
85H7808, Sigma-Aldrich), protein kinase A (PKA) activator
(Sp-adenosine 3’,5'-cyclic monophosphothioate triethylamine
salt, a potent membrane-permeable activator of cyclic AMP-
dependent protein kinase I and II, lot number 97H4681, Sigma-
Aldrich), PKA inhibitor (Rp-adenosine 3',5'-cyclic
monophosphothioate triethylamine salt, a specific membrane-
permeable inhibitor of cyclic AMP-dependent protein kinase I
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Figure 1) The transmembrane action potentials recorded from an
endocardial muscle strip isolated from the right ventricle of the rat heart.
Two glass microelectrodes were placed 200 um apart from each other.
A Slow record; B Fast record. a and b indicate the action potentials at
the flutter stage and the fibrillation stage, respectively. Both flutter and
fibrillation were induced by the application of aconitine at a concentra-
tion of 0.1 umol/L

and II (lot number 087H4643, Research Biochemicals
International, USA), phorbol 12-myristate 13-acetate (PMA)
(lot number 38F0185, Sigma-Aldrich), calphostin C (lot number
087H4652, Research Biochemicals International) as a PKC
inhibitor, leupeptin (acetyl-leu-leu-arg-al) (lot number
080K8613, Sigma-Aldrich) as a lysosomal inhibitor, N-acetyl-
leu-leu-norleucinal (lot number 91K1603, Sigma-Aldrich) as a
proteasomal inhibitor, d-sotalol (class III antiarrhythmic drug,
donated by Dr Mordechai Manoach, Tel Aviv Med, Israel),
[Asn!,Val®]-AIl acetate salt (lot number 053K51282, Sigma-
Aldrich) as an All agonist, [Sar!,1le8]-All (lot number 410314,
Peptide Institute Inc, Japan) as an All receptor antagonist and
[Sar!,Val>,Ala8]-All (saralasin) (lot number 1/11725, Tocris,
USA) as an All antagonist. These reagents were dissolved in
either distilled water or DMSO as the stock solution, were frozen
and were dissolved in Krebs solution at the final concentrations
described above just before use.

Densitometry

The mean density of the Cx43 complex isoforms in the
immunoblots, and the mean fluorescent intensity and area of
immunoreactive spots for Cx43 on the confocal laser scan micro-
graphs were analyzed by the National Institutes of Health (USA)
Image software program.

Statistical analysis

The data are presented as the mean + SEM. Unpaired Student’s ¢
tests were used to analyze the statistical significance (P<0.001)
between the means.

RESULTS

Aconitine-induced flutter and fibrillation

Aconitine was applied to the isolated muscle strip driven elec-
trically at 4 Hz at a final concentration of 0.1 pmol/L, while elec-
trical activity was monitored by recording the transmembrane
action potentials. Approximately 5 min after the application of
aconitine, automatic activity appeared, and at this stage, the
electrical stimulation was discontinued and aconitine was
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Figure 2) The monophasic action potentials recorded from the surface
of the right ventricle of the isolated rat heart with a suction electrode.
The heart was perfused on a Langendorff apparatus. The upper and the
lower traces represent the output and the action potentials, respectively.
Both flutter and fibrillation were induced by the application of aconitine
at a concentration of 0.1 umol/L

washed out. Thereafter, the automatic activity gradually became
more rapid, and flutter, which showed action potentials with a
regular amplitude in the range of 100 mV to 110 mV and a reg-
ular firing frequency in the range of 7 Hz to 8 Hz, was induced;
it was followed by fibrillation even in the absence of aconitine
(Figure 1). In the preparation from the normal heart, a mean of
8.0+0.8 min later, the membrane was slightly depolarized, and
the flutter shifted spontaneously to fibrillation, with an irregular
amplitude and an irregular frequency (Figure 1). At the begin-
ning of and during such fibrillation, the various kinds of action
potentials, with a range of 20 mV to 60 mV in amplitude and a
range of 20 V/s to 30 V/s in the maximum rate of rise, were
included in the electrical activity of a myocyte, and these irreg-
ular electrical activities were simultaneously recorded from the
neighboring cells 200 pm apart (Figure 1B). These findings sug-
gest that fibrillation is generated by an electrical interaction
between adjacent cells through dysfunctional gap junctions that
are incompletely inhibited.

Despite the absence of aconitine, the fibrillation became
advanced and continued for approximately 30 min. When a
very low concentration (0.1 mmol/L) of heptanol was
administrated during the flutter, the flutter shifted promptly
to fibrillation within several seconds. Such a low concentra-
tion of heptanol did not essentially affect the rate of rise in
the action potential but induced an incomplete activation of
the gap junction communication, namely, dysfunction of the
gap junction (13). This is further described in the Discussion
section.

In experiments using the Langendorff method, aconitine, at
a final concentration of 0.1 pmol/L, was applied to the heart
showing spontaneous sinus rhythm at 200 beats/min to
300 beats/min, while the electrical activity was monitored by
recording the monophasic action potentials. Approximately
5 min later, the sinus rhythm gradually accelerated, and at this
stage, the aconitine was washed out. Thereafter, tachycardia, at
a regular thythm of 400 beats/min to 500 beats/min, which is
called flutter, was generated, and it was followed by fibrillation
(Figure 2). The flutter shifted spontaneously to fibrillation,
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Figure 3) A Confocal laser scan micrographs of the immunofluores-
cence of connexin 43 (Cx43). a, b and c indicate the micrographs
before fibrillation (control), at the beginning of fibrillation and during
advanced fibrillation (after 20 min), respectively. B Western blots of
Cx43 using a monoclonal antibody for Cx43 (Zymed Laboratories Inc,
USA) in the ventricle of the rat heart. C A statistical analysis of the
immunofluorescence and Western blots of Cx43 — a comparison of the
area, the mean intensity of the immunoreactive signals at the gap junc-
tion and the quantity of Cx43; the columns represent the relative value
(1.0 is the value of the control [a]), and the vertical bars represent the
mean = SEM. *P<0.001 wersus the control (a); TP<0.001

showing action potentials with an irregular amplitude and
thythm, within a mean of 8.5+1.5 min in the normal hearts.
A low concentration of heptanol (0.1 mmol/L) rapidly and
remarkably shifted the flutter to fibrillation within several
seconds, in the same manner as observed in in vitro experi-
ments. The fibrillation was thereafter sustained for approxi-
mately 30 min, despite the absence of aconitine (Figure 2).

Alterations in the expression of Cx43 at the gap junction
during fibrillation

At the beginning of fibrillation, just after the shift from flutter
to fibrillation, a confocal image (by immunohistochemistry)
revealed a heterogeneous expression of Cx43 at the gap junc-
tion (Figure 3Ab). Western blots showed a decrease in the
quantity of Cx43 (Figure 3Bb). Both the immunoreactive area
and the mean intensity of immunoreactive signals for Cx43
were observed to decrease (Figure 3Ac), in addition to the
quantity of Cx43, as the fibrillation advanced (Figure 3Ac
and 3Bc). A statistical analysis of time-dependent alterations
in the expression of Cx43 is shown in Figure 3C.

Alterations in the phosphorylation of Cx43 during
fibrillation

Two distinct isoforms were detected in the Western blots of
Cx43 (using rabbit polyclonal anti-Cx43 antibody). It was
previously confirmed that the lower molecular isoform (PO)
was an unphosphorylated molecule, while the higher molec-
ular isoform (P1) was a PKA-mediated phosphorylated mole-
cule (12). The P1 to PO ratio was thus evaluated to determine
the status of the PKA-mediated phosphorylation of Cx43.
Alterations in the P1 to PO ratio in terms of the progression
of fibrillation are shown in Figure 4B. The PKA-mediated
phosphorylation of Cx43 was suppressed at the beginning of
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Figure 4) A Western blots of connexin 43 (Cx43) using a polyclonl
antibody for Cx43 (Zymed Laboratories Inc, USA) in the ventricle of
the rat heart. a, b and c indicate the signal before fibrillation (con-
trol), at the beginning of fibrillation and during advanced fibrillation
(after 20 min), respectively. B A statistical analysis of the Western
blots — a comparison of the P1 to PO ratio among the control (a) and
the two fibrillation (b and c) stages; the columns represent the relative
value (1.0 is the value of the control [a]), and the vertical bars repre-
sent the mean + SEM. *P<0.001 versus the control (a); TP<0.001

fibrillation, and the dephosphorylation of Cx43 thereafter
became enhanced as the fibrillation advanced (Figure 4).

Three distinct isoforms were detected by the Western
blots of Cx43 (using a mouse monoclonal anti-Cx43 anti-
body from Chemicon International Inc). It was also con-
firmed that the lower molecular isoform (PO) was an
unphosphorylated molecule and that the higher molecular
isoform (P2) was the PKC-mediated phosphorylated mole-
cule (11). The P2 to PO ratio was evaluated as the status of
the PKC-mediated phosphorylation of Cx43. Alterations in
the P2 to PO ratio in terms of the progression of the fibrilla-
tion are shown in Figure 5B. At the beginning of fibrillation,
the PKC-mediated phosphorylation of Cx43 was augmented,
and as fibrillation continued, hyperphosphorylation was
enhanced (Figure 5).

Isoform of PKC activated during fibrillation

PKC-g was activated at the beginning of fibrillation, and the
activation was enhanced as fibrillation continued (Figure 6).
No other isoforms of PKC-a, -B1, -B7, -8 and -0 significantly
changed compared with the control heart (not shown here).

Cardiac tissue level of AII

An increase in the cardiac tissue level of AIl was observed at
the beginning of fibrillation, and it was enhanced as the fib-
rillation continued (Figure 6).

Factors influencing the time of the shift from flutter

to fibrillation

Absolute times are summarized in Table 1.

Effects of PMA: Sixty minutes after the perfusion of PMA at
a concentration of 0.1 pmol/L, immunoreactive signals of

Exp Clin Cardiol Vol 12 No 2 2007
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Figure 5) A Western blots of connexin 43 (Cx43) using a monoclonal
antibody for Cx43 (Chemicon International Inc, USA) in the ventri-
cle of the rat heart. a, b and ¢ indicate the signal before fibrillation (con-
trol), at the beginning of fibrillation and during advanced fibrillation
(after 20 min), respectively. B A statistical analysis of the Western
blots — a comparison of the P2 to PO ratio among the control (a) and the
two fibrillation (b and c) stages; the columns represent the relative value
(1.0 is the value of the control [a]), and the vertical bars represent the
mean + SEM. *P<0.001 versus the control (a); TP<0.001

Cx43 at the gap junction were heterogeneous (namely, there
was a decrease in the area and the mean intensity) (Figure 7),
and the quantity of Cx43 decreased in association with PKC-
mediated hyperphosphorylation (increase in the P2 to PO
ratio) (Figures 8 and 9). In PMA-treated hearts, the mean
time of the shift from flutter to fibrillation was significantly
shortened to 1.5+0.3 min.

These effects of PMA were abolished by the PKC inhibitor

calphostin C (1.0 pmol/L) and the lysosomal inhibitor leu-
peptin (25 pmol/L) (Table 1).
Type 1 (STZ-induced) and type 2 (OLETF) models of dia-
betic hearts: In the STZ-induced diabetic hearts, the het-
erogeneous expression of Cx43 was observed at the gap
junction (namely, a decrease in the area and the mean inten-
sity of immunoreactive signals of Cx43) (Figures 7B, 10Ab
and 10C). A reduction in the quantity of Cx43 was also
observed in association with PKC-mediated hyperphospho-
rylation (increase in the P1 to PO ratio) (Figures 8, 9 and
10Bb). In these diabetic hearts, the decrease in Cx43 expres-
sion was remarkably enhanced as fibrillation advanced
(Figures 10Ac, 10Ad, 10Bc and 10Bd). In the STZ-induced
diabetic rat heart, the time of the shift significantly
decreased to a mean of 2.1+0.4 min, and this effect was
thereafter abolished by calphostin C (1.0 pmol/L), Al
antagonists (1.0 pmol/L), leupeptin (25 pmol/L) and the
proteasomal  inhibitor = N-acetyl-leu-leu-norleucinal
(25 pmol/L) (Table 1).

In the OLETF rats, the heterogeneous expression of Cx43
was observed at the gap junction (namely, a decrease in the
area and the mean intensity of the immunoreactive signals of
Cx43) (Figure 7). A reduction in the amount of Cx43 was
also observed (Figures 8, 9 and 10) together with an increase
in PKC-mediated hyperphosphorylation (augmentation of the

Exp Clin Cardiol Vol 12 No 2 2007

Figure 6) A Western blots of protein kinase C (PKC)-¢g and cardiac
tissue angiotensin II (All). a, b and c indicate the signal before fib-
rillation (control), at the beginning of fibrillation and during advanced
fibrillation (after 20 min), respectively. B A statistical analysis of the
Western blots — a comparison of PKC-g and AIl among the control
(a) and the two fibrillation (b and c) stages; the columns represent
the relative value (1.0 is the value of the control [a]), and the vertical
bars represent the mean = SEM. *P<0.001 versus the control (a);
TP<0.001

TABLE 1
Factors influencing the time of the shift from flutter to
fibrillation

Time from beginning of
flutter to beginning
of fibrillation, min

Factor (mean £ SEM)
Control 8.5¢1.5
Phorbol 12-myristate 13-acetate 1.540.3*
Phorbol 12-myristate 13-acetate plus calphostin C 6.71.5
Phorbol 12-myristate 13-acetate plus leupeptin 7.5%1.2
Type 1 diabetic model — streptozotocin 2.1+0.4*

Type 1 diabetic model — streptozotocin plus calphostin C 6.5+1.3
Type 1 diabetic model — streptozotocin plus leupeptin 6.8+1.8
Type 1 diabetic model — streptozotocin plus All antagonist  7.1+1.5

Type 1 diabetic model — streptozotocin plus 6.5+2.3
N-acetyl-leu-leu-norleucinal
Type Il diabetic model — OLETF 2.3+0.9*
Control of OLETF — LETO 8.2+1.2
All analogue 1.5+0.6*
All analogue plus All antagonist 6.5+1.3
Hypoxia 2.2+1.2*
Protein kinase A activator 18.1£2.1*
Cyclic AMP analogue 17.243.1*
Cyclic AMP analogue plus protein kinase A inhibitor 9.241.3
d-sotalol 15.2+3.5*
d-sotalol plus protein kinase A inhibitor 9.0+2.5
Heptanol 0.05+0.001*

Aconitine (0.1 umol/L) was administrated to the hearts, which were being irri-
gated on a Langendorff apparatus. The concentrations of the reagents are
described in the text. *Significant difference, P<0.001 versus the control.
All Angiotensin Il; LETO Long-Evans Tokushima Otsuka, OLETF Otsuka
Long-Evans Tokushima Fatty
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Figure 7) A Confocal laser scan micrographs of the immunofluores-
cence of connexin 43 (Cx43) in the phorbol 12-myristate 13-acetate
(PMA)-treated (0.1 ymol/L, 60 min) heart and the Otsuka Long-
Ewvans Tokushima Fatty (OLETF) rat heart. The control had a normal
condition without PMA, and the Long-Evans Tokushima Otsuka
(LETO) rat heart was a control for the OLETF rat heart. Confocal
micrographs of the streptozotocin (STZ)-induced diabetic rat heart are
shown in Figure 10. B A statistical analysis of the immunofluorescence
of Cx43 — a comparison of the area and the mean intensity of the
immunoreactive signals at the gap junction among the control, the
PMA-treated, the STZ-induced diabetic and the OLETF rat hearts;
the columns represent the relative value (1.0 is the value of the control,
normal and LETO hearts), and the vertical bars represent the mean +
SEM. *P<0.001 versus the control
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Figure 8) A Western blots of connexin 43 (Cx43) using monoclonal anti-
body for Cx43 (Zymed Laboratories Inc, USA) in the ventricles of the
phorbol 12-myristate 13-acetate (PMA)-treated (0.1 pumol/L, 60 min),
the streptozotocin (STZ)-induced diabetic and the Otsuka Long-Evans
Tokushima Fatty (OLETF) rat hearts. Control, normal and Long-Evans
Tokushima Otsuka (LETO) hearts were the control hearts for the PMA-
treated, the STZ-induced diabetic and the OLETF hearts, respectively. B
A statistical analysis of the Western blots — a comparison of the quantity of
Cx43 among the PMA-treated, the STZ-induced diabetic and the OLETF
rat hearts; the columns represent the relative value (1.0 is the value of the
control, normal and LETO hearts), and the vertical bars represent the
mean + SEM. *P<0.001 versus the control, normal and LETO hearts

P2 to PO ratio) (Figures 8 and 9). The time of the shift was
also decreased significantly (to a mean of 2.3+0.9 min) in
comparison with control LETO rats (8.2+1.2 min) (Table 1).
AII analogue: Sixty minutes after perfusion of the AIl analogue
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Figure 9) A Western blots of connexin 43 (Cx43) using monoclonal
antibody for Cx43 (Chemicon International Inc, USA) in the ventri-
cles of the phorbol 12-myristate 13-acetate (PMA)-treated, the strep-
tozotocin (STZ)-induced diabetic and the Otsuka Long-Evans
Tokushima Fatty (OLETF) rat hearts. Control, normal and Long-
Evans Tokushima Otsuka (LETO) hearts were the control hearts for
the PMA-treated, the STZ-induced diabetic and the OLETF hearts,
respectively. B A statistical analysis of the Western blots — a compani-
son of the P2 to PO ratio among the PMA-treated, the STZ-induced
diabetic and the OLETF rat hearts; the columns represent the relative
value (1.0 is the value of the control, normal and LETO hearts), and
the wvertical bars represent the mean + SEM,*P<0.001 wversus the
control, normal and LETO hearts

(0.1 pmol/L), the time of the shift was significantly reduced
to a mean of 1.5+0.6 min. This effect of the AIl analogue
was abolished by the AIl antagonist (1.0 ymol/L) (Table 1).
PKA activator and cyclic AMP analogue: PKA activator
(1.0 umol/L) enhanced the expression of Cx43 at the gap junc-
tion, thus showing a promotion of the immunoreactive area
and the mean intensity of the immunoreactive signals of Cx43
(Figures 11Ab and 11C), as well as an increased quantity of
Cx43 (Figures 11Bb and 11C). The PKA-mediated phosphory-
lation of Cx43 was also augmented (Figure 11Bb). In the PKA-
activated hearts, the time of the shift from flutter to fibrillation
was significantly prolonged and, thus, was observed to be
15 min or longer (mean 18.1+2.1 min).

Cyclic AMP analogue (8-bromo cyclic AMP) (0.5 pmol/L)
showed an augmentative effect on the expression of Cx43, simi-
lar to the PKA activator (confocal image of immunohistochem-
istry not shown here). The time of the shift was significantly
shortened (to a mean of 17.2+3.1 min). This effect of cyclic
AMP analogue was abolished by PKA inhibitor (Table 1).

It was reported that a class III antiarrhythmic drug,
d-sotalol, activated adenylate cyclase and increased cyclic
AMP (14). Effects of d-sotalol (1.0 umol/L) on the expression
of Cx43 at the gap junction and the time to the shift were
examined. In the absence of the drug, expression of Cx43
tended toward deterioration approximately 10 min after the
beginning of the flutter, while in the presence of the drug,
expression of Cx43 was kept almost intact, even approximately
20 min after the beginning of the flutter (Figure 12). The time
of the shift was approximately 9 min in the absence of the
drug, while it was prolonged to a mean of 15.2+3.5 min in the
presence of the drug (Table 1). The effect of d-sotalol was
inhibited by PKA inhibitor (Table 1).
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Figure 10) A Confocal laser scan micrographs of the immunofluo-
rescence of connexin 43 (Cx43) in the streptozotocin-induced diabet-
ic rat heart. a, b, ¢ and d indicate the micrographs of the normal
(control) heart, and of the diabetic heart before fibrillation, at the
beginning of fibrillation and during advanced fibrillation (after
20 min), respectively. B Western blots of Cx43 in the streptozotocin-
induced diabetic rat heart. C A statistical analysis of the immunoflu-
orescence and Western blots of Cx43 — a comparison of the area, the
mean intensity of the immunoreactive signals at the gap junction and
the quantity of Cx43 among a, b, ¢ and d; the columns represent the
relative value (1.0 is the value of the normal [a]), and the vertical
bars represent the mean + SEM. *P<0.001 wersus the control;
7P<0.001

DISCUSSION

Aconitine is seriously toxic for cardiac cells, and it is known
to induce either atrial or ventricular fibrillation. Aconitine-
induced cardiac fibrillation has been well documented, and it
has also been used as a model of cardiac fibrillation in in vitro
experiments (7-9). The formation of ectopic pacemakers and
an incomplete block of impulse conduction between cells
have also been reported to be involved in the mechanism of
aconitine-induced fibrillation (15). The first flutter is initiated
at the stage of acceleration in ectopic pacemaker activity; the
flutter then shifts spontaneously to fibrillation as time pro-
gresses. It is plausible that these processes are stimulated by
the progressive intracellular Ca?* overload induced by the
reversed mode of Na*-Ca?* exchange activity, because aconi-
tine increases inflow of Na' ions into the cell (16-18).
Therefore, either an incomplete or complete block of impulse
conduction associated with aconitine toxicity is caused by a
dysfunction of the gap junction, because the Ca?* ion is a
major factor known to loosen gap junction communication
due to a closure of the gap junction channel (19-22) or due to
reduced expression of Cx43 at the gap junction by suppressing
PKA-mediated phosphorylation (12).

At the beginning of and during fibrillation, the action
potentials, with various amplitudes and differentials of rate
of rise, show a mingling of electrical activity in a myocyte.
This suggests that the initiation of fibrillation is triggered by
the electrical interaction between neighbouring cells in close
proximity to one another due to a dysfunction of the gap
junction.
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Figure 11) A Confocal laser scan micrographs of the immunofluo-
rescence of connexin 43 (Cx43) in the rat heart. a and b indicate
micrographs of the control and protein kinase A activator-treated rat
hearts, respectively. B Western blots using a polyclonal antibody for
Cx43 (Zymed Laboratories Inc, USA) in the ventricle of the rat
heart. C A statistical analysis of the immunofluorescence and
Western blot findings for Cx43 — a comparison of the area, the mean
intensity of the immunoreactive signals at the gap junction and the
quantity of Cx43 between the control and the protein kinase A
activator-treated hearts; the columns represent the relative wvalue
(1.0 is the value of the control [a]), and the vertical bars represent
the mean + SEM. *P<0.001 wversus the control
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Figure 12) A Confocal laser scan micrographs of the immunofluores-
cence of connexin 43 in the rat heart. a and b indicate micrographs
10 min after the beginning of flutter in the absence of d-sotalol and
20 min after the beginning of flutter in the presence of d-sotalol
(1.0 umol/L), respectively. B Statistical analysis of the immunofluo-
rescence of connexin 43 — a comparison of the area and the mean inten-
sity of the immunoreactive signals at the gap junction between a and b;
the columns represent the relative value (1.0 is the value in the presence
of d-sotalol [b]), and the wvertical bars represent the mean + SEM.
P<0.001 wversus b
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A high concentration of heptanol (higher than
1.0 mmol/L) completely closes the gap junction channels
and completely inhibits electrical interaction between cells.
Moreover, a high concentration of heptanol affects Na*, K*
and Ca?* channel activities. In this condition, the critical
effects of heptanol on the gap junction cannot be detected.
A low concentration of heptanol (0.1 mmol/L) induces
incomplete inhibition of the gap junction channels without
any effects on Na*, K* or Ca?* channel activity (13), and
accelerates electrical interaction between cells. Because a
low concentration of heptanol remarkably accelerates the
generation of fibrillation, unstable function of the gap junc-
tion contributes to this generation. An unstable function of
the gap junction is induced by the remodelling of connexin.
Moreover, in the present study, the expression of Cx43 at
the gap junction was heterogeneous at the beginning of fib-
rillation. Such evidence suggests that the generation of the
fibrillation is caused by a dysfunction of the gap junction,
which thus induces a re-entrant circuit between neighbour-
ing cells. Therefore, the facility of the shift from flutter to
fibrillation is considered as an indication of the susceptibil-
ity of ventricular tissue to fibrillation in relation to the dys-
function of the gap junction.

The heart or cardiac muscle strip exposed to hypokalemia
is vulnerable to ventricular fibrillation (23); diabetic or
hypertrophic hearts are susceptible to hyperkalemia-induced
ventricular fibrillation (24,25). This may indicate a dysfunc-
tion of the gap junction, because a K*-deficient solution has
been shown to induce intracellular Ca?*-overload, while
also reducing Cx43 expression at the gap junction and
inducing heterogeneous morphological structure of the gap
junction (23).

Therefore, according to the above considerations, the
susceptibility of the heart to fibrillation is expected to be
high when the expression of Cx43 at the gap junction has
deteriorated. As previously reported (11) and as demon-
strated in the present study, the expression of Cx43 at the
gap junction region and the amount of the Cx43 protein
decreased along with the PKC-mediated phosphorylation of
Cx43 in the STZ-induced diabetic (type 1 diabetic model)
or PMA-treated hearts. It has been proposed that the dete-
riorated expression of Cx43 at the gap junction in diabetic
or PMA-treated hearts resulted from an acceleration of pro-
teolytic degradation of Cx43 due to PKC-mediated hyper-
phosphorylation of Cx43 (11). It was demonstrated in the
present study that in the type 2 diabetic model (OLETF)
hearts, the expression of Cx43 at the gap junction deterio-
rated, while the PKC-mediated phosphorylation of Cx43
was augmented. These alterations in the expression of Cx43
are almost the same as those in the PMA-treated and the
STZ-induced diabetic hearts (Figures 7, 8 and 9). The sup-
pressed expression of Cx43 in the OLETF rats was possibly
caused by an acceleration in the proteolytic degradation of
Cx43 due to the PKC-mediated hyperphosphorylation of
Cx43. The expression of Cx43 at the gap junction has also
been previously shown to be downregulated by the suppres-
sion of the PKA-mediated phosphorylation of Cx43 (ie,
dephosphorylation) in hypoxic hearts (12). In the present
study, in hypoxic hearts, the time of the shift from flutter to
fibrillation decreased (Table 1).

As a result, the susceptibility to develop fibrillation must be
high in these pathological hearts. This hypothesis is supported
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by the results of the present study, in which the time of the
shift from flutter to fibrillation significantly decreased in
these pathological hearts compared with the normal
hearts (Table 1).

Some clinical events during which irregular tach-
yarrhythmias show re-entry of excitation, as are often
observed in diabetic, ischemic or hypoxic heart patients
(26-28), may thus be explained by the results of the present
study in reference to the dysfunction of the gap junction.

It was also previously demonstrated that an abnormal
expression of Cx43 in the STZ-induced diabetic or the
PMA-treated heart was ameliorated by treatment with a
PKC inhibitor, a proteasome inhibitor or a lysosomal
inhibitor (11). The higher susceptibility to fibrillation in
these hearts is expected to improve by pretreatment with a
PKC inhibitor, proteasome inhibitor or lysosomal inhibitor.
In fact, in the present study, the short time of the shift from
flutter to fibrillation in these hearts recovered to almost the
same value as that of the normal hearts after the adminis-
tration of these inhibitors.

At the beginning of fibrillation, the activation of PKC-g,
the PKC-mediated phosphoryaltion of Cx43 and the car-
diac tissue AIl level were all augmented. As a result,
enhancement of the synthesis of cardiac tissue All is sug-
gested to contribute to the generation of fibrillation via
PKC activation. This idea is supported by the fact that an
All analogue promoted the generation of fibrillation and
that AIl antagonists inhibited the initiation of fibrillation
in the diabetic heart in which PKC was activated.

At the beginning of fibrillation, the PKC-mediated
hyperphosphorylation of Cx43 and an increase in the syn-
thesis of cardiac tissue All were observed, along with a dete-
rioration in the expression of Cx43 at the gap junction. The
activation of PKC caused by the acceleration of All activity
was able to induce downward remodelling of Cx43. Such
remodelling may therefore have produced the substrate of
generation of fibrillation. These alterations were all
enhanced as the fibrillation advanced. It is conceivable that
the fibrillation itself remodelled Cx43.

At the beginning of fibrillation, suppression of the PKA-
mediated phosphorylation of Cx43 was observed, and it was
enhanced as the fibrillation advanced. This dephosphoryla-
tion of the PKA-mediated phosphorylation residue of Cx43
is possibly caused by the activation of PKC or overloaded
Ca?* ions, because the molecular isoform of Cx43 that is
phosphorylated by PKA (P1) is inhibited by the presence of
PMA (29) or Ca* ions (11).

On the other hand, when the expression of Cx43 at the
gap junction is augmented, namely, the function of the gap
junction is enhanced, then the susceptibility to fibrillation
is expected to be low. It was previously demonstrated that a
cyclic AMP analogue or PKA activator upregulated Cx43
and increased the expression of Cx43 at the gap junction
(12). It was also documented in the present study that the
PKA activator enhanced both the expression of Cx43 at the
gap junction and the PKA-mediated phosphorylation of
Cx43 (Figure 11), while also significantly prolonging the
time of the shift from flutter to fibrillation in comparison
with the control heart.

The dextroisomer of sotalol, d-sotalol, without beta-
adrenergic receptor blocking activity, is one of the class III
antiarrhythmic agents (30). There are two possibilities for
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the mechanism of antiarrhythmic action of d-sotalol. One
results from a prolongation of the refractory period caused by
an inhibitory effect on the K* channel. The other is depend-
ent on the effects of cyclic AMP or cyclic AMP-dependent
activation of PKA, because d-sotalol activates adenylate
cyclase and increases the intracellular cyclic AMP level
(14,31). Some authors have previously reported that d-sotalol
inhibited or decreased the susceptibility of the heart to
develop either ventricular tachyarrhythmias or ventricular
fibrillation under conditions of intracellular Ca%* overload,
such as during hypoxia or hypokalemia (23,32). It was pro-
posed that intracellular Ca?* overload, which suppressed gap
junction communication, was either prevented or ameliorated
by an acceleration of Ca?* uptake into the sarcoplasmic
reticulum caused by cyclic AMP (33). This idea was plausi-
ble, because cyclic AMP phosphorylates phospholamban
and activates sarcofendoplasmic reticulum Ca?*-ATPase
(34-36). However, the promotive action of cyclic AMP or
PKA by d-sotalol on the expression of Cx43 is considered to
be possible. The results of the present study support d-sotalol’s
restorative effect on the deteriorated remodelling of Cx43,
as shown in Figure 12.
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CONCLUSIONS

A dysfunction of the gap junction, namely, the deteriorated
expression of Cx43 at the gap junction, may contribute to the
generation of fibrillation substrates. The relationship between
the dysfunction of the gap junction and the generation of fibril-
lation is reasonably supported by the present results. The down-
ward remodelling of Cx43 is induced by PKC-g-mediated
hyperphosphorylation of Cx43 due to activation of All or inhi-
bition of the PKA-mediated phosphorylation of Cx43. This
remodelling of Cx43 makes the ventricular tissue susceptible to
fibrillation. In addition, the fibrillation itself remodels Cx43.
As a result, fibrillation may lead to a vicious cycle. It is there-
fore plausible that PKC inhibitors, All antagonists or PKA acti-
vators may have protective effects against the initiation or the
continuation of ventricular fibrillation.
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