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The effect of histone deacetylase inhibitors on dystrophic heart function is not established. To investigate this aspect,
dystrophic mdx mice and wild-type (WT) animals were treated 90 days either with suberoylanilide hydroxamic acid
(SAHA, 5 mg/kg/day) or with an equivalent amount of vehicle.

The following parameters were evaluated: (i) number of ventricular arrhythmias in resting and stress conditions
(restraint test) or after aconitine administration; (ii) cardiac excitability, conduction velocity, and refractoriness;
(iii) expression and distribution of connexins (Cxs) and Na,1.5 sodium channel. Ventricular arrhythmias were negli-
gible in all resting animals. During restraint, however, an increase in the number of arrhythmias was detected in
vehicle-treated mdx mice (mdx-V) when compared with SAHA-treated mdx (mdx-SAHA) mice or normal
control (WT-V). Interestingly, aconitine, a sodium channel pharmacologic opener, induced ventricular arrhythmias
in 83% of WT-V mice, 11% of mdx-V, and in 57% of mdx-SAHA. Epicardial multiple lead recording revealed a pro-
longation of the QRS complex in mdx-V mice in comparison to WT-V and WT-SAHA mice, paralleled by a significant
reduction in impulse propagation velocity. These alterations were efficiently counteracted by SAHA. Molecular ana-
lyses revealed that in mdx mice, SAHA determined Cx remodelling of Cx40, Cx37 and Cx32, whereas expression
levels of Cx43 and Cx45 were unaltered. Remarkably, Cx43 lateralization observed in mdx control animals was
reversed by SAHA treatment which also re-induced Na,1.5 expression.

SAHA attenuates arrhythmias in mdx mice by a mechanism in which Cx remodelling and sodium channel
re-expression could play an important role.

Arrhythmias e lon channels e Connexins ® Duchenne e Histone deacetylases

1. Introduction

Duchenne muscular dystrophy (DMD) is a genetic disease character-
ized by a progressive skeletal and cardiac muscle dysfunction deter-
mined by the absence of the structural protein dystrophin." Recent

clinical evaluation indicated that more than 30% of DMD deaths
result from progressive deterioration of cardiac function and
ensuing cardiac failure. Further, as fatal respiratory deficits are now
treated with ventilatory assist devices, the cardiac involvement of
Duchenne patients is emerging as a prevalent clinical feature and
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a major determinant of morbidity and mortality. Many DMD patients,
in fact, develop dilated cardiomyopathy and heart failure. Electrocar-
diographic (ECG) abnormalities can be detected in up to 60% of
the 10-year-old DMD population,” characterized by tall right precor-
dial R-waves, decreased S:R ratio, and deep Q-waves.” Although in the
early stages of the disease, the cardiac involvement remains subclinical
with a normal echocardiographic pattern, with age and consequent
fibrosis spreading left ventricular dysfunction and ventricular arrhyth-
mias eventually occur.

Ventricular arrhythmia is a common complication in DMD patients
and is considered a risk factor for sudden death.® The incidence of
ventricular arrhythmias, in fact, increases with the progression of myo-
cardial involvement and, although altered electrogenesis is not the
most prevalent mechanism of dystrophic heart failure, severe arrhyth-
mias frequently co-exist with asymptomatic left ventricular dysfunc-
tion and wall motion abnormalities thus contributing to sudden
death. The pathogenesis of DMD is frequently studied in the dys-
trophic mdx mouse model. Although to a milder extent, the heart
of these animals exhibits many of the most relevant features of
DMD cardiomyopathy, showing progressive development of cardiac
abnormalities including conduction defects, arrhythmias, and dilated
cardiomyopathy. Although extensive accumulation of connective
tissue and heart failure develop only in older mdx mice, electrical
and molecular cardiac alterations can be detected at very early
stages, suggesting that they may precede and contribute to the
further development of the disease.

Recent studies reported that mutations in the SCN5 gene,* encod-
ing for the sodium channel Na, 1.5, may cause dilated cardiomyopathy
in humans, suggesting for a potential pathogenetic role of this mol-
ecule. This main voltage-gated sodium channel, in fact, plays a key
role in cardiac conduction and its association with dystrophin
C-terminus mediated by o and 3 syntrophins has been recently
described.* The decreased Na,1.5 protein level, associated with the
global reduction of the dystrophin protein complex, is believed to
be responsible for the lower sodium current present in mdx mice
providing pathophysiological basis for at least some of the alteration
observed in their hearts. Consistently, heterozygous SCNS5A-
knockout mice, a model for Lenégre’s disease characterized by
mutations in the Na,1.5 channel, develop arrhythmias, extensive
fibrosis, and changes in connexins (Cxs) expression, suggesting an
association between the Na+ channel and gap junction proteins
with potential pathogenetic relevance. Studies of Cx expression in dis-
eased human and experimental animal hearts suggest that the altered
expression or function of gap junctions often parallels arrhythmias
occurring in many forms of heart disease, including hypertrophic,
ischaemic, and dilated cardiomyopathies.” At present, no information
is available on Na,1.5 sodium channel expression or Cxs remodelling
in the heart of DMD patients. Notably, the epigenetic regulatory
enzymes histone deacetylases have been recently implicated in the
pathogenesis of cardiac hypertrophy®’ and heart failure as well as
in the process of skeletal muscle differentiation and regeneration
including muscular dystrophy.p9 Alteration of their function has
been associated with a number of clinical disorders including
cancer, the chronic obstructive pulmonary disease, and neurodegen-
erative disorders. Although, the normalization of atrial arrhythmias
and fibrosis, developing in a mouse model of cardiac hypertrophy,
has been described following histone deacetylase inhibitors adminis-
tration,'® no information about their effect on the dystrophic heart
is currently available. To address this clinically relevant issue, we

analysed at electrophysiological (EP), structural, and molecular level,
the heart of mdx mice treated with histone deacetylase inhibitors
when compared with untreated mdx and normal control. Our
results indicate the presence of ventricular arrhythmias detectable
in mdx mice under stress condition which are reversed by histone
deacetylase inhibitors. This effect is paralleled by sodium channel
Na,1.5 re-expression and Cx remodelling.

2. Methods

2.1 Animal population and treatment

Two-month-old mdx mice and syngeneic controls, strain C57/Bl10
(Charles River), were used in all the experiments. Mice were injected ip
daily either with the histone deacetylase inhibitor suberoylanilide hydro-
xamic acid (ALEXIS-Biochemicals) (SAHA 5 mg/kg body weight) or
saline solution with an equivalent amount of solvent (DMSO). At this
dosage, no effects beyond that of histone deacetylase inhibition are
known or have been reported so far. Schedule and dosage of SAHA
administration were derived from prior work.”"" All experimental pro-
cedures were approved by the internal Animal Research Ethical Commit-
tee (Protocol HH39) according to the ltalian Ministry of Health and
complied with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH publication No. 85-23, revised in 1996).

2.2 EP studies

2.2.1 Telemetry ECG recording

Wild type (WT) and 21 mdx mice daily injected with vehicle (WT-V, n =
16; mdx-V, n = 21; respectively) were studied in comparison to SAHA-
treated WT and mdx animals (WT-SAHA, n = 12; mdx-SAHA, n = 18).
All mice were chronically instrumented with a miniaturized telemetry
ECG transmitter (model TAT0ETA-F20, Data Sciences) to enable ECG
recording in conscious freely moving animals, avoiding the confounding
effects of anaesthesia according to a procedure described previously.'
One week after surgery, continuous ECG recording was performed in
baseline condition (15 min) and during manoeuvres (additional 15 min)
aimed at inducing arrhythmias by stressful environmental conditions
(restraint test: WT-V, n=10; WT-SAHA, n=12; mdx-V, n=11;
mdx-SAHA, n = 11)"® or pharmacological treatment (aconitine adminis-
tration, 5 mg/kg; WT-V, n=6; mdx-V, n=9; mdx-SAHA, n= 7).14 In
brief, restraint test consisted of introducing the experimental animal in a
plexiglass tube (internal diameter, 3 cm; length, 10 cm), closed at both
ends by removable partitions provided with holes. All experimental
sessions were performed in a daylight interval between 10.00 a.m. and
100 p.m. Telemetry ECGs were collected by a receiver (model
CTR85-SA, Data Sciences) placed under the experimental cage. Data
were A-D converted, stored on computer memory, analysed off-line in
order to detect cardiac rhythm disturbances, and determine heart rate
and heart rate-based indices of cardiac autonomic input.

These indices included the standard deviation of R—R interval (SDgg)
and the square root of the mean of the squared differences between adja-
cent R—R interval (r-MSSD), taken, respectively, as indices of cardiac sym-
pathovagal balance and vagal input to the heart.

2.2.2 Epicardial multiple lead recording

Additional WT-V (n=4), WT-SAHA (n=3), mdx-V (n=3), and
mdx-SAHA (n = 4) were subjected to cardiac EP testing by using a 5 x
5 row and column electrode array with a 0.6 mm resolution square
mesh. Epicardial unipolar electrograms (EGs) were recorded during
sinus rhythm or specific pacing protocols in order to determine: (i) epicar-
dial conduction velocity (CV), (ii) cardiac excitability and refractoriness,
respectively, by strength—duration curve (S—D curve) and effective refrac-
tory period (ERP) measurements, and (i) duration of QRS, QT, and
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corrected QT interval (QTc) measured from the root mean square (RMS)
signal computed from all of the 5 x 5 EGs.

Further methodological information are available in the Supplementary
material online section.

2.3 Antibodies and western blotting

Western blotting (WB) analysis was performed according to standard
procedure. Heart samples were lyzed in Laemli’s buffer plus protease
and phosphatase inhibitor mix (Sigma).

Results of WB were analysed by Image] v1.28 software. Optical density
values of specific proteins were normalized to those of tubulin and cor-
rected for those obtained from WT which were considered equal to
1. Data represent the mean of at least three independent experiments +
standard error of the mean. The following antibodies were used for either
WB or immunofluorescence (IF) analysis: anti-Cx40, -Cx45, and -Cx37
(WB 1:250, polyclonal; Zymed); anti-Cx43 (WB 1:8000; IF 1:100, polyclo-
nal; Abcam); and anti-Cx32 (WB 1:1000, polyclonal; Abcam); anti
a-tubulin (WB 1:4000, monoclonal; Sigma); anti-Na, 1.5 (IF 1:100, polyclo-
nal; Abcam) (WB 1:2000; IF 1:100, polyclonal; Aviva); and anti-dystrophin
(WB 1:200, polyclonal; Abcam).

2.4 Confocal analysis

Heart sections were deparaffinized and confocal IF analysis performed
according to a procedure described previously.® Briefly, sections were
incubated for 1 h with 10% BSA/PBS to block non-specific protein-binding
sites and overnight at 4°C with specific antibodies. After a brief rinse, sec-
tions were incubated with FITC or TRITC secondary antibodies (dilution
1:50, DAKO). Nuclei were counterstained with TOPRO3. Samples were
analysed using a Zeiss LSM510 Meta Confocal Microscope with x40 or
x 120 magnification. Lasers’ power, beam splitters, filter settings,
pinhole diameters, and scan mode were the same for all examined
fields of each sample. Negative IF control was performed using normal
rabbit IgG instead of the rabbit primary antibody.

2.5 Proteasome activity

Proteasome activity was measured on 100 pug of whole hearts lysates
according to manufacturer’s instructions (20S proteasome activity assay,
Chemicon).

Tissues have been homogenized in lysis buffer containing 50 mM HEPES
(pH 7.5), 5mM EDTA, 150 mM NaCl, and 1% Triton X-100.

2.6 Statistical analysis

The SPSS statistical package was used (SPSS, 15th version). Normal distri-
bution of variables was checked by means of the Kolmogorov—Smirnov
test. Statistics of variables normally distributed (all variables except

baseline arrhythmias) included mean + standard error (SE), two-tailed
Student’s t-test, one-way analysis of variance (post hoc analysis: Bonferroni
or Games—Howell test, when appropriate), and x> test. Non-parametric
statistical tests (Kruskal—Wallis test and Mann—Whitney U-test) were
used to evaluate differences in the incidence of baseline ventricular
arrhythmias among groups and differences between baseline and
stress-induced arrhythmias within each group. Statistical significance was
set at P < 0.05.

3. Results

3.1 SAHA exerts anti-arrhythmic
properties in mdx mice

3.1.1 Telemetry ECG recording

Experiments were performed to establish the effect of SAHA on elec-
trogenesis and autonomic modulation of the dystrophic heart, in con-
scious and freely moving mice.

3.1.1.1 Baseline conditions

In all groups, spontaneous ventricular arrhythmias, consisting of iso-
lated premature beats, were negligible (WT-V, 0.9 + 0.2 events;
WT-SAHA, 0.5 + 0.2; mdx-V, 1.7 + 0.4; mdx-SAHA, 1.2 + 0.5), and
the average values of R—R interval, SDgg, and r-MSSD were compar-
able (Table 7).

3.1.1.2 Restraint test

In this condition, the exposure to stress significantly decreased R—R
interval (—20%; P <0.01) and heart rate variability indices (SDgg,
—80%; r-MSSD, —70%; P < 0.01, Table 1) in all the animals tested.
Conversely, significant differences among groups were found in the
number of stress-induced ventricular arrhythmias.

In comparison to WT animals treated with vehicle alone or SAHA,
control mdx exhibited a significant increase (P < 0.05) in the number
and complexity of arrhythmias including isolated premature ventricu-
lar beats (PVBs), several salvos, and short episodes of ventricular
tachycardia. Although only nine out of 141 ventricular arrhythmic epi-
sodes documented during restraint test in the entire animal popu-
lation consisted of ventricular tachycardia, all of them occurred in
mdx-V mice (Table 2 and Figure 1, see also Supplementary material
online).

The restraint test activates arrhythmogenic pathways via sympath-

etic over-stimulation,”® leading to increased dishomogeneity of

Table | Heart rate and heart rate variability indices (telemetry ECG data)

WT-V (n = 10) WT-SAHA (n = 12)

Baseline

R—R (ms) 108 +5 129+ 8

SDgr (ms) 127 + 23 173 +23

r-MSSD (ms) 43+ 11 55+1.0
Restraint

R—R (ms) 86 + 1* 85 + 1%

SDgr (ms) 15+ 0.1% 19 + 0.1*

r-MSSD (ms) 1.0 + 0.02* 1.1+ 0.01*

mdx-V (n = 12) mdx-SAHA (n = 11)

116+ 6 M7+7

107 + 1.3 11.6 £ 1.1
56+12 32+ 06
88 + 2% 87 + 2%
1.8 + 0.1% 17 £ 0.1%
12 + 0.06* 1.1 4 0.03*

Heart rate and heart rate variability indices in WT-V, WT-SAHA, mdx-V, and mdx-SAHA mice, in baseline and during restraint test. Values are expressed as mean + SE.

*P < 0.01, significant differences vs. baseline values in each experimental group.
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Table 2 Ventricular arrhythmias during restraint

WT-V (n = 10) WT-SAHA (n = 12) mdx-V (n = 12) mdx-SAHA (n = 11)
Mean + SE 0.7+ 0.2 12+05 9.7 4 3.5%% 12+ 05
Types of arrhythmias
PVBs (range) (1-3) in 6 mice (1-5) in 5 mice (1-27) in 11 mice (1-5) in 6 mice
Salvos None None (1=7) in 4 mice 1in one mice
VT None None (2-5) in 3 mice None
No. of animals without arrhythmias 4 out of 10 7 out of 12 None 4 out of 11

Analysis of ventricular arrhythmic events during restraint in WT-V, WT-SAHA, mdx-V, and mdx-SAHA mice. PVBs, premature ventricular beats; Salvo, run of two or three consecutive

PVBs; VT, ventricular tachycardia (run of four or more consecutive PVBs).
*P < 0.05 significant differences vs. WT-V and WT-SAHA.
#P < 0.05 significant differences vs. mdx-SAHA.

b

C mdx-v

TmV

E mdx-SAHA

ALK

B WT-SAHA

D mdx-V

u. SRy

F mdx-SAHA

Figure | Telemetry ECG tracings. Representative telemetry ECGs illustrating different patterns of ventricular arrhythmias during restraint in WT-V,
WT-SAHA, mdx-V, and mdx-SAHA mice. (A, B, E and F) Isolated PVBs. (C) One salvo and one PVB. (D) A short episode of ventricular tachycardia.

repolarization and abnormal impulse initiation as a consequence of
increased local potential gradients or afterdepolarizations.’” The
higher electrical instability observed in control mdx could, therefore,
be a consequence of arrhythmogenic mechanisms triggered by
increased sympathetic activity. Remarkably, in the mdx-SAHA
group, the occurrence and severity of arrhythmias were drastically
reduced (P < 0.05 vs. mdx-V), indicating a protective role for this
treatment against ventricular electrical instability (Table 2 and
Figure 1). Further, the lack of significant differences in SDgrgr and
r-MSSD (Table 1) suggests that the anti-arrhythmic action of SAHA

is not mediated by changes in cardiac autonomic modulation but
rather results from a direct effect on myocardial tissue.

3.1.1.3 Aconitine administration

To investigate whether the positive effect of SAHA on cardiac electri-
cal competence implies a reconstitution of the Na, 1.5 sodium channel
function, we analysed arrhythmias in the presence of aconitine, a
pro-arrhythmic drug known to maintain the sodium channel in an
open state. In this condition, high incidence of isolated PVBs and
several episodes of ventricular tachycardia occurred in WT-V mice
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(83%). Interestingly, the severity of aconitine-dependent arrhythmias
was limited to isolated premature beats in both mdx-V and
mdx-SAHA mice, whereas the percentage of animals exhibiting
arrhythmias was significantly reduced in the control mdx-V group
(11%, P < 0.05) but not in mdx-SAHA (57%) (Table 3). Thus, our
data might reflect a reduced level of Na® channels, the aconitine
arrhythmogenic substrate, observed in untreated mdx mice,* which
is reverted by SAHA (Table 3).

3.1.2 Epicardial multiple lead recording

To further investigate ventricular electrogenesis in  WT-V,
WT-SAHA, mdx-V, and mdx-SAHA mice, we performed high-
resolution epicardial recordings in order to determine the EP
properties of the normal vs. dystrophic myocardial tissue, including
excitability, CV, and refractoriness. Of note, the appropriate posi-
tioning of the electrode array was in some cases prevented by an
unfavourable spatial relationship between heart and lungs during
the open chest preparation. In addition, in a limited number of
animals, the light pressure exerted by the electrode injured the deli-
cate and thin visceral pericardium. Both conditions determined that
only a fraction of the 25 epicardial sites explored by the electrode
grid or used for pacing (five selected electrodes, see Supplementary
material online, Figure STF) were excitable and/or enabled recording
of reliable EG signals.

Table 3 Animals exhibiting ventricular arrhythmias
following aconitine administration

WT-V mdx-V mdx-SAHA
(n=26) (n=29) (n=17)
Animals with 5 (83%) 1 (11%) 4 (57%)
arrhythmias
Animals without 1(17%) 8 (89%) 3 (43%)
arrhythmias
* n.s.

Animals exhibiting ventricular arrhythmic events following aconitine administration in
WT-V, mdx-V and mdx-SAHA. n.s. indicates no statistically significant differences
between mdx-SAHA and WT-V.

*Differences between mdx-V and WT-V are statistically significant (P < 0.05).

Table 4 R-R, QRS, QT, and QTc interval duration

3.1.2.1 EG interval duration

The duration of QRS, QT, and QTc intervals was determined by
means of RMS curves obtained from 90, 66, 61, and 93 beats
recorded in WT-V, WT-SAHA, mdx-V, and mdx-SAHA mice,
respectively (Table 4). QRS duration was increased by about 30% in
mdx-V mice compared with WT-V and WT-SAHA animals (P <
0.01), whereas the prolongation was partially reduced in SAHA-
treated mdx mice (Table 4). QT and QTc intervals did not exhibit
any difference among groups (Table 4). Unlike measurements per-
formed in conscious animals, the average values of R—R interval
under anaesthesia were significantly higher in WT-SAHA and
mdx-V mice. However, similar values of QRS were obtained during
periods of comparable heart rate in each group, thus excluding any
effects of different R—R values on QRS duration (Table 4).

3.1.2.2 Excitability

S—D curves 9, 4, 6, and 7 could be correctly determined in WT-V,
WT-SAHA, mdx-V, and mdx-SAHA animals, respectively, and an
equivalent number of rheobase (Rh) and chronaxie (Chr) values
were analysed. In mdx-V mice, S—D curves were shifted upward
and to the right resulting in about two-fold increase in Rh when com-
pared with the other groups (P < 0.01; Figure 2A). A similar tendency
was observed for Chr values (Figure 2B).

3.1.2.3 Conduction velocity

CV was analysed longitudinally (CV-l) and transversally (CV-t) to
fibres orientation at the 27 and 24 epicardial sites in WT-V mice,
the 12 and 15 sites in WT-SAHA, the 58 and 49 sites in mdx-V,
and the 44 and 51 sites in mdx-SAHA. Both values were significantly
lower in mdx-V mice compared with WT-V and WT-SAHA (—30
and —15%, respectively, P < 0.01). Notably, the SAHA treatment
reverted CV-t to WT level, whereas it was ineffective on CV-|
(Figure 2C and D).

3.1.2.4 Refractoriness
The ERP was measured at the 9, 7, 12, and 11 epicardial sites in
WT-V, WT-SAHA, mdx-V, and mdx-SAHA animals. ERP was about
37% longer in mdx-V mice when compared with both WT-V and
WT-SAHA groups (P < 0.01). This prolongation was abolished by
SAHA treatment (Figure 2E).

Taken altogether, these EP data indicate a deterioration of ventri-
cular excitatory processes in mdx-V animals, as revealed by (i) QRS

WT-V WT-SAHA mdx-V mdx-SAHA
Animals (no. of beats) 4 (90) 3 (66) 3 (61) 4(93)

QRS (ms) 115 +07 117 +05 154 + 0.5+ 141 + 05

QT (ms) 233406 202+ 15 297 453 264429

QTc (ms) 169 + 09 115 + 06 169 + 37 159 + 14

R—R (ms) 209 + 7 308 + 18* 327 + 29+ 267 + 24

QRS (ms) comparable R-R (ms) 11.8 £ 0.2 (227 £+ 04)

103 + 02 (277 + 2.3)

16.7 + 0.3 (257 + 2.0) 147 + 02 (220 + 0.9)

Measurements of QRS, QT, and QTc interval duration in WT-V, WT-SAHA, mdx-V, and mdx-SAHA mice. QRS, duration of QRS complex; QT, duration of QT interval; QTc, QT interval

normalized to cycle length.
*P < 0.05 significant differences vs. WT-V.
8P < 0.05 significant differences vs. WT-SAHA.
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Figure 2 Cardiac excitability, CV, and refractory period in WT groups, mdx-V, and SAHA-treated mdx mice. Average values + SE of (A) Rh,
(B) Chr, (C and D) CV measured longitudinally (CV-l) and transversally (CV-t) to myocardial fibre orientation, and (E) duration of the ERP.
*P < 0.01 significant differences vs. WT-V and WT-SAHA; #P < 0.01 significant differences between mdx-V and mdx-SAHA groups.

prolongation, (i) slow-down of excitation spreading and decrease
in CV, and (iii) reduced ability to elicit a propagated response
as a consequence of reduced excitability and increased refrac-
toriness. These alterations were largely reversed by SAHA treatment.
Interestingly, these changes were apparently independent on con-
nective tissue accumulation as demonstrated by the presence of
similar levels of hydroxyproline content in WT-V, mdx-V, and
mdx-SAHA mice (WT-V=0.118 £ 0.02, mdx-V =0.13 £+ 0.021,
and mdx-SAHA = 0.115 + 0.03 g hydroxyproline/mg tissue; n = 6
in each group).

3.2 SAHA induces Cx remodelling and
modulates expression and function of the
Na,1.5 sodium channel

In this study, we describe the amelioration of cardiac electrical com-
petence in SAHA-treated mdx mice paralleled by an improvement of

the electrical impulse propagation throughout the myocardium. We
reasoned that this effect could rely on active and passive recovery
of the electrical properties of the heart. In fact, the type and distri-
bution of gap junctions and the Na™ ions current, responsible for
the initial phase of the action potential and delivering of local

current to propagation,'®

are generally admitted as the main deter-
minants of the cardiac conduction. Therefore, we investigated the
involvement of Cxs and the cardiac voltage-gated sodium channel
Na,1.5 isoform in determining the effects of SAHA on cardiac

electrogenesis.

3.2.1 Cx remodelling

The expression of cardiac (Cx40, Cx43, and Cx45) and non-cardiac
specific Cxs (Cx37 and Cx32) was evaluated. WB analysis performed
on whole heart lysates obtained from WT-V and mdx-V mice showed
comparable Cx43 and Cx45 protein levels. In contrast, Cx40 was
found up-regulated in mdx-V mice (Figure 3A). Remarkably, the
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normal distribution of Cx43 in the gap junctions at the apical
cell-to-cell contacts was lost in mdx-V heart where a marked Cx43
lateralization was observed (Figure 3B). This finding is in agreement
with what observed in other types of cardiac dysfunction. In failing
heart, in fact, a loss of the normal ordered distribution of Cx43 is
often evident at the border zone close to the scar tissue,17 whereas
an increase in Cx40 level has been observed in patients with conges-
tive heart failure secondary to dilated cardiomyopathy.'® Remarkably,
SAHA treatment modified the pathological pattern of Cxs of mdx
mice; it decreased the protein level of Cx40 (Figure 3A) and signifi-
cantly recovered to a normal Cx43 distribution pattern (Figure 3B).
No changes in Cx43 distribution were observed in WT-SAHA
group (see Supplementary material online, Figure $S3). The non-cardiac
specific Cxs Cx32, expressed by cardiac fibroblasts, and Cx37,
present on endothelial cells, were also analysed. Although Cx37
was found down-regulated in mdx-V mice (P < 0.05), both molecules
were significantly up-regulated in response to SAHA (Figure 4A).
Altogether, these data indicate an important and generalized effect
of SAHA on Cx expression and distribution in the dystrophic
mouse heart.

In this study, data provided by epicardial recordings indicated
that SAHA greatly improved excitability, refractoriness, and CV
across fibres (CV-t) but failed to restore the altered spread of
excitation along fibres (CV-l). This observation supports the
hypothesis that gap junctions remodelling can contribute to the
SAHA-dependent benefit to mdx cardiac electrical competence,
but further suggests that other mechanisms could be involved in
this process.

3.2.2 Modulation of function and expression of Na,1.5
sodium channel isoform

The cardiac Na,1.5 channels are localized at the intercalated disk
region of cardiomyocytes as well as in the lateral membranes. Inter-
estingly, dystrophin has been shown to be absent from the interca-
lated discs of normal human and murine cardiac cells. One of the
consequences of dystrophin deficiency, in fact, is the down-
modulation of the sodium channel Na,1.5 which results in reduction
of maximum Na™ conductance and may play a role in arrhythmogen-
esis by decreasing velocity of impulse propagation and safety factor for
conduction." In addition, the results of our analysis about proneness
to arrhythmias in WT-V, mdx-V, and mdx-SAHA mice challenged
with aconitine suggest that part of the positive effect of SAHA on
cardiac conduction may reflect the reconstitution of the sodium
channel Na,1.5 function. In order to investigate this aspect, WB
(Figure 4A, left panel) analyses of hearts from control or SAHA-
treated animals were performed. The result shows that SAHA
induced Na,1.5 channel re-expression. Confocal microscopy per-
formed with two different antibodies raised against the Na,1.5
sodium channel (Figure 4B and see Supplementary material online,
Figure S2) confirmed this result.

The sodium channel Na,1.5 association with the dystrophin
C-terminal is believed responsible for the channel protein stabilization.
In an independent series of experiments, we evaluated whether the
Na, 1.5 re-expression could be associated to dystrophin re-expression.
Similar to what previously observed in the skeletal muscle of mdx mice
treated with histone deacetylase inhibitors,” SAHA did not induced dys-
trophin expression in mdx heart (Figure 4A, right panel), re-enforcing
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the evidence that histone deacetylase inhibitors do not correct the
primary genetic defect of DMD.

Several ions channels®® including the cardiac Na,1.5 have been
shown regulated by ubiquitination. Specifically, van Bemmelen
et al.*! demonstrated that Nedd4-2 ubiquitinates Na,1.5 modulating
the intracellular pool of channels, possibly through proteasome-
mediated cytosolic protein degradation. In this view, we investigated
whether SAHA treatment could affect proteasome activity in mdx
heart samples. Figure 4C shows that proteasome activity was slightly
increased in mdx-V heart in comparison to WT-V and completely
abrogated by SAHA treatment.

4. Discussion

Published data about cardiac electrical competence in mdx mice dis-
close a variety of contrasting observations possibly generated by a mix
of heterogeneous variables including animal age, ECG acquisition
techniques (i.e. standard ECG, Holter monitoring, and epicardial/intra-
cardiac EP testing), recording conditions (i.e. conscious vs. anaesthe-
tized animals), and genetic background.

In our experimental setting, we analysed arrhythmia vulnerability in
conscious animals in order to detect early signs of cardiac electrical dys-
function. Ventricular arrhythmias were negligible in baseline condition
in all the animals tested. In contrast, restraint conditions resulted in a
significantly larger number of ventricular arrhythmias in mdx-V mice
in comparison to control groups (WT-V and WT-SAHA), revealing a
latent cardiac pathological state. One advantage of telemetry ECG
recording during restraint for exploring the competence of cardiac
electrical function is the use of stimuli belonging to the real life of
social animals. On the other hand, the mouse high heart rate and the
limitation of one-lead recording require a careful analysis of ECG
signals and in some cases might make it difficult a clear cut inter-
pretation. Thus, it is not excluded that additional important infor-
mation on the electrical instability of mdx heart can be provided by
more invasive EP studies with stress protocols. The occurrence of
restraint-induced ventricular arrhythmias was reverted to control
values in mdx-SAHA mice indicating a protective effect of the treat-
ment. Notably, heart rate-based indices of autonomic input to the
heart had similar values in all groups during both baseline and restraint,
excluding any major involvement of cardiac autonomic modulation in
mdx cardiomyopathy and in the mechanism of SAHA-dependent
recovery. The percentage of animals with aconitine-induced ventricular
electrical instability was significantly less in mdx-V group mice, when
compared with the other groups, suggesting a role of Na™ channel in
the anti-arrhythmic effect of SAHA. Consistently, epicardial multiple
lead recording in anaesthetized animals revealed: (i) longer QRS
complex in mdx-V mice than in the control groups; (ii) decreased
CV along and across fibres, and (iii) reduction in the ability to elicit a
propagated response resulting from decreased excitability and
increased refractoriness. Most of the degeneration in EP properties
of the ventricular myocardium was largely counteracted by SAHA
which, however, was unable to ameliorate CV along fibres. The signifi-
cant prolongation of R—R interval as measured at the epicardial surface
of anaesthetized WT-SAHA together with the observation that values
of both R—R interval and SDgp in conscious WT-SAHA mice tended to
be higher than in control mice (WT-V) might suggest a slight facilitatory
action of SAHA on the vagal input to the heart. This effect, however, is
modest and should not have had any consequence on the
SAHA-induced recovery of ventricular electrical stability in mdx mice.

On the other hand, a longer R—R interval under anaesthesia was also
observed in the control mdx-V group. Therefore, non-specific effects
of anaesthesia cannot be completely ruled out at least for this
parameter.

Structural remodelling of gap junctions involving abnormalities in
the expression and distribution of Cxs has been found in different
human heart diseases developing arrhythmias. Specifically, an altered
distribution of Cx43 and Cx40 has been observed in patients with
congestive heart failure secondary to dilated cardiomyopathy.”” In
our study, we found that alteration in Cx40 expression and in the
spatial distribution of ventricular Cx43 occurred in mdx heart. Analy-
sis of the epicardial CV revealed a slower impulse propagation both
along (CV-l) and across (CV-t) mdx cardiac fibres when compared
with controls. These results are compatible with alteration of Cx
function consequent to lateralization or dysregulated expression
level. Nevertheless, the treatment with SAHA reduced the expression
of Cx40 and partially normalized the distribution of Cx43. Further, in
mdx-V mice, the altered expression of Cx32, characteristic of cardiac
fibroblast, and Cx37 expressed by endothelial cells were reverted to
control values by SAHA treatment. Although the contribution of
Cx37 and Cx32 to the development of arrhythmias is currently
unclear, it is conceivable that the restoration of normal Cx levels
may contribute to the functional normalization dystrophic cardiomyo-
cytes. SAHA treatment, however, was not able to completely
re-establish the normal CV-l values in mdx-SAHA group as indicated
by epicardial EP testing.

The structural and functional interactions between cardiomyocytes
and other cells, (e.g. cardiac fibroblast) are essential for heart physi-
ology and pathophysiology.”® Yet, despite the alteration in the level
and/or spatial distribution of Cxs is important for cardiac impulse
propagation and plays a role in arrhythmias development, further
experiments are required in order to clarify (i) the exact contribution
of Cxs remodelling to the development of cardiac arrhythmias in mdx
mice, (i) whether the dystrophin defect plays a role in this process,
and (jiii) how SAHA-dependent mechanisms contribute to Cxs nor-
malization. In this context, the acetylation of specific target proteins
elicited by SAHA and other inhibitors could be an important aspect
to evaluate in future investigations.

Although the precise localization of the sodium channel Na,1.5 in
cardiac cells is somewhat controversial,** it is recognized that at
least two distinct pools of Na,1.5 channel may co-exist. One
resides at the intercalated disks, whereas the other seems localized
in lateral membranes, and recent findings raised the issue that this
second pool of sodium channel could play an important role in the
conduction of cardiac impulse.” In the heart, dystrophin and the
sodium channel Na,1.5 largely co-localize, at the peripheral plasma
membrane and in the T-tubule system. On the other hand, differently
from the sodium channel, dystrophin is absent from the intercalated
discs of human and murine cardiomyocytes.”® As a consequence of
dystrophin mutation, an alteration in expression and function of the
sodium channel Na,1.5 has been recently described in mdx heart.*
Our experiments showed that the treatment with SAHA led to the
re-expression of this channel with important functional consequences
as indicated by the re-establishment of proneness to
aconitine-induced arrhythmias in SAHA-treated mdx. In addition,
the epicardial EP recordings suggests that the amelioration of
impulse propagation occurs predominantly across fibres, indicating
that SAHA, although ineffective on the endogenous dystrophin
levels, has an impact on Na,1.5 channels including those present in
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the lateral membranes and normally associated with dystrophin. The
mechanism leading to Na,1.5 alteration in mdx mice is not known.
A physical link between dystrophin and this ion channel has been pro-
posed to contribute to protein stability. Indeed, the increase in
sodium channel protein level elicited by SAHA may underline the
presence of still uncovered regulatory mechanisms. In fact, Na,1.5 is
known to associate with several proteins which may regulate the
anchoring and clustering of the channel itself to the membrane
even in the absence of dystrophin.’ % Further, ubiquitination is
known to regulate the Na, 1.5 channel membrane density possibly tar-
geting the protein for proteasome-mediated degradation.”' The ability
of SAHA to inhibit proteasome activity in mdx heart strongly suggests
that this could be an important part of the mechanism responsible for
the sodium channel re-expression. Further experiments are required
to address this important aspect.

This is the first report about a histone deacetylase inhibitor which
prevents ventricular arrhythmias and reverses conduction defects in
the mouse dystrophic heart. This anti-arrhythmogenic action of
SAHA occurs in the absence of effects on cardiac fibrosis which, at
this stage of the disease, is similar in normal and dystrophic mice.
Remarkably, SAHA normalized Cx40, reversed Cx43 lateralization,
and re-induced Na, 1.5 expression, indicating, for this small molecule,
novel properties potentially useful to reduce or prevent arrhythmo-
genesis and ventricular electrical dysfunction in DMD. Hence, our
results indicate that histone deacetylase inhibitors and, more
broadly, epigenetic drugs may represent a novel class of anti-
arrhythmic agents awaiting development for clinical use.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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