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Aims Autonomic dysfunction can promote atrial fibrillation (AF) and results from AF-related remodelling. N-type
Ca2þ-channels (NTCCs) at sympathetic nerve terminals mediate Ca2þ-entry that triggers neurotransmitter
release. AF-associated remodelling plays an important role in AF pathophysiology but the effects of NTCC
inhibition on such remodelling is unknown. Here, we investigated the ability of a clinically available Ca2þ-channel
blocker (CCB) with NTCC-blocking activity to suppress the arrhythmogenic effects of AF-promoting remodelling
in dogs.

....................................................................................................................................................................................................
Methods
and results

Mongrel dogs were kept in AF by right atrial tachypacing at 600 bpm. Four groups were studied under short-term
AF (7 days): (i) Shams, instrumented but without tachypacing (n = 5); (ii) a placebo group, tachypaced while receiv-
ing placebo (n = 6); (iii) a control tachypacing group receiving nifedipine (10 mg orally twice-daily; n = 5), an L-type
CCB; and (iv) a cilnidipine group, subjected to tachypacing and treatment with cilnidipine (10 mg orally twice-daily;
n = 7), an N-/L-type CCB. With cilnidipine therapy, dogs with 1-week AF showed significantly reduced autonomic
changes reflected by heart rate variability (decreases in RMSSD and pNN50) and plasma norepinephrine concentra-
tions. In addition, cilnidipine-treated dogs had decreased extracellular matrix gene expression vs. nifedipine-dogs.
As in previous work, atrial fibrosis had not yet developed after 1-week AF, so three additional groups were studied
under longer-term AF (21 days): (i) Shams, instrumented without tachypacing or drug therapy (n = 8); (ii) a placebo
group, tachypaced while receiving placebo (n = 8); (iii) a cilnidipine group, subjected to tachypacing during treatment
with cilnidipine (10 mg twice-daily; n = 8). Cilnidipine attenuated 3-week AF effects on AF duration and atrial con-
duction, and suppressed AF-induced increases in fibrous-tissue content, decreases in connexin-43 expression and
reductions in sodium-channel expression.

....................................................................................................................................................................................................
Conclusions
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Cilnidipine, a commercially available NTCC-blocking drug, prevents AF-induced autonomic, electrical and structural
remodelling, along with associated AF promotion.
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Graphical Abstract

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia in clinical practice,
and is associated with increased morbidity and mortality.1,2 Classical
anti-arrhythmic agents have potential adverse effects and are relatively
ineffective. Safer and/or more efficacious drugs are needed for AF
treatment.

A wide range of voltage-dependent Ca2þ channels have been de-
scribed, including L-type Ca2þ-channels (LTCCs) responsible for cardiac
excitation-contraction coupling, T-type Ca2þ-channels (TTCCs) involved
in cardiac automaticity, and N-type Ca2þ-channels (NTCCs), located
predominantly on neurons.3 NTCCs regulate the release of several neu-
rotransmitters, including glutamate, c-aminobutyric acid, acetylcholine,
dopamine, and norepinephrine (reviewed in Ref.4). In the cardiovascular
system, NTCCs are particularly involved in the control of sympathetic
function.5 Norepinephrine is synthesized in neuronal cell bodies. It is then
transported and concentrated in vesicles located in nerve-varicosities

adjacent to adrenergic receptors, pending release upon neural depolari-
zation via Ca2þ-entry through NTCCs.6–8

Autonomic nervous system (ANS) activity regulates atrial electrophysiol-
ogy and risk/persistence of AF. ANS dysfunction can promote AF and is a
consequence of AF-related remodelling.9 Sympathetic nerve activity is asso-
ciated with the pathogenesis of AF.9,10 Norepinephrine released from sym-
pathetic nerve terminals activates cardiomyocyte b-adrenergic receptors,
causing abnormal Ca2þ-handling and arrhythmogenesis.9 Strategies to re-
duce sympathetic nerve activity may thus have protective value against AF.

Several studies have demonstrated that pharmacological blockade or
genetic deletion of NTCCs alters sympathetic nerve activity. Cilnidipine
blocks both LTCCs and NTCCs, and is clinically used as an antihyperten-
sive drug. Based on the role of the ANS in AF and atrial remodelling,9 we
hypothesized that NTCC blockade might protect against AF-associated
remodelling. Accordingly, this study evaluated the effects of NTCC
blockade on the development of atrial remodelling and AF vulnerability
in dogs with electrically maintained AF.

1976 K. Tajiri et al.
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2. Methods

2.1 Animal model
Animal handling procedures were approved by the local Animal
Research Ethics Committee and complied with National Institutes of
Health Guidelines for the care and use of laboratory animals. Dogs were
initially anesthetized with ketamine (5.3 mg/kg, intravenous), diazepam
(0.25 mg/kg, intravenous), and isoflurane (1.5%), intubated, and venti-
lated. A pacing lead was inserted into the right atrial appendage (RAA)
via a jugular vein under fluoroscopic guidance and attached to a subcuta-
neous pacemaker implanted in the neck. After 72 h for post-operative
recovery, AF was maintained continuously by atrial tachypacing (AT-P)
at 600 bpm for 7 days (short-term AF groups) or 21 days (longer-term
AF groups).

2.2 Experimental groups
Forty-seven mongrel dogs (weight, 23.4–39.4 kg) were studied in the fol-
lowing seven groups (Supplementary material online, Figure S1). Short-
term AF dogs: (i) a Sham group, instrumented but without AT-P or drug
therapy (n = 5); (ii) a placebo AF group, maintained in AF by AT-P with
placebo twice a day (n = 6); (iii) a control AF group receiving nifedipine
(10 mg orally twice a day; n = 5); and (iv) a cilnidipine AF group, treated
with cilnidipine (10 mg orally twice a day; n = 7). Longer-term AF dogs:
(v) a Sham group, instrumented but without AT-P or drug therapy
(n = 8); (vi) a placebo group, maintained in AF by AT-P with placebo
twice a day (n = 8); and (vii) a cilnidipine AF group, treated with cilnidi-
pine (10 mg orally twice a day; n = 8). Drug therapy was initiated 3 days
before tachypacing onset. Nifedipine and cilnidipine were purchased
from pharmaceutical companies (Bayer Yakuhin, Ltd, Japan and Mochida
Pharmaceutical Co. Ltd, Japan, respectively). The experimenter was
blinded to dog therapy-assignment until the experiments were com-
pleted and data analysed.

2.3 Open-chest electrophysiological study
Dogs were anesthetized with morphine (2 mg/kg, s.c.) and a-chloralose
(120 mg/kg, i.v. load, 29.25 mg/kg/h maintenance), and mechanically ven-
tilated. Body temperature was maintained at 37�C. The pacemaker was
deactivated and a median sternotomy performed. In dogs with sustained
AF despite pacemaker-cessation on the open-chest study day, AF was
direct-current (DC) cardioverted for the electrophysiological study
(EPS). Bipolar electrodes were hooked into the RAA and left atrial (LA)
appendage for recording and stimulation. In short-term AF dogs, a
mapping-electrode array was sutured to the right atrial epicardial surface
to measure conduction velocity. LA effective refractory period (ERP)
was measured at a basic cycle length of 300 ms with eight basic (S1) stim-
uli, followed by an S2 with 5-ms decrements (all pulses twice-threshold,
2 ms). The vulnerability to AF induction at each site was defined by the
ability of a single S2 to induce, in a reproducible fashion, AF that lasted
>1 s. Overall vulnerability in each dog was defined as the percentage of
six pacing sites at which AF was inducible. To measure AF duration as an
index of AF promotion by remodelling, AF was induced with 2-s burst
pacing (25-Hz, 4� threshold current). Mean AF duration in each dog
was based on 10 AF inductions. Prolonged AF (>20 min) was terminated
by DC cardioversion. A 20-min rest period was allowed before continu-
ing measurements. If prolonged AF was induced twice, no further AF
induction was performed. At the end of each experiment, while under
continued anaesthesia, dogs were euthanized via exsanguination by

cutting open the aorta to remove the heart for further ex-vivo dissection
and/or study.

2.4 Heart rate variability
In placebo, nifedipine and cilnidipine short-term AF groups, the ECG was
continuously recorded for 24 h with Holter monitoring. We examined
variations in heart rate on day 2 (2 days after the start of drug administra-
tion, but before AT-P) and during AF on day 9 (after 1 week of AT-P).
Heart rate variability (HRV) measurements included: AVNN (average of
all NN intervals), RMSSD (root mean square of successive differences),
and pNN50 (the proportion of pairs of NNs that differ by more than
50 ms divided by total number of NNs). To obtain these results, we
analysed 5-min data segments during each hour (e.g. 8:00–8:05, 9:00–
9:05, 10:00–10:05, etc.) and then calculated the average of the results for
each three consecutive-hour block (e.g. 5–8 am, 8–11 am, etc.). The first
analysable five consecutive minutes of each hour (i.e. free of excessive
noise and/or artefacts) were used for analysis.

2.5 Measurement of plasma
norepinephrine concentration
In placebo-, nifedipine-, and cilnidipine-treated 1-week AF groups,
citrated blood samples from a femoral vein were obtained before drug
administration and after 7-day AT-P. Plasma was collected and stored at
-80�C. The norepinephrine concentration was measured with an
enzyme-linked immunosorbent assay kit (Labor Diagnostika Nord
GmbH & Co. KG, Germany).

2.6 Real-time quantitative reverse
transcription polymerase chain reaction
Isolated dog LA-samples were homogenized in a lysis buffer, and RNA
was isolated with Nucleospin RNA II (Macherey Nagel, Germany), in-
cluding DNase treatment to prevent genomic contamination. Messenger
RNAs (mRNAs) were reverse-transcribed with the High-Capacity
Reverse Transcription Kit (Applied Biosystems). Quantitative polymer-
ase chain reaction (PCR) was performed with TaqMan probes and pri-
mers from Applied Biosystems for: housekeeping genes HPRT and b2-
microglobulin, KCNJ2, collagen-1 (COL1A1 and COL1A2), collagen-3
(COL3A1), fibronectin-1(FBN1), and fibrillin-1 (FN1). SyBr green primers
were used to quantify: LTCC (CACNA1C), Kv1.4 (KCNA4), Kv4.3
(KCND3), ryanodine receptors (RYR2), SERCA2A, phospholamban (PLN),
the Naþ-Ca2þ exchanger (NCX1), NTCC (CACNA1B), connexin-43
(GJA1), and connexin-40 (GJA5). The geometric-mean expression of
HPRT and b2-microglobulin was used for normalization. Quantitative

......................................................................................................

Table 1 Characteristics of dogs in various acute-AF groups
at end–study

Sham Placebo Nifedipine Cilnidipine

(n 5 5) (n 5 6) (n 5 5) (n 5 7)

Body weight (kg) 30.4 ± 1.5 31.5 ± 1.7 32.6 ± 3.3 29.1 ± 1.0

Systolic BP (mmHg) 144 ± 9 120 ± 7 120 ± 6 119 ± 10

Diastolic BP (mmHg) 79 ± 3 80 ± 5 71 ± 4 75 ± 6

RAP (mmHg) 3.0 ± 0.7 8.0 ± 0.7* 8.1 ± 1.8* 7.8 ± 0.8*

LAP (mmHg) 2.8 ± 0.3 9.8 ± 0.4* 10.4 ± 1.7* 11.0 ± 1.2*

LVEDP (mmHg) 6.5 ± 0.3 12.2 ± 0.7* 11.7 ± 2.0* 11.2 ± 1.6*

*P < 0.05 vs. Sham.
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.PCR reactions were performed with Taqman Gene Expression Master
Mix (Applied Biosystems) on a Stratagene MX3000. Gene expression
values were calculated by the 2-DCt method and normalized based on
the Sham group.

2.7 Western blot
Protein samples were separated by electrophoresis on 4–20% sodium
dodecyl sulphate polyacrylamide gels and transferred electrophoretically
onto polyvinylidene difluoride membranes. Membranes were blocked in
a Tris-buffered saline-solution (TBS) containing 0.2% (volume/volume)
Tween-20 and 5% (weight/volume) BSA. They were then incubated
overnight at 4�C with primary antibodies diluted in TBS containing 0.2%
Tween-20 and 1% BSA. After washing with TBS-Tween/1% BSA, mem-
branes were hybridized with horseradish peroxidase-conjugated sec-
ondary antibody. Immunoreactive bands were detected by
electrochemiluminescence with BioMax MS/MR films. Protein quantifica-
tion was obtained with Quantity One software (Bio-Rad). All expression
data are relative to glyceraldehyde-3-phosphate dehydrogenase staining
for the same samples on the same gels. Antibodies used were: GJA1
(AB1727, Merck Millipore), P-Cx43(Ser368) (48-3000, Thermofischer
Scientific), and GJA5 (36-4900, Thermofischer Scientific).

2.8 Histology
Sections (6 lm) were cut at room temperature and stained with
Masson’s Trichrome. Stained images were digitized and the fibrotic area
was analysed with Image Pro 9.3 (Media Cybernetics, Rockville, MD,
USA). LA-fibrosis was quantified by an observer blinded to group and
expressed as per cent cross-sectional area.

2.9 Echocardiography
Transthoracic echocardiography was performed at baseline and on the
last study day prior to euthanasia in longer-term AF dogs. An M3S probe
(2.0–4.3 MegaHerz) and a Vivid 7 Dimension system (GE Healthcare
Ultrasound, Horten, Norway) were used, under sedation with acepro-
mazine (0.07 mg/kg i.m.). The biplane Simpson method was used to de-
termine LV volumes and LV ejection fraction (LVEF). The average of
three to six cardiac cycles was used for each measurement, with the op-
erator blinded to treatment assignment.

2.10 Optical mapping
The LA was dissected free and perfused through its coronary artery with
Krebs solution (mM: 120 NaCl, 4 KCl, 1.2 MgSO4 0.7, 1.2 KH2PO4, 25

Figure 1 Effects of cilnidipine on AF features after 1-week AF. Intergroup differences in AF vulnerability (A), AF duration (B), RAA ERP (C), left atrial ap-
pendage (LAA) ERP (D), and conduction velocity (E). Cilnidipine significantly attenuated RAA ERP changes caused by AF and quantitatively reduced AF vul-
nerability. For all graphs, n = 5, 6, 5, and 6 dogs for Sham, AF þ Placebo, AF þ Nifedipine, and AF þ Cilnidipine, respectively; except for AF duration, for
which data for 7 dogs were available for AFþ Cilnidipine. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Shams, by one-way ANOVA with Tukey’s test. #P < 0.05 vs.
AFþ cilnidipine, by one-way ANOVA with Tukey’s test.
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.NaHCO3, 5.5 glucose, 1.25 CaCl2, 95% O2/5% CO2) at 30mL/min and
37�C. Any leak from arterial branches was ligated with silk thread to main-
tain adequate perfusion. After 30min for stabilization and electrical/mechani-
cal decoupling with blebbistatin (15lM), the heart was loaded with di-4-
ANEPPS (Biotium, Inc., Hayward, CA, USA). A charge-coupled device
(CardioCCD, RedShirtImaging, LLC, Decatur, GA, USA) was used to record
LA free wall fluorescence at 2kHz focused on a 15� 15-mm square region.
Bipolar electrodes were used to pace the LA appendage. Optical maps were
obtained during 1.5� threshold current 2-ms stimulation at a cycle length of
300ms. Data were analysed with custom-written software algorithms.

2.11 Data analysis
Continuous variables are expressed as mean ± SEM. Multiple group com-
parisons were obtained with one-way ANOVA and Tukey’s tests (for
normally distributed data) or Steel-Dwass test (for non-normally distrib-
uted data) for non-repeated measures. Repeated-measures analyses were
performed for normally distributed data with two-way ANOVA and
Tukey’s tests. Distribution normality was tested with a Shapiro–Wilk test.
Two-tailed P < 0.05 indicated statistical significance. Wherever possible,
group data are shown in figures as dot-plots of individual-animal results,

along with group means and standard errors as horizontal lines. The
authors had full access to and take responsibility for the integrity of the
data. All authors have read and agreed to the manuscript as written.

3. Results

3.1 Effects of NTCC blockade on
remodelling caused by 7 days of AF
3.1.1 Hemodynamic and electrophysiologic changes
The characteristics of experimental animals at end-study are summarized in
Table 1. Body weight averaged about 30kg and did not differ among groups.
There were no significant differences in systolic or diastolic blood pressures,
whereas LV end-diastolic, LA, and RA pressures were increased in the dogs
with 7-day AF.

Placebo-, nifedipine-, and cilnidipine-treated dogs subjected to 7-day AF
showed significantly increased vulnerability to AF induction (Figure 1A).
There were no statistically significant differences in AF duration among the
groups (Figure 1B). Placebo-treated dogs subjected to 7-day AF had signifi-
cantly reduced ERP (Figure 1C). This effect was unaltered by nifedipine, but

Figure 2 The effect of cilnidipine on HRV. Cilnidipine attenuated AF-induced changes in these indices of autonomic tone (see also Supplementary
material online, Figure S2). Left, average of all NN intervals (AVNN). Middle, the proportion of the number of pairs of NNs that differ by more than 50 ms di-
vided by total number of NNs (pNN50). Right, root mean square of the successive differences (rMSSD). The X-axis labels represent 3-h blocks at the times
of the day indicated. *P < 0.05, **P < 0.01 by two-way ANOVA (n = 5, 6, 5, and 7 dogs for Sham, AF þ Placebo, AF þ Nifedipine, and AF þ Cilnidipine,
respectively).
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.. was significantly attenuated by cilnidipine (Figure 1C). Conduction velocities
in the RA were significantly greater in the nifedipine group vs. the cilnidipine
dogs (Figure 1D).

3.1.2 ANS function
Differences between the effects of nifedipine and cilnidipine were
expected to be related to altered autonomic tone associated with
NTCC-block. We used HRV as an index of cardiac autonomic function
in placebo-, nifedipine-, and cilnidipine-treated AF dogs (Figure 2;
Supplementary material online, Figure S2). AVNN was decreased after
1-week AF in all groups. HRV, as assessed by pNN50, and rMSSD was
also significantly reduced by AF-induced remodelling. This effect was
unaltered by nifedipine, but was attenuated by cilnidipine, which elimi-
nated the differences between baseline and AF conditions. We also
found that plasma norepinephrine concentration, an indicator of sympa-
thetic nerve activity, was significantly increased by 1-week AF with or
without nifedipine, but significantly reduced by cilnidipine treatment
(Figure 3).

3.1.3 Expression of ion channel- and Ca21 handling-
related genes
Supplementary material online, Figures 3A, B show the expression pro-
files of a range of ion channel and transporter genes, including Kþ-chan-
nel subunit, NTCC and LTCC subunit, and Ca2þ-handling genes. KCNA4,
CACNA1C, and RYR2 were down-regulated after 1 week of AF, whether
in the absence or presence of cilnidipine or nifedipine. There were no

Figure 3 The effect of cilnidipine on plasma norepinephrine concen-
tration. In contrast to AF alone or AF þ nifedipine, both of which signifi-
cantly increased norepinephrine plasma concentration at end-study
relative to baseline, cilnidipine significantly reduced it in AF dogs (n = 7
dogs/group). Blood samples were taken before and 7 days after AT-P
onset. *P < 0.05, **P < 0.01, ***P < 0.001 for End-study vs. Baseline, by
one-way ANOVA with Tukey’s test. #P < 0.05, ##P < 0.01, ###P < 0.001
vs. End-study AFþ cilnidipine, by one-way ANOVA with Tukey’s test.

Figure 4 Effects of cilnidipine on AF substrate and conduction properties after 3-week AF. Intergroup differences in AF-vulnerability (A), AF-duration (B),
RAA ERP (C), LAA ERP (D), and conduction velocity (E). Cilnidipine significantly attenuated AF-induced changes in AF vulnerability, atrial ERP, and conduc-
tion velocity (n = 8 dogs/group for A–D; 6 for E). *P < 0.05, **P < 0.01, ***P < 0.001 vs. Sham, by one-way ANOVA with Tukey’s test. #P < 0.05, ##P < 0.01
vs. AFþ cilnidipine, by one-way ANOVA with Tukey’s test.
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Figure 5 The effect of cilnidipine on mRNA expression of various genes related to AF-induced conduction changes: (A) sodium-channel gene SCN5A, (B)
connexin genes GJA1 and GJA5, (C) collagen genes Col1A1 and Col3A1. AF-induced gene dysregulation was significantly attenuated by cilnidipine (n = 8 dogs/
group). *P < 0.05, **P < 0.01, ***P < 0.001 vs. Sham, by one-way ANOVA with Tukey’s test. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. AFþ cilnidipine, by one-
way ANOVA with Tukey’s test.

Figure 6 The effects of cilnidipine on connexin protein expression. (A) Examples of original western blots. (B) Mean data for total and phosphorylated
connexin-43 (Cx43). (C) Connexin-40 (Cx40). Cilnidipine significantly increased total Cx43 expression in AF dogs vs. placebo (n = 5 dogs/group). #P < 0.05
vs. AFþ cilnidipine, by one-way ANOVA with Tukey’s test.
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..statistically significant differences in the expression levels of KCND3,
KCNJ2, CACNA1B, and SERCA2A among groups. NCX1 values were simi-
lar for all the AF groups, with a statistically significant decrease vs. Sham
for AFþ nifedipine.

3.1.4 Extracellular matrix gene expression in the atrium
Supplementary material online, Figure 3C shows the RA expression pro-
files of the extracellular-matrix (ECM) genes encoding collagens, fibro-
nectin and fibrillin (COL1A1, COL1A2, COL3A1, FN1, and FBN1,
respectively). The expression of all ECM genes was significantly in-
creased vs. Sham for nifedipine-treated AF dogs, as was FN1 in the pla-
cebo group. Cilnidipine treatment significantly attenuated up-regulation
of collagen genes compared with the nifedipine-treated AF group.

3.2 Effects of NTCC blockade on
remodelling caused by 21 days of AF
Our 7-day study revealed attenuation of short-term AF-related remod-
elling by NTCC blockade. In a previous study,11 we showed that 1-week
AF increases ECM-gene mRNA expression without increasing collagen
content or causing fibrosis. A possible explanation for the lack of fibrosis
despite collagen up-regulation is that insufficient time had passed for
collagen-protein accumulation. It was therefore of interest to assess
whether cilnidipine can prevent the eventual development of AF-related
fibrosis, an important determinant of clinical outcome,12 with longer-
duration AF. We addressed this issue in a follow-up study comparing 21-
day Sham dogs with AF dogs treated with placebo or cilnidipine.

3.2.1 Electrophysiologic and haemodynamic changes
Placebo- and cilnidipine-treated dogs subjected to 21-day AF showed
significantly increased vulnerability to AF induction (Figure 4A). Although
vulnerability was significantly less in the cilnidpine-group compared with
the placebo group, it remained significantly increased vs. Sham. Placebo-
treated AF dogs showed significantly increased AF duration (Figure 4B).
In the cilnidipine-treated AF group, mean AF duration was almost 60%
shorter than in the placebo group, and not significantly different from
Sham. Placebo-treated dogs had significantly reduced ERP (Figure 4C, D)
and this effect was significantly attenuated by cilnidipine. Optically
mapped LA conduction velocities were decreased in the placebo-
treated AF group (by 42%); this effect was significantly attenuated (to a
17% decrease) in the cilnidipine group (Figure 4E).

LVEF was reduced at end-study by an absolute value of about 15% in
AF dogs (Supplementary material online, Figure S4), to an equivalent ex-
tent in both placebo- and cilnidipine-treated groups.

3.2.2 Expression of genes potentially involved in
conduction changes
We then examined the expression of genes that could be involved in the
conduction-slowing caused by AF. Placebo-treated AF dogs showed sig-
nificantly decreased SCN5A (Naþ-channel gene) mRNA expression, an
effect fully prevented by cilnidipine (Figure 5A). Connexin-43 (GJA1)
mRNA was down-regulated in the placebo AF group, an effect also fully
prevented by cilnidipine. Connexin-40 (GJA5) expression was not
changed (Figure 5B). Collagen-gene expression was significantly

Figure 7 The effects of cilnidipine on atrial fibrosis. (A–C) Examples of original photomicrographs. (D) Mean data. Cilnidipine significantly attenuated AF-in-
duced fibrosis (n = 8 dogs/group). *P < 0.05, **P < 0.01, ***P < 0.001 vs. Sham, by one-way ANOVA with Tukey’s test. #P < 0.05, ##P < 0.01 vs. AFþ cilnidi-
pine, by one-way ANOVA with Tukey’s test.
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enhanced in AF dogs for both subtypes 1 and 3 (Figure 5C), an effect that
was significantly attenuated by cilnidipine. Changes in connexin protein
expression (Figure 6) paralleled those in mRNA.

3.2.3 Effects on fibrous-tissue content
Examples of Masson-trichrome stained atrial tissue sections are shown
in Figure 7A–C. Fibrous-tissue content was increased in the AF samples.
Figure 7D shows overall data and quantitatively confirms the fibrosis asso-
ciated with AF, with a significant, more than six-fold increase in atrial
fibrous-tissue content in AF dogs that showed statistically significant at-
tenuation under cilnidipine therapy.

4. Discussion

4.1 Main findings
We have found that the N-/L-type Ca2þ channel blocker cilnidipine
inhibits the electrophysiological, autonomic and structural consequences
of AF-related remodelling and the AF-associated increase in AF
vulnerability and AF duration; in contrast, the LTCC-selective blocker ni-
fedipine had no protective effects. The protective effects of cilnidipine
on the remodelling consequences of short-term AF are principally mani-
fested by reductions in AF-induced ERP-abbreviation. With longer-term
AF, cilnidipine also attenuates conduction velocity reductions, protecting
against AF-induced fibrosis and down-regulation of sodium-channel and
connexin subunits. Cilnidipine’s anti-remodelling properties were associ-
ated with suppression of the changes in autonomic tone caused by AF.

4.2 NTCCs and sympathetic nerve activity
The physiological functions of NTCCs have been studied using x-cono-
toxin GVIA, a selective NTCC blocker, and by generating mice lacking
CACNA1B, which encodes the a1B subunit of NTCCs.8 NTCCs predom-
inantly regulate the release of norepinephrine at sympathetic nerve ter-
minals.13,14 In the present study, pharmacological blockade of NTCCs by
cilnidipine repressed sympathetic activity, as indicated by a reduction in
plasma norepinephrine concentrations in AF dogs.

Results obtained with genetically engineered NTCC-deficient mice
provide direct evidence for sympathetic nervous system regulation by
NTCCs, indicating that the role of NTCCs cannot be filled by other
voltage-dependent Ca2þ-channels.8 In contrast, parasympathetic ner-
vous activity in NTCC-mutant mice was nearly identical to that of wild-
type mice,8 suggesting that channel-types other than NTCCs play a role
in controlling parasympathetic activity. In the present study, AF dogs
showed significantly altered autonomic balance as reflected by changes
in HRV; cilnidipine treatment prevented this change.

4.3 Cilnidipine pharmacology
Cilnidipine is classified as a ‘fourth-generation’ Ca2þ-channel blocker
(CCB).6 Cilnidipine’s dissociation constant (Kd) for NTCCs is at least an
order of magnitude smaller that of nine other CCBs.15 Along with a larger
Kd for LTCC blockade than the other agents, this difference provides cil-
nidipine with >_20-fold selectivity for NTCCs over LTCCs, vs. 2.3- to
800-fold greater potency for LTCCs over NTCCs for the other agents,
indicating about 45 to 1600 fold greater NTCC selectivity for cilnidipine.

Studies in patients and well-controlled animal models suggest that the
drug has a variety of unique actions that are mediated by NTCC blockade.
These include the suppression of sympathetic nervous overactivity,16,17

protection against the consequences of adverse ventricular

remodelling,14,18,19 renal protection,20,21 and improvement of insulin resis-
tance.22 In addition, cilnidipine prevents the increase in plasma angiotensin
II levels that occur in spontaneously hypertensive rats23 and in a canine
model of a chronic atrioventricular block that exhibits ventricular electri-
cal remodelling.24 These actions contrast with those of the LTCC blocker
amlodipine, which increases plasma angiotensin II levels.23 Cilnidipine also
directly suppresses aldosterone secretion from adrenocortical cells.25

These results suggest that NTCCs are important regulators of renin-
angiotensin-aldosterone system (RAAS) activity.

Accumulating evidence points to a significant role of the RAAS in the
development of atrial fibrosis, thereby contributing to AF develop-
ment.26 Interventions that inhibit the RAAS prevent promotion of atrial
fibrosis and fibrillation in animal models independently of haemodynamic
actions.27,28 RAAS inhibition by cilnidipine’s NTCC-blocking action
might have contributed to attenuating AF-associated atrial ECM-gene ac-
tivation (Supplementary material online, Figure S3C; Figure 5C) and LA fi-
brosis (Figure 7). In contrast to cilnidipine, treatment with an LTCC
blocker without significant NTCC inhibiting activity (nifedipine) during
short-term AF significantly increased plasma norepinephrine concentra-
tions and enhanced collagen-expression vs. short-term AF alone.

4.4 Autonomic remodelling in AF
There is extensive evidence that ANS function is a key determinant of
AF. Jayachandran et al.29 first reported that electrically maintained AF is
associated with heterogeneous changes in atrial innervation. These
changes were subsequently related to regional sympathetic hyperinner-
vation and nerve sprouting.30 Consistent with these observations, car-
diac ganglionated plexus ablation attenuates the enhanced atrial
vulnerability resulting from 1 week of atrial tachycardia remodelling in
dogs,31 although ganglionated plexus ablation affects both sympathetic
and parasympathetic nerves while NTCCs appear to regulate only
sympathetic nerve activity.8 The present study adds to this literature by
showing that a drug that attenuates the autonomic dysregulation
associated with AF-related remodelling by reducing sympathetic
outflow suppresses the concomitant electrophysiological, structural, and
AF-vulnerability changes.

4.5 Potential implications
To our knowledge, our study is the first to evaluate the effects of a drug
with NTCC-blocking properties on arrhythmogenic atrial remodelling.
Our results show that cilnidipine suppresses a variety of consequences of
AF-related remodelling, including changes in autonomic function, abbrevi-
ations in atrial refractoriness, increases in AF-vulnerability, and atrial fibro-
sis. Cilnidipine is presently used clinically in East Asia, India, and some
European countries to treat hypertension and has limited adverse effects.
It may thus be an interesting adjunct in the treatment of AF, particularly
in patients (like hypertensives) with clinical indications for the drug. Since
hypertension is the condition most commonly associated with AF, this
consideration may apply to a substantial number of individuals.

Our observation of the suppression of both AF-induced atrial fibrosis
and changes in connexin expression by cilnidipine raises the interesting
possibility that autonomic modulation may influence not only AF-related
electrical remodelling, but also structural remodelling. Kusunose et al.32

showed previously that vagal-nerve stimulation suppresses LA-fibrosis
resulting from 2-week ventricular-tachypacing induced cardiomyopathy.
Further work to explore the translational importance of these observa-
tions might be of value. Since cilnidipine is a clinically available and
well-tolerated drug, randomized controlled trials of this agent in the
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..prevention of AF-related remodelling and/or AF recurrence might be of
interest. Furthermore, cilnidipine may prove to be a useful lead agent
for the development of new upstream drug therapy approaches to
AF-management.

4.6 Potential limitations
Although we observed attenuating effects of cilnidipine on AF-induced
ERP-shortening, the drug did not affect AF-related down-regulation of
LTCC subunits (encoded by CACNA1C), believed to be a central contrib-
utor to atrial tachycardia-induced electrical remodelling.33 Rate-related
intracellular Ca2þ-loading, which activates Ca2þ/calmodulin/calcineurin
signalling, is a primary signal for CACNA1C-down-regulation. Since
CACNA1C-subunit down-regulation was not affected by cilnidipine, the
ERP changes that we saw with the drug likely reflect an attenuation of
AF-related autonomic remodelling rather than altered ion-current
remodelling. Ganglionated plexus ablation has been previously reported
to similarly prolong atrial ERP in atrial tachycardia remodelled dogs.31

However, we have not investigated the potential effects of NTCC block-
ade on other remodelling-affected determinants, like other subunits con-
tributing to IK1, IKACh, ICaL, etc., as well as parasympathetic innervation.

No conduction velocity changes were found with 1 week of AF. This
finding is consistent with previous work showing that 7-day atrial
tachycardia remodelling does not change atrial conduction.11,34 We pre-
viously reported that atrial fibrous-tissue content is unchanged after
7 days of electrically maintained AF in dogs, despite ECM-gene up-regula-
tion and evidence of fibroblast activation.11 It is likely that time is re-
quired for the ECM remodelling that produces atrial fibrosis; thus, while
the genes involved are activated after 7 days of AF, the accumulation of
significant collagen deposits requires at least two additional weeks as
shown in the present study.

Nifedipine was not evaluated in the longer-term AF study. We ob-
served no signal for efficacy of nifedipine in preventing any component of
AF-associated remodelling at 7 days, and therefore considered it inap-
propriate to include additional nifedipine-treated animals in the longer-
term study.

5. Conclusions

Here, we studied for the first time the effects of a commercially available
drug with NTCC-blocking action on AF-related remodelling. The results
show that NTCC inhibition is associated with a variety of potentially
beneficial effects, including suppression of electrophysiological remodel-
ling, autonomic dysregulation, structural remodelling, and arrhythmia
promotion. These observations provide new insights into the mecha-
nisms of AF-related atrial remodelling and have potential therapeutic
implications.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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