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BACKGROUND Bidirectional ventricular tachycardia (BD-VT) is an
intriguing arrhythmia, characterized by a beat-to-beat alternation
of the QRS polarity on electrocardiogram. Currently there is no
simple BD-VT animal model.

OBJECTIVE We report a simple animal model of BD-VT induced by
caffeine and dobutamine (C1D) challenge in normal rats in which
the arrhythmia can be attenuated by dantrolene (a ryanodine recep-
tor stabilizer) treatment, but not by the pacemaker channel blocker
ivabradine treatment.

METHODS Adult (4–5 months old) Sprague-Dawley rats (both
sexes) were randomized into C1D (n 5 8, received caffeine 120
mg/kg intraperitoneally [IP] and dobutamine 60 mg/kg IP, sequen-
tially) and control (n 5 8) groups. In addition, a group of 7 rats
were pretreated with dantrolene (10 mg/kg, IP) 30 minutes before
the C1D challenge and another group of 8 rats were pretreated with
ivabradine (5 mg/kg, IP) 30 minutes before the C1D challenge.

RESULTS C1D challenge induced spontaneous premature
ventricular contractions (PVCs) in 7 of 8 rats and BD-VT (lasted
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4.3 6 2.9 minutes, terminated spontaneously) in 6 of 8 (75%)
rats. No ventricular arrhythmia was induced in the control group
(P , .05 vs C1D group). Dantrolene treatment significantly
decreased BD-VT (1 of 7 rats in the Dantrolene1C1D group vs 6
of 8 rats in C1D group, P , .05). Ivabradine treatment did not
affect C1D-induced BD-VT (7 of 8 rats in the Ivabradine1C1D
group vs 6 of 8 in the C1D group, P . .05).

CONCLUSION Caffeine and dobutamine challenge induces BD-VT in
a majority of normal rats. Stabilizing cardiac ryanodine receptors
with dantrolene treatment can significantly decrease the occurrence
of BD-VT, but pacemaker channel blocker ivabradine treatment does
not have effect in this animal model.

KEYWORDS Bidirectional ventricular tachycardia; Caffeine; Dantro-
lene; Dobutamine; Ventricular arrhythmia
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Introduction
Bidirectional ventricular tachycardia (BD-VT) is an
intriguing, specific type of ventricular tachycardia (VT) char-
acterized by a beat-to-beat alternation of the QRS complex
polarity and morphology on electrocardiogram (ECG) in
the frontal plane. BD-VT was originally reported nearly
100 years ago in patients with digitalis toxicity. As a result,
BD-VT is classically considered to be a hallmark of severe
digitalis toxicity in patients.1,2 In clinical practice BD-VT
is generally considered to be rare; however, there are
increased clinical case reports in patients. Besides being
seen in patients with digitalis toxicity,1,2 BD-VT has also
been reported in patients with genetic disorders such as
catecholaminergic polymorphic VT (CPVT),3 Andersen-
Tawil syndrome,4 and arrhythmogenic right ventricular
cardiomyopathy.5 Other causes linked to BD-VT are hypoka-
lemia,6 herbal aconite poisoning,7 acute myocardial infarc-
tion,8 myocarditis,9 and caffeine poisoning.10

Currently there are only a few reports of BD-VT
demonstrated in special animal models. Cerrone and col-
leagues11 reported that BD-VT could be elicited in a
knock-in mouse model of genetic CPVT with mutation in
the cardiac ryanodine receptor (RyR2). In addition, there is
a report that BD-VT could be induced in an in vitro rabbit
model of Andersen-Tawil syndrome.12 Nevertheless,
currently there is no report of a simple animal model in which
BD-VT can be easily and reliably induced in normal animals
in vivo.

Recently we employed caffeine and dobutamine (C1D)
challenge to induce ventricular arrhythmias in rats. We
discovered that C1D challenge could consistently induce
BD-VT in a majority of normal rats. Although C1D
challenge has been employed to induce cardiac arrhythmias
previously,13 the specifics about the types of induced ventric-
ular arrhythmias have not been described in the previous
paper. In other words, it is unknown whether C1D challenge
induced BD-VT. To our knowledge, this is the first report that
C1D challenge induces BD-VT in normal rats, which can be
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KEY FINDINGS

- Caffeine and dobutamine (C1D) challenge could
consistently induce bidirectional ventricular tachy-
cardia (BD-VT) in a majority of normal rats in vivo.

- Stabilizing cardiac ryanodine receptor (RyR2) with dan-
trolene treatment decreased C1D challenge–induced
BD-VT, indicating that RyR2 dysfunction may be the un-
derlying mechanism in this animal model.

- Blocking pacemaker current with ivabradine treatment
did not affect BD-VT inducibility, suggesting that pace-
maker currents are not involved in this animal model.

- This simple rat BD-VT model could be useful in further
studying the mechanisms and treatments of this spe-
cific arrhythmia.
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used as a simple animal model of BD-VT in vivo. In addition,
we found that stabilizing RyR2 with dantrolene treatment
could significantly attenuate BD-VT induction, but blocking
the pacemaker current with ivabradine had no effect on BD-
VT induction in this animal model.
Methods
Animals
Adult (4–5 months old) Sprague-Dawley rats of both sexes
were used in this study. The use of animals was approved
by the Institutional Animal Care and Use Committee at
New York Institute of Technology College of Osteopathic
Medicine and was in accordance with the Guide for the
Care and Use of Laboratory Animals. The animals were
housed in our institutional animal care facility and kept on
a 12-hour light/dark cycle with food and water available ad
libitum.
Study groups
Rats were randomized into the following groups: (1) Caffeine
plus dobutamine (C1D) challenge group (n 5 8): these
animals received caffeine (120 mg/kg, intraperitoneally
[IP], Sigma-Aldrich, St. Louis, MO) and dobutamine (60
mg/kg, IP, Sigma-Aldrich, St. Louis, MO) sequentially. (It
should be noted that compared with the previous report using
C1D challenge,13 there were some modifications in dobut-
amine dosage and route of administration in our protocol.)
(2) Control group (n5 8): these animals received equivalent
amounts of saline, IP, without caffeine and dobutamine
injections.

After finding that C1D challenge induced spontaneous
ventricular arrhythmia and BD-VT, we thought that the
most likely mechanism(s) underlying C1D challenge–
induced spontaneous ventricular arrhythmia and BD-VT
would be triggered activity due to RyR2 dysfunction and/or
increased abnormal automaticity due to enhanced pacemaker
currents. To investigate the potential mechanisms involved in
this animal model, we enrolled 2 more groups of animals to
study whether stabilizing the RyR2 with dantrolene treatment
or blocking the pacemaker channel with ivabradine can affect
ventricular arrhythmia inducibility in this animal model. In
the dantrolene-treated (Dantrolene1C1D) group (n 5 7),
all rats were pretreated with dantrolene (10 mg/kg, IP,
Sigma-Aldrich, St. Louis, MO) 30 minutes before undergo-
ing C1D challenge. In the ivabradine-treated
(Ivabradine1C1D) group (n 5 8), all animals were
pretreated with ivabradine (5 mg/kg, IP, Sigma-Aldrich, St.
Louis, MO) 30 minutes before C1D challenge.
Echocardiographic measurement
Echocardiographic measurements were taken just before
arrhythmia induction in all rats using a GE Vivid 7 Dimen-
sion System (GE Vingmed Ultrasound, Horten, Norway)
coupled with a M12L linear (Matrix) array ultrasound
transducer probe (5–13 MHz), as previously reported.14

Under isoflurane (maintained at 1.5%) anesthesia, 2-
dimensional echocardiograms were obtained from the short
axis (at the papillary muscle level) and the long axis of the
left ventricle (LV). We used 2-dimensionally-targeted M-
mode echocardiograms to determine LV wall thickness and
chamber dimensions in systole and diastole from short-axis
views. The following parameters were measured: LV anterior
wall thickness in end-diastole and end-systole, LV diastolic
and systolic internal diameters, LV posterior wall thickness
in end-diastole and end-systole, and LV fractional
shortening.
Surface ECG recording
Rats were anesthetized with isoflurane (3%–4%) and
maintained at 1.5% at supine position during the experiment.
Standard surface ECG lead II was recorded continuously in
all animals by inserting needle electrodes into the upper right
and lower left limbs with the reference electrode in the right
lower limb. ECG recording started at least 5 minutes before
the administration of drugs and was continuously recorded
for up to 30 minutes after C1D challenge using a PowerLab
data acquisition system (ADInstruments, Colorado
Springs, CO).
Intracardiac ECG recording
Recording of right atrial ECG
In 3 additional rats, a 1.6F octapolar Millar electrophysi-
ology catheter (EPR-802, Millar Instruments, Inc, Houston,
TX) was inserted through the right jugular vein and
advanced into the right atrium to record right atrial (RA)
ECG, as we have reported previously.14 The catheter has
8 poles with 3 pairs of electrodes to record atrial electrocar-
diograms and 1 pair for pacing. Surface ECG lead II and 3
RA ECGs were recorded using the PowerLab data acquisi-
tion system. The recording of RA ECG would be helpful
in identifying atrioventricular (AV) dissociation during
BD-VT. In addition, we also delivered burst pacing



Table 1 Echocardiographic parameters in the 4 studied groups

Control (n 5 8) C1D (n 5 8)
Dantrolene1C1D
(n 5 7)

Ivabradine1C1D
(n 5 8)

ANOVA
P value

AWTd (mm) 1.19 6 0.08 1.18 6 0.06 1.19 6 0.05 1.19 6 0.07 ..05
AWTs (mm) 2.17 6 0.13 2.16 6 0.12 2.18 6 0.11 2.17 6 0.14 ..05
LVIDd (mm) 7.18 6 0.58 7.12 6 0.47 7.07 6 0.20 7.31 6 0.79 ..05
LVIDs (mm) 4.07 6 0.65 4.00 6 0.44 3.92 6 0.41 4.20 6 0.86 ..05
PWTd (mm) 1.23 6 0.07 1.24 6 0.06 1.22 6 0.07 1.31 6 0.09 ..05
PWTs (mm) 2.16 6 0.13 2.19 6 0.11 2.18 6 0.15 2.18 6 0.14 ..05
FS (%) 43.6 6 6.8 43.7 6 5.4 44.5 6 6.3 42.8 6 6.0 ..05

Values are mean 6 SD.
ANOVA 5 analysis of variance; AWTd 5 left ventricular anterior wall thickness in diastole; AWTs 5 left ventricular anterior wall thickness in systole;

C1D 5 caffeine 1 dobutamine; FS 5 left ventricular fractional shortening; LVIDd 5 left ventricular diameter in diastole; LVIDs 5 left ventricular diameter
in systole; PWTd 5 left ventricular posterior wall thickness in diastole; PWTs 5 left ventricular posterior wall thickness in systole.
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containing 200 impulses at 50 Hz to induce atrial tachyar-
rhythmia or atrial fibrillation to investigate whether the
atrial pacing and induction of atrial arrhythmia have any ef-
fect on BD-VT.
Simultaneous recording of right and left ventricular ECG
In 2 rats, we inserted 2 Millar electrophysiology catheters
(EPR-802, Millar Instruments, Inc, Houston, TX) into the
heart, with 1 placed in the right ventricle (RV) through the
right jugular vein and the other in the left ventricle (LV)
through the right carotid artery to record both RV and LV
ECG. This permitted identification of ventricular activation
sequence (RV vs LV) during BD-VT.
Definition of ventricular tachycardia
We followed the 2017 AHA/ACC/HRS guideline to define
the VT. Nonsustained VT was defined as �3 beats, but
lasting ,30 seconds, terminating spontaneously. Sustained
VT was defined as lasting .30 seconds. Polymorphic VT
was defined as changing or multiform QRS morphology
from beat to beat.15
Statistical analysis
Continuous data are expressed as mean6 standard deviation
where appropriate. The data among the 4 groups were
analyzed using 1-way analysis of variance followed by post
hoc analysis. The inducibility of BD-VTwas compared using
c2 and Fisher exact test. P, .05 was considered statistically
significant.
Table 2 Baseline sinus rate and atrioventricular conduction time in th

Control (n 5 8) C1D (n 5 8)

Sinus rate (bpm) 310 6 15 312 6 22
AVCT (ms) 46 6 3.2 47 6 3.0

Values are mean 6 SD.
ANOVA 5 analysis of variance; AVCT 5 atrioventricular conduction time; C1D
Results
General information
The body weights were similar among the 4 studied groups
(313 6 53g in control, 314 6 55 in C1D, 317 6 51 in
Dantrolene1C1D, and 315651 in Ivabradine1C1D
groups, P . .05). There were no statistical differences in
echocardiographic parameters of LV wall thickness and
chamber dimensions in the 4 studied groups (P . .05 for
all parameters, Table 1). The baseline heart rate and AV
conduction time were also comparable among the 4 groups
(Table 2).
C1D challenge induced spontaneous ventricular
arrhythmia and BD-VT
In total, C1D challenge induced different types of sponta-
neous ventricular arrhythmia in 7 of 8 rats (Table 3).
Premature ventricular contractions (PVCs) were typically
the earliest ventricular arrhythmia to occur and observed in
all 7 rats with ventricular arrhythmias. Average onset time
of PVCs was 3 minutes 19 seconds (from 2 minutes 23 sec-
onds to 4 minutes 46 seconds) after C1D injection. Induced
PVCs included occasional PVCs (Figure 1, Top), bigeminy
(Figure 1, Middle), and multiform PVCs (Figure 1, Bottom).
Besides the earliest to occur, PVCs were also observed in be-
tween episodes of nonsustained or sustained BD-VT
(described in next paragraph) and were typically the last
existing ventricular arrhythmias before their disappearance
(lasted 15 6 3 minutes after C1D injection, Table 3).

Repetitive nonsustained BD-VT was induced in 1 rat and
a mixture of nonsustained and sustained BD-VT was induced
in 5 rats (Table 3). In all, BD-VT was induced in 6 of 8 (75%)
e 4 studied groups

Dantrolene1C1D
(n 5 7)

Ivabradine1C1D
(n 5 8)

ANOVA
P value

307 6 18 305 6 11 ..05
46 6 3.3 46 6 3.5 ..05

5 caffeine 1 dobutamine.



Table 3 List of ventricular arrhythmias induced in each rat in the C1D group

Arrhythmia onset
time after C1D
injection (min)

Average number
of PVCs/min

Nonsustained
BD-VT episodes

Sustained
BD-VT episodes

Total BD-VT
duration
(min)

Arrhythmia
termination time
after C1D injection (min)

Rat 1 4.8 86 1 1 2.9 11
Rat 2 3.1 68 0 2 2.5 14
Rat 3 3.2 92 8 0 1.9 17
Rat 4 3.3 38 1 2 4.3 16
Rat 5 2.4 16 None None None 12
Rat 6 N/A None None None None N/A
Rat 7 3.3 102 0 1 10 19
Rat 8 3.2 91 1 3 4.1 16
Mean 6 SD 3.360.7 70632 1.863 1.561 4.362.9 1563

BD-VT 5 bidirectional ventricular tachycardia; C1D 5 caffeine 1 dobutamine; PVC 5 premature ventricular contraction.
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rats. Figure 2 shows a typical example of an ECG recording
of BD-VT induction, maintenance, and termination. In the
beginning sinus rate is seen, followed by the appearance of
PVCs and BD-VT (top panel). The middle panel shows
sustained BD-VT. The bottom panel shows the termination
of BD-VT and return of sinus rate. Nonsustained or sustained
episodes of BD-VT lasted from a few seconds to 10 minutes,
with total BD-VT duration averaging 4.36 2.9 minutes in 6
rats with inducible BD-VT. All BD-VT eventually
terminated spontaneously and no ventricular fibrillation
was induced.

There was no ventricular arrhythmia and BD-VT induced
in the control group. BD-VT inducibility was 0 of 8 rats in the
control group vs 6 of 8 (75%) rats in the C1D group
(P , .05).
Figure 1 Electrocardiogram traces show examples of occasional premature ven
(Bottom) induced by caffeine and dobutamine challenge in a rat.
ECG characteristics of BD-VT
It is interesting to note that the ventricular rate in BD-VT (421
6 35 beats per minute [bpm]) was only modestly faster than
the spontaneous sinus rate (352 6 22 bpm) immediately
before the occurrence of the arrhythmia. As shown
in Figure 3 (Top), the coupling intervals (CI) of PVC or
BD-VT was only modestly shorter than the spontaneous si-
nus cycle length (SCL) immediately before the arrhythmia
(on average SCL 171 6 11 ms vs CI 143 6 11 ms, P
, .05), with the CI/SCL ratio of 83% 6 7%. Although CIs
varied among different animals, it is typically fixed in the
same animal for a given period.

It is interesting to note that in 2 of the 6 rats with BD-VT, 2
different types of BD-VT occurred in the same rat (Figure 3,
middle and bottom panels, respectively).
tricular contraction (PVC) (Top), bigeminy (Middle), and multiform PVCs



Figure 2 Electrocardiogram (ECG) traces show a typical example of bidirectional ventricular tachycardia (BD-VT) induction (Top), persistence (Middle), and
termination (Bottom) after caffeine and dobutamine challenge in a rat. Note that sinus rate is seen in the beginning, followed by the occurrence of premature
ventricular contractions (PVCs) and BD-VT (top panel). Middle ECG panel shows sustained BD-VT. The bottom panel shows the termination of BD-VT
and return of sinus rate.
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AV dissociation is one of the important clinical criteria
in differentiating VT from supraventricular tachycardia,
and the presence of AV dissociation indicates that the
tachycardia is ventricular origin. AV dissociation was usu-
ally obvious on surface ECG during BD-VT (Figure 4,
Figure 3 Top panel shows an example that the coupling interval (CI) of premature
cycle length (SCL) immediately before the arrhythmia. Middle and bottom panels
another seen in 2 rats, as indicated by the arrows.
Top). This was also confirmed with RA burst pacing and
the induction of atrial tachyarrhythmia. As shown in
Figure 4 (Bottom), RA pacing and induction of atrial tachy-
arrhythmia did not affect DB-VT, further confirming the
AV dissociation during BD-VT.
ventricular contraction was onlymodestly shorter than the spontaneous sinus
show the transition from one type of bidirectional ventricular tachycardia to



Figure 4 Top panel of electrocardiogram (ECG) trace shows obvious atrioventricular (AV) dissociation (P waves are indicated with triangular symbols) during
the occurrence of premature ventricular contraction and bidirectional ventricular tachycardia (BD-VT). Bottom panel shows ECG trace (top) with BD-VT and 2
right atrial electrocardiograms (RA1 and RA2). Note that atrial tachyarrhythmia was induced immediately after the burst atrial pacing. However, the BD-VT was
not affected by the atrial burst pacing and the induction of atrial tachyarrhythmia, further indicating AV dissociation during BD-VT.
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In 2 rats, we recorded both RV and LV ECG simulta-
neously during BD-VT. The activation sequence of LV vs
RV in both types of QRS complex during BD-VTwas similar
to that seen in sinus rate (Figure 5), without obvious RV and
LV activation alternation despite the QRS polarity changes. It
should be understood that these are just case reports, demon-
strating technical feasibility to record such intracardiac ECG
signals in rats, rather than making conclusion that all BD-VT
would show this ventricular activation sequence.

Effect of dantrolene treatment on BD-VT induction
Dantrolene pretreatment significantly reduced BD-VT
inducibility. Only 1 rat in the dantrolene group developed
BD-VT (1 of 7 rats in Dantrolene1C1D group vs 6 of 8
rats in C1D group, P , .05).

Effect of ivabradine treatment on BD-VT induction
Ivabradine pretreatment significantly reduced sinus rate (207
6 33 bpm in the Ivabradine1C1Dgroup vs 3126 22 bpm in
the C1D group before C1D challenge, P, .05), as expected
with pacemaker current inhibition. However, ivabradine
treatment did not attenuate C1D challenge–induced BD-
VT. BD-VT was induced in 7 of 8 rats in the
Ivabradine1C1D group vs 6 of 8 rats in the C1D group
(P . .05).

Discussion
Major findings
This study demonstrated that C1D challenge can induce
spontaneous ventricular arrhythmia and BD-VT in a majority
of normal rats. Although it has been reported that C1D
challenge could induce ventricular arrhythmias in a previous
study,13 it has not been reported that C1D challenge induced
BD-VT. Thus, this is the first report that C1D challenge can
induce BD-VT in a majority of normal rats. In addition, we
have demonstrated that dantrolene pre-treatment reduced
the frequency of C1D challenge–induced BD-VT in this
rat model, but not with pacemaker channel blocker ivabra-
dine, suggesting that cardiac ryanodine receptor dysfunction
could be the underlying mechanism for C1D challenge–
invoked ventricular arrhythmia and BD-VT, while
pacemaker currents may not be involved in this rat model.
BD-VT animal models
Despite increased clinical case reports of BD-VT in patients,
there is no specific report of a simple in vivo animal model for
this arrhythmia, and there are only few reports that BD-VT
could be induced in some special animal models. So far the
only reported in vivo animal model in which BD-VT could
be induced is a knock-in mouse model with a human
CPVT-associated RyR2 mutation (R2474S).11,16 However,
even in this mouse model, spontaneous ventricular
arrhythmia and BD-VT were not present unless either exer-
cise stress test or drug challenge (epinephrine and caffeine)
was used. Moreover, BD-VT was induced only in a portion
of animals despite the stress test or drug challenge. There is
also a report that BD-VT could be induced in an in vitro
rabbit model of Andersen-Tawil syndrome.12 Currently there
is no report that BD-VT could be induced in normal, healthy
animals in vivo.



Figure 5 The activation sequence of left ventricle (LV) vs right ventricle (RV) in both types of QRS complex during bidirectional ventricular tachycardia (BD-
VT) was similar to that seen in sinus rate (dashed lines). The traces are surface electrocardiogram (ECG) (top), LV ECG (middle), and RV ECG (bottom).
Recordings in sinus rate and BD-VT are shown in top and bottom panels, respectively. Note that there is no obvious RV and LV activation alternation despite
the QRS polarity changes during BD-VT.
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It is known that the sympathetic adrenergic b-receptor
agonists can facilitate ventricular arrhythmia induction. It is
also known that there is a synergistic effect of b-receptor
agonists and caffeine on arrhythmia promotion.13,17 Howev-
er, there is no specific report that this approach can induce
BD-VT in normal animals. As mentioned already, there is
only 1 prior report that BD-VT could be induced in a mouse
knock-in model with human CPVT-associated RyR2
mutation under epinephrine and caffeine challenge. The com-
bination of caffeine and dobutamine challenge has been used
to induce cardiac arrhythmia in a recent report.13 However,
the authors have only reported that this approach could
induce spontaneous ventricular arrhythmia. There was no
detailed description of what types of ventricular arrhythmias
were induced. Furthermore, the only ECG tracing presented
in the paper showed only PVCs (including bigeminy).13

There was no mention of BD-VT at all. We would also like
to point out that there were some differences in the dobut-
amine dosage and route of administration between our study
and the previous report.13 To our knowledge, the current
study is the first to report that caffeine and dobutamine
challenge can consistently induce BD-VT in a majority of
normal rats. Thus, this caffeine and dobutamine challenge
in normal rats could be used as a simple BD-VT animal
model.

It should be noted that the ventricular arrhythmia induced
by C1D challenge in this study is quite similar to what has
been reported in the mouse knock-in model of human
CPVT-associated RyR2 mutation and in CPVT patients,
including (1) the coupling intervals of PVCs or BD-VT
were only moderately shorter than the preceding sinus cycle
length, and (2) the ventricular arrhythmias manifesting as
PVCs, bigeminy, polymorphic VT, and BD-VT.11

Potential mechanisms underlying C1D
challenge–induced ventricular arrhythmias and
BD-VT
Owing to its special feature of a beat-to-beat alternation of the
QRS-complex polarity on ECG, BD-VT has intrigued
cardiologists and cardiac electrophysiologists since its first
description almost a century ago.1,2 As mentioned already,
BD-VT was frequently seen in patients with digitalis toxicity
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and in patients with CPVT. As a result, it is commonly
believed that triggered activity as a result of Ca21 overload
is the arrhythmia mechanism, though other mechanisms
(abnormal automaticity and reentry) have also been pro-
posed.5,18 Triggered activity as an underlying mechanism
for BD-VT has been supported by a recent delayed
afterdepolarization-induced bigeminy modeling, suggesting
that BD-VT is caused by 2 sites in the Purkinje fibers
alternately triggering the ventricular activation, known as
the “ping-pong theory” for BD-VT.19

Although C1D challenge has been used to induce ventric-
ular arrhythmia in a previous study,13 the mechanism
underlying C1D challenge–invoked ventricular arrhythmia
has not been specifically clarified. RyR2 is responsible for
Ca21 release from sarcoplasmic reticulum (SR) in c-
ardiomyocytes. RyR2 can be activated by increased Ca21

concentration in the cytosol (known as calcium-induced
Ca21 release). RyR2 can also be activated by elevated
Ca21 concentration inside the SR (the so-called luminal or
store Ca21).20,21 Adrenergic b-receptor activation, by
increasing Ca21 entry through L-type Ca21 channels and
directly phosphorylating RyR2, enhances Ca21 release
from SR. However, RyR2 over-phosphorylation could lead
to its malfunction and Ca21 leak, leading to arrhythmogene-
sis.22 Caffeine is a known RyR2 agonist. It has been reported
that caffeine can decrease the threshold for luminal (store)
Ca21 activation of the RyR2 (the SR store-operated Ca21

threshold).20 The effect of reducing luminal (store) Ca21

threshold is working similarly to the disease-causing RyR2
mutations seen in CPVT patients. The reduced threshold sen-
sitizes the RyR2 channel to activation by the luminal Ca21,
resulting in spontaneous Ca21 release, known as store
overload–induced Ca21 release.20 It can be speculated that
the combination of caffeine and dobutamine would exacer-
bate RyR2 dysfunction and Ca21 leak, initiating Ca21 waves
and Ca21-triggered arrhythmia,21 in a way similar to the
RyR2 defects seen in CPVT patients.

The above hypothesis is further supported by our experi-
mental results. Dantrolene, a known RyR1 stabilizer in
skeletal muscle, is used to treat malignant hyperthermia
(caused by RyR1 dysfunction).23 Dantrolene can also
stabilize RyR2 in cardiac muscle.24 In this study we have
demonstrated that dantrolene treatment, by stabilizing
RyR2, can significantly attenuate C1D challenge–triggered
BD-VT. Our results are consistent with a previous report
that dantrolene can suppress VT in a knock-in mouse model
with human CPVT mutation.16 Although we did not directly
monitor RyR2 dysfunction and Ca21 leak in this study, the
effect of dantrolene on RyR2 stabilization has been demon-
strated previously in isolated atrial and ventricular myocytes
from animals and humans.24,25

In this study, we have also tested whether enhanced pace-
maker current / enhanced abnormal automaticity contribute
to the arrhythmogenesis of BD-VT. Our results showed
that blocking the pacemaker current with ivabradine did
not affect BD-VT induction in this study. Thus, it appears
that pacemaker currents are not involved in BD-VT
arrhythmogenesis in this animal model. Moreover, we found
that the couple intervals of PVCs and BD-VT were fixed in a
given animal, supporting that the underlying mechanism
is triggered activity rather than enhanced abnormal
automaticity.26

Study limitations
We have demonstrated in rats that C1D challenge induced
BD-VT. However, it is unknown whether rats are specifically
sensitive to C1D challenge–induced BD-VT or whether it
can be invoked in other animals as well. It remains unknown
whether humans are similarly sensitive to C1D challenge as
seen in rats and the equivalent dosages of caffeine and
dobutamine in rats and in human beings. Although there is
a clinical case report that caffeine toxicity induces BD-
VT,10 regular coffee consumption appears to be safe and
may even be protective against heart rhythm disorders in
humans.27 A recent report suggests that regular coffee con-
sumption is associated with a lower risk of atrial fibrillation
in men.28

On the other hand, sensitivity to caffeine-induced
arrhythmia may be dependent on RyR2 status. It has been
reported that mice with knock-in CPVT mutation showed
enhanced sensitivity to caffeine-induced arrhythmia.11

Thus, it is possible that CPVT patients may have enhanced
vulnerability to caffeine-triggered arrhythmias compared to
healthy people. However, owing to the nature of animal
study, clinical investigations in patients are still needed to
clarify this issue.
Conclusion
This study has demonstrated that C1D challenge can consis-
tently induce BD-VT in a majority of normal rats in vivo. In
addition, stabilizing RyR2 with dantrolene treatment can
decrease C1D challenge–induced BD-VT, but pacemaker
current blocker ivabradine does not affect BD-VT induc-
ibility in this animal model, indicating that RyR2 dysfunction
may be the underlying mechanism responsible for C1D-
induced BD-VT and that pacemaker currents are not involved
in this animal model. Finally, we believe that such a simple
animal model should be useful in further studying the
mechanisms and treatments of this specific arrhythmia.
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