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Abstract

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited rhythm disorder
characterized by the occurrence of potentially life-threatening polymorphic ventricular
tachyarrhythmias in conditions of physical or emotional stress. The underlying cause is a
dysregulation in intracellular Ca handling due to mutations in the sarcoplasmic reticulum Ca
release channel. Recent experimental work suggests that the sinus bradycardia that is sometimes
observed in CPVT patients may be another primary defect caused by CPVT mutations. Here, we
review the pathophysiology of CPVT and discuss the role of sinus node dysfunction as a
modulator of arrhythmia risk and potential therapeutic target.

Introduction

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited rhythm
disorder characterized by the occurrence of potentially life-threatening polymorphic
ventricular tachyarrhythmias in conditions of physical or emotional stress (1). The
underlying cause is a dysregulation in intracellular Ca handling due to mutations in the gene
encoding the sarcoplasmic reticulum (SR) Ca release channel (RYR2) (2), or in genes
encoding the RyR2 binding proteins cardiac calsequestrin (Casqg2) (3), triadin (4, 5) and
calmodulin (6) that regulate RyR2 channel openings. In addition, mutations in KCNJ2,
which are usually associated with Andersen-Tawil syndrome, have also been identified in
patients with a CPVT-like phenotype, although the prognosis of these patients is thought to
be more benign that patients with true CPVT (7). In classic CPVT cases, i.e., resulting from
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dysregulated intracellular Ca handling, release of catecholamines during exercise
exacerbates SR dysfunction: beta adrenergic stimulation promotes Ca reuptake in the SR
and increases RYR2 permeability to Ca. Moreover, the catecholamine-induced increase in
heart rate (HR) further promotes myocyte Ca loading and hence the spontaneous SR Ca
release events that trigger CPVT. Interestingly, recent experimental work suggests that the
sinus bradycardia that is sometimes observed in CPVT patients may be another primary
defect caused by CPVT mutations (8). Furthermore, the sinus node dysfunction may
paradoxically favor the initiation of ventricular rhythms as well and could be targeted
therapeutically to prevent exercise or stress-induced ventricular arrhythmia in CPVT (9).
Here, we review the pathophysiology of CPVT and discuss the role of sinus node
dysfunction as a modulator of arrhythmia risk and potential therapeutic target.

Pathophysiology of CPVT

Depending on the CPVT mutation, a number of molecular mechanisms have been suggested
by different groups: defective SR luminal Ca sensing (10), defective inter-domain
interaction (11), increased cytosolic Ca sensitivity (12), reduced calmodulin binding (13),
activation of RyR2 channels by mutant calmodulin (14). Regardless of the specific
molecular mechanism, CPVT mutations induce a common dysregulation of intracellular Ca
release that is characterized by an increased open probability of RyR2 Ca release channels .
The Ca release defect manifests itself primarily when SR Ca content is elevated, which
occurs during fast HRs and/or beta-adrenergic receptor stimulation that is part of the
physiological fight or flight response. This leads to a cellular chain reaction that is illustrated
in the cartoon of Fig. 1. RyR2 channels open spontaneously during diastole in the absence of
the physiological trigger provided by L-type Ca channels. Neighboring Ca releasing units
are activated through a Ca induced-Ca release mechanism which further increases and
spreads the intracellular Ca ions. The high cytosolic Ca concentrations activate the Na/Ca
exchanger on the cell membrane, which in turn generates an inward Na current while
extruding Ca ions from the cell. This inward current depolarizes the cell membrane during
late diastole, generating a phenomenon known as delayed after-depolarization (DAD) that
can trigger ectopic activity. DADs are readily observed in isolated ventricular myocytes
carrying CPVT mutations, yet theoretical considerations and computer models suggest that
the intact heart, a large number of contiguous DAD-susceptible myocytes are necessary to
overcome the electrical sink provided by the surrounding hyperpolarized myocardium (15).
While that critical cell number might not be achieved at rest, exercise or psychological stress
activates a number of signaling pathways that converge to generate the high SR content
needed for spontaneous Ca release to occur in a large number of myocytes: Systemic and
intracardiac catecholamine released during exercise, via p-adrenergic receptors, activate
protein kinase A (PKA). PKA phosphorylation of L-type Ca channels drastically increases
Ca influx into the myocyte, and PKA phosphorylation of phospholamban drastically
enhances SR Ca uptake, thereby acting in concert to increase SR Ca content. Moreover,
RyR2 is also phosphorylated resulting in higher permeability to Ca (16). Independently, the
higher HRs during exercise further increases myocyte Ca loading, a phenomenon known as
the positive force frequency response (17). As a result, the critical threshold of SR Ca
content for spontaneous SR Ca release to occur is reached already during diastole, and it
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becomes more likely for a cluster of cells to synchronize and trigger a premature ventricular
ectopic beat.

Sinus node dysfunction and atrial tachyarrhythmia — a primary disease

manifestation of CPVT mutations?

Patients with CPVT typically have a normal EKG at rest. However, the presence of sinus
bradycardia in addition to a clinical history of exercise- or emotion-induced cardiac
symptoms may provide a clue for the diagnosis of CPVT before exercise testing of
pharmacological challenge is performed (18). In a series of carriers of a pathogenic RYR2
mutation who were identified through cascade screening (testing relatives for carriership of
the mutation identified in the proband), sinus bradycardia was present in 5-20% of
individuals, depending on the definition applied (19). In addition, supraventricular
dysrhythmias other than sinus bradycardia (intermittent ectopic atrial rhythm, unspecified
supraventricular tachycardia and sick sinus syndrome) were present in 16% of the total
population (bradyarrhythmia in 11.3% and tachyarrhythmia in 4.7%) and in 38% of
individuals who underwent Holter monitoring. Indeed, electrophysiological studies on
patients have confirmed that sinus node dysfunction is present at least in a subpopulation of
CPTV patients (20). Supraventricular tachyarrhythmias, such as atrial fibrillation and atrial
flutter where also observed (1, 20) and atrial fibrillation has been associated with triggering
CPVT clinically (21). In very young children carrying a mutation in RYR2, atrial
tachyarrhythmias may even precede the classic ventricular tachyarrhythmias (22). Given that
CPVT can be triggered by fast HRs, one might speculate that the sinus bradycardia of CPVT
patients may be a protective adaptation in affected individuals. However, recent data from a
CPVT mouse model suggest otherwise and indicate that the atrial tachyarrhythmias (23) and
sinus node dysfunction (8) likely are primary manifestation of the underlying Ca handling
defect caused by CPVT mutations. For example, the Casg2 knockout (Casg2-/-) mouse
model of CPVT not only reproduces the resting bradycardia of CPVT patients but also
displays a lower peak HR during isoproterenol challenge compared to wild type control
animals (9). Sinus node dysfunction is further supported by telemetry EKG recordings of
Casqg2-/- mice that show periods of atrial rhythm with frequent variation of the p wave
morphology and bradycardia (8). Concentration-response curves for the parasympathetic
(vagal) neurotransmitter acetylcholine obtained in isolated, and therefore denervated,
Casg2-/- hearts show a more prominent response compared to wild type hearts (Fig. 2)(8).
In contrast, the HR response to f-adrenergic stimulation with isoproterenol is impaired, as
evidenced by the right-shifted concentration-response curve in Casq2—-/- hearts (Fig. 2).
Taken together, loss of Casg2 causes an intrinsic defect in the sinoatrial node that can
explain the sinus bradycardia and lower peak HR in response to catecholamines. Regional
microfibrosis in the sinus node of Casq2—-/- mice might be responsible for altered
generation and propagation of the electrical impulse in the sinus node area and might
contribute to sinus node dysfunction and supraventricular arrhythmias (8). The
pathophysiology for this remodeling is still not clear and most likely involves multiple
molecular pathways. For example, diastolic Ca overload in sinoatrial node myocytes has
been shown to promote cell apoptosis and fibrinogenesis (24). Intracellular Ca elevation can
activate the Ca-calmodulin kinase Il that is involved in several processes including gene
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transcription and structural remodeling (25). The resulting fibrosis slows down impulse
propagation and favors development of a brady/tachy syndrome. Independently, the atrial
SR Ca leak can increase the risk for focal atrial tachyarrhythmias and atrial fibrillation (23)
and promote the development of atrial fibrosis and reentrant atrial arrhythmias over time
(26). In CPVT patients, any form of tachy/brady syndrome might be particularly deleterious
as fast rhythm would synchronize cells and load the SR while during sinus pauses
ventricular escape beats and malignant arrhythmias might be triggered, as discussed in more
detail next.

Sinus node dysfunction — an independent risk factor and potential

therapeutic target for CPVT?

One could speculate that the enhanced responsiveness to vagal stimulation (Fig. 2) should
have a protective effect in CPVT by reducing the HR increase and hence the SR Ca loading
that occurs during exercise. We recently tested this hypothesis using the Casq2—/- mouse
model of CPVT and found that the opposite was the case: The incidence of ventricular
tachycardia increased if the sinus node rate was decreased by the muscarinic agonist
carbachol. Conversely, raising the sinus node rate by vagolytic treatment with atropine
protected against catecholamine-induced CPVT (9). Atrial pacing was similarly effective,
demonstrating that a f-adrenergic independent rise in supraventricular rates is sufficient to
prevent ventricular arrhythmias in CPVT mice during pharmacological stress. What are
possible explanations for this seemingly paradoxical result? As discussed in the
pathophysiology section, for a premature ventricular ectopic beat to be generated, the
spontaneous Ca release has to occur during diastole, propagate and generate DADSs in a
cluster of cells (Fig 1). However, if at any time during this process the cells are depolarized
by the activation wave arriving from the sinus node via the conduction system, the SR is
emptied and cannot open spontaneously. Hence, the occurrence of ventricular arrhythmias is
critically dependent on the balance between accelerated SR Ca loading (via f-adrenergic
stimulation) and the diastolic interval. The importance of diastolic interval for generating
spontaneous Ca release and DADs can be demonstrated experimentally in isolated
ventricular Casq2—/— myocytes where a high rate of SR Ca uptake was maintained by
exposure to isoproterenol (Fig. 3). Spontaneous Ca releases were present in 40% of Casq2-/
— myocytes paced at 0.5 and 1 Hz. Reduction of the diastolic interval by higher pacing
frequencies progressively reduced the incidence of SCWs (Fig. 3). We interpret this result as
follows: Shortening the diastolic interval by overdrive pacing prevents the SR from reaching
the critical threshold for spontaneous firing and thereby could act to suppress the ventricular
ectopic activity underlying CPVT. It could be argued that the sinus node dysfunction and
impaired sinus HR response caused by CPVT mutations independently contributes to the
emergence of ventricular arrhythmia during exercise via the following mechanisms: Not
only is there a propensity towards spontaneous Ca release caused by the CPVVT mutations,
but also the diastolic interval is too long for the level of B-adrenergic stimulation present,
allowing the occurrence of premature Ca release in diastole.

f-blockers are used as first-line therapy and reduce the ventricular arrhythmia burden and
risk of cardiac events in most patients (27). As expected, f-blockers also reduce resting HR
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and maximum HR during exercise testing. Interestingly, two studies have reported a lower
HR threshold of ventricular arrhythmias on B-blockers (28, 29). This clinical observation
may support the previously outlined hypothesis. Although the efficacy of B-blockers in
CPVT has clearly been established (30), a reduction of the HR threshold of ventricular
arrhythmias may be a potential disadvantage and may explain the significant cardiac event
rates on B-blocker therapy (31). In our initial experience, flecainide increased the HR
threshold of ventricular arrhythmias, which further underpins the rationale of adding
flecainide to B-blockers in insufficiently protected patients (32).

An important caveat is that the experimental studies on the HR dependence of CPVT were
done in mice and not humans. Compared to mice, humans exhibit a much stronger force
frequency response and frequency-dependent SR Ca loading, which is consistent with the
clinical observation of a threshold HR associated with ventricular arrhythmias in CPVT. To
evaluate the HR dependence of CPVT in humans, we recently screened a CPVT patient
registry for individuals that were off antiarrhythmic drug therapy and reached >85% of their
maximum-predicted HR during exercise testing (9). We identified 18 patients that fulfilled
those criteria, all of whom developed ventricular arrhythmia upon reaching 87% of their
maximum HR. However, in 6 out of 18 patients (33%), ventricular arrhythmias subsided as
their sinus HR further increased with continued exercise. In another study that included data
on the exercise testing characteristics of CPVT patients prior to p-blockers, mean HR at
(ventricular) arrhythmia disappearance was 143 + 17 beats per minute, while this patients
reached a maximum HR of 154 + 17 beats per minute (29). These data suggest that even in
humans, at least in a subset of CPVT patients, ventricular arrhythmias can be paradoxically
suppressed by fast sinus HRs. Based on our results with CPVT mouse models, we suggest
that the shortened diastolic interval of sinus rhythm (or supraventricular rhythms) obtained
during exercise exceeds the frequency of spontaneous Ca release events and DADs in
ventricular cells and successfully suppresses ventricular ectopic activity.

Potential clinical implications and caveats

The experimental studies in mice and observations from a cohort of CPVT patients
discussed above suggest that sinus node dysfunction may contribute to arrhythmia risk and
could be targeted therapeutically. Hypothetically, reducing vagal tone or inhibiting
muscarinic receptors in the sinoatrial node of CPVT patients during the early phases of
exercise could establish a faster supraventricular rate that mimics the upward shift in the
sinus HR obtained in mice with vagolytic drugs. This may be difficult to achieve clinically,
given the significant systemic side effects of vagolytic drugs. Another option could be anti-
tachycardia pacing therapy conceptually similar to the therapeutic ventricular pacing
provided by ICD devices. Although this concept remains to be tested clinically, it is
supported by a recent clinical case report of the temporary overdrive suppression of
bidirectional VT by a rapid atrial tachycardia in a young CPVT patient (Fig. 4) (33). The
EKG record in Fig. 4 also illustrates the focal nature of CPVT in humans, which can be
suppressed by shortening of the diastolic interval further. Interestingly, studies on patients
with the congenital long-QT syndrome have shown that HR at rest as well as the extent of
vagal reflexes correlate with the risk of developing arrhythmic events and could potentially
be used for risk stratification (34). One important caveat is that increasing the HR response
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during exercise will independently load the SR with Ca (35) and may promote the
spontaneous Ca release events that trigger CPVT. However, our data in a CPVT cohort
demonstrates that at least 30% of CPVT patients tolerated very fast sinus rates during
exercise with paradoxical suppression of ventricular arrhythmia (9). To what extent this
finding is applicable to other CPVT patients remains to be determined. Another important
caveat is the site of overdrive pacing. Given that electrical stimulation by the pacing lead
may trigger the release of norepinephrine from sympathetic nerve terminals in the ventricle
(36), which in turn could further exacerbate the ventricular ectopic activity, atrial pacing
likely will be the preferable approach. Unfortunately, most CPVT patients only have single
ventricular lead ICDs (37). Nevertheless, atrial overdrive pacing should be tested in in
CPVT patients to evaluate its safety and efficacy. If rapid atrial pacing is shown to prevent
exercise-induced VT in CPVT patients, it may be feasible to automatically program high
atrial rates during exercise using the rate-response feature (38), and thereby provide a non-
pharmacological treatment option for preventing sudden cardiac death in CPVT.
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Figure 1.
Chain reaction leading to delayed after-depolarizations (DAD) in a cardiac myocyte.

Spontaneous diastolic Ca release from the SR can generate Ca induced Ca releases from
neighbouring RyR2 channels [1-2]. The resulting increase in cytosolic Ca concentration
activates the Na/Ca exchanger with a net inward Na current that can trigger depolarization
of the cell membrane [3-4] and potentially an ectopic beat [5]. Beta adrenergic stimulation
enhances the likelihood of diastolic Ca releases from the SR and subsequently DADs
through a protein kinase A (PKA)-mediated phosphorylation [P] of RyR2, SERCA and L-
type Ca channels.
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Figure 2.
Concentration response relationships of the sinus HR response to the muscarinic receptor

agonist Acetylcholine (ACh, A) and to the -adrenergic agonist Isoproterenol (Iso, B).
Compared to wild-type (WT) hearts, Casg2 null hearts (CASQ-/-) exhibited an enhanced
HR response to ACh, whereas the HR response to -adrenergic stimulation with Iso was
impaired. Figure modified from (8).

With permission: Glukhov AV, Kalyanasundaram A, Lou Q, Hage LT, Hansen BJ,
Belevych AE, Mohler PJ, Knollmann BC, Periasamy M, Gyorke S, et al. Calsequestrin 2
deletion causes sinoatrial node dysfunction and atrial arrhythmias associated with altered
sarcoplasmic reticulum calcium cycling and degenerative fibrosis within the mouse atrial
pacemaker complex. Eur Heart J. 2013.
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Figure 3.

Shortening the diastolic interval by increasing the pacing rate suppresses spontaneous Ca
release (SCR) and triggered beats (TB) in isolated ventricular Casq2—-/- cardiomyocytes.
Figure modified from (9).

With permission: Faggioni M, Hwang HS, van der Werf C, Nederend I, Kannankeril PJ,
Wilde AA, and Knollmann BC. Accelerated sinus rhythm prevents catecholaminergic
polymorphic ventricular tachycardia in mice and in patients. Circulation research.
2013;112(4):689 97.
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Example of CPVT overdrive suppression by atrial tachycardia. Holter electrocardiogram
recorded during an exercise-related syncopal episode showing a bidirectional ventricular
tachycardia typical of CPVT. During atrial tachycardia, heart rate slightly increases (up to
approximately 290 bpm) and the atrial rhythm successfully overdrives the first run of
ventricular tachycardia. When a “p” wave is not conducted promptly (red arrow), the
coupling interval and hence diastolic interval of the ventricular response is increased and
ventricular tachycardia resumes. Figure modified from (33).

With permission: Richter S, Gebauer R, Hindricks G, and Brugada P. A classic
electrocardiographic manifestation of catecholaminergic polymorphic ventricular
tachycardia. J Cardiovasc Electrophysiol. 2012;23(5):560.
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