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Catecholaminergic polymorphic ventricular tachycardia 
(CPVT) is an inheritable, proarrhythmogenic syndrome 

that affects ≈1 in 10 000 children.1 CPVT is characterized by 
adrenergically mediated bidirectional VT or polymorphic VT 
that may lead to sudden cardiac death in the absence of struc-
tural heart disease.2 CPVT may be caused by mutations in 
genes coding calcium handling proteins, including the cardiac 
sarcoplasmic reticulum (SR) Ca2+ release (ryanodine receptor 
type 2 [RyR2]) channel (RYR2),3 calsequestrin (CASQ2),4 tria-
din (TRDN),5 and calmodulin (CaM).6 The focus of this article 
is RYR2. Arrhythmias produced by gain-of-function mutations 

in RyR2 are postulated to result from destabilization of the 
channel with increased diastolic SR Ca2+ leak in ventricular 
myocytes (VMs), leading to delayed afterdepolarizations 
(DADs) and triggered activity via the Na+/Ca2+ exchanger 
(NCX) current.7,8
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Using a knock-in mouse model with a point mutation in 
RyR2 (RyR2R4496C), we and others have postulated that Purkinje 
cells (PCs), not VMs, are the major source of triggered arrhyth-
mogenic activity, including biventricular tachycardia.9–11 There 
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is also evidence supporting a prominent role for the PC con-
ducting system in triggered activity and arrhythmogenesis in 
the CASQ2−/− model of CPVT.12 These findings have spawned 
increasing interest in the mechanisms of intracellular Ca2+ 
[Ca2+]

i
 homeostasis of the cardiac PCs in both diseased and 

healthy hearts. PCs have an increased incidence of early after-
depolarizations (EADs) and DADs compared with VMs.13 PCs 
have greater sensitivity to arrhythmogenesis in conditions of 
Ca2+ overload, produced by agents such as digitalis compounds 
that block the membrane Na/K ATPase, perhaps in part as a 
result of reduced transcript abundance of that protein in PCs 
versus VMs.14 PCs from CPVT mice have a shorter latency and 
a lower threshold to develop spontaneous Ca2+ release (SCR) 
events than VMs.11 Whether this applies also to the whole heart 
and whether SCR triggers premature ventricular complexes that 
propagate from the Purkinje system to the ventricles remain to 
be determined. Most important, the question of what makes 
PCs more susceptible to arrhythmogenesis in CPVT than VMs 
has never been addressed. Answering the above questions may 
lead to novel and more effective antiarrhythmic therapeutic 
strategies in CPVT and other cardiac diseases associated with 
Ca2+-linked ventricular arrhythmias.

Our main objective in this study was 2-fold: to test whether 
Ca2+ dysregulation from within the Purkinje network under-
lies focal triggered activity in CPVT hearts (RyR2R4496C+/−) and 
to establish whether a higher [Na+]

i
 in mouse PCs than VMs 

exacerbates [Ca2+]
i
 dysregulation in CPVT and explains their 

increased susceptibility to EADs, DADs, and triggered activ-
ity compared with VMs.

Methods
Expanded versions of the Methods are presented in the online-only 
Data Supplement.

Animals
The study was approved by the University Committee on the Use and 
Care of Animals at the University of Michigan. RyR2+/Cx40eGFP+/− (here-
after control) and RyR2R4496C+/Cx40eGFP (hereafter CPVT) mice were 
used to enable visualization of the Purkinje network and isolated PCs 
via green fluorescent protein expression (Figure I in the online-only 
Data Supplement).11

Optical Mapping
Optical mapping of the subendocardium was conducted in Langendorff-
perfused hearts with di-4-ANBDQPQ and rhod-2 am dyes, a single 
charge-coupled device camera, and a custom-made LED system.15 
Lead I ECGs were acquired and digitized at 1 kHz.16 The protocol 
included 4 groups: baseline sinus rhythm, high-frequency (12 Hz) pac-
ing, adrenergic stimulation (3.6 mmol/L Ca2+, 160 nmol/L isoproter-
enol), and high-frequency pacing plus adrenergic stimulation.

Isolation of PCs and VMs
PCs and VMs were dissociated as previously described.11,17,18 For per-
meabilized membrane experiments, cells were kept in Ca2+ free stop-
ping buffer. Cells were used for electrophysiological recording within 
4 to 6 hours after isolation.

Immunohistochemistry
Immunofluorescence was examined with a Nikon Eclipse Ti inverted 
confocal microscope with a ×63/1.2-NA oil objective (Nikon Inc, 
Tokyo, Japan) at ambient temperature. Rabbit anti-Ca

V
1.2 (Alomone, 

Jerusalem, Israel) and mouse anti-RyR2 (Iowa Hybridoma Core, 
University of Iowa) antibodies were used.

Simultaneous Action Potential and Ca2+ Transient 
Measurements 
Cells were perfused with Tyrode’s solution (37°C) and patched with  
2- to 3-MΩ glass pipettes filled with intracellular solution at pH 7.2. 
Ca2+ signals were recorded with a whole-cell fluorescence photom-
etry acquisition system (IonOptix). Fluorescent signals were syn-
chronized to action potential (AP) recordings. Cells were stimulated 
at increasing frequencies (1, 3, 5 Hz) by current injection via patch 
pipette.

Ca2+ Transients and Ca2+ Sparks 
Cells were incubated for 30 minutes in Tyrode’s solution containing 
10 µmol/L rhod-2 am, washed with a fluorophore-free solution, and 
de-esterified for 15 minutes. Cells were then perfused with Tyrode’s 
solution at 37° C. Measurements were acquired with a Nikon A1R 
confocal microscope in line scan mode. For Ca2+ transients, cells were 
field stimulated at 1, 3, and 5 Hz. For Ca2+ spark analysis, a 2-second 
line scan image window was selected 3 seconds after a steady-state 
Ca2+ transient had decreased to baseline level.

Permeabilized Cellular Ca2+ Spark Recordings 
VMs and PCs were perfused with 50 nmol/L free Ca2+ internal solu-
tion plus saponin 0.005% for 1 minute for membrane permeabiliza-
tion. Then, cells were perfused for 5 minutes with internal solution 
containing 2.5 µmol/L fluo-4 penta-K+ (LifeTechnologies). Confocal 
line scan recordings (4-second duration) were obtained and analyzed 
within 10 minutes after dye loading as described above.

SR Ca2+ Load 
Cells were loaded with rhod-2 (Life Technologies) as described 
above. Cells were perfused with 37°C Tyrode’s solution containing 
1 mmol/L Ca2+ and paced at 3 Hz for 10 seconds. One hundred mil-
liseconds after pacing, cells were quickly perfused with Tyrode’s 
solution containing caffeine (10 mmol/L). Ca2+ transient amplitude 
was a fraction of the caffeine-induced Ca2+ transient amplitude. Time 
to 50% decay was estimated from time at maximal caffeine-induced 
Ca2+ transient amplitude.

Na+/Ca2+ Exchange Current
Cells were perfused with external solution containing nifedipine (10 
µmol/L), ouabain (1 mmol/L), and niflumic acid (10 µmol/L). Free 
Ca2+ in the pipette solution was 205 nmol/L, Current was elicited with 
a descending-ascending voltage ramp from a holding potential of −75 
mV. Na+/Ca2+ exchange current (I

NCX
) density was determined as the 

NiCl
2
 (1 mmol/L)-sensitive current.

[Na]i Measurements 
[Na]

i
 was measured with SBFI-AM as previously described.19

Statistical Analyses
Data are presented as mean±SEM, and values of P<0.05 were con-
sidered significant. The unpaired Student t test, Fisher exact test, 
Mann-Whitney U test, or Kruskal-Wallis test with Dunn posttest 
were performed when appropriate to compare experimental groups. 
Statistical analysis was carried out with GraphPad Prism software 
(version 6.0).

Biophysical Model of Murine PC
The model described in Vaidyanathan et al18 was modified to 
include cytosolic Ca2+ waves and late sodium current (I

NaL
). Two-

dimensional cytosolic Ca2+ diffusion was implemented to reproduce 
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the 2-component Ca2+ transients in canine PCs.20 Details are given in 
the online-only Data Supplement (Tables I–V and Figures II–IV in 
the online-only Data Supplement).

Computer Simulations 
[Na+]

i
 was increased by reducing the magnitude of Na+-K+ pump 

current (I
NaK

) as summarized in Table III in the online-only Data 
Supplement on the basis of earlier work (but also see Limitations).19,21 
The functional effects of RyR2 mutations were implemented by low-
ering the threshold of SR Ca2+ release.22 Isoproterenol effects were 
implemented by altering the maximum conductance of Ca2+ currents 
(I

CaL
 and I

CaT
),23,24 inward rectifier current (I

k1
), and I

NaK
.25 Table IV in 

the online-only Data Supplement provides details.

Results
Subendocardial Origin of Postpacing Triggered 
Beats
Previously, we demonstrated that polymorphic VT in the 
CPVT mouse model is attributable to focal discharges at 
multiple locations within the specialized conduction system.9 
Here, we provide direct evidence of both the origin and the 
triggering mechanisms of such ectopic activity. Abnormal 
electric activity was elicited in 6 of 7 (85.7%) CPVT hearts 
and in 3 of 7 (42.8%) control hearts treated with Tyrode’s 
solution containing high Ca2+ and isoproterenol after burst 
pacing. Figure 1A shows a representative volume-conducted 
ECG tracing from a CPVT heart before and after burst pacing. 
Rapid electric pacing in the presence of high Ca2+ and isopro-
terenol generated a series of ectopic beats immediately after 
pacing cessation. Each ectopic beat is identified by a number 
(1–9) in the red box in Figure 1A.

The precise origin for each of the 9 abnormal beats was 
identified in endocardial optical maps (Figure 1B), with ear-
liest breakthrough points represented by white and magenta 
regions. These 9 beats were overlaid onto a high-resolution 

fluorescent image of the heart displaying green fluorescent 
protein–expressing Purkinje fibers. Initial breakthroughs 
colocalized with Purkinje fiber sites within the subendocardial 
conducting network (Figure 1C), suggesting that such fibers 
were the source of arrhythmogenic focal activity.

Spontaneous Ca2+ Release Precedes Triggered 
Activity in Subendocardial PCs of the CPVT Mouse
We then examined the temporal relationship between [Ca2+]

i
 

release and membrane voltage (Vm) with respect to triggered 
activity in the subendocardium of CPVT mouse hearts. Hearts 
were loaded with the Ca2+ indicator dye rhod-2 am and the 
voltage sensitive dye di-4-ANBDQPQ. In Figure 2A, simul-
taneous single pixel Ca2+ (red) and voltage (black) signals at 
a Purkinje fiber location (asterisk in Figure 2C) are displayed 
with paired ECG recordings (blue). Continuous rapid pac-
ing (dotted line) in the presence of high Ca2+ and isoproter-
enol elicited a run of VT (box in Figure 2A). During VT, the 
sequence of Ca2+ and Vm activation signals was opposite sinus 
rhythm (before pacing). In Figure  2B, examples of 1 sinus 
discharge (left) and 1 VT discharge (right) emphasize that 
difference. During the abnormal beat, SCR preceded mem-
brane depolarization, giving rise to a triggered discharge. In 
Figure 2C, the optical signals were analyzed beat by beat at 
high spatiotemporal resolution in endocardial Vm-Ca2+ differ-
ence maps. In sharp contrast with sinus and recovery beats, the 
Ca2+ transient preceded depolarization during each triggered 
discharge and the mean map.

Subcellular Distribution of the L-type Ca2+ Channel 
and RyR2 in Mouse PCs
The previously demonstrated presence of T tubules in mouse 
PCs26 suggests that dyadic structures exist within these cells. 
Therefore, we assessed whether mouse PCs contain 2 key Ca2+ 

Figure 1. Subendocardial origins of 
spontaneous beats. A, Volume-conducted 
ECG recording of a catecholaminergic 
polymorphic ventricular tachycardia heart 
with 3.6 mmol/L Ca2+ and 160 nmol/L 
isoproterenol before, during, and after 
12-Hz burst pacing. Nine abnormal 
action potentials (APs) were induced 
after pacing (red box, numbered). B, 
Earliest right ventricular endocardial AP 
wave breakthroughs of abnormal beats 
(1–9, each in a separate box) shown by 
white and magenta spots (color index bar 
represents percent from maximal signal in 
each frame). C, Image of green fluorescent 
protein–mapped area of the Purkinje 
network (left) superimposed with white 
contour lines from B (middle and right). 
Note colocalization of triggered beats 
with branches of the Purkinje conduction 
system.
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channels, L-type Ca2+ channel (α subunit, Ca
V
1.2) and RyR2, 

in the dyad. Intracellular areas of RyR2 and Ca
V
1.2 colocaliza-

tions were observed in both VMs and PCs isolated from control 
hearts; however, they were more heterogeneous in PCs than 
in VMs (Figure V in the online-only Data Supplement). Both 
proteins exhibited a striated staining pattern with significant 
colocalization at the sarcolemma (Figure Vb–Vd in the online-
only Data Supplement) and at the expected T-tubule locations 
(Figure Ve and Vf in the online-only Data Supplement).

CPVT PCs Have a Lower Threshold for Triggered 
Activity Than VMs and Correlate With Abnormal 
Ca2+ Release
Figure  3 shows representative APs and Ca2+ transients 
recorded simultaneously from cells paced at 1 and 5 Hz in the 

absence and presence of isoproterenol. The addition of iso-
proterenol increased the Ca2+ transient amplitude in all cell 
types. Only CPVT VM and CPVT PC are shown because nei-
ther control VM nor control PC presented with abnormal beats 
during steady-state pacing (n=4 in each group). At steady-
state baseline conditions (1-Hz pacing), no cells presented 
with abnormal Ca2+ handling or triggered activity, and each 
pacing-induced VM or PC AP was followed by a single Ca2+ 
transient (Figure  3A and 3B, left, paced beats indicated by 
black arrows). On addition of 30 nmol/L isoproterenol, only 
CPVT PCs exhibited triggered activity, mainly in the form 
of EADs (Figure 3A and 3B, right, abnormal beats indicated 
by blue arrows). At a faster pacing frequency (5 Hz), which 
leads to elevated SR Ca2+ load, CPVT PCs developed trig-
gered activity even in the absence of isoproterenol (Figure 3D, 

Figure 2. Spontaneous Ca2+ release 
precedes voltage depolarization during 
triggered activity in the subendocardium 
of the catecholaminergic polymorphic 
ventricular tachycardia heart. The heart was 
perfused with 3.6 mmol/L Ca2+ and 160 
nmol/L isoproterenol. A, Volume-conducted 
ECG (top, blue) and optical signals obtained 
from a single pixel (black, voltage; red, 
Ca2+) at the earliest breakthrough on a 
subendocardial Purkinje fiber location. B, 
Enlarged representative traces for sinus 
(left) and triggered (right) beats. Symbols 
on top identify the specific beats selected 
from A. C, Beat-to-beat (left) and mean 
(right) Vm-Ca2+ timing difference maps for 
sinus (top), triggered (middle), and recovery 
(bottom) beats measured at 60% maximum 
depolarization (horizontal black lines in B).

Figure 3. Catecholaminergic polymorphic 
ventricular tachycardia (CPVT) Purkinje cells (PCs) 
have lower threshold for Ca2+-linked triggered 
activity. Representative simultaneous action 
potential (black) and Ca2+ fluorescence (red) 
recordings are presented on the same time scale. 
A and B, Steady-state 1-Hz pacing traces at 
baseline (left) and after 30 nmol/L isoproterenol 
(ISO) perfusion (right) for CPVT ventricular 
myocytes (VMs) and CPVT PCs, respectively. C 
and D, Steady-state 5-Hz pacing traces at baseline 
(left) and after 30 nmol/L isoproterenol perfusion 
(right) for CPVT VMs and CPVT PCs, respectively. 
Addition of isoproterenol significantly increases 
Ca2+ transient amplitude in both cell types. Neither 
control VMs nor control PCs developed abnormal 
beats under the same conditions (not shown). 
Black arrows indicate paced beats; blue arrows, 
spontaneous triggered activity.
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left). In PCs paced at 5 Hz, spontaneous triggered activity and 
SCR increased significantly with 30 nmol/L isoproterenol 
(Figure 3D, right), which led to the appearance of both EADs 
and DADs coupled with early and late after Ca2+ transients. 
Altogether, CPVT PCs had shorter latencies and a higher inci-
dence and number of events than CPVT VMs, as previously 
described.9,11

CPVT PCs Have a Higher Diastolic Ca2+ Leak
Three distinct patterns of SCR were observed in all cells: 
Ca2+ waves, early after- Ca2+ transients, and delayed after-Ca2+ 
transients (Figure VI in the online-only Data Supplement). 
As expected from previous reports showing a higher inci-
dence of DADs, CPVT PCs had the highest incidence of SCR 
among the 4 cell types (Figure VII in the online-only Data 
Supplement).9–11

Representative baseline and post-isoproterenol Ca2+ spark 
3-dimensional surface plots for CPVT VMs and PCs are 
shown in Figure 4A, demonstrating a larger number of Ca2+ 
sparks in CPVT PCs. In Figure 4B, quantification of Ca2+ spark 
recordings revealed that CPVT PCs had a significantly higher 
baseline Ca2+ spark frequency (CaSpF) after steady-state 
pacing compared with control VMs, control PCs, or CPVT 
VMs (10.4±2.4 versus 2.3±0.6, 4.4±0.9, and 4.4±1.3 sparks 
per 100 µm/s at 3 Hz, respectively; P=0.0002, P=0.0174, 
and P=0.0162). In Figure  4C, addition of isoproterenol (10 
nmol/L) significantly and progressively increased CaSpF in 
all groups, with CPVT PCs having the highest CaSpF at all 
the time points recorded.

Decreased SR Ca2+ Load and Increased SR 
Fractional Release in CPVT
We next characterized the state of the SR Ca2+ load in CPVT 
PCs. Representative caffeine-induced Ca2+ transients after 
3 Hz of steady-state pacing are illustrated in Figure  5A. In 
Figure 5B, the maximum amplitude of the caffeine-induced 

Ca2+ transient, an index of SR Ca2+ load, was significantly 
lower in each CPVT cell type compared with its control coun-
terpart (CPVT VM versus control VM: ΔF/F

0
, 4.5±0.8 versus 

8.6±1.7, P=0.0359; and CPVT PC versus control PCs: ΔF/
F

0
, 2.7±0.4 versus 5.1±1.7, P=0.0416). Steady-state Ca2+ 

transient amplitude was presented as a fraction of the caf-
feine-induced Ca2+ transient amplitude, indicating fractional 
release. There was a significant increase in SR fractional 
release in both CPVT VM versus control VM (50.2±4.2% ver-
sus 31.2±3.0%; P=0.0011; Figure 5C) and CPVT PC versus 
control PC (59.2±11.3% versus 33.1±5.7%; P=0.0449), sug-
gesting that Ca2+ gain was similarly altered by RyR2 gain of 
function in CPVT. Thus, the CPVT RyR2 mutation increased 
CaSpF, especially in PCs (Figure 4), despite a reduction in SR 
Ca2+ load.

Slower Cellular Ca2+ Extrusion in PCs Compared 
With VMs Is Attributable to Sarcolemmal Ionic 
Gradients
Time to 50% decay of the caffeine-induced Ca2+ transient, an 
indirect measure of NCX activity, was significantly prolonged 
in control PCs compared with control VMs (3.83±1.39 versus 
1.51±0.12 seconds; P=0.0218; Figure 5D) and in CPVT PCs 
compared with CPVT VMs (3.46±1.61 versus 1.31±0.09 sec-
onds; P=0.0359). There was no significant difference in this 
parameter between ventricular groups and between Purkinje 
groups. Whole-cell patch-clamp experiments revealed that 
I

NCX
 was similar in all 4 cell groups (I

NCX
 at 100 mV in con-

trol VMs, 1.7±0.4 pA/pF; CPVT VMs, 2.3±0.5 pA/pF; control 
PCs, 1.9±0.3 pA/pF; CPVT PCs, 2.0±0.2 pA/pF; P=0.9158; 
Figure  5E). Thus, although a slower caffeine-induced Ca2+ 
transient decay in control and CPTV PCs indicates that PCs 
have a reduced level of NCX functional expression than VMs, 
the voltage-clamp results failed to provide support for this 
idea. Both approaches measure function of NCX as opposed 
to Western blots or transcriptional levels of NCX. However, 

Figure 4. Ca2+ spark frequency (CaSpF) is higher in control 
and catecholaminergic polymorphic ventricular tachycardia 
(CPVT) Purkinje cells (PCs) than in ventricular myocytes (VMs). 
A, Three-dimensional surface plots of representative line 
scan images for a CPVT VM and CPVT PC for baseline (left) 
and 10 nM/L isoproterenol (right). B, Mean CaSpF at 1-, 3-, 
and 5-Hz stimulation. *P<0.05 vs control VMs at the same 
pacing frequency. #P<0.05 vs all other cell groups at the same 
pacing frequency. C, Time course of responses of CPVT VMs 
and CPVT PCs to isoproterenol (ISO; 10 nmol/L). *P<0.05 in 
Purkinje CPVT myocytes vs all other cell groups at same time 
point after isoproterenol.
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the intracellular milieus at which the 2 functional assays mea-
sure NCX activity are vastly different from each other. One 
(caffeine-induced Ca2+ transient assay) is more physiological 
than the other.

Higher [Na+]i in PCs at Rest and During Stimulation
[Na+]

i
 was measured in all 4 cellular groups at rest and after 

2-Hz pacing. Figure  5F shows the average calibrated mea-
surements for each group, and representative examples can 
be found in Figure VIII in the online-only Data Supplement. 
Control PCs compared with control VMs had significantly 
higher [Na+]

i
 at baseline (13.3±1.0 versus 5.2±0.8 mmol/L; 

P=0.0286) and under 2-Hz pacing (16.7±0.8 versus 7.0±0.7 
mmol/L; P=0.0286). Likewise, CPVT PCs had significantly 
higher [Na+]

i
 both at baseline (16.0±0.2 versus 6.1±1.6 

mmol/L; P=0.0159) and at 2-Hz pacing (18.8±2.0 versus 

7.4±1.7 mmol/L; P=0.0159) compared with CPVT VMs. 
There were no differences in [Na+]

i
 between control VMs 

and CPVT VMs or between control PCs and CPVT PCs. Our 
calibrated [Na]

i
 measurements with SBFI were conducted at 

physiological temperatures (37°C) and most likely underlie 
the reduced values of [Na+]

I
 in VMs (5–7 mmol/L) compared 

with the values shown by others in experiments conducted at 
room temperature, in the range of 11 to 15 mmol/L.27 This is 
in line with the studies of Chapman28 showing the relation-
ship between intracellular Na activity and its sensitivity to 
temperature.

Higher [Na+]i in PCs Increases SR Ca2+ Leak and 
Yields More Frequent DADs
To test the hypothesis that a constitutive excess in [Na+]

i
 in 

PCs promotes RyR2 leak and arrhythmias at lower levels of 

Figure 5. Sarcoplasmic reticulum (SR) Ca2+ handling and high [Na+]i in Purkinje cells (PCs). A, Representative traces of caffeine-induced 
Ca2+ transient from control ventricular myocytes (VMs; top left) and PCs (bottom left) and catecholaminergic polymorphic ventricular 
tachycardia VMs (top right) and PCs (bottom right) recorded at 3-Hz stimulation with 10 mmol/L caffeine. B, Mean peak SR Ca2+ content 
in each cell type. C, SR fractional release and (D) time to 50% decay from caffeine-induced Ca2+ transient VMs. E, Average NiCl2-sensitive 
Na+/Ca2+ exchanger current/voltage relationships (voltage ramp protocol shown in the inset). F, Mean [Na+] concentration. *P<0.05.
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stress than VMs, we conducted computer simulations in a 
well-tested model of the murine PC. The model accurately 
reproduces AP morphology, AP duration (APD) at 90% of 
repolarization (APD

90
), and maximum dV/dt values obtained 

in experiments (Table II and Figure IV in the online-only 
Data Supplement).18 Moreover, the model was able to repro-
duce the experimentally observed biphasic calcium tran-
sients resulting from both radial and longitudinal diffusion 
components (Figure IVC and IVD in the online-only Data 
Supplement).

In Figure 6A, the PC model with SCRs enabled was burst 
paced at 5 Hz for 10 seconds to overload the SR with cal-
cium. At the end of pacing, a triggered AP was followed by 
a DAD, both of which were mediated via the cytosolic cal-
cium waves. Similar to what happened in the experiments 
(Figure 3), simulating the effects of isoproterenol in the PC 
model significantly increased the frequency of SCR, thereby 
producing sustained DAD-induced triggered AP, as shown in 
Figure 6B. These results are in full agreement with our previ-
ously reported results in CPVT mice9,11 and the experimental 
data presented above.

The [Na+]
i
 levels in the PC model were elevated by scaling 

I
NaK

 to 85%, 75%, and 65% of the control values (Table III in 

the online-only Data Supplement ). Figure IXA and IXB in 
the online-only Data Supplement clearly shows that the APs 
were prolonged as a result of increased [Na+]

i
. Furthermore, 

the increased [Na+]
i
 was associated with elevated levels of 

averaged [Ca2+] in the model with progressively slower Ca2+ 
extrusion (Figure IXC in the online-only Data Supplement), 
which significantly increased the inward component of the 
NCX (Figure IXD in the online-only Data Supplement), lead-
ing to APD prolongation at higher [Na+]

i
. We did not observe 

noticeable changes in the resting membrane potential (Vrest) 
at elevated levels of [Na]

i
 (Table VI in the online-only Data 

Supplement). Thus, the fast and slow inactivation gates, 
namely h and j, in the sodium current formulation did not 
change significantly (Figure X and Table VI in the online-
only Data Supplement), indicating that the inactivation kinet-
ics of sodium channels was not altered at the elevated [Na]

i
 

levels. We also investigated the effects of blocking I
NaL

 in our 
model. As listed in Table VII and shown in Figure XI in the 
online-only Data Supplement, blocking I

NaL
 abbreviated the 

APD (both APD
50

 and APD
90

) at all levels of [Na]
i
; however, 

dV/dtmax and Vrest were not altered significantly. When 
SCRs were implemented in these models of elevated [Na+]

i
, 

we observed frequent DADs (Figure  7A). The DADs were 

Figure 6. Pacing induced delayed 
afterdepolarizations (DADs) and triggered 
activity (TA) in the numeric mouse Purkinje cell 
model with spontaneous Ca2+ release enabled 
(catecholaminergic polymorphic ventricular 
tachycardia model; A) control case and (B) in the 
presence of isoproterenol effects followed by 
burst pacing at 5 Hz.
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always preceded by SCR events from the leaky RyR channels 
(Figure 7B). These RyR2 leaks initiated cytosolic Ca2+ waves, 
thus elevating the local Ca2+ concentration in the subsarco-
lemmal region. The elevated Ca2+ levels in the subsarcolem-
mal region activated the inward component of NCX, thereby 
producing DADs.

Membrane Permeabilization Reverses the 
Differential CaSpF in PCs Versus VMs
To provide further direct evidence that a higher [Na]

i
 makes 

PCs more susceptible to RyR2 dysfunction than VMs, we 
measured Ca2+ sparks in saponin-permeabilized PCs and 
VMs. Figure  8A through 8D shows representative confocal 
line scan recordings of Ca2+ sparks in saponin-permeabilized 
control VMs, control PCs, CPVT VMs, and CPVT PCs with 
50 nmol/L free Ca2+. The CPVT mutation increased CaSpF 
significantly in CPVT VMs compared with control VMs 
(11.5±0.5 versus 5.8±0.5 sparks per 100 µm/s, respectively; 
P<0.0001; Figure 8E) and CPVT PCs to control PCs (8.0±0.7 
versus 4.8±0.6 sparks per 100 µm/s, respectively; P=0.0317; 
Figure 8E). However, unlike intact cells (Figure 4), the CaSpF 
in control PCs was similar to that in control VMs (4.8±0.6 
versus 5.8±0.5 sparks per 100 µm/s, respectively; P=0.3087; 
Figure  8E). Most important, CPVT PCs had lower CaSpF 

compared with CPVT VMs (8.0±0.7 versus 11.5±0.5 sparks 
per 100 µm/s, respectively; P=0.0087; Figure 8E).

Discussion
The major findings of this work may be summarized as follows. 
First, SCR preceded triggered activity in RyR2R4496C+/− CPVT 
hearts, whereas initial AP breakthrough points colocalized 
with the Purkinje conduction network, suggesting that PCs 
are the source of triggered activity in CPVT hearts. Second, in 
control and CPVT cardiomyocytes, CaSpF was greater in PCs 
than VMs at baseline and under β-adrenergic stress, reflecting 
increased activity of RyR2 channels. Third, CPVT mutation 
decreased SR Ca2+ load and increased fractional shortening 
in both PCs and VMs compared with control, suggesting that 
RyR2 Ca2+ sensitivity was equally increased by the CPVT 
mutation in PCs and VMs. Fourth, caffeine-induced Ca2+ 
transient decay was slower in control and CPVT PCs com-
pared with VMs. Fifth, compared with VMs, both control and 
CPVT PCs had higher [Na+]

i
 at rest and during steady-state 

pacing. Sixth, in computer simulations, increasing [Na+]
i
 in a 

PC model cell greatly promoted RyR2 leak and arrhythmias. 
Finally, membrane permeabilization reversed the different PC 
versus VM postpacing CaSpF. Together, these results demon-
strate for the first time the essential role of the constitutively 

Figure 7. Ca2+-linked arrhythmogenesis in the 
[Na]i-overloaded numeric Purkinje cell model with 
isoproterenol effects. A, Generation of frequent 
delayed afterdepolarizations and triggered 
activity in the catecholaminergic polymorphic 
ventricular tachycardia model at various elevated 
levels of [Na+]i obtained by reducing INaK density. 
B, Corresponding Ca2+ release flux from the 
ryanodine channels shows large-magnitude 
spontaneous Ca2+ release events preceding the 
membrane depolarizations.
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higher PC [Na+]
i
 in promoting greater arrhythmogenicity than 

VMs in CPVT mice.

Subcellular Expression and Distribution  
of the L-type Ca2+ Channel and RyR2 Channels  
in Mouse PCs 
The observation that (at least some) mouse PCs contain T 
tubules suggests the presence of normal dyadic structures that 
form at the sites of Ca2+ release at the junctional SR/T tubule 
membrane interfaces. Using fluorescent immunocytochemis-
try, we found that both control and CPVT mouse PCs express 
Ca

V
1.2 and that this protein colocalizes with RyR2 to the same 

discrete subcellular locale, although with higher intercellular 
and intracellular heterogeneity than in VMs (Figure V in the 
online-only Data Supplement). These findings suggest that 

the main protein components of the classic Ca2+-induced Ca2+ 
release process in VMs are present but are more heteroge-
neous in PCs.

Ca2+ Handling in Cardiac PCs 
Although Ca2+ handling in VMs has been extensively stud-
ied and is relatively well understood, such is not the case for 
cardiac PCs. Previous studies have demonstrated that PCs are 
different from VMs, both morphologically and electrophysi-
ologically.9,18,29 We investigated whether inherent differences 
between the 2 cell types affect Ca2+ regulation and under-
lie the enhanced vulnerability of cardiac PCs over VMs to 
RyR2 dysfunction in CPVT. PCs are more arrhythmogenic 
than VMs in CPVT mice, and previous studies support the 
hypothesis that arrhythmias in the RyR2R4496C+/− mouse are 
caused by enhanced/abnormal diastolic Ca2+ release through 
defective RyR2 channels.9,11 In this context, we sought to 
determine in the whole heart the role that cellular Ca2+ leak 
plays in RyR2R4496C+/− PCs. First, by measuring Vm and [Ca2+]

i
 

simultaneously, we confirmed that PCs have a lower thresh-
old for triggered activity, both during high-frequency pacing 
and under adrenergic stress (Figure  3). Most important, we 
determined that all DADs and EADs observed within mutant 
PCs correlated temporally with a synchronous rise in Ca2+-
mediated fluorescence. Then, to explore the mechanism for 
such findings, we dived further into the molecular basis of the 
Ca2+ handling machinery in mouse PCs.

Ca2+ sparks are stochastic activations of a cluster of RyR2s 
that form a Ca2+ release unit. In VMs, the synchronized open-
ing of Ca2+ release units during Ca2+-induced Ca2+ release 
is thought to generate a global Ca2+ transient in the cytosol. 
Although the Ca2+ release unit is incompletely understood in 
PCs, the general consensus is that in both VMs and PCs, Ca2+ 
sparks reflect cellular in situ activity of the RyR2. Therefore, 
it is well known that RyR2 Ca2+ sensitivity within Ca2+ release 
units correlates with a higher CaSpF. As shown in Figure 4, 
diastolic Ca2+ leak was higher in RyR2R4496C+/− mutant PCs 
compared with all other cell types, both at baseline and under 
β-adrenergic stress. To the best of our knowledge, this is the 
first time that Ca2+ sparks have been recorded in isolated 
murine PCs. An increased CaSpF resulting from increased 
RyR2 sensitivity is also in accordance with a decrease in SR 
Ca2+ load and an increase in SR fractional release, both of 
which were observed in CPVT PCs (Figure 5). Taken together, 
our results support the hypothesis that enhanced diastolic Ca2+ 
leak in PCs is responsible for triggered activity arising from 
the conduction system. Furthermore, we found that permeabi-
lization of the membrane terminates this cell type–dependent 
difference in CaSpF (Figure 8). Together, these data suggest 
that a difference in the intracellular milieu that results from 
different transporters at the sarcolemmal membrane is an 
essential factor in making the PC more vulnerable to Ca2+ dys-
function than the VM.

What Is the Mechanism of the Increased Ca2+ Leak 
in the PCs?
We found that the caffeine-induced Ca2+ transient time to 
50% decay was significantly prolonged in PCs. The caf-
feine transient decay time provides an indirect measure 

Figure 8. Membrane permeabilization terminates differential 
Ca2+ spark frequency (CaSpF) in Purkinje cells (PCs) compared 
with ventricular myocytes (VMs). A through D, Representative 
confocal line scan recordings showing Ca2+ sparks under 50 
nmol/L free Ca2+ in permeabilized control VMs, control PCs, 
catecholaminergic polymorphic ventricular tachycardia (CPVT) 
VMs, and CPVT PCs. E, Average CaSpF among all groups. Note 
that there is no significant difference in CaSpF between control 
VMs and control PCs and that there is a significant decrease in 
CaSpF between CPVT VMs and CPVT PCs. *P<0.05.
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of NCX-mediated cytosolic Ca2+ removal. Therefore, this 
would suggest that, at least after pacing, PCs in general have 
decreased activity of NCX compared with VMs. Through 
patch-clamp experiments, we determined that this is not 
attributable to decreased functional levels of NCX because 
I

NCX
 was not different among all 4 cell groups studied 

(Figure 5E). We postulate that the slower caffeine-induced 
Ca2+ transient decay time observed in control and CPVT PCs 
likely reflects changes in ionic gradients, particularly Na+ 
gradients, which would slow NCX extrusion. Given that in 
the mouse heart PCs have a reduced density of T tubules26 
and larger I

Na
 density and are hyperpolarized compared with 

VMs,18 it is reasonable to suggest that they are prone to 
Na+ overload, which could also decrease postpacing NCX 
Ca2+ extrusion. We measured [Na+]

i
 and found that it was 

increased in PCs compared with VMs (Figure 5F), which is 
consistent with what has been shown in canine PCs.30 Higher 
Na+ load in PCs was also found in cells from CPVT hearts. 
These findings likely explain the increased caffeine-induced 
Ca2+ transient decay time observed in PCs compared with 
VMs because higher [Na+]

i
 would impair Ca2+ extrusion and 

lead to increased [Ca2+]
i
, as predicted by previous mathemat-

ical modeling31 and by our own simulations (Figures 6 and 
7). To the best of our knowledge, these results have not been 
reported previously in mouse PCs or in the context of inher-
ited arrhythmogenic disease.

Intracellular Ca2+ Handling in Mouse PCs 
PCs are different from VMs both morphologically and elec-
trophysiologically.10,11,18,32 In addition, [Na+]

i
 and Ca2+ homeo-

stasis mechanisms are different in PCs and VMs.33 In larger 
mammalian species, it has been shown that PCs have 2 types 
of SR, junctional and corbular,34 and that this may underlie a 
Ca2+ activation process that is peculiar to the cell type and per-
haps to the species.35 For example, studies in canine PCs have 
shown that on electric stimulation there is an initial uniform 
Ca2+ rise under the cell membrane that propagates to the cen-
tral core region via Ca2+-induced Ca2+ release.36,37 On the other 
hand, in CPVT, leaky RyR2 channels can initiate a Ca2+ wave 
that propagates from the core of a PC back to the membrane 
and causes depolarization. This reverse propagation of Ca2+ as 
a wave may then travel through the single PC, between cells, 
and along a fiber.20

On the basis of all the above, we propose that the constitu-
tive excess of [Na+]

i
 in PCs with respect to VMs leads to PC 

[Ca2+]
i
 overload–induced SCR and triggered activity through 

an Na+ overload–dependent decreased cytosolic Ca2+ extru-
sion mechanism. This potential mechanism becomes even 
more feasible when we consider that bidirectional VT has 
thus far been strongly associated only with CPVT and digitalis 
toxicity.1,2,38,39 Indeed, the mechanism of action of digitalis is 
thought to be that of Na+-dependent [Ca2+]

i
 overload through 

impaired NCX-mediated Ca2+ extrusion occurring as a conse-
quence of Na+/K+ ATPase inhibition.40 The functional density 
of Na+/K+ ATPase in the T tubules of VMs is 3- to 3.5-fold 
higher than in the lateral sarcolemma, and VMs have a ≈4- 
to 20-fold higher density of T tubules than PCs, depending 
on species, which may explain the higher conduction veloci-
ties in PC networks than VM.21,26 Although the biophysical 

characterization of Na+/K+ ATPase in PCs is beyond the scope 
of this study, our measurements of [Na+]

I
, together with our 

computer simulations showing a strong dependence of SR 
Ca2+ leak on I

NaK
, strongly support our conjecture that a PC 

[Na+]
i
 surplus drives calcium-linked ventricular arrhythmo-

genesis in mice. Nevertheless, further studies are warranted to 
elucidate the relationship between this important protein and 
triggered activity in PCs.

Limitations
We have not conducted direct measurements of [Na+]

i
 using 

Na+-selective microelectrodes,41 but our SFBI measurements 
were calibrated at the end of each experiment according to 
previous studies.27 Some research groups have proposed a 
“triple layer” of Ca2+ activation in canine PCs involving IP3 
receptors.20 However, this mechanism may not hold true 
across different mammalian species. Although permeabiliza-
tion of the cell membrane likely abolished the differences in 
[Na+]

i
 between PCs and VMs, at this point, we cannot exclude 

the possibility that the loss of an intracellular soluble factor 
contributed to the reversal of the different PC versus VM post-
pacing CaSpF. Obviously, although data on [Na+]

i
 differences 

in ventricular cells and Purkinje fibers obtained in mice and 
computer simulations can provide great insight into molecular 
and ionic mechanisms of inheritable cardiac diseases such as 
CPVT, extrapolation to other species and the human condition 
needs to be conducted with extreme caution. In our computer 
simulations, we have modeled elevated [Na+]

i
 on the basis of a 

reduced density of the I
NaK

 in PCs versus ventricular cells as in 
earlier studies.31 However, whether differences in this current 
or those of other important regulators of [Na+]

i
 homeostasis 

such as the sodium-hydrogen exchanger and sodium-bicar-
bonate symporter42 are important is unknown and will have to 
be investigated systematically in future studies. We have not 
accounted for alterations in both the hydrogen ion homeostasis 
and cell-coupling effects of the elevated Na values in PCs seen 
in our present study, which will need to be examined in the 
future. This is important because earlier studies have shown 
an important and complex relationship between changes in 
pH, [Na+]

i
, and rate of stimulation,43 which may have impli-

cations for the generation of DADs.44 Finally, unlike in other 
experimental models such as dogs,45 mouse Purkinje fibers 
exhibit a similar density of the inward rectifier K+ current (I

K1
) 

in PCs and VMs, as shown in our earlier study.19 Thus, I
K1

 does 
not play a role in the preferential formation of DADs in PCs 
compared with VMs, at least in mice, but this cannot be ruled 
out for other species, including humans.

Conclusions and Clinical Implications
CPVT is a congenital, proarrhythmogenic syndrome char-
acterized by dangerous ventricular arrhythmias that appear 
under stress. CPVT has been linked to mutations in cardiac 
Ca2+ handling proteins, yet new evidence has shown that the 
cardiac Purkinje network appears to be involved in the ini-
tiation of bidirectional VT and PVT in this disease. This 
work has shed new light on the mechanisms of Ca2+-linked 
ventricular arrhythmias arising from the cardiac Purkinje 
network in CPVT mice. Although translation from mouse 
model to humans is not trivial, our results present PC Na+ 
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and Ca2+ regulation as a new potential treatment avenue 
in CPVT and other cardiac diseases associated with Ca2+-
linked arrhythmias.
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CLINICAL PERSPECTIVE
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a highly malignant, inheritable, proarrhythmogenic syn-
drome characterized by life-threatening ventricular arrhythmias that appear under stress. The work presented here sheds new 
light on the mechanisms of Ca2+-linked ventricular arrhythmias in CPVT by demonstrating for the first time the essential role 
of the constitutively higher intracellular sodium of the specialized Purkinje cell in promoting greater arrhythmogenesis than 
ventricular myocytes in CPVT mice. CPVT has been linked to human mutations in cardiac Ca2+ handling proteins, yet new 
evidence has shown that the Purkinje network appears to be involved in the initiation of bidirectional and polymorphic ven-
tricular arrhythmias in this disease. Although translation from the mouse model to the human should be done with caution, 
our results introduce the Purkinje cell Na+ and Ca2+ regulation as a new potential target in CPVT and other cardiac diseases 
associated with Ca2+-linked arrhythmias.




