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Abstract
Background—Inherited loss of function mutations in SCN5A have been linked to overlapping
syndromes including cardiac conduction disease and Brugada syndrome (BrS). The mechanisms
responsible for the development of one without the other are poorly understood.

Methods—Direct sequencing was performed in a family with cardiac conduction disease. Wild-
type (WT) and mutant channels were expressed in TSA201 cells for electrophysiological study.
Green fluorescent protein (GFP)-fused WT or mutant genes were used to assess channel
trafficking.

Results—A novel SCN5A mutation, P1008S, was identified in all family members displaying 1st
degree atrioventricular block, but not in unaffected family members nor in 430 reference alleles.
Peak P1008S current was 11.77% of WT (p<0.001). Confocal microscopy showed that WT
channels tagged with GFP were localized on the cell surface, whereas GFP-tagged P1008S
channels remained trapped in intracellular organelles. Trafficking could be rescued by incubation
at room temperature, but not by incubation with mexiletine (300µM) at 37°C. We also identified a
novel polymorphism (D601E) in CACNB2b that slowed inactivation of L-type calcium current
(ICa), significantly increased total charge. Using the Luo-Rudy action potential model, we show
that the reduction in INa can cause loss of the right ventricular epicardial action potential (AP)
dome in the absence but not in the presence of the slowed inactivation of ICa. Slowed conduction
was present in both cases.

Conclusions—Our results suggest genetic variations leading to a loss-of-function in INa coupled
with a gain of function in ICa may underlie the development of cardiac conduction disease without
BrS.
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INTRODUCTION
Mutations in SCN5A, encoding the α-subunit of the human cardiac sodium channel
(hNav1.5), have been reported to cause overlapping syndromes including Brugada syndrome
(BrS)1, LQT3 form of the long-QT syndrome2, cardiac conduction disease (CCD, also
referred to as Lev-Lenègre disease)3, congenital sick sinus syndrome (SSS)4, and/or atrial
fibrillation5, that can manifest individually or together.6–9

Cardiac conduction disease is characterized by an age-related impairment of conduction of
the cardiac impulse across the atrioventricular node (AVN) and/or His-Purkinje system,
leading to complete atrioventricular (AV) block, but without BrS-like ST-segment elevation.
3 These patients may present with syncope or sudden death, necessitating implantation of a
pacemaker or. Right or left bundle branch block (R/LBBB) and broadening of the PR
interval, QRS-complex, and QT interval are commonly observed. SCN5A mutations have
been linked to cardiac conduction disease, allowing for genotype-phenotype correlation, yet
a clear mechanistic understanding and approach to therapy is lacking.

BrS has previously been associated with mutations in seven different genes including
SCN5A (Nav1.5, BrS1)1, GPD1L (BrS2)10, CACNA1C (Cav1.2, BrS3)11, CACNB2b
(Cavβ2b, BrS4)11, SCN1B (Navβ1, BrS5)12, KCNE3 (MiRP2; BrS6)13 and SCN3B (Navβ3,
BrS7) 14 that when expressed lead to a loss of function of either sodium (INa) or L-type
calcium (ICa) channel current or to a gain of function of transient outward current (Ito).
Experimental studies have demonstrated that inhibition of either INa or ICa or a combination
of the two inward currents can induce a BrS phenotype.15, 16

Whereas loss of function mutations in SCN5A often result in both BrS and some level of
cardiac conduction disease, in some cases the latter is manifest without BrS.17–19 The
mechanisms underlying the manifestation of cardiac conduction disease without BrS in
cases of SCN5A loss of function mutations have largely eluded investigators thus far.

Herfst and colleagues showed that a trafficking defect may underlie SCN5A mutation-related
loss of function associated with conduction defects20, but unlike BrS and LQT3, no study to
our knowledge has identified a means to rescue SCN5A mutation-induced trafficking defects
responsible for conduction problems. The present study identifies a novel missense mutation
in SCN5A in a family with 1st degree AV block and demonstrates that loss of function is
secondary to a trafficking defect that is amenable to rescue by exposure to low temperatures.
Moreover, we have identified a second variation involving CACNB2b, which encodes the β
subunit of the L-type calcium channel. This polymorphism, D601E, is shown to slow
inactivation of ICa leading to a gain of function. Our data suggest that the dual genetic
variation in inward current genes, causing a loss of function in INa coupled with a gain of
function in ICa, underlies the development of cardiac conduction disease without BrS.

METHODS
Clinical Subjects

The study was approved by the Regional Institutional Review Board. All members of the
immediate family underwent clinical and genetic studies after obtaining informed consent.
The proband underwent Holter monitoring as well as an exercise stress test. P-wave
duration, PR-interval, QT-interval, rate-corrected QT-interval and QRS-duration were
measured from 12-lead electrocardiograms (ECG)s.
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Mutation Analysis
Genomic DNA was extracted from peripheral blood leukocytes using a commercial kit
(Gentra System, Puregene, Valencia, CA, USA). All exons and intron borders of SCN5A
(Nav1.5), KCNE1 (MinK), KCNE2 (MiRP1), KCNE3 (MiRP2), KCNQ1 (KvLQT1),
KCNH2 (hERG), KCNA4 (Kv1.4), KCND3 (Kv4.3), KCNIP2 (KChIP2), CACNA1C
(Cav1.2), CACNB2b (Cavβ2b), and CACNA2D1 (Cavα2δ1), IRX5, DDP10 genes were
amplified and directly sequenced from both directions with the use of an ABI PRISM 3100-
Avant Automatic DNA sequencer (Applied Biosystems, Foster City, CA, USA). To
determine the prevalence of the nucleotide variations in the same ethnic population, genomic
DNA from 430 ethnically-matched healthy reference alleles was used as control. The
following SCN5A and CACNB2b primers were used for screening of family members:

SCN5A

   Exon 17- Sense 5’-GTCAAGCGGACCACCTGG-3’

   Exon 17- Antisense 5’-CACACACACGGGCTCTGG-3’

CACNB2b

   Exon 13b- Sense 5’-GACTCTGCCTACGTAGAGC-3’

   Exon 13b- Antisense 5’-CACATATGATTGCAGTGTAGAC-3’

Site-Directed Mutagenesis, Transfection and Electrophysiology Study
The ion channel variants were cloned by site-directed mutagenesis, expressed in TSA201
cells and studied using whole cell patch clamp techniques as detailed in the online
supplement.

Localization of Sodium Channel
We assessed channel trafficking using Na+ channels tagged with GFP, as previously
described.11 Confocal microscopy was used to localize the channels and identify trafficking
defects. (See online supplement for details)

Mathematical Model
Propagated action potentials (APs) were simulated using the Luo-Rudy 2 model21, 22 to
which an robust Ito was added.23 (See online supplement for details)

Statistical Analysis
Data are expressed as Mean ± SEM. Two-tailed Student's t-test or ANOVA coupled with
Newman-Keuls test were used for statistical analysis, as appropriate (SigmaStat, Jandel
Scientific Software, Richmond, CA, USA). Differences were considered statistically
significant at a value of P<0.05.

RESULTS
Clinical Observations

Affected family members were identified on the basis of generalized conduction defects
(Table 1). The pedigree is shown in Figure 1. In the fall of 2004, the proband (II-1), 47
years old very fit male, presented in the emergency room after passing out at work. His
younger daughter (III-2) was symptomatic with a reported “racing heart” during or
following vigorous exercise. The proband and his two daughters (13 and 15 years old)
underwent Holter monitoring and a treadmill stress test. The proband showed a pronounced
first-degree AV block and an incomplete right bundle branch block (IRBBB), which were
more pronounced during and after the exercise stress test (II-1 in Figure 2A–C). A bifid T
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wave and slight QTc prolongation were also observed during the exercise stress test (Figure
2B). His PR-interval varied between 300 and 360 ms at rest. The presence of a generalized
conduction defect was also reflected in the longer than normal P wave and QRS duration
(Table 1). Procainamide challenge failed to induce a BrS-like ECG (data not shown).
Moreover, raising the position of the right precordial leads 2 intercostal spaces failed to
reveal a BrS-ECG phenotype also. An ICD was implanted in the proband because of the
unexplained syncope and a family history of sudden cardiac death.

The proband's sister (II-3) was 26 years old when she died of sudden cardiac arrest (21 years
ago). The proband’s daughters, 15 and 13 years of age, displayed sinus arrhythmia,
bradycardia and PR intervals of 178 and 224 ms, which are prolonged for their age24 (III-1
and 2; Figures 2D and 2E). One of the daughters had a mild form of epilepsy (III-2). The
proband’s brother, mother and two nieces displayed a normal ECG.

Molecular Genetics
Polymerase chain reaction (PCR)-based sequencing analysis revealed a double peak in the
sequence of exon 17 of SCN5A (C to T transition at nucleotide 3022), predicting substitution
of proline by serine at codon 1008 (P1008S) in all family members displaying ECG
conduction defects. The novel missense mutation is located in the intracellular linker
between domains II and III of SCN5A. The nucleotide change was not observed in 430
reference alleles (215 healthy race-matched individuals). Because of the appearance of bifid
T waves and slight QTc prolongation during the exercise stress test, the proband was also
screened for variations in other genes mentioned above. A heterozygous T1803G transition
in exon 13, that predicted a substitution of aspartate for glutamate at position 601 (D601E)
of CACNB2b, was present in 23% of ethnically matched controls. This polymorphism is
located downstream of the β-subunit interaction domain segment. The polymorphism was
detected in the proband (II-1) and one of his daughters (III-1).

Electrophysiological Characteristics of the SCN5A-P1008S Mutation
SCN5A-P1008S mutant and wild type (WT) sodium channels were co-expressed with
SCN1B in TSA201 cells to assess the effects of the mutation on sodium channel function.
The I–V relationships shown in Figure 3C demonstrate a major loss of function with peak
INa density of P1008S reduced to 11.77 % of WT. Steady-state inactivation was measured
by varying the conditioning pulse between −140 mV and −60 mV to inactivate the channels
followed by a test pulse to −20 mV (Figure 3A). Half-inactivation voltage (V1/2) and the
slope factor of P1008S were not significantly different (Figure 3D). Recovery from
inactivation evaluated using a standard double paired-pulse protocol showed that P1008S
channels recover more slowly at very brief interpulse intervals (<20 ms) (Figure 3B and 3E).

To evaluate whether the loss of function caused by the P1008S mutation was due in part to a
trafficking defect, we studied WT and P1008S channels tagged with fusion green fluorescent
protein (GFP). XYZ scans of WT channels on the confocal microscope revealed both a
central and peripheral pattern of staining, suggesting localization of the channel in the cell
membrane as well as intracellular organelles (Figure 4A). In contrast, P1008S channel
fluorescence was limited to intracellular organelles (Figure 4B), suggesting that channels
were trapped in the endoplasmic reticulum and/or Golgi complex.

Previous studies have reported that trafficking of defective channels can be rescued by a
variety of methods including incubation at low temperature and addition of pharmacological
agents to the culture media25. Recent reports showed the effect of mexiletine, a Class I
antiarrhythmic agent, to rescue trafficking-defective channels26. We evaluated the effect of
both room temperature (RT), 22°C and mexiletine 300 µM. Incubation of the P1008S
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transfected cells with 300 µM mexiletine for 48 hours did not rescue the trafficking
defective channels (Figure 4C). However, incubation of the P1008S mutant channels at RT
for 48 hours re-established both central and peripheral staining, suggesting restoration of
normal trafficking of the channels to the cell membrane (Figure 4D). The peripheral:total
fluorescence ratio was similar for WT and P1008S incubated at RT (0.572±0.036 and
0.545±0.030, n=8 for each), but much smaller for P1008S and P1008S incubated with
Mexiletine (0.247±0.037 and 0.341±0.058, P<0.05 compared with WT, n=8 for each).

In another series of experiments, we examined the effect of incubation at RT or with
mexiletine on functional expression of INa. Figure 5 shows the effect of incubation of cells
transfected with P1008S SCN5A at RT in 48 hrs or incubation with 300 µM mexiletine in 48
hrs. Incubation with 300 µM mexiletine at 37°C failed to rescue expression of P1008S
mutant channels, whereas incubation at RT for 24–48 hrs restored robust inward currents,
consistent with the confocal results demonstrating rescue of the trafficking deficient
channels.

Electrophysiological Characteristics of the CACNB2b-D601E Polymorphism
To determine the contribution of calcium polymorphism to the clinical phenotype, we
expressed the WT and mutated CACNB2b constructs in TSA201 cells with CACNA1c and
CACNA2D1 and performed patch-clamp experiments (Figure 6A). The current density-
voltage (I–V) relationship between WT and D601E channels was compared. A set of
depolarizing pulses applied in 10-mV increments from a holding potential of −90 mV
elicited robust ICa currents (Figure 6B). At 0 mV, the D601E variation in CACNB2b caused
a slowing of inactivation: the time constant of the slow component of decay of ICa (τs)
increased from 134.5 ± 11.0 in WT (n=9) to 168.8 ± 13.6 ms in D601E channels (n=7;
P<0.01). The time constant of the fast component was not significantly altered (τf = 24.8 ±
2.1 ms for WT, n=9; τf = 24.0 ± 1.5 ms for D601E, n=7; P>0.05). This was accompanied by
an increase in ICa density, which was statistically significant 50 and 300 ms into the pulse.
(Figure 6C). The total charge carried by ICa, estimated as the area under the current trace
recorded at 0 mV, increased by 144.3% (from 21.0±5.4 nC to 51.3±1.0 nC; n=9 for WT;
n=7 for D601E; P<0.05).

Simulation Results
To assess the influence of the P1008S mutation in SCN5A alone and in combination with the
D601E polymorphism in CACNB2b on the shape of the cardiac AP we simulated propagated
right ventricular APs in a 1 cm cable. Figure 7 shows simulated APs under steady-state
conditions (9th and 10th cycles) at BCL of 1000 msec. Maximal conductance of Ito was set to
2.2 mS/pF to simulate a right ventricular epicardial AP with a prominent spike-and-dome
morphology (Figure 7A). When maximal conductance of fast INa was reduced to 35% of
WT model to simulate the SCN5A defect, phase 0 overshoot decreased from +11.4 mV to
−8.7 mV, conduction velocity slowed from 61 to 40 cm/sec (66% of WT) and the dome of
the right ventricular epicardial action potential was lost (Figure 7B), consistent with the
cellular changes associated with the development of Brugada syndrome.18 A decrease of the
rate of voltage-dependent inactivation of ICa,L to 85% of WT, simulating the change
produced by the D601E polymorphism in CACNB2b (Figure 7C), resulted in restoration of
the dome of the simulated right ventricular epicardial AP, indicating that this gain of
function of ICa can prevent loss of the AP dome and thus prevent the development of the
substrate for Brugada syndrome.
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DISCUSSION
Clinical Correlation

We report a novel heterozygous missense mutation in SCN5A (P1008S) associated with a
mild conduction defect in a family with a history of sudden cardiac death. The mutation is
shown to cause loss of proper transport and reduced functional expression of SCN5A,
capable of being rescued by exposure to low temperatures. ECG manifestations of impaired
conduction in affected patients included prolonged P wave, QRS duration and PR intervals
as well as incomplete RBBB, sinus arrhythmias and bradycardia, all likely due to loss of
sodium channel function.

Numerous studies have identified mutations in SCN5A.3 Impaired atrioventricular
conduction is the most common conduction problem identified, usually as an autosomal
dominant trait.

Electrophysiology
Most mutations associated with cardiac conduction disease are functional, exhibiting
complex biophysical properties predicted to reduce channel availability, such as altered
voltage-dependence of activation, more rapid fast inactivation or closed-state inactivation, or
enhanced slow inactivation.27, 28 Tan and colleagues described an SCN5A mutation related
to cardiac conduction disease, displaying changes in inactivation kinetics, although whole-
cell Na+ current density remained unchanged.27 A loss of function mutation due to impaired
protein trafficking has previously been associated with cardiac conduction disease, although
a means of rescue was not identified in that study.20

In our study, the most striking feature of the P1008S channel was the severe reduction in INa
amplitude. This loss of function is due to impaired trafficking since confocal microscopy
revealed that P1008S channels fail to reach the plasma membrane. Patients with this
mutation would be expected to have significantly reduced channel expression and
consequently a reduced INa, which would be expected to reduce depolarizing current and
excitability and thus account for the observed phenotype.29

Another possible contributor to the manifestation of the phenotype is the development of
structural changes, as suggested by a recent SCN5A+/− mouse model which recapitulates the
cardiac conduction disease phenotype. SCN5A+/− mice displayed progressive impairment of
atrial and ventricular conduction associated with myocardial rearrangements and fibrosis.
These conduction and structural abnormalities become more accentuated with advancing
age.3, 30 It is noteworthy that in our P1008S family, the degree of conduction impairment
was much more pronounced in the older member of the family (father). Association between
degenerative abnormalities of the specialized conduction system and SCN5A loss of function
has been demonstrated by Bezzina and co-workers in a case of compound heterozygosity.31

Loss of function mutations are often associated with BrS, although a number of previous
studies have reported alleles exhibiting loss-of-function that are associated with cardiac
conduction disease, without any manifestation of BrS.20, 27 The factors that determine the
predominance of one phenotype over another are currently not well understood. The well-
known clinical factors that may affect phenotypic expression include sex, age, and body
temperature.19;32, 33 Genetic modifiers involve compound mutations34, spliced variant of
SCN5A35, and a combination of polymorphisms.36 The disease penetrance also relate to
humoral regulation, participation of auxiliary subunits, chaperone proteins, anchoring
proteins and transcriptional factors.37
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It is well known that the BrS phenotype is 8 to 10 times more prevalent in males versus
females38, but sex-related difference among cardiac conduction disease patients is
unknown. In one reported family manifesting both BrS and cardiac conduction disease, the
phenotype appeared to be divided along gender lines. Four of 4 patients with BrS were
males, whereas 6 of 7 progressive cardiac conduction disease patients were female.39 The
presence of a more prominent Ito-mediated notch in the epicardium of males is thought to
predispose males to the development of the Brugada phenotype, whereas a smaller
epicardial notch in females protects them from BrS, but relegates them to development of
cardiac conduction disease under conditions in which inward currents are compromised.40
A less dramatic outward shift in the balance of current active during the early phase of the
action potential is thought to underlie the milder BrS phenotype in females.

In the present study, both male and female patients displayed the cardiac conduction disease
phenotype, but none displayed the BrS phenotype, even when the right precordial leads were
raised two intercostal spaces.33 The presence of a gain of function variation in CACNB2b
leading to an increase in ICa likely underlies this unique phenotype. An increase in ICa
mediated by administration of β adrenergic agonists or type 3 phosphodiesterase inhibitors
such as cilostazol have been shown to suppress the BrS phenotype in both clinical and
experimental studies. Augmentation of ICa prevents loss of action potential dome or restores
the dome, thus preventing the development of ST segment elevation, phase 2 reentry and
polymorphic ventricular tachycardia.41 This mechanism may be responsible for the
manifestation of cardiac conduction disease without BrS in the proband (II-1) who
displayed the SCN5A mutation as well as CACNB2b polymorphism. The presence of a
milder form of cardiac conduction disease without manifestations of BrS in his two
daughters is likely due to their young age and female gender, as discussed above. The
presence of the CACNB2b polymorphism in one daughter (III-1) may have contributed to
less severe conduction defect. The appearance of bifid T waves and QTc prolongation in the
proband during exercise is consistent with a greater gain of function of ICa expected to be
carried by the calcium channel polymorphism due to increased levels of circulating
catecholamines during exercise (Figure 2B). Both daughters, one carrying the CACNB2b
polymorphism and the other not, are likely protected from BrS by virtue of their female
gender and young age.

Trafficking and Rescue
It is not clear why the P1008S mutation leads to the failure of the channels to reach the
plasma membrane, and why this trafficking defect could be rescued by incubation of the
transfected cells at room temperature, but not with mexiletine. Trafficking defects are
thought to involve misfolding or improper assembly of the protein structure, leading to its
retention in the endoplasmic reticulum and degradation without transport to the Golgi
complex by the "quality control" system, in which lectin-like endoplasmic reticulum
chaperones play a key role.42 Substitution of proline with serine has significant implications
with respect to protein folding, and therefore, trafficking abnormalities and degradation.
Specifically, insertion of a proline residue in place of the serine is likely to cause a sharp
bend in the amino acid chain. Tertiary post-translational processing may be affected and
thereby alter trafficking to the cell membrane.

The restoration of trafficking of mutant proteins is an experimental and therapeutic goal in
protein trafficking-deficient inherited diseases, where the concept of chemical or
pharmacological chaperones has emerged. Exposure to low temperature is thought to
improve channel biogenesis by stabilizing the channel protein in a configuration that
facilitates proper trafficking and may thus be effective in rescuing mutations that are not
influenced by pharmacological agents.
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Finally, using the Luo and Rudy cardiac action potential (AP) model,21 we demonstrate that
the reduction in INa can cause loss of the right ventricular epicardial AP dome in the absence
but not in the presence of the slowed inactivation of ICa. Slowed conduction was present in
both cases.

Limitations and Conclusion
Our results suggest that genetic variations leading to a loss of function in INa coupled with a
gain of function in ICa may underlie the development of cardiac conduction disease without
Brugada syndrome. However, the small number of affected individuals in this family
precludes us from reaching a definitive conclusion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pedigree of the family with SCN5A-P1008S mutation
Circles represent female subjects and squares represent male subjects. The arrow denotes the
proband. Diagonal bars indicate deceased family members. −/− WT; +/− heterozygous for
the SCN5A-P1008S mutation or CACNB2b-D601E polymorphism. SCD = Sudden Cardiac
Death.
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Figure 2. Corresponding representative ECGs of SCN5A-P1008S mutant carriers
A. ECG of the index patient (II-1) at rest shows 1st degree AV block associated with
incomplete right bundle branch block (IRBBB). B. Recorded from proband during stress
test. ECG shows accentuation of R’ in right precordial leads suggestive of accentuation of
IRBBB as well as the development of bifid T waves in the left precordial leads and enlarged
P waves. C. Following the stress test, his heart rate returned to 60 bpm, although P wave and
r’ in V2 remain enlarged and QTc is slightly prolonged. D. ECG of proband’s 15 year old
daughter (patient III-1) shows a PR interval of 178 ms (borderline first degree AV block)
and bradycardia (HR, 51 bpm). E. ECG of proband’s 13 yr. old daughter (patient III-2)
shows 1st degree AV block, bradycardia, and sinus arrhythmia.
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Figure 3. Comparison of electrophysiological characteristics in SCN5A-WT and SCN5A-P1008S
Channels
A: Representative steady-state inactivation traces from both WT and mutant channels
observed in response to the voltage clamp protocol depicted in the inset. B: Representative
traces showing recovery from fast inactivation of WT and P1008S Na+ channels. The two-
pulse protocol is shown in the inset of panel E. Pulses were of 20 ms duration. C: Current
density-voltage relationship for WT (open circles, n = 33) and P1008S (filled circles, n =
15). The current amplitude of P1008S was significantly reduced compared to WT at test
potentials between −50 mV and 0 mV (P ≤0.001 for – 50 to −10 mV; P < 0.01 25 for −5
mV; P < 0.05 for 0 mV). D: Steady-state inactivation in WT and P1008S channels. V1/2 =
−92.53 ± 1.02 mV and k = 5.24 ± 0. 90 mV for WT (open circles, n = 17), and V1/2 = −
91.16 ± 2.04 mV and k = 6.66 ± 0.81 mV for P1008S (filled circles, n = 10, P > 0.05 and P >
0.05 for differences in V1/2 and k. E: Time constants of recovery from fast inactivation
plotted on a log scale. Peak current elicited during the second pulse was normalized to the
value obtained during the initial test pulse. *p < 0.001, compared two groups at the same
interpulse intervals. Fitting to a double-exponential function yielded the time constants as
follows: τf = 9.32 ± 1.27 ms, τs= 30.95 ± 2.54 ms for WT (open circles, n = 55); τf = 14.55 ±
3.37 ms, τs = 31.65 ± 6.78 ms for P1008S (filled circles, n = 11); τf and τs were not
significantly different as compared to WT.
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Figure 4. Confocal fluorescence microscopic images of GFP-tagged SCN5A channel proteins
TSA201 cells were transfected with GFP-tagged-SCN5A (WT or mutant P1008S) and
SCN1B. All GFP signals were recorded 48 hours after transfection. Left and right
photomicrographs show the confocal and phase contrast light transmission images,
respectively, for the same cell. A: WT channels conjugated to green fluorescent protein
showed prominent staining in both the periphery and the center of the cell suggesting that
WT channels are trafficked to the cell membrane. B: P1008S channels showed that staining
is localized in the perinuclear region of the cell, suggesting that mutant channels fail to
traffic to the membrane. C: 48 hours incubation of the mutant P1008S with 300 µM
mexiletine failed to rescue the channel. D: These trapped P1008S channels were rescued by
incubation at room temperature.

Hu et al. Page 15

Pacing Clin Electrophysiol. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Rescue of SCN5A-P1008S channels
A: Representative sodium current traces recorded from WT, P1008S, P1008S incubated
with mexiletine (300 µM) treatment and P1008S incubated at 22°C. All were recorded at 48
hours after transfection. Mexiletine was washed out 30 minutes prior to recording the traces.
INa was elicited by depolarizing pulses ranging from −90 mV to +30 mV in 5 mV
increments (holding potential=−120 mV). The inset on top depicts the voltage-clamp
protocol employed. B: Current density-voltage relationship for WT (open circles, n = 33),
P1008S (filled circles, n=15), P1008S incubated with 300 µM mexiletine (24 hours, open
down-triangles, n=10; 48 hours, filled down-triangles, n=9) and P1008S incubated at 22°C
(24 hours, open up-triangles, n = 8; 48 hours, filled up-triangles, n=11). C: Summary of INa
amplitudes in WT, and in P1008S under control and after 24 or 48 hrs incubation with either
300 µM mexiletine or room temperature. All incubations were done at 37°C except for the
room temperature group. (**P<0.01 and #,*P<0.05).
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Figure 6. Electrophysiological characteristics of CACNB2b-D601E cardiac calcium channel
polymorphism
A: Whole-cell patch-clamp current recorded from calcium WT (α1C/β2A/ α2δ) and D601E
channels in response to the voltage clamp protocol depicted as inset. B: Current density-
voltage relationship for WT (open circles, n = 8) and D601E (filled circles, n = 7) in
TSA201 cell line. C: Vertical bar graph of current density in 3 different time points at the
voltage of 0mV. There was no significantly difference of peak current density amplitude
between WT and D601E (P>0.05), but distinct difference were observed in 50 ms and 300
ms (**P<0.01).
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Figure 7. Propagated right ventricular APs simulated in 1 cm cable using LR2
A: WT INa and ICa,L. B: INa with P1008S mutation (GNa reduced to 35% of WT). C: INa
with P1008S-SCN5A mutation and ICaL D601E-CACNB2b variant (Rate of voltage-
dependent inactivation of ICaL reduced to 85% of WT). Left panels show steady state (9th

and 10th) APs from the center of the cable. Right panels show APs at the first and the last
nodes of the cable at an expanded time scale to illustrate the change in the propagation
velocity. Dashed lines indicate the zero potential.
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