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Abstract
Background—Recent studies have demonstrated an association between mutations in CACNA1c
or CACNB2b and Brugada syndrome (BrS). Previously described mutations all caused a loss of
function secondary to a reduction of peak calcium current (ICa). We describe a novel CACNB2b
mutation associated with BrS in which loss of function is caused by accelerated inactivation of ICa.

Methods and Results—The proband, a 32 yo male, displayed a Type I ST segment elevation in
two right precordial ECG leads following a procainamide challenge. EP study was positive with
induction of polymorphic VT/VF. Interrogation of implanted ICD revealed brief episodes of very
rapid ventricular tachycardia. He was also diagnosed with vasovagal syncope. Genomic DNA was
isolated from lymphocytes. All exons and intron borders of 15 ion channel genes were amplified and
sequenced. The only mutation uncovered was a missense mutation (T11I) in CACNB2b. We
expressed WT or T11I CACNB2b in TSA201 cells co-transfected with WT CACNA1c and
CACNA2d. Patch clamp analysis showed no significant difference between WT and T11I in peak
ICa density, steady-state inactivation or recovery from inactivation. However, both fast and slow
decay of ICa were significantly faster in mutant channels between 0 and +20 mV. Action potential
voltage clamp experiments showed that total charge was reduced by almost half compared to WT.

Conclusions—We report the first BrS mutation in CaCNB2b resulting in accelerated inactivation
of L-type calcium channel current. Our results suggest that the faster current decay results in a loss-
of-function responsible for the Brugada phenotype.
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INTRODUCTION
Brugada Syndrome (BrS) is characterized by an ST-segment elevation in the right precordial
leads unrelated to ischemic or structural heart disease [1]. It is well established that mutations
in SCN5A, the a-subunit of the cardiac Na+ channel, reduce the magnitude of the cardiac
Na+ current by a variety of mechanisms [2] and are linked to the development BrS [3]. A second
chromosome has been linked to the BrS in a large family in which the syndrome was also
associated with progressive conduction disease, and a relatively good prognosis[4]. The gene
was recently identified as the glycerol-3-phosphate dehydrogenase 1-like gene (GPD1L). The
mutation in GPD1L has been shown to result in a reduction of INa [4,5]. Mutations in
SCN1B (Navβ1)[6] have also recently been associated with BrS and shown to cause a loss of
function of INa.

A recent study reported a mutation in ancillary subunit KCNE3 in patients diagnosed with BrS
[7]. Co-transfection of the KCNE3 mutation with KCND3 (Kv4.3, the pore forming a-subunit)
resulted in a significant increase in the magnitude of the Ca2+-independent transient outward
current (Ito) compared to WT KCNE3+KCND3. Results of this study demonstrated a functional
role of KCNE3 (MiRP2) in the modulation of Ito in the human heart and suggested that
mutations in KCNE3 can underlie the development of BrS.

Blockade of the L-type Ca2+ channel (ICa) has been shown to lead to a BrS phenotype in isolated
canine right ventricular wedge preparations [8]. Consistent with these findings, we identified
a new clinical entity exhibiting ECG and arrhythmic manifestations of both BrS and short QT
syndrome (SQTS) associated with loss of function mutations in the α1 (CACNA1C) and β
(CACNB2b) subunits of the L-type cardiac calcium channel [9].

The balance of inward (typically INa and ICa) and outward (principally Ito) currents active
during the early phase of the epicardial AP determine the magnitude of the AP notch and an
outward shift in the balance of current can amplify the AP notch and predispose to loss of the
AP dome, leading to the electrocardiographic and arrhythmic manifestations of BrS (for review
see [10]). The outward shift can occur as a result of a reduction in the density or total charge
of INa and ICa secondary to an accelerated inactivation of these currents. One of the first loss
of function mutations in SCN5A associated with BrS was found to be due to an accelerated
inactivation of the sodium channel [11]. A loss of function mutation associated with BrS due
to accelerated inactivation of the L-type Ca2+ channel has as yet not been uncovered.

The cardiac L-type Ca2+ channel is believed to be comprised of a pore forming α1C-subunit as
well as ancillary α2 and subunits [12]. The 2 subunit has been shown to enhance trafficking of
the pore forming α1C-subunit to the sarcolemmal membrane and to alter the biophysical
properties of the channel [12,13]. Here we report the first Brugada syndrome mutation in
the 2b subunit of the L-type calcium channel (CaCNB2b) resulting in accelerated inactivation
of ICa but not affecting trafficking. Our results suggest that the faster current decay results in
a reduced total charge carried by ICa during the plateau of the action potential, thus predisposing
to the BrS phenotype. Preliminary results have been presented as an abstract [14].

METHODS
ECG Measurement

The ECG was digitally scanned, magnified 4 to 8 times, and measured with digital calipers.
The end of the T wave was defined as the intersection of a tangent, drawn to the descending
portion of the T wave, with the isoelectric line.
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Mutation Analysis
Genomic DNA was prepared from peripheral blood lymphocytes of patient (MMRL284) and
available family members. All known exons of the principal BrS and candidate genes were
amplified with intronic primers and sequenced in both directions to probe for mutations. The
following genes were screened: SCN5A, SCN1B, SCN3B, KCNH2, KCNQ1, KCNJ2, KCNE1,
KCNE2, KCNE3, KCND3 (Kv4.3), KCNIP2 (KCHiP2), KCNJ11, CACNA1C, CACNB2b, and
CACNA2D1. No mutations were detected except in CACNB2b. All individuals studied in the
control groups for the mutation, matched by race and ethnic background, were healthy and had
no family history of cardiac arrhythmias based on written clinical history.

Cell Transfection/Mutagenesis
Site-directed mutagenesis was performed using QuikChange (Stratagene, LaJolla, CA) on full-
length human wild type (WT) CACNA1C containing Exon 8A cDNA (accession number
AJ224873) cloned in pcDNA3 [15,16]. CACNA1C, CACNA2D1 and CACNB2b cloned in
pcDNA3 were kind gifts from Dr. Nikolai Soldatov and Dr. Igor Splawski. TSA201 cells were
grown in DMEM with Glutamax supplemented with 10% FBS in 35mm culture dishes and
placed in a 5% CO2 incubator at 37°C. To assess how T11I mutant channels altered the
biophysical characteristics of ICa, TSA201 cells were co-transfected with a combination of
mutant or WT CACNB2b. The cells were co-transfected using FuGene6 (Roche Diagnostics,
Indianapolis, Ind) with a 1:1:1 molar ratio of WT human CACNA1C, WT or T11I mutant
CACNB2b, and WT CACNA2D1. In addition, 0.40 μg of enhanced green fluorescent protein
cDNA was added to the transfection mixture. Cells displaying fluorescence 48–72 h after
transfection were used for electrophysiological study.

Measurement of Action Potentials
Single left ventricular myocytes were isolated from canine hearts using techniques previously
described [17,18]. Action potentials of single cells were recorded using whole cell patch
pipettes coupled to a MultiClamp 700A amplifier. The ventricular cells were superfused with
a HEPES buffer of the following composition (mM): NaCl 126, KCl 4.0, MgCl2 1.0, CaCl2
2.0, HEPES 10, and glucose 11. pH adjusted to 7.4 with NaOH. The patch pipette solution had
the following composition (mM): K-aspartate 90, KCl 30, glucose 5.5, MgCl2 1.0, EGTA 5,
MgATP 5, HEPES 5, NaCl 10. pH = 7.2 with KOH. The resistance of the electrodes was 2–4
MΩ when filled with the pipette solution (described above). Action potentials were elicited
using a 3 ms-current pulse at 120% threshold amplitude. Both Epi and Endo cells were paced
at a cycle length of 0.5 Hz. The pre-recorded action potentials served as the waveforms for the
AP clamp experiments. All myocyte recordings were made at 36±1° C.

The investigation conforms to the Guide for the Care and Use of Laboratory Animals published
by the US NIH.

Electrophysiology
Voltage clamp recordings of ICa from transfected TSA201 cells were performed as previously
described [15,9]. Briefly, patch pipettes were fabricated from borosilicate glass capillaries (1.5
mm O.D., Fisher Scientific, Pittsburgh, PA). The pipettes were pulled using a gravity puller
(Narishige Corp., Tokyo, Japan) and filled with pipette solution of the following composition
(mmol/L): 120 CsCl2, 2.0 MgCl2, 10 HEPES, 5 CaCl2, 2 MgATP and 10 EGTA, pH 7.25
(CsOH). The pipette resistance ranged from 1–4 MΩ when filled with the internal solution.
The perfusion solution contained (mmol/L): 130 NMDG, 5 KCl, 15 CaCl2, 1 MgCl2, 5 mM
TEA-Cl, 10 HEPES, pH 7.35 with HCl. Current signals were recorded using a MultiClamp
700A amplifier (Axon Instruments Inc., Foster City, CA) and series resistance errors were
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reduced by about 60–70% with electronic compensation. All recordings from TSA201 were
made at room temperature.

Data Acquisition and Analysis
All signals were acquired at 20–50 kHz (Digidata 1322, Axon Instruments) with a
microcomputer running Clampex 9 software (Axon Instruments, Foster City, CA). Voltage
dependence of activation was measured from the current-voltage relation based on the
equation: I = Gmax·(V−Vrev)/(1+exp(−(V V1/2)/k), where I is the peak current amplitude,
Gmax the maximum conductance, V test potential, Vrev the reversal potential, V1/2 the midpoint
of activation, and k the slope factor. Steady-state was fitted to the Boltzmann equation, I/
Imax= 1/(1+exp((Vm−V1/2)/k)) to determine the membrane potential for half-maximal
inactivation V1/2 and the slope factor k. For all ICa recordings, the interpulse interval was 25
s to ensure full recovery and availability of channels. Membrane currents were analyzed with
Clampfit 9 software (Axon Instruments, Foster City, CA). Results from pooled data are
presented as Mean±SEM and n represents the number of cells in each experiment. Repeated
measures ANOVA followed by Student-Newman-Keuls test or paired Student’s t-test was used
as appropriate for comparing paired data and a p<0.05 value was considered statistically
significant.

RESULTS
The proband (MMRL284), a 34 year old male, experienced a syncopal attack and was seen in
the ER but was discharged later that day. The following day, the patient still felt lethargic and
again lost consciousness and was once again rushed to the ER. A preliminary ECG of patient
showed ST segment elevation and negative T-wave in lead V1 (Figure 1A) and a QTc of 428
ms. Blood work revealed that CPK was elevated at 290 Units/liter. Upon procainamide
infusion, the ECG of the patient became more consistent with a Brugada pattern with ST
segment elevation in leads V1 and V2 (Figure 1B) and the QTc prolonged to 488 ms. After 1
gram of procainamide, patient had inducible VF and a shorter runs of polymorphic VT upon
stimulation as well (Figure 1C). The father of the proband died at age 47 of an MI although
the exact cause of death is questionable because he had substernal chest pain and felt poorly
prior to collapsing and hitting his head and bleeding. Based on these findings and family history,
he was implanted with an ICD. Subsequent follow-up interrogation of the ICD revealed 2 brief
episodes of very rapid ventricular tachycardia (VT). Interestingly, the patient was also given
the clinical diagnosis of vasovagal syncope.

Analysis of the patient’s DNA showed a heterozygous C to T transition in exon 1 that predicted
a substitution of threonine to isoleucine at position 11 (T11I) of CACNB2b, which was not
present in 214 ethnically matched control alleles (Figure 2A). This mutation is located upstream
of the -subunit interaction domain segment (Figure 2B), in variable domain 1 near the N-
terminus [19].

To determine how the mutation in CACNB2b altered the biophysical properties of Ca2+ current
and contributed to the clinical phenotype, we expressed calcium channels in TSA201 cells and
performed patch clamp experiments. To compare the current-voltage (I–V) relationship
between WT and the mutant channels, depolarizing pulses were applied to the cells in 10 mV
increments from a holding potential of −90 mV. Both WT (Figure 3A) and T11I mutant
channels (Figure 3B) showed substantial current under these recording conditions. Analysis
of the current-voltage (I–V) relation of peak ICa showed that the current density was not
significantly different between WT and T11I mutant channels (Figure 3C). The activation
threshold and voltage eliciting peak current were similar for the WT and T11I channels,
suggesting there were minimal differences in the activation or availability (Figure 3C). This
was confirmed by analysis of steady-state activation, which showed mid-activation voltages
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of +1.5±0.57 mV (n=12), and +3.5±0.49 mV, (n=13) for WT and T11I, respectively (p=NS,
Figure 3D).

To probe for differences in steady state gating parameters between WT and T11I mutant
channels, steady state inactivation of ICa was evaluated using a standard prepulse-test pulse
voltage clamp protocol (Figure 4, top). The peak current following application of a 10 s pre-
pulse to voltages between −100 and +20 mV was normalized to the maximum current and
plotted as a function of the prepulse voltage to obtain the availability of the channels. Data
were fitted to a Boltzman equation to determine the membrane potential for half-maximal
inactivation V1/2 and the slope factor k. Results showed a small but statistically significant
shift in both steady-state inactivation and slope factor with mid-inactivation potentials of −24.8
±0.46 mV, k=9.13±0.44 (n=13) for WT and −30.0±0.39 mV, k=6.25±0.31 (n=13) for T11I
(p<0.05, Figure 4C). However, at normal cardiac membrane potentials both WT and mutant
channels would exhibit full availability and it is unlikely that the difference in mid-inactivation
would contribute to the clinical phenotype.

A double pulse protocol was used to examine recovery from inactivation (Figure 5).
Representative traces of the frequency-dependent changes in ICa in WT and T11I channels are
shown in Figure 5A and 5B. Recovery from inactivation of ICa at −90 mV was fit with a single
exponential: τ = 101.4±3.7 ms for WT channels and τ =110.2±5.2 ms for T11I mutant channels
(p=NS). The reactivation time course of ICa was similar for WT and mutant channels (Figure
5C).

Although peak ICa density was not significantly affected by the T11I mutation, the inactivation
of the current appeared to be accelerated. WT channels exhibited a residual pedestal current
as previously described [20] which appeared to be smaller or absent in the mutant. To confirm,
we next analyzed the decay of the current by analyzing the inactivation kinetics of ICa current
and produced by either WT- CACNB2b or T11I - CACNB2b. The decay of ICa (traces shown
in Figure 3) elicited by pulses positive to −10 mV was fit with a bi-exponential function. Both
the fast (Figure 6A) and slow (Figure 6B) time constants (τ) of decay were shorter for the
mutated vs. WT channels at potentials between 0 and +20 mV (p<0.05). These results
demonstrate that the T11I mutation in CACNB2b accelerates the inactivation kinetics of ICa.

To assess whether the accelerated inactivation of the mutated channels leads to a reduction in
total charge during the action potential, we evaluated total charge carried by ICa by integrating
the area under the current trace elicited by an action potential clamp using waveforms
previously recorded from canine epicardial (Epi) or endocardial (Endo) cells (Figure 7). In
response to the Endo AP waveform, WT currents (Figure 7A) and T11I (Figure 7B) displayed
no significant differences in the magnitude or decay of ICa. We next integrated the current
during the dome of the Epi AP waveform. The integrated current was evaluated from the lowest
of the notch to the end of the action potential waveform. The amount of total charge during the
plateau of the Epi action potential was 42±2.3% less in the T11I mutant compared to WT
channels (n=5, p<0.05). The use of elevated Ca2+ improved signal-to-noise ratio in our current
recordings but may have affected Ca2+-dependent inactivation. Therefore, we performed the
action potential clamp experiments under more physiological conditions (normal ionic
concentrations at 36° C). The ICa recorded from WT channels following application of Epi and
Endo waveforms (Figure 7D) closely resembled ICa recorded from myocytes under similar
conditions [17,21]. At 36° C, WT and T11I currents displayed no significant differences in the
magnitude or decay of ICa in response to the Endo AP waveform. However, the total charge
during the plateau of the Epi action potential was 51±6.7% less in the T11I mutant compared
to WT channels at 36° C (n=4, p<0.05). These observations confirm that the faster inactivation
kinetics produced by T11I results in reduced depolarizing current contributing to the plateau
of the epicardial action potential.
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DISCUSSION
Mutations in SCN5A are known to reduce Na+ current by a variety of mechanisms, leading to
the development of BrS. One of the mechanisms includes accelerate inactivation of the cardiac
Na+ current [2,11]. In the present study, we have identified a case of BrS in which the disease
phenotype was observed as a result of accelerated inactivation of the L-type Ca2+ current
without significantly affecting peak current. The accelerated inactivation was due to a mutation
in CACNB2b, which encodes the β subunit of the cardiac L-type Ca2+ current. The carrier of
this mutation exhibited ST-segment elevation in only one precordial lead which converted to
a more typical BrS phenotype with a procainamide challenge. VT/VF was inducible and
subsequently detected upon interrogation of the implanted ICD, corroborating the diagnosis
of a potentially life-threatening syndrome.

Alterations in L-type Ca2+ current have been implicated in the development of BrS both
clinically [9] and experimentally [8]. However, in both studies the BrS phenotype was the result
of a loss in peak ICa. In the present study, the BrS phenotype appears to be loss of function
occurring as a result of accelerated inactivation of ICa, similar to the mechanism described for
INa [11]. Moreover, results from the action potential clamp experiments suggest that cells with
a prominent spike and dome morphology (i.e., epicardial and midmyocardial) would be
affected to a greater degree compared to cells lacking a prominent phase 1 and having a
consistently high plateau (i.e., endocardial cells or left ventricular cells). These cell type-
specific differences are explained by the fact that inactivation of T11I channels was
significantly faster at potentials negative to +20 mV (Figure 6). The presence of a spike and
dome morphology therefore results in a greater degree of inactivation during the early phases
of the action potential.

In the majority of cases involving loss of function of ICa previously reported, a new clinical
phenotype was observed in which BrS characteristics were combined with a shorter than
normal QT interval [9]. The proband in the present study presented with the ECG and
arrhythmic manifestation of BrS, but with a normal QT interval (QTc=428 ms). This is likely
due to the fact that cells in the left ventricle, which generally lack a prominent spike and dome
morphology, are little affected by the accelerated inactivation of ICa.

Arrhythmogenesis in BrS is believed to be the result of amplification of heterogeneities in
action potential characteristics among the different transmural cell types in the right ventricular
myocardium [22,8]. A decrease in INa [23] or ICa [9] or augmentation of any one of a number
of outward currents including IKr [24] or Ito [7] can cause preferential abbreviation of the right
ventricular epicardial action potential, leading to the development of spatial dispersion of
repolarization and thus the substrate and trigger for VT, which is usually polymorphic and less
frequently monomorphic [25]. In the present study, we demonstrate that the T11I channels
displays faster inactivation of ICa preferentially in the right ventricular epicardium resulting in
reduced depolarizing current.

In a small minority of patients, BrS presents in conjunction with vasovagal syncope, as in the
case of our proband. Whether this particular genotype contributes to this phenotypic expression
is not known and could be the subject of future studies.

The functional role of Cav subunits is to promote trafficking of the subunit to the membrane
[26], change the voltage dependence of channel activation and alter channel gating [13,27].
Evidence suggests that a 1:1 ratio of and subunits is necessary to form a functional L-type
Ca2+ channel [28]. The importance of the N-terminal region of the 2 subunit to Ca2+ channel
gating has been described previously. Biophysical analysis of 5 Ca2+ channel 2 splice variants
that differed only in their amino terminal revealed dramatic differences in the rate of channel
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inactivation. Consistent with that study, our mutation at position 11 of the 2 subunit resulted
in accelerated inactivation of the Ca2+ current.

Recent PCR screening studies have uncovered a large diversity of Cav subunits in the human
ventricle [29]. The 2b isoform is thought to be the major isoform [26] with smaller amounts of
other isoforms such as 1d [30]. Immunocytochemical analysis of the localization and
distribution of Cav2 in ventricular myocytes showed a predominant T-tubular staining with
some staining at the surface sarcolemma [29]. A similar staining pattern has been observed in
ventricular myocytes for L-type Ca2+ channels [31] further demonstrating a functional
interaction between and subunits. The importance of 2b subunit in Ca2+ current inactivation
was demonstrated by Gudzenko et al., who found that Ca2+-induced inactivation was 83%
complete in the presence of the 2b subunit with a residual non-inactivating or pedestal current
whereas in the absence of 2b, only 55% of the current inactivated [20]. WT current recorded
in this study also exhibited a residual pedestal current which was absent in the T11I mutant.
The absence of a pedestal current suggests less depolarizing current during the plateau of the
action potential, an observation confirmed by AP clamp experiments (Figure 7).

Changes in action potential waveform and duration are known to affect excitation-contraction
coupling [32,17,18]. In addition, it is well established that Ca2+ influx through L-type Ca2+

channels maintains the plateau of the action potential and initiates cardiac contractions [33].
However, the patients did not exhibit any impairment in cardiac output, presumably due to the
fact that there was no reduction in QT interval or in peak ICa. In previous studies in which
mutations in L-type Ca2+ channel were associated with a loss of current, no disruption in cardiac
output was noted, suggesting compensatory mechanisms to preserve cardiac output [9]. For
example, a greater proportion of the Ca2+ transient necessary for excitation-contraction
coupling may be derived from the sarcoplasmic reticulum to compensate for reduced Ca2+

influx. Alternatively, there may be an upregulation of Ca2+ influx via other mechanisms, such
as NCX [34,35].

Limitations of the Study
The results of our study show an acceleration of inactivation of L-type Ca2+ current. However,
caution should be exercised when making the translation to the clinical setting. The TSA201
cells used in the present study expressed only the α, 2b, and α2δ subunits whereas cardiac
myocytes likely have additional proteins which are not present in TSA201 cells. Some of these
proteins include different β subunits as well as anchoring proteins, all of which combine to
form the L-type Ca2+ channel [12]. It is likely that TSA201 cells are missing several key
elements not present in the native myocytes. Although we clearly demonstrate that T11I
produces accelerated inactivation of ICa, it is unclear to what extent the cardiac action potential
duration would be affected due to the presence of other currents.

In summary, we have found a mutation in CACNB2b, the -subunit of the cardiac calcium
channel in patient with BrS. Patch clamp analysis revealed that the mutation did not alter the
magnitude of peak ICa but resulted in an acceleration of inactivation of L-type Ca2+ current.
The accelerated inactivation of ICa translates into reduced depolarizing current preferentially
in right ventricular Epi and M cells, which predisposes to the development of the Brugada
phenotype. Thus, the results of the present study present a novel mechanism for the phenotypic
expression of BrS.
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Figure 1.
Electrocardiograms of the patient. (A) Twelve-lead ECG of the patient at rest. ST-segment
elevation and negative T-wave are present in one right precordial lead (V1). (B) After infusion
of procainamide, a type ST segment elevation was apparent in V2 as well.. (C) Development
of polymorphic ventricular tachycardia following programmed electrical stimulation (double
extrastimuli).
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Figure 2.
A: DNA sequencing analysis. C to T substitution in exon 1 of CACNB2b predicts an amino
acid substitution of threonine for lysine at codon 11 (T11I). B: Location of the T11I in the $-
subunit of Cav 1.2. The cardiac Ca2+ channel α-subunit consists of four domains each
containing six transmembrane-spanning segments.
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Figure 3.
Representative whole cell current recordings from a WT (A) and T11I mutant (B) expressed
in TSA201 cells. Current recordings were obtained at test potentials between −50 and +60 mV
in 10 mV increments from a holding potential of −90 mV. C: I–V relation for WT (n=12) and
T11I (n=13) cells showing no statistically significant differences in peak calcium channel
current density. D: Steady state-activation relation for WT and T11I. Chord conductance was
determined using the ratio of current to the electromotive potential for the cells shown in Panel
C. Data were normalized and plotted against their test potential.
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Figure 4.
Representative steady-state inactivation recordings for WT (A) and T11I (B) observed in
response to the voltage clamp protocol shown at the top of the figure. C: Steady state-
inactivation relation. Peak currents were normalized to their respective maximum values and
plotted against the conditioning potential. T11I channels showed a mid-inactivation potential
that was slightly but significantly hyperpolarized compared to WT channels.
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Figure 5.
Representative traces recorded from a WT (A) and T11I mutant (B) showing recovery of ICa.
Recovery was measured using two identical voltage clamp steps to +20 mV from a holding
potential of −90 mV separated by selected time intervals. Recovery time-course fit to a single
exponential showed no difference in recovery rate between WT and T11I channels (C).
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Figure 6.
A. Inactivation time constants (τ) for the fast phase of ICa decay as a function of voltage.
Inactivation time constants (τ) values were measured by fitting a biexponential function to the
current decay. *p<0.05 vs WT. B: Inactivation time constants (τ) for the slow phase of ICa
decay as a function of voltage. *p<0.05 vs WT.
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Figure 7.
Representative ICa currents elicited during action potential clamp experiments in TSA201 cells
co-transfected with either WT or T11I CACNB2b. The action potentials were recorded from
canine epicardial and endocardial cells which then served as the action potential clamp
waveform (shown at top of figure). Horizontal line represents 0 mV. A: WT current traces
following application of an epicardial and endocardial waveform. B: T11I currents following
application of an epicardial and endocardial waveform. C: Superimposed current traces
recorded from WT and T11I channels. Total charge during the plateau of the action potential
was reduced by 42±2% (n=5) in T11I channels compared to WT when the epicardial waveform
was applied. D: Superimposed current traces recorded from WT and T11I channels in 2 mM
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Ca2+ external and 36° C. Total charge during the plateau of the action potential was reduced
by 51±6.7% (n=4, p<0.05) in T11I channels compared to WT when the epicardial waveform
was applied.
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