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Vecchietti S, Grandi E, Severi S, Rivolta I, Napolitano C, Priori
SG, Cavalcanti S. In silico assessment of Y1795C and Y1795H SCN5A
mutations: implication for inherited arrhythmogenic syndromes. Am J
Physiol Heart Circ Physiol 292: H56–H65, 2007. First published Sep-
tember 15, 2006; doi:10.1152/ajpheart.00270.2006.—The effects of two
SCN5A mutations (Y1795C, Y1795H), previously identified in one Long
QT syndrome type 3 (LQT3) and one Brugada syndrome (BrS) families,
were investigated by means of numerical modeling of ventricular
action potential (AP). A Markov model capable of reproducing a
wild-type as well as a mutant sodium current (INa) was identified and
was included into the Luo-Rudy ventricular cell model for action
potential (AP) simulation. The characteristics of endocardial, mid-
myocardial, and epicardial cells were reproduced by differentiating
the transient outward current (ITO) and the ratio of slow delayed
rectifier potassium (IKs) to rapid delayed rectifier current (IKr). Ad-
ministration of flecainide and mexiletine was simulated by appropri-
ately modifying INa, calcium current (ICa), ITO, and IKr. Y1795C
prolonged AP in a rate-dependent manner, and early afterdepolariza-
tions (EADs) appeared during bradycardia in epicardial and midmyo-
cardial cells; flecainide and mexiletine shortened AP and abolished
EADs. Y1795H resulted in minimal changes in the APs; flecainide but
not mexiletine induced APs heterogeneity across the ventricular wall
that accounts for the ST segment elevation induced by flecainide in
Y1795H carriers. The AP abnormalities induced by Y1795H and
Y1795C can explain the clinically observed surface ECG phenotype.
For the first time by modeling the effects of flecainide and mexiletine,
we are able to gather mechanistic insights on the response to drugs
administration observed in affected patients.

computer modeling; genetics; arrhythmias; sodium channel; antiar-
rhythmic drugs

CARDIAC SODIUM CHANNEL GENE (SCN5A) mutations are associ-
ated with at least two inherited arrhythmogenic disorders, Long
QT syndrome type 3 (LQT3) and Brugada syndrome (BrS).
Both syndromes predispose one to life-threatening ventricular
arrhythmias and sudden death that most often occur during
sleep or at rest (6, 33, 38). However, they present distinctive
ECG phenotypes: the hallmark of LQT3 is the prolongation of
QT interval (34, 37), whereas BrS typically shows an ST
segment elevation in the right precordial leads, often accom-
panied by a right bundle branch block (6). The response to
class I antiarrhythmic drugs in the two diseases is also remark-

ably different. In BrS, flecainide (6) but not mexiletine (42)
allows unmasking an overt phenotype, whereas in LQT3 both
mexiletine (32, 36) and flecainide (4, 33) may shorten the QT
interval. Functional characterization of mutants has demon-
strated that LQT3 is associated with a gain of function mainly
caused by a defective current inactivation, whereas BrS
mutations produce a loss of function through a variety of
different biophysical mechanisms (34). So far, expression stud-
ies in heterologous cell lines have provided critical information
for the understanding of the biophysical consequences of
mutation at the channel-current level, but they have given little
insight into the arrhythmogenic mechanisms that initiate and
sustain arrhythmias. In the recent years, computer modeling of
cardiac excitability has emerged as a most valuable tool to
study the effects of mutations on ventricular action potential
(AP) (7–9, 48).

Here we report the results of in silico experiments concern-
ing two SCN5A mutants that we identified in families with
LQT3 (Y1795C) and BrS (Y1795H) (Fig. 1). Extensive in vitro
characterization of both allelic variants had been previously
carried out (35). The Y1795C mutation exhibited a signifi-
cantly sustained current when expressed in heterologous cell
lines. A small maintained current was also observed in
Y1795H. In addition, both mutations caused a significant shift
of the inactivation process toward negative potentials. In a
previous article (47), a nine-state Markov model was identified
to simulate the Na� current (INa) in wild-type (WT) Na�

cardiac channel and the current alterations observed in Y1795C
and Y1795H mutant channels. In this model-based simulation
study, we analyzed the mutation-dependent AP shape and
duration abnormalities and the effects of mexiletine and fle-
cainide on WT and mutant APs to gather insights on the
electrophysiological mechanisms underlying the ECG pheno-
types and the responses to these drugs observed in LQT3 and
BrS patients.

MATERIALS AND METHODS

Markov model of INa. The cardiac INa was modeled by a nine-state
Markov chain (Fig. 2) already proposed by Clancy and Rudy (9). The
model included three distinct closed states, a conducting open state,
and five inactivation states (one fast, two intermediate, and two closed
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inactivation). The expressions of transition rates are reported in Table
1. The parameters of transition rates were identified as extensively
reported in the study by Vecchietti et al. (47) to reproduce by the
Markov model the whole cell current measured by Rivolta et al. (35)
in WT and mutant channels expressed in HEK-293 cells. The best fit
of the current measured by voltage-clamp protocols (activation, inac-
tivation, recovery from inactivation, sustained current, and time to
half inactivation) in WT and mutant cells was obtained by assigning

the parameter values listed in Table 2. In particular, the sustained
noninactivating component of the INa characterizing the mutant chan-
nels (to a larger extent the Y1795C mutant) was reproduced by
significantly altering the transition between the fast inactivation and
the intermediate inactivation states with a different assignment of the
parameter � in the a4 transition rate. The agreement between model
prediction and electrophysiology curves is shown in the study by
Vecchietti et al. (47).

Fig. 1. Pedigrees and representative ECGs of the Y1795C (A) and Y1795H (B) families. Filled symbols represent genetically and clinically affected individuals
(black) or silent mutation carriers (grey). The effect of flecainide intravenous administration is depicted at the bottom. QTc (QT interval corrected for heart rate,
Bazett’s formula) shortening was observed in the Y1795C ECG (from 530 to 470 ms) while 2 mm ST segment elevation was elicited by this drug in Y1795H.

Fig. 2. Diagram of the nine-state Markov
model of the cardiac Na� current. The model
includes three closed states (C1, C2, C3), a
conducting open state (O), two closed inac-
tivation states (IC3, IC2), one fast inactiva-
tion state (IF), and two intermediate inacti-
vation states (IM1, IM2). The expressions of
the transition rates and the assignment of the
parameters for WT and mutant channels are
reported in Tables 1 and 2.
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To reproduce the heart rate dependence of the maintained INa for
Y1795C shown in the Rivolta et al. study (35), two distinct sets of
parameters were identified (Table 2): one for bradycardia (40 beats/
min) and one for tachycardia (115 beats/min). Both sets reproduce the
voltage-clamp curves pretty well. The parameters for the 70 beats/min
condition were assigned as the weighted-average between the values
at 40 and 115 beats/min.

Ventricular cell computer model. The ventricular AP simulator was
based on the Luo-Rudy (LRd) model (13) (Fig. 3) that was imple-
mented in Simulink 5 (The MathWorks, Natick, MA). Intra- and
extracellular ion concentrations were set to constant values (extracel-
lular [K�] � 4.5 mmol/l, intracellular [K�] � 141.2 mmol/l, extra-
cellular [Na�] � 140 mmol/l, intracellular [Na�] � 10 mmol/l and
extracellular [Ca2�]e � 1.2 mmol/l), except for intracellular [Ca2�]
for which dynamic changes were simulated. The transient outward
current (ITO) was modeled according to Dumaine et al. (12). The
original formulation of the INa was replaced with the nine-state
Markov model. To reproduce the heterozygous condition of Y1795C
and Y1795H patients, 50% mutant and 50% WT channels were
simulated. The maximum Na� conductance (GNa) was set to 16
mS/�F for WT, in agreement with Faber and Rudy (13). GNa was set
to 29.46 mS/�F for Y1795C and 5.96 mS/�F for Y1795H to account
for the experimentally measured ratios (mutants vs. WT) of INa peaks
(35). All the kinetic rates were normalized to 37°C with a Q10 of 2.1
(5, 40).

Transmural heterogeneity (23, 43) (epicardium, endocardium, and
midmyocardium cells) of the AP was modeled by setting the ITO

expression level (9) and the density ratio between slow and rapid
components of the delayed-rectifier potassium current (IKs/IKr) (22).
In epicardial (Epi) cells the maximal ITO conductance (GTO) was set
to 1.1 mS/�F and the IKs/IKr was set to 63. In midmyocardial (M)
cells, GTO was set to 0.5 mS/�F and IKs/IKr was set to 23.3. In
endocardial (Endo) cells, GTO was set to 0.05 mS/�F and IKs/IKr was
set to 29.6. This setting allowed a numerical reconstruction of Epi, M,
and Endo cells APs. The maximum conductance of the L-type calcium
current was decreased by 20% with respect to the original LRd
formulation in all cells (3) in accordance with Ref. 12.

Pacing was simulated by a 1-ms pulse train of 50 A/F in amplitude
with frequency of 40, 70, and 115 beats/min. Rosenbrock variable-
step algorithm (max step 10 �s) was used to numerically solve the
model equations (41). To ensure a steady-state condition, 180-s long
simulations were performed; all the data shown refer to the last beat.
AP duration (APD) was measured at 90% of repolarization (APD90).

Flecainide and mexiletine simulation. The blocking effects of
flecainide and mexiletine were mimicked by reducing the maximal
conductance of INa, ICa, ITO, and IKr (Table 3).

According to our experimental data (not shown), flecainide-induces
mild negative shift of the availability curve of INa (WT: 3 mV,
Y1795C: 7 mV, Y1795H: 8 mV). The parameter assignment for the
kinetic rate a3 in the Markov model was modified accordingly (see
Table 4).

RESULTS

Simulated WT AP. When the WT INa Markov model was
included in the ventricular cell model, the simulated APs shape
resembled the typical reported waveforms (2) for the three cell
types (Fig. 4, left). The APDs at 70 beats/min were the
following: Endo, 162 ms; Epi, 157 ms; M, 181 ms. The APDs
at 40 and 115 beats/min are reported in Table 5. AP morphol-
ogy did not vary with changes in pacing frequency (40 beats/
min up to 115 beats/min).

Effects of Y1795C mutation on APs. The simulated Y1795C
APs were longer compared with those of the WT in all cell
layers (Endo: 6%, Epi: 10%, M: 16% at a pacing rate of 70
beats/min) and showed remarkable increase of the AP prolon-
gation when heart rate decreases (Fig. 4 and Table 5). This
effect was more prominent in Epi and in M cells, in which
early afterdepolarizations (EADs) appeared at 40 beats/min
(Fig. 4, middle).

Effects of Y1795H mutation on AP. The heterozygous con-
dition for the Y1795H mutant channel only slightly changed
the AP morphology (Fig. 4, right) and duration (Table 5) with
respect to the WT. Albeit in vitro characterization shows that
Y1795H induces a small sustained INa (35), the resulting AP
prolongation was negligible in all cell types (Endo: 1.2%, Epi:
1.5%, M: 1.7% at a pacing rate of 70 beats/min). The reduced
current availability of the Y1795H channel resulted in a mild
reduction of the AP upstroke amplitude (10% in Epi cell)
compared with the WT.

Effects of flecainide and mexiletine on the WT AP. The in
silico simulation of flecainide induced transmural opposite
responses in WT APDs (Table 5). At 40 beats/min, 13%

Table 2. Na channel model parameters for wild-type and
mutant channels

Parameters Y1795H Wild Type

Y1795C

40 beats/min 115 beats/min

� 0.0141 0.0378 0.0077 0.0196
� 0.0345 0.0925 0.2663 0.168
ε 0.5751 0.2492 0.3962 0.4409
� 0.7676 0.3326 0.5287 0.5885
� 1.0801 0.4681 0.7442 0.8281
	 0.0313 0.1093 0.0240 0.0435

 0.0558 0.1949 0.7617 0.3684
� 0.5751 0.1917 0.1278 0.4409
� 0.7676 0.2559 0.1705 0.5885

 1.1380�10�6 3.7933�10�7 4.0000�10�7 13.800�10�7

� 7.6029 6.1839 7.1839 7.1839
� 3.0000 1.0000 0.6667 2.3000
� 0.0133 0.0159 4.0661�10�6 0.0024
� 0.0607 0.0722 0.1275 0.0676
� 4.8000�10�4 0.0022 0.0001 0.0009
� 0.2400 0.1000 0.1125 0.1000
� 0.1737�10�4 0.0924�10�4 0.0024�10�4 0.1053�10�4

� 0.4097�10�7 0.0854�10�7 0.0004�10�7 0.1133�10�7

Table 1. Transition rate expressions

Transition Rates

a11 � [� exp(�V/17) � � exp(�V/150)]�1

a12 � [� exp(�V/15) � � exp(�V/150)]�1

a13 � [� exp(�V/12) � � exp(�V/150)]�1

b11 � ε exp(�V/20.3)
b12 � � exp(�V/20.3)
b13 � � exp(�V/20.3)
a111 � [	 exp(�V/17) � 
 exp(�V/150)]�1

a112 � [	 exp(�V/15) � 
 exp(�V/150)]�1

b111 � � exp(�V/20.3)
b112 � � exp(�V/20.3)
a3 � 
 exp(�V/�)
b3 � � (8.4�10�3 � 2.0�10�5 V)
a2 � (� exp(�V/16.5) � � exp(�V/200))�1

b2 � a13 a2 a3/b13 b3

a4 � � a2

b4 � � a3

a5 � � a2

b5 � � exp(�V/7.7)

Values are expressed in ms�1.
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prolongation of the APD90 in Epi and 11% shortening of
APD90 in Endo was forecast. This finding is in agreement with
other experimental results (21). Mexiletine slightly shortened
APD90 (Table 5) in both Epi and Endo cells (Epi: 2%, Endo:
6%, at 40 beats/min). Both drugs caused an AP shortening in
M cells (flecainide: 15%, mexiletine: 10%, at 40 beats/min).

Effects of flecainide and mexiletine on the Y1795C AP. In
bradycardia, flecainide and mexiletine caused APD90 to
shorten in the Y1795C mutant cell but with a stronger effect in
the case of flecainide (Table 5): �22.5% vs. �13.5% in Endo
cells at 40 beats/min. Notably, both drugs inhibit the onset of
EADs in Epi and M cells (Fig. 5). As already shown for WT,
at 115 beats/min flecainide caused the lengthening of APD in
the Epi cells (see Table 5).

Effects of flecainide and mexiletine on the Y1795H AP.
Flecainide also elicited a myocardial layer-specific response in
the case of Y1795H mutant (Fig. 6, left). Flecainide reduced

APD in Endo and M cells (Table 5); in the Epi cells a striking
complete loss of the AP dome occurred at 40 beats/min
(APD90: from 166 to 116 ms), whereas at 115 beats/min an
alternating pattern appeared. Conversely, mexiletine caused
modest AP changes (Fig. 6, right, and Table 5) with APD
decreasing in M and Endo cells and increasing in Epi cells.

Interestingly, the effect of flecainide on AP morphology of
the Epi cell was dependent on the amount of INa blockade (Fig.
7). For a 40% block, domeless APs alternatively separated by
long APs were predicted (Fig. 7, middle). The oscillatory
pattern was stable over time. For a 30% current reduction,
oscillations in the APD disappeared, and a stable pattern of
long markedly notched APs was reproduced (Fig. 7, bottom).
Similar transitions through different AP waveforms were ob-
served when the pacing frequency was raised up to 115
beats/min by maintaining the 50% of INa blockade (Table 5).

Since the different response elicited by flecainide and mexil-
etine on the Epi cell AP (Fig. 6) was obtained by simulating the

Table 4. Parameter assignment for kinetic rate a3

in Markov model




Wild type 7.021 � 10�8

Y1795C
40 beats/min 1.388 � 10�8

115 beats/min 2.916 � 10�8

Y1795H 1.112 � 10�8

Modification of the parameters of kinetic rate a3 � 
 exp(�V/�) to
reproduce negative shift of availability curve induced by flecainide (10 �M).
The parameter � was set to 6.0773 in all cases.

Fig. 3. Schematic diagram of the Luo-Rudy ventricular cell model, in which the Markov model of the Na� current (INa) was inserted. Detailed explanation of
symbols can be found in Ref. 13.

Table 3. Percentage of current blocking used to mimic
flecainide and mexiletine administration

Current

Blocking, %

Flecainide Mexiletine

INa 50 (24) 50 (19)
ICa 45 (17, 18) 25 (26, 30)
ITO 10 (1, 44)
IKr 10 (15, 31, 49)

INa, sodium current; ICa, calcium current; ITO, transient outward current; IKr,
rapid delayed rectifier potassium current. Bibliographic references are indi-
cated in parentheses.
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same (50%) INa reduction for the two drugs, the simultaneous
different block of the other ion currents (Table 3) seems to take
part in differentiating drug-induced AP alterations. To investigate
the role of each current, we analyzed the AP sensitivity to
different levels of ICa, ITO, and IKr block (Fig. 8). The loss of the
AP dome in Epi cells, characterizing the flecainide simulation
(Fig. 8, BL1 curve), also persisted when IKr was either completely
blocked (data not shown) or not blocked at all (Fig. 8, BL2 curve)
If IKr and ITO were not blocked (Fig. 8, BL3 curve), the APD was
further reduced. The AP was still domeless when the ICa blockade
was reduced from 45% to 35% (Fig. 8, BL4 curve). With 35%
block of ICa, the superimposition of a low level of ITO block (10%)
caused the appearance of the AP dome with a markedly pro-
nounced notch (Fig. 8, BL5 curve). Without the blockade of IKr

and ITO, the restoration of the AP morphology with dome oc-
curred when a 25% ICa blockade was simulated (Fig. 8, BL6
curve). The last condition corresponds to the simulation of mexi-
letine. Notably, the abrupt changes in AP morphology with
respect to the degree of block enlightens on the “all or none”
nature of this phenomenon.

DISCUSSION

In the present study, we investigated with numerical exper-
iments the effect of two mutations of residue 1795 (Y1795C
and Y1795H) of the cardiac sodium channel protein that cause

LQT3 and BrS, respectively. We previously reported the
heterologous expression of both mutants, and we demon-
strated that they modify the biophysical properties of the INa

(35). Specifically, Y1795C leads to a residual-sustained
inward INa that is consistent with the LQT3 phenotype,
whereas Y1795H accelerates inactivation thus reducing cur-
rent availability.

Here we numerically reproduced the biophysical properties
of WT and mutant sodium channels by a Markov model of INa,
and we implemented these data in the LRd ventricular AP
model (12, 13) to assess: 1) the mutation-dependent AP abnor-
malities in Epi, Endo, and M cells and 2) the response to
sodium channel-blocking drugs known to modify the ECG in
LQT3 and BrS patients. On the basis of such analyses, we
show how the mutation-dependent AP alterations account for
the patients’ electrocardiographic phenotype and provide clues
for the understanding of arrhythmogenic mechanisms associ-
ated with these mutations.

Effects of Y1795C and Y1795H on AP in the three myocar-
dial layers. We took advantage from previously published
data (43) to simulate the transmural heterogeneity of the AP
by modulating the amount of the ITO and the ratio between
IKs and IKr components (9, 22, 23). We then characterized
the alterations induced by each of the mutants on the AP of
Epi, Endo, and M cells at different pacing rates.

Fig. 4. Y1795C mutation (middle) affects action potential (AP) of the three cells composing the ventricular wall [Epi, epicardial; M, midmyocardial; Endo,
endocardial] in a rate-dependent manner. The major effect is shown at the pacing frequency (PF) of 40 beats/min when early afterdepolarizations (EADs) appear
in Epi and M cell AP. Y1795H mutation (right) does not have remarkable effects on the AP of the three myocardial layers.
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Numerical simulation confirmed the observation made by
Clancy et al. (10) in their model of Endo cells that bradycardia
accentuates the APD prolongation as a consequence of an
increased sustained INa at slower rates (Fig. 4). In addition, we

showed that the effect of the late INa during bradycardia was
more pronounced in Epi and M cells than in Endo cells.
Whereas Y1795C only induced APD prolongation in the Endo
cell model (10), in the Epi and M cell models, the mutation also
induced EADs (Fig. 4, middle). In Epi cells, EADs developed
despite a shorter basal AP in this cell type with respect to Endo
cells. This is due to the presence of a larger ITO in this layer.
The prominent notch in AP phase 1 of the Epi cells, due to ITO,
determines a different balance of currents in the subsequent
phases of the AP, allowing the sustained INa to trigger EADs.
In fact, we did not find EADs by simulating Y1795C Epi cells
with GTO � 50 S/F (as Endo cell, data not shown). These
results are in agreement with the LQT3 phenotype observed in
the Y1795C carriers and with the fact that three life-threatening
events (three sudden deaths and one cardiac arrest) occurred
during sleep (Fig. 1).

At variance with Y1795C, the Y1795H mutation induced
only negligible changes of AP morphology in the three myo-
cardial layers, in agreement with the clinical findings that the
BrS phenotype observed in the carriers of the mutation was
only evident upon pharmacological challenge with flecainide
(Fig. 1).

Response of mutants to sodium channel blockers. The
Y1795C model displayed a reduction of Endo APD by 22%
with flecainide and by 13% with mexiletine. Interestingly, in
the clinical setting, flecainide administration (2 mg/kg) reduced

Table 5. APD90 values in the different cell types with and
without drugs resulting from simulations with the pacing
rate of 40 115 beats/min.

40 beats/min 115 beats/min

Epi M Endo Epi M Endo

No drug
WT 161 185 167 146 163 148
LQTS EADs EADs 201 150 167 150
BrS 166 187 170 151 169 151

Flecainide
WT 182 157 149 168 155 141
LQTS 180 165 156 187 155 141
BrS 116 165 156 * 158 144

Mexiletine
WT 158 167 157 146 158 144
LQTS 180 205 174 147 158 143
BrS 168 172 168 153 159 145

Values are expressed in milliseconds. Epi, epicardial; M, myocardial; Endo,
endocardial; WT, wild type; LQTS, Long QT syndrome; BrS, Brugada syndrome;
APD90, 90% repolarization of action potential (AP) duration. *Alternating pattern:
a long epicardial AP (APD90 � 227 ms) was followed by two shorter activations
(loss of dome) of different duration (97 and 125 ms), and by another long-short AP
sequence (APD90 � 225 ms and APD90 � 97 ms).

Fig. 5. Effect of flecainide (left) and mexiletine (right) on
ventricular cell AP in presence of Y1795C mutation at the
pacing rate of 40 beats/min. Both drugs reduce AP duration in
Endo cell and suppress EADs in Epi and M cells.
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the QT interval to the same extent (4, 32) (Fig. 1). These data
are consistent with that shown in LQT3 patients in whom class
I antiarrhythmic drugs clearly shortened the QT interval (36).
In our simulations, both drugs suppressed the EADs in M and
Epi cells. The efficacy of the two drugs in suppressing EADs
is consistent with the observation made in a mouse model of
LQT3 (46) and provides a mechanistic explanation for the
prevention of lethal arrhythmias observed over a 5-year follow
up in a 5-year-old LQT3 patient who experienced a cardiac
arrest while on �-blocker therapy but was subsequently pro-
tected by mexiletine treatment (39).

The simulation of flecainide administration in the case of
Y1795H experiments induced shortening of the APD in Endo
and in M cells, whereas in Epi cells, AP alterations of both
duration and morphology were observed (see Fig. 6, left, and
Fig. 7). The beat-to-beat AP alteration shown in Fig. 7 (middle)
could be the cellular counterpart of T wave alternans (TWA)
(28). In fact, TWA have been reported in BrS patients upon
class Ic drug administration (29), and they may be a marker of
electrical instability (27). Thus our finding supports the pro-
arrhythmic potential of class Ic drug administration in BrS
patients.

In the Epi cells the AP showed a loss of the AP dome: this
phenomenon has been suggested as the substrate for the ST
segment elevation observed in BrS. Accordingly, our in silico
analysis predicts that carriers of the Y1795H mutation would

have minimal ECG changes at baseline but would respond to
flecainide with a prominent ST segment elevation and electri-
cal instability. Once again this is in agreement with the clinical
findings showing a “coved-type” ST segment elevation only
after flecainide administration (Fig. 1). Yan and Antzelevitch
(50) suggested that the strong ITO current of epicardial cells in
the presence of a reduced inward current is responsible for the
loss of AP dome. Coherently with this hypothesis we observed
prompt AP morphology normalization when ITO was decreased
by 50%. At variance with flecainide, mexiletine induced only
a slight APD reduction with no loss of the AP dome. This is in
agreement with clinical observations by Shimizu et al. (42),
who showed that mexiletine did not elicit ST segment elevation
in BrS patients.

As of today, a conclusive explanation of the differential
effect of flecainide and mexiletine in the BrS patients is not
available. Our data suggest that flecainide, but not mexiletine,
unmasked BrS silent mutation mainly because of their differ-
ential blocking effect on the inward current (greater extent the
ICa block). Thus we suggest that in presence of sodium channel
blockers, the balance between ICa and ITO has to be crucially
important for unmasking the arrhythmogenic substrate in BrS
patients. This hypothesis is in accordance with the experimen-
tal findings of Fish and Antzelevitch (14), whose data sug-
gested that combined calcium channel block may be more
effective than sodium channel block alone in unmasking the

Fig. 6. Effect of flecainide (left) and mexiletine (right) on
ventricular cell AP in presence of Y1795H mutation at the
pacing rate of 40 beats/min. Flecainide but not mexiletine
causes the appearance of a domeless AP in Epi cells.
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BrS and that pharmacological agents that inhibit ITO may be
useful in preventing arrhythmias in BrS patients.

Study limitations. We used a computer model based on the
well-established LRd model that has been already used to
assess the impact of mutations on AP in patients with inherited
arrhythmogenic disorders (7–9, 16). Qualities and limitations
of this model, which is mostly based on guinea pig experimen-
tal data, have been extensively discussed (7, 25, 45). It is worth
to note that for the present analysis, we considered as control
the APs computed by model with the WT human cardiac Na
channel, and we focused on the impact of mutations on the AP
with respect to this condition. Thus the dependence of the
results from the model setting should be limited. Nevertheless,
models of human ventricular cells recently published (20, 45)
should be used in further investigations.

The present simulation analysis assumes the existence of
transmural heterogeneity of repolarization to an extent similar
to that observed in animal studies (2). It is fair to note that the
role of transmural dispersion of repolarization in the human
heart is still under debate (11). Our simulation results support

the hypothesis that transmural heterogeneity can play a crucial
role in the ECG phenotype of INa mutations.

We did not consider the rate-dependent Na channel binding
properties of flecainide and mexiletine. In fact, the recovery
from drug block is rapid with mexiletine and slow for flecain-
ide. Liu et al. (24) showed a 10% increase of flecainide-
induced blocking when pacing rate was changed in a physio-
logical range from 1 to 2 Hz. A lower variation of the blocking
degree is expected for mexiletine. Despite the variations of
drug blocking due to heart rate changes are modest, they could
influence AP morphology and duration.

The assignment of current blocking is not without uncertain-
ties because of the lack of consistent experimental data assess-
ing the effects of the two drugs. However, the sensitivity
analysis reported in Fig. 8 makes the assignment less critical
demonstrating that the loss of AP dome kept on also when
limited block extents were tested.

In conclusion, in this study we investigated by computer
simulation the effects of two SCN5A mutations on the AP of
Endo, Epi, and M cells, and we mimicked their response to

Fig. 7. AP morphology changes due to different levels of
flecainide-induced INa blockade in Epi cell in presence of
Y1795H mutation. At a blocking level of 40%, an alternation of
prolonged and domeless AP appeared; the AP dome was stably
restored at 30% INa reduction.

Fig. 8. AP morphology changes induced by different
levels of INa, calcium current (ICa), transient outward
current (ITO), and rapid delayed rectifier potassium
current (IKr) blocking in presence of Y1795H muta-
tion (Epi cell, 40 beats/min).
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flecainide and mexiletine. We demonstrate that there is a
remarkable agreement between the cellular abnormalities and
the electrocardiographic manifestations observed in the carriers
of the two genetic defects. Furthermore, we show that a “gain
of function” mutation of SCN5A induces bradycardia-depen-
dent APD prolongation in Epi and M cells leading to devel-
opment of EADs. In this framework, both mexiletine and
flecainide reverse the APD prolongation and prevent the
EADs. This effect is likely to be a direct consequence of the
blockade of the late INa. Interestingly, our data show for the
first time that a loss of function SCN5A mutation may induce
only minimal effect on the shape of the APD across the
myocardium and is therefore consistent with a normal ECG. It
is only in the presence of selective perturbation of other
currents that it is possible to reveal such a concealed arrhyth-
mogenic syndrome. This evidence accounts for the variability
of the ST segment elevation at ECG and for the paroxysmal
nature of the arrhythmic events in Brugada Syndrome.
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