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mutations of the sodium channel gene Nav s are multifunctional, causing
combinations of LQTS, Brugada syndrome and progressive cardiac
conduction system disease (PCCD). The combination of Brugada syn-
drome and PCCD is uncommon, although they both result from a
reduction in the sodium current. We hypothesize that slow conduction is
sufficient to cause S-T segment elevation and undertook a combined
experimental and theoretical study to determine whether conduction
slowing alone can produce the Brugada phenotype. Deletion of lysine
1479 in one of two positively charged clusters in the III/IV inter-domain
linker causes both syndromes. We have examined the functional effects
of this mutation using heterologous expression of the wild-type and
mutant sodium channel in HEK-293-EBNA cells. We show that AK1479
shifts the potential of half-activation, V,2m, to more positive potentials
(Vizm = —36.8 £ 0.8 and —24.5 = 1.3 mV for the wild-type and
AK1479 mutant respectively, n = 11, 10). The depolarizing shift in-
creases the extent of depolarization required for activation. The potential
of half-inactivation, V., is also shifted to more positive potentials (V1,2
= —85 * 1.1 and —79.4 *= 1.2 mV for wild-type and AK1479 mutant
respectively), increasing the fraction of channels available for activation.
These shifts are quantitatively the same as a mutation that produces
PCCD only, G514C. We incorporated experimentally derived parameters
into a model of the cardiac action potential and its propagation in a one
dimensional cable (simulating endo-, mid-myocardial and epicardial
regions). The simulations show that action potential and ECG changes
consistent with Brugada syndrome may result from conduction slowing
alone; marked repolarization heterogeneity is not required. The findings
also suggest how Brugada syndrome and PCCD which both result from
loss of sodium channel function are sometimes present alone and at other
times in combination.

sodium channel; Brugada syndrome; conduction system disease

PROGRESSIVE CARDIAC CONDUCTION SYSTEM DISEASE (PCCD) and a
subset of Brugada syndrome are allelic disorders. They may
result from mutations in the a-subunit of the cardiac sodium
channel gene, Nay;s. The fundamental defect that may pro-
duce both syndromes falls into the following two categories /)
synthesis of a nonfunctional protein or failure of membrane
insertion of the synthesized protein or 2) changes in channel
kinetics that reduce the inward sodium current during phases 0
and / of the action potential (3, 21, 27). In a subset of patients
with Brugada syndrome, reduction of the sodium current dur-
ing late phase 0 and early phase 1 shifts the action potential
current-voltage trajectory in the outward direction. This exag-
gerates the normal epicardial to endocardial repolarization
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gradient that is most prominent at the base of the right ventri-
cle. The exaggerated gradient yields the S-T segment elevation
in the right precardial leads and produces phase 2 reentry (10).
The subset of patients with Brugada syndrome on the basis of
sodium channel mutations also shows evidence of conduction
impairment, including prolongation of the PQ and HV intervals
(24). PCCD arises when channel availability is reduced at the
normal resting potential or when maximal channel activation
requires increased depolarization. The conduction disturbance
is observed as right bundle branch block, left bundle branch
block or complete heart block, or as block at the level of the
sinoatrial or atrioventricular nodes (21).

Schulze-Bahr et al. (22) recently described a kindred in
which both Brugada syndrome and PCCD resulted from the
deletion of a single lysine residue, K1479, in the III-IV interdo-
main linker. We considered an analysis of the kinetic effects of
this mutation potentially informative for two reasons. K1479 is
one of 12 positively charged residues in the III-IV interdomain
linker. This 53-residue segment is the most highly conserved
region of sodium channels. The linker has a density of charged
residues similar to that of the S4 segment, a region that functions
as the voltage sensor during channel activation. NMR and mo-
lecular dynamics studies suggest that the charged residues are
concentrated in two a-helical clusters in a hairpin motif (20, 23);
K1479 is located in the first of these clusters. K1500 is located in
the second (downstream) cluster. The deletion of K1500 resulted
in long QT syndrome (LQTS), Brugada syndrome, and PCCD (9).
Initial structure-function studies suggested that the III/IV linker
functions as the fast inactivation gate. We and others (9) have
shown that the charged residues in the second cluster of the linker
may play a role in the coupling of activation and inactivation. The
role of the residues in the first cluster that includes K1479 has not
been examined.

When expressed in human embryonic kidney cells, the
K1479 deletion sodium channel mutant yielded robust currents
with altered kinetics. Depolarizing voltage shifts were ob-
served for both the conductance and inactivation-voltage rela-
tionships. For the sodium channel mutant that causes PCCD on
the basis of a change in kinetics, Tan et al. (25) observed a
depolarizing shift in both the conductance- and inactivation-
voltage relationships. They suggested that the opposing effects
of those shifts on sodium current amplitude were the reasons
that Brugada syndrome was not observed in their kindred. We
performed simulations to determine the interplay between the
positive shift in the conduction-voltage (G-V) relationships
(tending to reduce sodium current) and the positive shift in the
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inactivation-voltage relationships (enhancing the fraction of
available sodium channels at the normal resting potential) in
the production of conduction slowing and action potential
changes consistent with Brugada syndrome.

METHODS

Preparation of cell lines expressing the WI' and mutant sodium
channels. The human cardiac sodium channel gene hHI was cloned
into the mammalian expression plasmid pcDNA3.1-Hygro™* (Invitro-
gen). The K1479 deletion (AK1479) in the III-IV interdomain linker
of the a-subunit of the sodium channel was performed using recom-
binant PCR (12). Fidelity of the mutation was documented by direct
sequencing. Human embryonic kidney cells (293-EBNA) were trans-
fected with the plasmids pcDNA3.1/hH1 and pcDNA3.1/hH1AK1479
using lipofectamine. Stable cell lines were established in HEK-293-
EBNA cells using hygromycin as the dominant selective marker. The
wild type (WT) and AK1479 mutant a-subunits expressed current of
several nanoamperes in the HEK-293-EBNA cells.

Experimental setup. Whole cell sodium channel currents were
measured using standard patch-clamp techniques (11). Cells were
superfused with a 130 mM sodium external solution. The micropi-
pettes were filled with an internal CsCl solution. The internal Cs™
blocked the endogenous K™ channels in the HEK-293-EBNA cells.
Under these recording conditions, the inward sodium current was the
only ionic current recorded.

Solutions. The solutions used in these experiments had the follow-
ing composition (in mM): sodium external solution: 130 NaCl, 4 KCl,
1 CaCl,, 5 MgCl,, 5 HEPES, and 5 glucose (pH adjusted to 7.4 with
NaOH); and Cs™ micropipette solution: 130 CsCl, 1 MgCl,, 5
MgATP, and 10 HEPES (pH adjusted to 7.2 with CsOH). All
experiments were performed at room temperature (20-22°C).

Recording techniques. Whole cell recordings were performed with
an Axopatch-200A (Axon Instruments, Burlingame, CA) or EPC-10
(List Medical, Darmstadt, Germany) patch-clamp amplifier. Whole
cell sodium channel currents were recorded with 0.5- to 1.5-M()
microelectrodes coated with a hydrophobic elastomer (Sylgard 184) to
their tips. Series resistance and capacity transient were compensated
using standard techniques. At the beginning of each experiment,
adequacy of voltage control was assessed as previously described (7).
Whole cell currents were filtered at 10 kHz and digitized at 25-40
kHz. The holding potential was set at —100 mV.

The G-V relationship was determined by application of 20-ms
pulses from a holding potential of —100 mV to test potentials of —80
to +40 mV. The amplitude of the test potential was incremented in
5-mV steps. Steady-state fast inactivation was determined using
500-ms conditioning pulses from —130 to —40 mV followed by
10-ms test pulses to —20 mV. The recovery from fast inactivation was
determined using twin-pulse protocols (13). We also determined the
rate of onset and recovery from intermediate inactivation using twin
pulse protocols. From a holding potential of —100 mV, 0.5- to
5,000-ms conditioning pulses were applied to —20 mV. A 100-ms
interval at —100 mV permitted recovery from fast inactivation. The
sequence was completed with a 10-ms test pulse to —20 mV. To
assess the kinetics of recovery from intermediate inactivation, a
2,000-ms conditioning pulse was applied from the holding potential to
—20 mV. Test pulses were then applied at recovery intervals of
100-10,000 ms. We determined use-dependent reduction of the so-
dium current by the application of trains of sixty 50- and 100-ms
pulses at interpulse intervals of 50, 100, 200, 300, 400, and 1,000 ms.

Data analysis. Whole cell sodium channel currents were analyzed
with Clampfit 8.1 and custom software developed in our laboratory
(7). Inactivation-voltage and G-V relationships were fit to a standard
Boltzmann equation of the form: ho.,m.. = 1/{1 % exp[(V — Vin)/k]},
where h.. is the inactivation variable, m.. is the activation variable, V
is membrane potential, V> is the potential at which h.. or m.. = 0.5,
and k is the slope factor.

BRUGADA SYNDROME AND CONDUCTION SYSTEM DISEASE

The development and recovery from inactivation were fit to a
single exponential function: I(f) = I. [1 — exp(—t/T)], where I(?) is
the current at time ¢, I is the initial current or the steady-state current,
and T is the inactivation time constant.

Values are reported as means *= SE, unless otherwise stated.
Comparisons were made with unpaired or paired #-tests, as appropri-
ate; P < 0.05 was considered significant.

Simulations. Computer simulations are useful to link experimen-
tally observed channel dynamics to clinically observed phenomena
such as changes in the electrocardiogram (ECG). Three separate, but
related, simulation studies were performed using the experimental
data for the WT, AK1479, and AK1500 mutations. All studies used
the Dynamic Luo-Rudy (LRD) model to describe ion channel dynam-
ics (26). The sodium current in the LRD model, however, was
replaced by the empiric equations derived from experiments on WT,
AK1479, and AK1500 sodium channels:

INa = C_}Narn3h|:‘/m - ENa]

where V,, is membrane potential. The sodium reversal potential (Ena)
for all models was 71 mV, and the maximum sodium activation (Gna)
was nominally set to 16 mS/cm?. The dynamics of the m and & gates
are described by differential equations:

dm/dt = (m — m.))/t,, dh/dt = (h — h,)/7,

where steady-state activation (m.) and inactivation (/..) are described
by the standard Boltzmann distribution:

B, . = 1/[1 % V=Y1K

Table 1 shows the values used for Vi, and k in the simulations.
Activation time constants for WT and the mutant channels were fit
to the same function:
0.0101

Tn =
0.0005(V,,, + 77.0538)

| — o 01753(Vn+77.0538)

+ 1.5043 X 107> ¢ Vn/11869

The inactivation time constants are described in a piece-wise fashion
to fit the experimental data as follows:

WT
if Vi > —57.7 mV

T, = 3.1521 X [1 + e*(Vm+47.5939)/ll.1719]

else
1.2437
Th = 0.027667(Vm+86.4148)/10.9567 + 12.988530'0933‘/'" + 11.355680'0933‘/'"
AK1479

if Vin > —52.78 mV
T, = 2.7082 X [1 + e—(vm+4s.3208)/1z,4224]

else

1.7168
= 0.0305¢ VartS0GRII3552 | g 650 00782V | 7 33900782V,

Th
AK1500
if Vin > —25.5 mV
™, = 2.7402 X [1 + e—(vm+74.3126)/4.7944]
else

2.6987
= 0.0536¢ Vmt7BTIBNIBBI4 () 895800235V | () 805400235V

Th
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Table 1. Steady-state activation and inactivation parameters
used for simulation of sodium channel dynamics in
wild-type, AK1479, and AK1500 mutants

WT AK1479 AK1500
m
k 5.1 8.1 10.1
Vin —36.8 —24.5 214
h
k -5.6 -59 —-6.3
Vir -85 —79.4 —94

Units are mV. WT, wild type; m, activation parameter; /, inactivation
parameter; k, slope factor; V., potential at which m or & is 0.5.

All simulations were performed using a semi-implicit Crank-Nichol-
son scheme with a A = 0.01 ms. The relationship between simulated
and measured current is included in supplemental Fig. 1.

The first simulation was conducted to determine the impact of the
mutations on the action potential of the various cell types that
compose the human left ventricle. A uniform one-dimensional 2-cm
cable (Ax = 0.01 cm) of uniformly coupled (1 mS/cm) cells was
simulated to derive action potential characteristics. Cables were com-
posed entirely of epicardial, M, or endocardial cells (26) with WT,
AK1479, or AK1500 sodium channel dynamics. The nominal LRD
model is for epicardial cells. The formulation for other cell types is
created by changing the maximal conductance of I, ( Gi,) to 0.1 and
0 mS/cm for M and endocardial cells, respectively, and the maximal
conductance of Iis (Gys) to 0.2 mS/cm for both M and endocardial
cells as previously described (8). Propagation was initiated by a 1-Hz
suprathreshold current stimuli at one end of the cable (0 cm). Action
potentials from the center of the cable (1 cm) at the 20th beat were
recorded for analysis to minimize the stimulus artifact, boundary
effects, and drift in ionic concentrations. Conduction velocities were
computed from the difference in activation times (time of maximum
upstroke velocity) at 0.5 and 1.5 cm along the cable.

The second simulation was conducted to determine the possible
impact of the mutations on the ECG. Because simulation of a human
heart and torso requires excessive computational expense, a pseudo-
ECG (pECG) was simulated using a one-dimensional cable model of
the human left ventricular wall. The pECG was derived from the
volume conductor field generated by the action potentials propagating
along the cable. The pECG was computed as the extracellular poten-
tial (¢p) using the following relationship:

b = a*4o, J(—aV,/ox) X [V(1/r)]
r=[x—x)Y+ G -y)+E-2)1"

where a is the radius of the cable, o. is the extracellular conductivity,
r the distance from the recording point to the source element, and x,
v, and z are the rectangular co-ordinate axes (8, 18). The action
potential sources (V,,) were derived from a one-dimensional cable
(1.65 cm) that was divided into epicardial (0—0.6 cm), M (0.6-1.05),
and endocardial (1.05-1.65) regions. Propagation was initiated by a
1-Hz suprathreshold current stimuli at the endocardial end of the cable
(1.65 cm). The pECG was computed as the extracellular potential 1
cm from the epicardial end of the cable (—1 cm) for the WT and
AK1479 and AK1500 mutations with normal sodium channel excit-
ability (Gna = 16 mS/cm?). In the clinic, the effect of a channel
mutation on the ECG is often not immediately apparent but can be
unmasked using a sodium channel blocker. The effect of low excit-
ability on the pECG was simulated by decreasing Gna to 8 mS/cm? in
the WT, AK1479, and AK1500 cables.

The third stimulation study aimed to determine the effects of shifts
in the steady-state conductance and inactivation curves on conduction
velocity. We performed these simulations since some mutations affect
clinically observable phenomena (e.g., morphology of the ECG,

H401

conduction velocities) by shifting the steady-state conductance and
inactivation curves in either the depolarizing or hyperpolarizing di-
rection. A 2-cm uniform cable made of WT epicardial cells (similar to
study one) was used with the same stimulation protocol. The conduc-
tion velocity was computed in cables as Vj,m was varied between
—10 and —60 mV and as V>, was varied between —30 and —140 mV.
The WT activation and inactivation time constants were held constant.

RESULTS

Sodium channel mutations that produce the Brugada syn-
drome reduce the sodium current as a result of decreased
expression of functional channels or changes in channel kinet-
ics. Both the WT and the K1479 deletion (AK1479) mutant
channels expressed robust current in HEK-293-EBNA. Mean
peak current density was 404 = 87 pA/pF (n = 11) in the WT
and 318 £ 44 pA/pF (n = 10) in the AK1479 mutant. We
compared the steady-state fast inactivation and activation of
the two channel types. Summary data are presented in Fig. 1,
A and B. The steady-state inactivation curve was shifted in a
depolarizing direction compared with the WT channel; V,p
for the WT was —85 = 1.1 mV (n = 11) and for the AK1479
was =794 = 1.2 mV (n = 10, P = 0.002). This 5.6-mV
depolarizing shift will increase the availability of the sodium
channel at the normal resting potential of approximately —90
mV. The slope factor was unchanged; k, for the WT was
—5.6 = 0.2 mV and for AK1479 was —5.9 = 0.3 mV (P =
0.24). The G-V relationship was also shifted in a depolarizing
direction; Vi,om for the WT was —36.8 = 0.8 mV and Vo, for
the AK1479 mutant was —24.5 = 1.3 mV (P = 0.001). This
positive shift of the G-V relationship will delay the onset of
channel activation. In the representative current recordings
illustrated in Fig. 1, C and D, the current activated at —40 mV
is 33% of that activated at —20 mV for the WT channel. In the
case of the AK1479 channel only, 15% of current is activated
at —40 mV. The slope factor was increased; k, for WT was
5.1 = 0.3 mV and for AK1479 8.1 = 0.2 mV (P = 0.001). The
slope factor is the number of millivolts required for an e-fold
increase in activation. Therefore, the increased slope factor
indicates reduced voltage dependence of activation. Marked,
although similar increases in both the rate of onset () and
recovery (o) from inactivation may exert substantial influence
on conduction, they produced little change in steady-state
inactivation [h.. = 1/(1 + PB/a)]. At most potentials, the
processes of development and recovery from inactivation are
occurring simultaneously (both ay, and By, have finite values).
At potentials positive to threshold, the net kinetic change is the
development of inactivation (B >>> ay,). At most subthreshold
potentials, recovery from inactivation predominates (o, > Bp).
We compared the inactivation of the current at potentials
positive to the activation threshold and determined the rates of
recovery at subthreshold potentials using a two-pulse protocol
(13). The relaxation of the current was well fit by single
exponentials. Representative currents for the WT and AK1479
channels are shown in Fig. 2, A and B. At potentials close to
threshold, relaxation of the WT current was faster. However, at
potentials positive to —20 mV, the rates of current relaxation
were similar (Fig. 2C). At most potentials, the AK1479 chan-
nels recovered from closed-state inactivation faster than the
WT channels (Fig. 2D). These detailed kinetic changes in fast
inactivation do not translate into a reduction of channels
available for activation during the action potential.
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Fig. 1. Comparison of the steady-state fast inactivation, activation, and kinetics of the sodium current in cells expressing the wild-type (WT) and AK1479 mutant
channels. A: summary data of channel availability as a function of membrane potential. Potential of half-inactivation (Vi) was —85 = 1.1 and —79.4 £ 1.2
mV for the WT and AK1479 channels, respectively; the slope factor was —5.6 = 0.2 and —5.9 = 0.3 mV. B: channel activation plotted as a function of test
potential. Potential of half-activation (Vi2m) was —36.8 = 0.8 and —24.5 = 1.3 mV for the WT and AK1479 channels, respectively. C and D: WT (C) and
AK1479 (D) membrane currents in response to voltage steps to —40 and —20 mV from a holding potential of —100 mV.

The steady-state relationships (G-V, h.-V) are customarily
determined at slow (unphysiological) stimulus frequencies to
assure complete recovery between voltage-clamp runs. Certain
Brugada syndrome-associated mutations have their major influ-
ence on slower (intermediate) components of sodium channel
inactivation. The intermediate and slow components of inactiva-
tion have distinctly different molecular bases from fast inactiva-
tion. Therefore, we describe the development and recovery from
intermediate inactivation separately from the kinetics of fast
inactivation. We determined the rate of onset and of recovery
from intermediate inactivation using a twin pulse protocol. Sum-
mary data are presented in Fig. 3. Intermediate inactivation de-
veloped with a time constant of 1,590 = 207 ms (n = 5) in the
WT channel and 3,633 = 316 ms (n = 5, P = 0.001) in the
AK1479 mutant channel. Recovery from inactivation was faster in
the WT channel, Twt = 298 = 38 ms and Taki479 527 £ 75 ms
(P = 0.01). To determine the impact these changes in intermedi-
ate inactivation would have on the sodium current during a series
of consecutive action potentials, we used trains of 100-ms pulses
at interpulse intervals of 50, 100, 200, 300, 400, and 1,000 ms. For
clarity, we present the results at interpulse intervals of 50, 100, and
1,000 ms only in Fig. 4, A and B. At the shortest interpulse interval
of 50 ms, the current during the last pulse of the train was 0.83 =
0.4 (n = 4) that of the first pulse of the train for the WT channel;

for the AK1479 mutant channel the fractional current was 0.89 *+
03 (n=)95).

We simulated the effects of the WT, AK1479, and AK1500
mutation on the action potential and pECG. We included
AK1500 mutant channel in the simulations since our prior
studies of this mutant showed gating effects that contrast with
those of the AK1479 mutant channel. Like the AK1479 mutant,
Vi2m Was also shifted in a depolarizing direction, but V,,, was
shifted in a hyperpolarizing direction by 13.4 mV with the
AK1500 mutant. The combined effects of these shifts are
predicted to produce even greater conduction slowing than the
AK1479 mutation. Figure 5 shows simulated action potentials
and pECGs of epicardial, M, and endocardial regions of WT,
AK1479, and AK1500 cells under conditions of normal and
reduced excitability. Action potential durations (APDs) were
208, 225, and 230 ms in the epicardial, M, and endocardial
regions of WT cells, respectively. There is a epicardial-to-
endocardial gradient, and a slightly positive T wave in the
pECG (Fig. 5C). For the low excitability case, the conduction
velocity is slowed enough that repolarization takes place in
roughly the same order as depolarization (endocardial, M, and
endocardial region), resulting in a slightly negative T wave.
Under conditions of normal excitability, the APDs for the
AK 1479 mutant are the similar to WT. However, under con-
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Fig. 2. Inactivation kinetics of WT and AK1479 mutant channels. A and B: membrane current in response to depolarization to —40 mV in the WT (A) and
AK 1479 mutant (B) channels. For both channel types, current relaxation was well fit by a single exponential. C: summary data over a wide range of potential.
The time constant of relaxation of the AK1479 mutant channel current is significantly larger than the WT at test potentials of —45, —40, and —35 mV. D: time
constants for the recovery or development of inactivation using a two-pulse protocol. Time constants for the AK1479 mutant are smaller than those of the WT

channel at potentials of —80, —70, and —60 mV.

ditions of reduced excitability, a significant APD gradient is
unmasked as a result of conduction slowing. Repolarization
occurs earliest in the endocardium, the T wave in pECG is
inverted and the QT interval prolonged. Even in the baseline
state, the AK1500 mutant shows significant APD gradients that
are in fact reversed: 330, 277, and 251 for the epicardial, M,
and endocardial cells. The T wave is inverted and the QT
interval prolonged in the baseline state. The overall prolonga-
tion of the APD is consistent with the clinical occurrence of
LQTS in patients with the AK1500 mutation and a threefold
increase in the late component during heterologous expression
(9). The epicardial cell was most susceptible to prolongation of
the APD with an increase in the late component of the sodium
current. The reverse APD gradient accounts for the deep
inversion of the T wave and may also account for the T wave
changes observed in the proband with the AK1500 mutation
(9). Repolarization of the M and endocardial cell is further
delayed ~100 ms under conditions of reduced excitability, and
the T wave inversion and QT interval prolongation persist.
Although not widely reported, QTc prolongation during pro-
vocative testing with sodium channel blockers appears to be an
“electrocardiographic hallmark™ of the syndrome (17).

Figure 6, A and B, shows activation times and the APD at the
indicated positions along the cable. At each point, the activation
time is the time of occurrence of dV/df,.x. Zero centimeters
corresponds to the endocardium (the stimulation site) and 1.65 cm

the recording site. Under conditions of normal excitability, acti-
vation times are delayed uniformly along the cable and is latest for
AK1500 mutant. Under conditions of reduced excitability, acti-
vation times are markedly delayed in the AK1479 and AK1500
mutants and are nonuniform with the AK1479 and AK1500
mutants. The spatial distribution of the APD is significantly
exaggerated in AK1479 and AK1500 (Fig. 6B).

Figure 7 shows simulations of the relationship between
conduction velocity, 0, and the potentials of half-activation and
inactivation (Viom and Vypp, respectively). Action potentials
were initiated at approximately the same potential (—88 mV).
As Vipm is made more positive and/or Vi, is made more
negative, 0 declines. The decline in 0 is most dramatic when
depolarizing shifts in V., and hyperpolarizing shifts in Vn
are present. The mutation AK1500 has this combination of
parameters. On the other hand, the depolarizing shift of V,p, of
the AK1479 mutant moves the conduction velocity to a less
steep segment of the 6-V,»;, relationship. The simulations also
show a surprising result: conduction is maintained at very
negative values of Vjpn provided that Vipn, is also very
negative, e.g., —60 mV.

DISCUSSION

We have analyzed the functional effects of the AK1479
mutation using whole cell recordings and computer simulations
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Fig. 3. Onset and recovery from intermediate inactivation in WT and AK1479
mutant channels. Top: normalized test-pulse currents plotted against condi-
tioning pulse duration on a log scale. In the individual experiments, onset of
intermediate inactivation was fit by a single exponential function. Bottom:
normalized test pulse current as a function of diastolic interval plotted on a log
scale. The holding potential was —100 mV.

of the action potential and conduction in a one-dimensional
cable. The results obtained were related to the clinical pheno-
type of Brugada syndrome and conduction disease. These
studies are of potential interest for the following two reasons:
the insight that they may provide on the role of the charged
residues in the III/IV interdomain linker and the relationship
between changes in channel gating and the simultaneous oc-
currence of Brugada syndrome and PCCD.

The II/IV interdomain linker is highly conserved and con-
tains 15 charged residues grouped in two a-helical clusters in
a hairpin motif (6). K1479 is located in the first cluster (which
comprises residues 1473-1479), whereas K1500 is located in
the second and longer cluster. The deletion of K1479 shifts the
potential of half-activation +12 mV. This effect on activation
is similar to that of the deletion of K1500. However, in contrast
to the deletion of K1500, the deletion of K1479 produces a
depolarizing shift in channel inactivation, suggesting that the
roles of two clusters on channel inactivation are not equivalent.
In general, the central role of the III/IV interdomain linker in
inactivation is well recognized. In particular, the a-helical
clusters are believed to form a rigid scaffold to present the
hydrophobic inactivation amino acid triplet IFM to its receptor

BRUGADA SYNDROME AND CONDUCTION SYSTEM DISEASE

site. In this process, inactivation is coupled to activation,
probably through interaction with the charged residues in the
S4 transmembrane segment (16). The difference in length of
the a-helical clusters may signify differing roles in gating
coupling. K1479 is a charged residue of a triplet KKK. The
effect of AK1479 on activation is consistent with the mutation
analysis of this triplet in rat (r)Nay 1.2, which exhibited the
most dramatic effects on activation gating (a +12-mV shift in
the potential of half-activation) when the charges were re-
versed . .. KKK/EEE (16).

The simultaneous occurrence of Brugada syndrome and
conduction system disease can both be explained by conduc-
tion slowing. Our simulations for AK1479 channels (Fig. 5)
capture the occurrence of a slight transmural voltage gradient
only during late phase 0 and phase 1 of the simulated action
potentials. We were struck by the lack of large APD (phase 3)
gradients predicted in other simulations, e.g., Dumaine et al.
(5). A careful review of those results shows that the magnitude
of the transient outward current is increased severalfold or the
inactivation kinetics of sodium current is markedly accelerated
above that observed experimentally (8). As illustrated in Fig. 5,
the kinetic changes that we observed with the AK1479 are
sufficient to produce J point elevation. The more dramatic ECG
effect of “apparent right bundle branch” may truly be a reflec-
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Fig. 4. Membrane current in response to pulse-train stimulation in WT and
AK1479 channels. Trains of 100-ms pulses were applied at interpulse intervals
(IPI) of 50, 100, and 1,000 ms. Normalized currents are plotted against the
pulse number. The error bars were about the same size as the symbols for each
pulse sequence. Ina, sodium current.
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tion of right-sided conduction delay rather than significant
APD gradients. A recently published study by Coronel et al. (4)
supports this conclusion. They performed a detailed in vitro
study of the heart removed from a patient with Brugada
syndrome and intractable ventricular tachycardia/fibrillation.
Direct mapping documented marked conduction delay in the
right ventricular outflow tract. Marked heterogeneities in repo-
larization consistent with loss of the action potential dome in
the epicardium were not observed. The occurrence of intraven-
tricular conduction delay, e.g., prolongation of the HV interval,
is a mark of an underlying sodium channel mutation in Bru-
gada syndrome (24).

We now briefly discuss the relationship between our findings
and those studies that examine the occurrence of Brugada
syndrome and PCCD. Mutations in the cardiac sodium channel
gene may cause LQTS, Brugada syndrome, PCCD, or a com-
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Fig. 5. Simulations of the action potentials in the epicardial, M, and endocardial regions of the ventricular wall for the WT, AK1479, and AK1500 channels.

A: action potential simulations under normal conditions for the endocardial, M, and epicardial regions. B: action potentials under conditions of reduced
excitability. Maximum sodium activation was reduced from 16 to 8 mS/cm? for reduced excitability case. C: pseudoelectrocardiograms (pECGs).

bination of these syndromes (15). Increased reversibility of fast
inactivation with enhancement of the late component of so-
dium current is almost uniformly the cause of LQTS. On the
other hand, conduction slowing as a result of expression of
nonfunctional channels, or channels with altered gating, is a
common basis for sodium channel-associated Brugada syn-
drome and PCCD. Which of these two disease phenotypes will
be present in not clear and may vary in different individuals
having the same sodium channel mutation. Tan et al. (25)
described a kindred with conduction system disease associated
with a glycine-to-cysteine mutation in the I/II interdomain
linker of the cardiac sodium channel gene G514C. Biophysical
analysis of the heterologously expressed mutant channel
showed a +10-mV shift of the potential of half-activation and
a +7-mV shift in the potential of half-inactivation. They
presented simulations that suggest that the counterbalancing
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Fig. 6. A and B: activation times (A) and action potential duration (APD; B) along the cable for WT, AK1479, and AK1500 mutant channels. Stimulation was
initiated at the endocardium. The activation time is the time of occurrence of dV/dfmax at each point along the cable. The APD plot is the functional APD, i.e.,

with all cells coupled.

effects of the activation and inactivation voltage shifts would
produce PCCD only. The findings reported in our study show
that very similar shifts in the voltage dependence of activation
and inactivation can produce Brugada syndrome. The simula-
tion showed that the qualitative changes in action potential and
PECG can also be observed with the positive shift in both
parameters.
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Fig. 7. Simulations of the relationship between conduction velocity and Vi/zn.
Contours for values of Vipm from —60 to —10 mV are also shown. The
simulations started from the rest potential, which was approximately —88 mV
for all values of Vi/,n. The conduction velocity declines as Vi/n is made more
negative, and the rate of the decline is accentuated at depolarized values of
Vi/2m, €.g., —15 and —10 mV.

The most severe sodium channel defect is haploinsuffi-
ciency. Both PCCD and Brugada syndrome are observed with
mutations that produce haploinsufficiency (3, 21). We con-
clude that other factors determine the phenotype in a kindred.
The proband of the kindred and the other affected individual
presented by Tan et al. (25) were 3 and 6 yr old when they
presented with PCCD (25). Brugada syndrome usually presents
in the fourth decade of life. Although the disorder is inherited
as an autosomal dominant, ~80% of the affected individuals
are males (2). The affected individuals described by Tan et al.
were both females. Kyndt et al. (14) described a 45-member
family with Brugada syndrome, PCCD, and the mutation
G1406R in Nay;s. All four family members with Brugada
syndrome were males, and six of seven members with PCCD
were females.

For sodium channel mutations that do produce functional
channels, the most severe defect combines a positive shift in
the potential of half-activation and a negative shift in the
potential of half-inactivation. This combination of gating de-
fects may produce Brugada syndrome and conduction defects
at several levels, including the sinoatrial and atrioventricular
nodes and the His-Purkinje system (9). On the other hand, Akai
et al. (1) described a family with ventricular fibrillation and a
mutation S1710L in Nay,s. The 39-yr-old proband did not
have S-T segment elevation in V;_3 at rest or after disopyr-
amide administration. Right Bundle Branch Block developed
during an increase in heart rate. The S1710L mutation pro-
duced a +18.7-mV shift in Vi, and a —21.7-mV shift in
Vi2n. These changes would be predicted to produce Brugada
syndrome. Phenotype-genotype correlations are best refined by
inclusion of both genders, individuals of a range of ages or
observations over time. This is borne out by a recent study by
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Probst et al. (19). From a cohort of 40 probands with Brugada
syndrome and sodium channel mutations, they identified 78
mutation carriers. Conduction disturbances were identified in
76% of males and 75% of female gene carriers. The conduc-
tance disturbance progressed with aging, and five gene carriers
required pacemaker implantation.
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