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Neurobiology of Disease

Impaired Inactivation Gate Stabilization Predicts Increased
Persistent Current for an Epilepsy-Associated SCN1A Mutation

Kristopher M. Kahlig,' Sunita N. Misra,? and Alfred L. George Jr'>

'Division of Genetic Medicine, Department of Medicine, and 2Department of Pharmacology, Vanderbilt University, Nashville, Tennessee 37232-0275

Mutations in SCNIA (encoding the neuronal voltage-gated sodium channel ¢, subunit, Nay 1.1, or SCN1A) are associated with genetic
epilepsy syndromes including generalized epilepsy with febrile seizures plus (GEFS+) and severe myoclonic epilepsy of infancy. Here, we
present the formulation and use of a computational model for SCN1A to elucidate molecular mechanisms underlying the increased
persistent sodium current exhibited by the GEFS+ mutant R1648H. Our model accurately reproduces all experimentally measured
SCN1A whole-cell biophysical properties including biphasic whole-cell current decay, channel activation, and entry into and recovery
from fast and slow inactivation. The model predicts that SCN1A open-state inactivation results from a two-step process that can be
conceptualized as initial gate closure, followed by recruitment of a mechanism (“latch”) to stabilize the inactivated state. Selective
impairment of the second latching step results in an increase in whole-cell persistent current similar to that observed for the GEFS+
mutant R1648H. These results provide a deeper level of understanding of mutant SCN1A dysfunction in an inherited epilepsy syndrome,
which will enable more precise computational studies of abnormal neuronal activity in epilepsy and may help guide new targeted

therapeutic strategies.
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Introduction

Mutations in genes encoding voltage-gated sodium channel sub-
units have been linked to several inherited disorders of mem-
brane excitability including defects in skeletal muscle contrac-
tion, cardiac arrhythmias, and epilepsies (George, 2005).
Currently, >150 SCNIA mutations have been associated with
various genetic epilepsies (Mulley et al., 2005). Functional studies
of these SCNIA mutants in heterologous systems have revealed
an array of biophysical abnormalities that are difficult to fully
reconcile with the observed clinical phenotype. In vivo SCN1A
generates and propagates action potentials within an integrative
environment consisting of multiple ionic conductances. Thus,
establishing correlations between genotypes and biophysical phe-
notypes will likely require examination of SCN1A mutant behav-
ior within such a context using either animal or computational
models.

The majority of efforts to simulate sodium channel behavior
using computational models [including SCN1A (Spampanato et
al., 2004a,b; Barela et al., 2006)] have used the classic Hodgkin—
Huxley (HH) formalism (Hodgkin and Huxley, 1952). These
equations define sodium permeability in terms of multiple iden-
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tical gates operating independently. However, this approach is
unable to account for all channel behaviors (Hille, 2001). For
instance, although sodium channels are constructed of four ho-
mologous domains (DI-DIV), each domain does not contribute
identically to channel gating (Hille, 2001). In addition, inactiva-
tion and activation are coupled because channel inactivation
preferentially immobilizes the DIII- and DIV-associated activa-
tion gating movements (Cha et al., 1999; Kuhn and Greeft, 1999).
Additional discrepancies between HH-predicted and experimen-
tally observed sodium channel behavior have also been described
including gating currents, current fluctuation analysis, single-
channel activity, and activation kinetics (Patlak, 1991; Hille,
2001; Baranauskas and Martina, 2006; Naundorf et al., 2006).

Attempts to reconcile the experimental voltage-gated sodium
channel behavior to a mathematical description of channel activ-
ity have produced numerous thermodynamic and empirical
models (for review, see Patlak, 1991; Hille, 2001). More recently,
Markov chain models have been developed for excitability simu-
lation studies that more faithfully approximate the biophysical
activity of sodium channels (Vedantham and Cannon, 1998;
Clancy and Rudy, 1999, 2002; Irvine et al., 1999; Clancy and Kass,
2004). Computational investigations with accurate sodium channel
models promise to guide empirical experimentation and to predict
novel mechanisms of abnormal excitability (Clancy et al., 2003).

In this study, we use an expanded Markov model for SCN1A
to better define molecular mechanisms for an epilepsy-associated
mutation. The model accurately reproduces all of the measured
whole-cell biophysical characteristics of the human wild-type
(WT) channel coexpressed with the human 3, and 3, accessory
subunits and can be modified to simulate the behavior observed
for the generalized epilepsy with febrile seizures plus (GEFS+)
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mutant R1648H. Moreover, both models provide theoretical insight
into SCN1A gating. Our models predict that SCN1A open-state in-
activation occurs by a biphasic mechanism that can be conceptual-
ized by docking of the inactivation gate to the cytoplasmic face of the
pore, followed immediately by gate stabilization (“latching”). Im-
portantly, the increased persistent current exhibited by R1648H can
be predicted by introducing a selective impairment of the latching
mechanism, a previously unrecognized molecular mechanism for
sodium channel dysfunction in epilepsy.

Materials and Methods

Electrophysiology. All heterologously expressed WT-SCN1A and R1648H
data used for the generation of the computational models has been re-
ported previously by our laboratory (Lossin et al., 2002; Rhodes et al.,
2004, 2005; Vanoye et al., 2006). Briefly, biophysical characterization of
WT-SCN1A and R1648H was performed using human tsA201 cells
(HEK293 cells stably expressing the SV40 large T antigen). Cells tran-
siently coexpressed human WT-SCNIA or R1648H cDNA as well as the
human B, and B, accessory subunits. Specific voltage-clamp protocols
assessing channel activation, inactivation, and recovery from inactiva-
tion were used. Representations of all voltage protocols are included as
figure insets, and all recordings were performed at room temperature.
The average current recorded from multiple cells was used as a calibra-
tion standard to guide optimization of an accurate computational model
response. SCN1A persistent current measurements were obtained by
digital subtraction of currents recorded in the presence and absence of 10
uM tetrodotoxin (Sigma, St. Louis, MO). Heterologously expressed
SCN1A data are presented as mean * SEM (Lossin et al., 2002; Rhodes et
al., 2004, 2005; Vanoye et al., 2006).

Computational modeling. The computational model reported here for
SCNIA is based on voltage-gated sodium channel modeling efforts by
Clancy and Kass (2004), Clancy and Rudy (1999, 2002), and Horn and
Vandenberg (Horn and Vandenberg, 1984; Vandenberg and Horn,
1984). Figure 1 illustrates the Markov model for SCN1A that includes
states for the conditions: closed (C), open (O, conducting; @, non-
conducting), fast inactivated (F), and slow inactivated (S). Transitions
between states are reversible and described by continuous equations with
an instantaneous solution that depends on the membrane voltage. In
response to a voltage change, the channel distribution shifts to a new
equilibrium over a time course determined by the new values of the rate
constants. During SCN1A model optimization, the rate equations were
constrained by the average whole-cell current recorded from heterolo-
gously expressed SCN1A.

Voltage-gated ion channels do not exist at thermodynamic equilib-
rium at membrane voltages other than 0 mV (i.e., the imposed voltage
gradient influences channel conformation) (Finkelstein and Peskin,
1984; Lauger, 1995; Colquhoun et al., 2004). Violations of the thermo-
dynamic principle of detailed balance (microscopic reversibility) have
been described previously for ion channels because of the influence of
outside energies (ion electrochemical gradient or voltage gradient) on
channel gating (Finkelstein and Peskin, 1984; Richard and Miller, 1990;
Wrllie et al., 1996; Schneggenburger and Ascher, 1997). Thus, detailed
balance was not imposed on the model for SCN1A for the following
reasons: (1) nonthermodynamic equilibrium of SCNIA resulting from
membrane voltage (Finkelstein and Peskin, 1984; Lauger, 1995;
Colquhoun et al., 2004); (2) microscopic reversibility has not been dem-
onstrated for SCN1A; (3) the absorbing nature of SCN1A inactivated
states (low number of channel reopenings) limits the available informa-
tion for assessing detailed balance (Vanoye et al., 2006); and (4) statistical
tests for detailed balance lack sufficient power to test our complex and
highly cyclic SCN1A model (Rothberg and Magleby, 2001; The et al.,
2002). Rate equations for all transitions are reported in supplemental
Table S1 (available at www.jneurosci.org as supplemental material).

The state O represents the conducting state, and the occupancy of O
determines the sodium current by the following: Iy, = Gy, par X O X
(V — Eya)> where Iy, is the sodium current, Gy, p,, is the maximum
sodium current density, O is the fractional occupangy of the open state, V'
is the membrane voltage, and E, is the sodium reversal potential. For
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whole-cell simulations, the computational SCN1A model was expressed
ata Gy, pq, 0f 0.02 S/cm”. This corresponds to previously used sodium
channel Gy, ,, values between 0.01 and 0.2 S/cm” (Clancy and Kass,
2004; Spampanato et al., 2004a,b; Barela et al., 2006). For single-channel
simulations, a single model SCN1A channel was expressed with a con-
ductance (Gy,) of 17 pS. This value corresponds to the single-channel
conductance previously reported for WT-SCN1A (17.2 £ 0.5pS; n = 10)
and R1648H (16.9 = 0.9 pS; n = 7) (Vanoye et al., 2006). The average
empirically calculated reversal potential observed for SCN1A was used
for all simulations (Ey, = 71.3 = 1.5 mV; n = 14) (Rhodes et al., 2005).

Computational modeling was performed using NEURON (www.
neuron.yale.edu) (Hines and Carnevale, 2001). All simulations were per-
formed using the default integration strategy (Backward Euler) with an
implicit fixed time step of 25 us to maintain temporal accuracy and
efficiency. Simulations were implemented on either a personal computer
(PC) workstation using two parallel Intel Xeon dual-core 2.8 GHz pro-
cessors or a PC desktop using an Intel Pentium 4, 3.0 GHz processor. All
simulations were performed in Windows XP, and the simulation com-
puter code is available on request.

For whole-cell simulations, we constructed an in silico single-
compartment model of a tsA201 cell with a length of 20.0 wm, diameter
of 12.1 wm, and membrane capacitance of 1 uf/cm . The resulting com-
putational surface area is equivalent to the average surface area measured
for WT-SCN1A-expressing tsA201 cells (7.6 X 107¢ cm?% n = 15)
(Rhodes et al., 2005). For single-channel simulations, we constructed an
in silico single-compartment model of an outside-out membrane patch
with alength of 0.5 wm, diameter of 0.5 wm, and membrane capacitance
of 1 pf/cm?. The resulting computational surface area corresponds to a
pipette tip diameter of 1 um.

To minimize artifacts attributable to voltage protocol discrepancies,
simulation protocols were identical to those used to experimentally char-
acterize WT-SCN1A and R1648H (Lossin et al., 2002, 2003; Rhodes et al.,
2004, 2005; Vanoye et al., 2006). This includes test voltage sequence as
well as relaxation time. After the entire protocol had been recorded, the
model was reinitialized to steady state (—120 mV) before the next simu-
lation. Therefore, nonspecific protocol effects (e.g., accumulation of in-
activation) should be identical between the model and the heterologously
expressed channel.

The four previously reported SCN1A computational models were
constructed using the published parameters (Clancy and Kass, 2004;
Spampanato et al., 2004a,b; Barela et al., 2006). For simulation purposes,
the Gy, ., of each model was reset to 0.02 S/cm? the value used with our
WT-SCN1A model. Because of the arbitrary nature of Gy, j,,» all com-
parisons between the previously reported SCN1A computational models
and the empirically recorded SCN1A biophysical data are performed
using normalized data (with the exception of supplemental Figure S2 A,
available at www.jneurosci.org as supplemental material). The four pre-
viously reported SCN1A models include one Markov (model A) (Clancy
and Kass, 2004) and three HH-style models (models B-D) (Spampanato
et al., 2004a,b; Barela et al., 2006). The discrepancies between the previ-
ously reported activity of model A and our simulations most likely reflect
differences in simulation environment differences. These considerations
are not applicable to models B-D because these were previously con-
structed and reported using the NEURON simulation environment.

Data analysis. Data analysis was performed using Clampfit 9.2, Orig-
inPro 7, and GraphPad Prism 4. Channel inactivation was evaluated by
fitting the decay phase of the whole-cell current with the two-exponential
function I/, = A¢ X exp(—t/7g) + Ay X exp(—t/7,) + I, where T,and
7, are the time constants (fast and slow components, respectively), A is a
fractional amplitude, and I, is the level of non-inactivating current.
Whole-cell conductance was calculated by Gy, = I\/(V — Ey,) and
normalized to the maximum conductance between —80 and +20 mV.
Conductance-voltage and steady-state availability curves were fit with
Boltzmann functions to determine the voltage for half-maximal activa-
tion/inactivation (V;,,) and the slope factor (k). The time-dependent
entry into and the recovery from inactivation was evaluated by fitting the
peak current with the two-exponential function I/, = A; X [1 —

max

exp(—t/T)] + A, X [1 — exp(—t/7,)]. Persistent current was measured
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during the final 10 ms of a 200 ms depolariza-
tion to —10 mV and expressed as a percentage
of peak current.

Using the same model parameters, sequential
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Results
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The majority of ion channel computa-
tional models rely on the quantitative de-
scriptions of axonal ionic currents first in-
troduced in 1952 by Hodgkin and Huxley.
Subsequent work has shown that HH-style
equations can only approximate neuronal
voltage-gated sodium channel behavior
(Patlak, 1991; Hille, 2001; Baranauskas and Martina, 2006;
Naundorf et al., 2006). We developed enhanced Markov chain
models for WT-SCN1A and the GEFS+ mutant R1648H that
very accurately reproduce the observed biophysical characteris-
tics of the corresponding heterologously expressed channels.

Figure 1.

SCN1A Markov model

Figure 1 illustrates our Markov model for SCN1A. The model is
composed of two interconnected layers of states: (1) a bottom
layer containing the closed (C), open (O, conducting; @, open
but non-conducting), and fast inactivated (F) states; and (2) a
parallel upper layer containing the slow inactivated (S) states.
Only the O state conducts ions as @ states have undergone inac-
tivation. Fach state approximates a theoretical conformation
SCNI1A adopts during activation and inactivation. However, any
direct correlation between a state within the diagram and a par-
ticular protein conformation is not possible. It is likely that many
transient SCN1A protein conformations are grouped and repre-
sented as a single state within the model.

This scheme integrates many features of previous sodium
channel models including multiple closed states, a single con-
ducting state, closed state inactivation, and silent recovery from
inactivation (Horn and Vandenberg, 1984; Vandenberg and
Horn, 1984; Patlak, 1991; Hille, 2001). We positioned slow inac-
tivation as a second upper layer because of the ex-
perimental observations that fast and slow inactivation are dis-
crete, although not entirely autonomous, mechanisms (Feather-
stone et al., 1996; Vedantham and Cannon, 1998). Featherstone
et al. (1996) reported that removing fast inactivation increased
the rate of entry into slow inactivation. As a result, the state of one
inactivation gate (open vs closed) impacts the kinetics of the
other, and parallel transitions in the model for SCN1A are not
modeled with identical kinetics (e.g., C, to SC, compared with
FC, to SEC,). In the model, fast and slow inactivation mecha-
nisms are able to independently terminate current flow through
the pore (transitions out of O). The transitions O to F® and O to
SO represent closure of the fast and slow inactivation gates, re-
spectively. Both gates can be closed simultaneously (states labeled

S = Slow Inactivation Gate Shut

Diagram of SCN1A Markov model. The SCN1A Markov model consists of 21 states connected by 37 reversible transi-
tions. The modelincludes states for the following conditions: closed (C), open (0), fastinactivated (F), and slow inactivated (S). The
only ion-conducting state is O (@ states are non-conducting because of inactivation gate closure). Supplemental Table ST (avail-
able at www.jneurosci.org as supplemental material) includes a complete list of the voltage-dependent rate equations.

SF), but this requires two independent and sequential steps (e.g.,
closure of the fast gate followed by closure of the slow gate).

Transitions are described by rate equations that are instanta-
neously voltage dependent and were adjusted using previously
recorded SCN1A whole-cell recordings as a calibration standard
(Rhodes et al., 2005). The model reproduces many key features of
voltage-gated sodium channel behavior. At the holding potential
of —120 mV (under steady-state conditions), 97% of channels
are located in C,. After depolarization, channels move through
the four closed states (C,—C, ) before entering the ion-conducting
O state. Channels can enter fast inactivation (F states) from either
open or closed states. For a depolarization to —10 mV, a transient
equilibrium is established after 20 ms with 69% of channels oc-
cupying FOL and 24% in FC,. Long-lasting depolarizations drive
channels from the F states into the upper layer of slow inactivated
states (S states). After 10 s at —10 mV, channels predominately
occupy the upper states (44% SFOL, 32% SFC,, and 6% SFC,).
After repolarization, channels return to the lower layer re-
establishing the steady-state equilibrium (either transitioning
through the F states or moving directly into C states).

Open-state inactivation

The whole-cell current carried by human SCN1A inactivates with
a double-exponential time course (Lossin et al., 2002, 2003;
Rhodes et al., 2004, 2005; Vanoye et al., 2006). Figure 2 illustrates
theoretical investigations into possible mechanisms for generat-
ing this behavior. We first attempted to model open-state inacti-
vation with a single step (O to FQL) (Fig. 2A). The resulting
simulated whole-cell current (“Model”) decayed too quickly and
followed a single exponential time course. For comparison with
the current generated by heterologously expressed SCN1A, the
average SCN1A whole-cell current recorded from multiple inde-
pendent cells is depicted as “Actual” in Figure 2A (Rhodes et al.,
2005). Integrating the Model and Actual current traces between
the peak and 10 ms reveals that a single-step inactivation pathway
conducts only 65.4% of the actual sodium influx. We next ad-
justed the rate constants for the O to FQL transition in an effort to
introduce a second component to the whole-cell current inacti-
vation. Slowing the O to FOL transition significantly increased
the peak current amplitude and slowed the overall current decay
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Figure2. Secondary stabilization is essential for open-state inactivation. SCN1A open-state
inactivation was explored by modeling different inactivation mechanisms. 4, An open-state
inactivation pathway consisting of a single step (0 to FL) was unable to reproduce the biphasic
whole-cell current characteristic of SCN1A. B, A two-step inactivation pathway reproduces the
SCN1A biphasic whole-cell current decay. The modeled inactivation pathway includes an un-
stable intermediate state F@ between the open state 0 and the stabilized latched inactivated
state FOL.

without introducing a second time component (data not shown).
Slowing inactivation by allowing channel reopening (increasing
the FOL to O transition in Fig. 2A) increased the peak current
and induced a significant persistent current without introducing
a second inactivation component (data not shown).

We next attempted to model the biphasic whole-cell current
decay with two parallel fast inactivation transitions (two transi-
tions leading from O to the F states). Preliminary experiments
with these models were unable to generate a whole-cell current
decay that was well fit by a two-exponential equation (data not
shown). Moreover, the mechanism of fast inactivation for
voltage-gated sodium channels has been described in great detail
and consists of pore occlusion by the DIII-DIV intracellular loop
(Vassilev et al., 1989; Catterall et al., 2005). Introduction of a second
fast inactivation pathway from O would imply a second fast inacti-
vation gate that is not supported by the experimental data.

An alternative approach to reproduce the biphasic whole-cell
current decay is to add an intermediate state in the open-state
inactivation pathway. Figure 2 B illustrates an inactivation mech-
anism for SCNI1A that consists of two states in series (F@ and
FOL). In this design, channels leaving O first enter the less stable
fast inactivated state FQO. Most channels quickly transition into
the absorbing fast inactivated locked state FOL. A small fraction
of FQ channels transiently return to O, thereby reopening before
inactivating again to FQ and finally arriving in FQL. The sodium
current generated by this model overlays the current recorded for
heterologously expressed SCN1A (Fig. 2B). Integrating the
Model current trace between the peak and 10 ms reveals that a
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Figure 3. WT-SCNTA model generates accurate whole-cell currents. A, Representative
whole-cell currents recorded from a tsA201 cell coexpressing the human WT SCN7A and the
human 3, and (3, accessory subunits. Currents were elicited by voltage steps to potentials
between —80 and +60 mV from a holding potential of —120 mV. B, Model WT-SCN1A
whole-cell currents recorded in response to the stimulation protocol in A. C, Comparison of
actual and model WT-SCN1A current traces for the — 10 mV voltage step from A and B, respec-
tively. D, Comparison of actual WT-SCN1A and all previously reported SCN1A computational
models (Clancy and Kass, 2004; Spampanato et al., 2004a; Spampanato et al., 2004b; Barela et
al., 2006) in response to the —10 mV voltage step.

two-step open-state inactivation pathway conducts 98.5% of the
actual sodium influx. All subsequent simulations were performed
with models including the FQ state.

Model WT-SCN1A generates accurate whole-cell currents

To verify that the WT-SCN1A model reproduces the fundamen-
tal characteristics of SCN1A activity, we characterized the whole-
cell sodium currents generated by the model and compared these
results to those previously reported for SCN1A (Rhodes et al.,
2005). Figure 3 illustrates a representative family of sodium cur-
rent traces elicited by voltage steps to various potentials for a
tsA201 cell heterologously expressing WT-SCN1A (A) and
model WT-SCNI1A (B). In both cases, the measured currents
were inward and transient because of the rapid activation and
inactivation of sodium influx. Overlaying the —10 mV current
trace from Fig. 3, A and B, verifies that the model WT-SCN1A
activates and inactivates with kinetics similar to those measured
for WT-SCN1A (Fig. 3C). Figure 3D illustrates normalized cur-
rent traces generated by the previously reported SCN1A models
in response to a voltage step to —10 mV (Clancy and Kass, 2004;
Spampanato et al., 2004a,b; Barela et al., 2006). In our simulation
environment, each model displayed altered current kinetics com-
pared with those actually measured for WT-SCN1A. Supplemen-
tal Figure S1 (available at www.jneurosci.org as supplemental
material) illustrates the whole-cell current generated by the pre-
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Figure 4.  Analysis of simulated WT-SCN1A whole-cell current. The WT-SCN1A computa-
tional model (open symbols) reproduces the whole-cell biophysical characteristics of WT-
SCN1A heterologously expressed in tsA201 cells (n = 14; filled symbols). Whole-cell currents
were elicited by the voltage protocol in the inset in A. 4, B, Peak current amplitude and time to
peak current were plotted for each potential, respectively. C, The voltage dependence of chan-
nel activation was calculated from the normalized conductance values. Data were fit using a
Boltzmann equation, and fit parameters are provided in Table 1. D, Inactivation time constants
were estimated by fitting the decay phase of the whole-cell current with a two-exponential
function. Fit parameters are provided in Table 2, and the fast and slow inactivation time con-
stants are plotted for each potential.

viously reported WT-SCN1A models in response to the voltage
protocol in Figure 3A.

To further demonstrate the accuracy of the whole-cell cur-
rents generated by model WT-SCNI1A, we characterized their
activation and inactivation kinetics. Figure 4 A illustrates the peak
current—voltage relationship for the whole-cell currents shown in
Figure 3. There is minimal difference between the peak current
generated by the WT-SCN1A model (open symbols) and actual
SCNI1A (filled symbols). At 0 mV, the model generates a peak
current of —307 pA/pF compared with —305 = 38 pA/pF (n =
14) for actual WT-SCN1A (Rhodes et al., 2005). We measured
time to peak current for each voltage as an estimation of the rate
of channel activation. Plotting the time to peak current for sim-
ulated and actual WT-SCN1A demonstrates that our model ac-
tivates with a similar time course (Fig. 4 B). At —10 mV, the time
to peak current for model WT-SCN1A was 0.35 ms compared
with 0.38 * 0.03 ms (n = 14) for actual WT-SCNI1A. Figure 4C
illustrates that the voltage dependence of activation obtained
from the normalized conductance values for simulated WT-
SCNI1A is similar to that directly measured for the heterologously
expressed channel (fit parameters are listed in Table 1) (Rhodes et
al., 2005). To quantitatively evaluate SCN1A current inactiva-
tion, the decay of the whole-cell current trace was fit with a two-
exponential equation (Table 2). Figure 4 D demonstrates that the
fast and slow inactivation components (7rand 7,, respectively) for
model WT-SCN1A are comparable to those reported previously.
The differences in 7, most likely reflect the contribution (5 ms
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after voltage step) of nonspecific whole-cell currents in the het-
erologous recording system that are absent in silico (Fig. 3A).
These results demonstrate that our WT-SCN1A model repro-
duces the fundamental properties of the whole-cell current (ac-
tivation and inactivation) recorded from heterologously ex-
pressed SCN1A (Rhodes et al., 2005). For comparisons with our
model, supplemental Figures S2-S4 (available at www.jneuro-
sci.org as supplemental material) illustrate properties of the
whole-cell currents generated by other previously reported WT-
SCNI1A models (Clancy and Kass, 2004; Spampanato et al.,
2004a,b; Barela et al., 2006).

Model WT-SCN1A replicates fast and slow inactivation
Sodium channel fast inactivation is critical for limiting sodium
influx during excitation, and an accurate computational model
should reproduce the fast inactivation properties of SCN1A. We
examined both entry into (Fig. 5A4) and recovery from (Fig. 5B)
fast inactivation for our WT-SCNI1A model using standard two-
pulse voltage protocols. The results were compared with the pa-
rameters measured for WT-SCN1A (Table 1) (Rhodes et al.,
2005). Figure 5A illustrates that our WT-SCN1A model (open
symbols) simulates currents that entered fast inactivation with
the same voltage dependence as actual WT-SCN1A (filled sym-
bols). Similar to heterologously expressed WT-SCNI1A, the
model also exhibited recovery from fast inactivation that is well
fit with a two-exponential equation.

Slow inactivation has been proposed to regulate channel avail-
ability and may play a significant role during periods of pro-
longed depolarization or repetitive stimulation. We used two-
pulse voltage protocols to test the ability of our WT-SCN1A
model to accurately emulate the time and voltage dependence of
slow inactivation. The results were compared with the parame-
ters actually measured for WT-SCN1A (Table 3) (Rhodes et al.,
2005). Model WT-SCN1A (open symbols) exhibits the same time
dependence of entry into slow inactivation as actual WT-SCN1A
(Fig. 6 A, filled symbols). Figure 6 B shows that simulated WT-
SCN1A enters slow inactivation with an equivalent voltage de-
pendence compared with actual WT-SCN1A. In addition, simu-
lated WT-SCNI1A recovered from slow inactivation with the
same biphasic time dependence of actual WT-SCN1A (Fig. 6C).

Modeling increased persistent current

Beginning with the model for WT-SCN1A, we constructed a
computational model for the GEFS+ mutant R1648H. The ma-
jor biophysical defect exhibited by R1648H is an increased per-
sistent current resulting from increased probability of late single-
channel openings (Lossin et al., 2002; Rhodes et al., 2004; Vanoye
etal., 2006). We were able to generate this biophysical phenotype
by destabilizing the fast inactivated state FOL within the WT-
SCN1A Markov model (Fig. 1). Increasing the rate constant for
the transition from FOL to FQ (B4 in supplemental Table S1,
available at www.jneurosci.org as supplemental material) al-
lowed a small fraction of channels to transiently re-enter the open
state O and generate the increased persistent current (Fig. 7A,
inset). No other changes, such as additional states, were needed to
generate this aberrant channel activity.

Figure 7A illustrates whole-cell current traces for the models
WT-SCN1A and R1648H in response to a voltage step to —10 mV
from a holding potential of —120 mV. R1648H exhibits a signif-
icant persistent current beginning 10 ms after the voltage step.
The persistent current predicted between 190 and 200 ms after
the voltage step for our R1648H model was 1.8% of peak current
compared with 0.3% for the WT-SCN1A model. Figure 7B illus-
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Table 1. Biophysical parameters for activation and fast inactivation
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Activation Voltage dependence of fast inactivation Recovery from fast inactivation”
Vi, (mV) k(mV) n Vi, (mV) k(mV) n 7¢(ms) 7,(ms) n
Actual WT-SCN1A —194*14 79+0.2 13 —62.7 =17 —69*0.2 14 24 +03[85 = 1%] 41.0 = 6.0[15 = 1%] 14
Model WT-SCNTA 199 85 —613 -77 22[82%] 26.6[18%]
Model R1648H —199 8.5 —613 -78 2.1[81%] 23.0[19%]
“Values in brackets represent amplitude.
Table 2. Whole-cell current inactivation time constants
Fast component’ Slow component?
Model Model Model Model
Actual WT-SCN1A WT-SCN1A R1648H Actual WT-SCN1A WT-SCN1A R1648H
—30mvV 273 + 049 [69 = 18%] 2.20[81%] 2.22[86%] 6.4+ 15[31 = 18%] 5.9[19%] 7.0[14%]
—20mv 134 = 0.18 [86 = 5%] 1.04[81%] 1.03[83%] 55+ 0.6[14 =+ 5%] 40[19%) 3.8[17%)
—10my 072 * 0.06 [93 = 1%] 0.62[82%] 0.68[87%] 6.0+ 0.7[7 + 0.8%] 3.0[18%] 33[13%]
omv 0.47 =+ 0.03[94 = 1%) 0.46 [87%] 0.46 [89%] 44+ 0506 = 0.7%] 2.8[13%) 26[11%]
10my 037 = 002 [94 * 1%] 032 [87%] 033 [89%] 3.9+ 0.6[6 * 0.6%] 22[13%] 22[11%]
20my 0.31 = 0.02[92 = 1%] 0.26 [89%] 0.23[85%] 3.0 + 03[8 = 1.2%] 19[11%] 1.6[15%]
30mv 0.28 = 0.02[90 = 1%] 0.20 [84%] 0.19 [83%] 27 %+ 02[10 = 1.3%] 1.5[16%] 14[17%]
“Values in brackets represent fractional amplitude.
A B Simulated R1648H exhibits late channel openings
The computational models for WT-SCN1A and R1648H were
40 o Kihial 1.0 generated using experimentally recorded SCN1A whole-cell data
= O Model o as a calibration standard to tune the voltage-dependent rate
g 08 £ 03 equations (supplemental Table S1, available at www.jneurosci.
3 3 org as supplemental material). We next tested whether our mod-
7 08 o 06 els could reproduce the single-channel properties observed for
N . % o4 A WT-SCN1A and R1648H (Vanoye et al., 2006). We used the
E % £ 120 mV stochastic single-channel simulator in NEURON to test the
= -10 mV S . -
£ ool ass mvg 2wl 100 ms 1 single-channel characteristics of model WT-SCN1A and model
at R1648H in response to voltage steps to 0 mV. Figure 8, A and B,
o0l——10ms AR 0.04r ' - - illustrates five consecutive voltage-step simulations for models
TARAN 50 20 A8 20 : A 100 b WT-SCN1A and R1648H, respectively. The mean open time de-
Voltage (mV) Recovery Time (ms) termined for simulated WT-SCN1A was 0.29 + 0.02 ms (n = 3)
i + =
Figure 5.  Analysis of simulated WT-SCN1A fast inactivation. The WT-SCN1A model (open sym- compared with 0.30 % 0.02 ms (1 = 3) for that generated by the

bols) reproduces the fast inactivation characteristics of channels heterologously expressed in tsA201
cells (n = 14;filled symbols). 4, Voltage-dependent entry into fast inactivation was examined using
atwo-pulse protocol consisting of a 100 ms conditioning pulse at various potentials, followed by a test
pulse at —10 mV. B, Time-dependent recovery from fast inactivation was examined using a two-
pulse protocol consisting of a 100 ms inactivation pulse at —10 mV, followed by a variable length
returnto — 120 mV and a second test pulse to — 10 mV. Data were it using either a Boltzmann (4) or
two-exponential (B) equation; fit parameters are provided in Table 1.

trates that the persistent current generated by both models (open
bars) corresponds well with the persistent current measured for
heterologously expressed WT-SCN1A (filled bar; 0.3 % 0.1% of
peak; n = 9) and R1648H (filled bar; 1.8 == 0.3% of peak; n = 6)
(Rhodes et al., 2004).

Complete characterization of simulated R1648H activation,
fast inactivation, and slow inactivation was performed as de-
scribed for the WT-SCN1A model. There was no difference be-
tween R1648H and WT-SCN1A (Tables 1-3), in agreement with
the original study of this mutant (Lossin et al., 2002). Both com-
putational models accurately reproduce the biophysical parame-
ters that were measured for each channel. Using our simulation
environment, previously reported SCN1A models predicted per-
sistent current levels that varied widely between 0.6 and 2.3% of
peak current (supplemental Fig. S5, available at www.jneuro-
sci.org as supplemental material).

R1648H model. These open times compare well with the open
times measured for heterologously expressed WT-SCNI1A
(0.25 *= 0.03 ms; n = 4) and R1648H (0.23 *+ 0.02 ms; n = 5)
(Vanoye et al., 2006).

Model R1648H exhibits an increase in late single-channel
openings (>10 ms after voltage step) compared with WT-
SCNIA. Averaging 200 consecutive simulations reveals that WT-
SCNI1A exhibits a low level of late single-channel activity (Fig.
8C). In contrast, model R1648H opens late in many simulations
(Fig. 8 D). Figure 8, E and F, illustrates the open probability (P,)
diary for the same 200 consecutive simulations of model WT-
SCNIA and R1648H. The average probability of late channel
opening (P, = 20—100 ms) for model R1648H (0.0036 * 0.0002;
n = 3) was sixfold greater than simulated WT-SCN1A (0.0006 *+
0.0002; n = 3; Student’s ¢ test, p << 0.0001). These results are very
similar to the 7.4-fold increase in late P, measured for heterolo-
gously expressed R1648H compared with WT-SCN1A (Vanoye
et al., 2006).

These data demonstrate that the whole-cell persistent current
generated by model R1648H (Fig. 7) results from an increase in
late single-channel openings as a direct result of destabilizing the
fast inactivation locked state (FOQL). Based on these findings, we
propose that selective impairment of the latching step of fast
inactivation is responsible for the increased persistent current
observed for this GEFS+ mutant.
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Table 3. Biophysical parameters for slow inactivation

Onset of slow inactivation” Voltage dependence of slow inactivation ~ Recovery from slow inactivation”

7¢(ms) 7,(ms) I, n o Vy,(mv) k(mV) I, n 7(ms) 7, (ms) n
Actual WT-SCNTA 30 =7[3 = 1%] 3029 = 283[83 +1%] 14+1 14 —667+20 78+02 101 11 238 *=16[65 = 3% 2487 = 240[35 = 3%] 11
Model WT-SCNTA 30 [1%] 2793 [84%] 15 —68.5 6.2 17 225[63%] 2647 [37%]
Model R1648H 30[1%] 3112(83%] 16 —68.6 6.1 18 221[63%] 2650 [37%]

“Values in brackets represent amplitude.
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Figure 6.  Analysis of simulated WT-SCN1A slow inactivation. The WT-SCN1A model (open symbols) reproduces the slow inactivation characteristics of heterologously expressed channels (n =

11; filled symbols). A, Time-dependent entry into slow inactivation was examined using a two-pulse protocol consisting of a variable length inactivation pulse to —10 mV, followed by a test pulse
at —10mV. Effects of fast inactivation were minimized using a 50 ms inter-pulse step to — 120 mV to relieve fast inactivation. B, Voltage-dependent entry into slow inactivation was examined using
a two-pulse protocol consisting of a 30 s conditioning pulse at various potentials, followed by a test pulse at —10 mV. Effects of fast inactivation were minimized using a 50 ms inter-pulse step to
—120 mV to relieve fast inactivation. C, Time-dependent recovery from slow inactivation was examined using a two-pulse protocol consisting of a 30 s inactivation pulse to —10 mV, followed by
avariable length inter-pulse step to —120 mV and a test pulse to —10 mV. Data were fit using either a two-exponential (4, €) or Boltzmann (B) equation; fit parameters are provided in Table 3.
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Figure 7.  Computational model of GEFS+ mutant R1648H. A, The model for R1648H was

constructed by destabilizing the fast inactivated state FAL (6-fold increase in B; inset). Whole-
cell current simulations of R1648H reveal increased persistent sodium current compared with
simulated WT-SCNTA. B, Levels of simulated persistent current for models WT-SCN1A (open
bar; 0.3% of peak current) and R1648H (open bar; 1.8% of peak current) replicate the average
persistent current empirically measured for heterologously expressed WT-SCN1A (filled bar;
0.3 = 0.1% of peak current; n = 9) and R1648H (filled bar; 1.8 == 0.3% of peak current; n = 6).
Persistent current was measured during the final 10 ms of a 200 ms voltage step to —10 mV.

Discussion

Computational modeling is an effective experimental approach
to explore alterations in ion channel behavior that result from
disease-associated mutations. Here, we describe the construction
of ion channel models for WT-SCN1A and R1648H that are
based on previously recorded SCN1A whole-cell experimental
data. We fully characterized each model to ensure biophysical

accuracy. Moreover, our models provide novel insight into WT-
SCN1A open-state inactivation and define a previously unrecog-
nized molecular mechanism to explain increased persistent cur-
rent exhibited by a GEFS+ mutant.

Comparison of SCN1A models

Previous attempts to generate computational models for WT-
SCN1A have been based on either HH-style differential equations
or Markov chains (Clancy and Kass, 2004; Spampanato et al.,
2004a,b; Barela et al., 2006). We initially sought to modify an
existing WT-SCN1A model to fit our experimentally recorded
SCNIA activity. Each previously reported WT-SCN1A model
was reconstituted, and the resulting whole-cell currents were
compared with heterologously expressed human SCN1A coex-
pressed with both human 3, and 3, accessory subunits in human
tsA201 cells (Fig. 3D and supplemental Figs. S1-S5, available at
www.jneurosci.org as supplemental material). Although each
previously reported WT-SCN1A model reproduced certain
SCN1A activities, a rigorous characterization of the currently
available models revealed that none were able to fully replicate
the behavior of the channel (Fig. 3D and supplemental Figs. S1—
S5, available at www.jneurosci.org as supplemental material).
This may reflect the source of data used during the construction
and calibration of each model. The models sharing the HH-
equation architecture were calibrated using currents recorded
from Xenopus laevis oocytes coexpressing rat Scnla and only 3;.
In contrast, the previously reported SCN1A Markov model was
constructed using human SCN1A data.

We chose to extend the efforts of Clancy and Kass (2004) to
generate a Markov model for SCN1A that reproduces all of the
experimentally recorded whole-cell properties of the heterolo-
gously expressed channels. A Markov design provides the param-
eter flexibility necessary to calibrate the rate equations to fit our
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Figure8. Latechannel openingsunderliemodel R1648H persistent current.A, B, Five consecutive
single-channel simulations for WT-SCN1A and R1648H, respectively. Downward deflections represent
channel openings, and arrows indicate onset of voltage step from —120to —10mV. C, D, Represen-
tative ensemble average of 200 consecutive simulations using WT-SCN1A and R1648H models, re-
spectively. E, F, Open probability (P,) diary for each of the 200 simulations for WT-SCNTA and R1648H,
respectively. P, was calculated 0— 80 ms after the voltage step.

experimental data. The major alterations to the previous model
include the addition of a two-step open-state inactivation path-
way and a second layer of slow inactivated states. All rate equa-
tions were modified to reproduce the previously recorded activity
of heterologously expressed human SCN1A.

The computational models we developed for WT-SCN1A and
R1648H generated whole-cell currents that are highly similar to
the experimentally recorded data (Figs. 2, 3) (Lossin et al., 2002;
Rhodes et al., 2004, 2005; Vanoye et al., 2006). Channel current
was voltage dependent, inward, and transient. Characterization
of the whole-cell currents revealed the proper biophysical param-
eters for the peak current amplitude (Fig. 4A), time course of
activation (Fig. 4 B), voltage dependence of activation (Fig. 4C),
and biphasic whole-cell current inactivation (Fig. 4D). More-
over, the model WT-SCN1A and model R1648H reproduced the
fast and slow inactivation processes for each channel, respec-
tively. Specifically, the models exhibited virtually the same volt-
age dependence of fast inactivation (Fig. 5A), time-dependent
recovery from fast inactivation (Fig. 5B), time-dependent entry
into slow inactivation (Fig. 6A), voltage dependence of slow in-
activation (Fig. 6 B), and time-dependent recovery from slow in-
activation (Fig. 6C) as experimentally determined channel prop-
erties. This comprehensive characterization confirms that the
models WT-SCN1A and R1648H exhibit the proper biophysical
parameters necessary to accurately emulate the heterologously
expressed channel.
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Open-state inactivation is a two-step process

Our SCN1A model incorporates a two-step pathway for open-state
inactivation (Figs. 1, 2). This scheme was necessary to reproduce the
biphasic decay of the SCN1A whole-cell current (Fig. 2) (Lossin et
al., 2002, 2003; Rhodes et al., 2004, 2005; Vanoye et al., 2006). The
cardiac voltage-gated sodium channel (SCN5A) also exhibits a two-
component whole-cell current decay (Wang et al., 1996, 2000; Ma-
kita et al., 2000). Recent experiments have revealed SCN5A inactiva-
tion to be a multiple step process resulting from pore occlusion by
the DIII-DIV inactivation loop, followed by inactivation gate stabi-
lization by a second structure encoded in the proximal C-terminal
tail (Cormier et al., 2002; Motoike et al., 2004; Glaaser et al., 2006).
The sodium channel C-terminal tail also influences the rate of fast
inactivation. In experiments involving SCN5A/SCN2A chimeras,
the rate of whole-cell current inactivation was determined primarily
by the C-terminal tail (Mantegazza et al., 2001).

Although the C terminus of SCN1A has not been linked di-
rectly to inactivation, a high homology exists between the neuro-
nal isoforms SCN1A and SCN2A (~90%) as well as the cardiac
SCN5A (~60%) (Catterall et al., 2005). Our SCN1A models pre-
dict that similar to SCN5A and SCN2A, a second molecular in-
teraction is important for the stabilization of the inactivation
gate. This stabilization could result from the SCN1A C terminus
as has been proposed for SCN5A (Mantegazza et al., 2001; Cormier
et al., 2002; Motoike et al., 2004; Glaaser et al., 2006). However,
models alone cannot implicate structural interactions. The stabiliza-
tion of inactivation may rely on additional channel regions or other
associated proteins, such as the accessory 8 subunits.

It is worth noting that the biphasic open-state inactivation pro-
posed here for SCN1A (Fig. 2 B) should not be confused with (or
compared with) the two-phase recovery from fast and slow inactiva-
tion (Figs. 5B, 6C). Extensive biophysical characterization of SCN1A
as well as other voltage-gated sodium channels has demonstrated
that inactivated channels do reopen during the recovery process
(Kuo and Bean, 1994). Thus, recovery from inactivation is distinct
from entry into inactivation. The mechanism(s) underlying the bi-
phasic recovery from inactivation has not been completely explored.

Novel mechanism for increased persistent current

The persistent current model R1648H was constructed by alter-
ing a single rate constant in the WT-SCN1A model. The fast
inactivated state FOL was destabilized by increasing the rate con-
stant B¢. This modification allows a small number of channels to
re-enter the open state and generate the characteristic persistent
current recorded for this GEFS+ mutant. Figure 7 illustrates that
model R1648H exhibits a whole-cell persistent current that is
comparable to the increased persistent current actually measured
for this mutant (Rhodes et al., 2004). In agreement with actual
observations, this abnormal activity results from model R1648H
exhibiting an increase in late channel openings (Fig. 8) and not
bursting behavior (Vanoye et al., 2006).

It is worth noting that the R1648H model did not generate P,
values as large as those actually reported for R1648H (Vanoye et al.,
2006). The large open probability for R1648H (0.1-0.3) observed for
a subset of voltage sweeps partially reflects a second prolonged open
time (Vanoye etal., 2006). Although the models for WT-SCN1A and
R1648H accurately reproduce the SCN1A whole-cell biophysical ac-
tivity, future versions of the models may need to include a second
open state with a longer dwell time to improve the simulated single-
channel behavior. Nevertheless, our models are sufficiently accurate
at the whole-cell level to begin neuronal simulations investigating
mechanisms of R1648H epileptogenesis.

The model for R1648H predicts a novel mechanism for the



10966 - J. Neurosci., October 25, 2006 - 26(43):10958 —10966

persistent current generated by this GEFS+ mutant. We were
able to replicate the increased persistent current exhibited by
R1648H by altering a single rate constant () in the WT-SCN1A
model. This implies that introducing a histidine at position 1648
within the $4 segment of DIV (R1648H) inhibits the secondary
stabilization of fast inactivation. Experimental investigation will
be necessary to confirm and characterize these theoretical predic-
tions for open-state inactivation.

Our models of WT-SCN1A and R1648H generate whole-cell
currents that very accurately recapitulate the currents measured
for heterologously expressed channels (Fig. 3). This feature of our
models will be highly valuable when constructing neuronal sim-
ulations. It is well accepted that proper in vivo excitability results
from the integrated activity of a collection of ion conductances.
Simulating accurate channel behavior is vital for engineering the
next generation of neuronal excitability models.
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