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Dynamic action potential clamp predicts functional
separation in mild familial and severe de novo
forms of SCN2A epilepsy
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De novo variants in SCN2A developmental and epileptic encephalop-
athy (DEE) show distinctive genotype-phenotype correlations. The
two most recurrent SCN2A variants in DEE, R1882Q and R853Q, are
associated with different ages and seizure types at onset. R1882Q
presents on day 1 of life with focal seizures, while infantile spasms is
the dominant seizure type seen in R853Q cases, presenting at a
median age of 8 months. Voltage clamp, which characterizes the
functional properties of ion channels, predicted gain-of-function for
R1882Q and loss-of-function for R853Q. Dynamic action potential
clamp, that we implement here as a method for modeling neuro-
physiological consequences of a given epilepsy variant, predicted
that the R1882Q variant would cause a dramatic increase in firing,
whereas the R853Q variant would cause a marked reduction in ac-
tion potential firing. Dynamic clamp was also able to functionally
separate the L1563V variant, seen in benign familial neonatal-infan-
tile seizures from R1882Q, seen in DEE, suggesting a diagnostic po-
tential for this type of analysis. Overall, the study shows a strong
correlation between clinical phenotype, SCN2A genotype, and func-
tional modeling. Dynamic clamp is well positioned to impact our
understanding of pathomechanisms and for development of disease
mechanism-targeted therapies in genetic epilepsy.

de novo SCN2A mutation | dynamic action potential clamp | epilepsy |
voltage clamp | modeling

Mutations in SCN2A, encoding the voltage-gated sodium
channel type Ila subunit (Na,l.2), cause familial and
sporadic brain disorders. Familial mutations were first identified
in self-limited, pharmacoresponsive epilepsy typically arising
from gain-of-function mutations (1), whereas de novo mutations
were only more recently discovered and have been recognized as
the most frequent cause of neurodevelopmental disorder (2-7).
The phenotypic spectrum of SCN2A mutations is broad, ranging
from age-limited, pharmacoresponsive epilepsy with normal devel-
opment, to severe conditions with refractory epilepsy and severe
developmental impairment, known as developmental and epileptic
encephalopathies (DEE) (1, 8-11). DEEs are a group of brain
disorders with impairment of neurodevelopment where epileptic
activity per se adds to the neurodevelopmental impairment (12).
Within the DEEs, distinct phenotypes are emerging among
individuals with SCN2A4 variation (7, 10). Particularly, there is a
group of patients with seizure onset in the early infantile period
(“early-onset”) in whom sodium-channel blockers, such as phe-
nytoin and carbamazepine, may improve seizures, and a group
with seizure onset later in infancy (“later-onset” group, >3 mo)
in whom sodium-channel blockers are rarely effective (2, 7). It
has been postulated that the difference in clinical features and
treatment response are due to differential effects of the SCN24

E5516-E5525. | |PNAS 4| vol. 115 | no. 24

mutations on Na,1.2 channel function (7). De novo SCN2A4
variants exhibiting Na,1.2 channel gain-of-function are typically
associated with epilepsy, whereas it has been proposed that partial
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or complete Na,1.2 channel loss-of-function would invariably
lead to autism spectrum disorder (10). However, more recently,
loss-of-function has been also associated with later-onset epi-
lepsy, suggesting the genotype—phenotype correlation may be
more complex (7).

Therefore, there is an urgent need for a comprehensive un-
derstanding of the biophysical, neurophysiological, and clinical
impacts of different mutation classes for diagnosis and for the
development of disease mechanism-based therapies. Here, we
undertake a detailed functional analysis of two of the most re-
current SCN2A variants, R1882Q and R853Q. We present a
comprehensive clinical evaluation for all R1882Q and R853Q
cases where records or literature data were available. In addi-
tion, we implement dynamic action potential-clamp analysis to
the study of SCN24 variants in epilepsy and show how this ap-
proach has the potential to provide a rapid and definitive pre-
diction of neuron scale phenotypic consequences.

Functional studies of Na,1.2 channel variants in mammalian
cells or Xenopus oocytes using patch-electrode and two-electrode
voltage clamp, respectively, represent the current gold standard for
analysis of SCN24 and other voltage-gated ion channels in epi-
lepsy. Both these methods are able to dissect various functional
states of ion channel behavior, typically including voltage depen-
dence and kinetics of various transitions from open to inactivated
and the reversal or recovery of these states. Often, functional
analysis is followed by an intuitive interpretation to predict whether
a particular change in a biophysical character would enhance or
diminish the activity in the neuron in which a particular ion channel
resides. This can lead to various interpretations of enhanced ex-
citability in pyramidal neurons or disinhibition in interneurons that
are credited with being the underlying cause of a particular epilepsy
syndrome. More formal but time-consuming post hoc computa-
tional analysis of the biophysical properties of a given channel can
be carried out to remove the perils of intuition and the bias of
interpretation, but these are rarely undertaken.

The recently developed dynamic action potential-clamp meth-
odology can bridge the divide from intuition to formal modeling
(13, 14) and can enable rapid and unambiguous determination of
the effects of ion channel mutations on neuronal excitability
without the need for time-demanding voltage clamp character-
ization. This method produces a real-time coupling between a
biological cell and an in silico cell to generate a hybrid neuron
model that predicts the impact of ion channel variation on neu-
ronal excitability. Unlike traditional post hoc modeling, there is no
need to comprehensively characterize the underlying biophysics of
the channel of interest. By using a variety of in silico models it is

possible to gauge the impact of a variant in different neuronal
compartments, such as soma, axon initial segment or dendrite, or
even different neuronal types, such as interneuron or cortical
layer-specific pyramidal neuron to provide different contexts for
interpreting disease mechanisms.

Here, we deploy the dynamic action potential-clamp approach
to analyze the impacts of the R853Q and R1882Q DEE variants,
as well as the L1563V variant previously associated with inheri-
ted benign familial neonatal infantile seizures (BFNIS) (15-17).
R853Q and R1882Q are the most frequently identified SCN24
variants and are associated with specific phenotypes. We not only
show how successfully dynamic action potential-clamp analysis
can recapitulate and surpass voltage clamp findings, but also
demonstrate how it can be superior to intuitive interpretation
when faced with biophysical changes that have opposing effects
on excitability. Our dynamic action potential clamp data directly
demonstrate that the early-onset R1882Q DEE variant results in
increased neuronal excitability and that the late-onset R853Q
DEE variant results in decreased neuronal excitability. Voltage
clamp analysis of the L1563V variant associated with self-limited
and pharmacoresponsive BFNIS resulted in opposing changes in
voltage dependence of activation and inactivation with enhanced
recovery from fast inactivation whose impact on excitability
would be difficult to interpret. Dynamic action potential clamp
could clearly predict how these opposing changes could result in
an enhanced excitability profile and how this could be separated
from the functional profile of the more-severe R1882Q variant.
Dynamic action potential clamp is well positioned to impact
diagnosis and drug discovery in genetic epilepsy and is particu-
larly relevant in the current era of precision medicine.

Results

Patients with SCN2A Mutations. Seven individuals with the R1882Q
and 12 with the R853Q recurrent mutations were identified. Distinct
phenotypic features, particularly age of seizure onset and initial
seizure type, applied to the patient groups with R1882 or R853Q
mutations (Table1). Sodium-channel blockers were mainly beneficial
in the R1882Q group. Movement disorders occurred in both groups;
however, severe choreoathetosis only occurred with the R853Q
mutation. The cellular and network pathophysiological mechanisms
leading to movement disorders in these patients are unknown.

A summary of clinical features and treatment response of in-
dividual patients is shown in SI Appendix. We previously reported
the phenotypic data for the patients with the familial L1563V
BFNIS mutation (1).

Table 1. General clinical features and treatment response of patients with epilepsy and/or developmental delay
Movement
Seizures improve Ongoing disorder/
Onset Seizures with other Na, Other seizures paroxysmal
Phenotypic Age seizure seizure improve channel seizure after neurological Developmental
group onset type with PHT? blockers? types later  infancy? symptoms delay (+autism)
Benign epilepsy 0-13 mo Focal Unknown Unknown No No No No
(BFNIS) (e.g.,
L1563V)
Severe epilepsy
Early-onset
(.., R1882Q)
Intermediate 0-3 mo Focal Variable (marked Variable No Variable Variable Variable
benefit some) (may improve) (normal-mod. DD)
Severe Variable Yes Yes Yes (severe-
profound DD)
Late-onset >3 mo Spasms No (may Variable (reports Yes Yes Yes (may Yes (moderate-severe
(e.g., R853Q) worsen) of both benefit predate Sz) DD, DD predates Sz)

and worsening)

DD, developmental delay; PHT, phenytoin; Sz, seizures.

Berecki et al.

PNAS | vol. 115 | no.24 | E5517

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

www.manaraa.com


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1800077115/-/DCSupplemental

L T

/

1\

BN AS  PNAS D)

Downloaded at Palestinian Territory, occupied on December 13, 2021

Biophysical Characterization of Na, 1.2 Channel Variants Using Conventional
Voltage Clamp. To understand the basis of clinical heterogeneity in
SCN2A-associated disorders, the biophysical consequences of
Na,1.2 channel mutations and their impact on action potential
firing and neuronal excitability must be clarified. Representative
current traces from Chinese hamster ovary (CHO) cells transiently
expressing wild-type or mutant Na,1.2 channels are shown in Fig.
1B. Peak sodium current (I,) densities in cells expressing L1563V
channels were similar to those of wild-type channels, whereas I,
densities were decreased in cells harboring R853Q channels and
increased in cells harboring R1882Q channels (Fig. 1C and Table
2). The effects of mutations on Na,1.2 channel gating over a range
of membrane potential (V;,) values are shown in Fig. 1D. Relative
to wild-type, the activation curves of R853Q and L1563V channels
exhibited small but statistically significant hyperpolarizing or
depolarizing shifts, respectively. R1882Q channel activation was
more severely affected, resulting in a 6-mV hyperpolarizing shift
of the V) sact value, a change that results in increased sodium-
channel availability compared with the wild-type (Fig. 1D and
Table 2). In all mutants, the Vjsinaer Values were significantly
changed compared with wild-type (Fig. 1D and Table 2). In cells
expressing R853Q channels, the hyperpolarizing shift of V) s inact
stabilizes inactivation and leads to reduced sodium-channel
availability at physiologically relevant V;, values. Conversely, the
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depolarizing shift of V{5 inact increases sodium-channel availability
for L1563V and R1882Q variants.

The overlapping regions of the Iy, activation and inactivation
curves (Fig. 1D) suggested the presence of a “window current”
arising from partial activation and incomplete inactivation of the
Na,1.2 channel. Inward window current is capable of contribut-
ing to depolarization even at resting potentials (18). We de-
termined the voltage dependence of the quasi steady-state open
probability (P,) (19) of the wild-type and mutant channels (Fig.
2A4). The peak of the P, distribution of R1882Q channels was
markedly greater than that seen in wild-type, whereas the peak of
the P, distribution of L1563V was only modestly greater than
wild-type. In contrast, R853Q channels showed a significant re-
duction in the peak of the P, distribution (Fig. 24 and Table 2).
The areas under the P, distribution for each variant were used to
estimate the overall contribution of window current to the total
Ina (Fig. 24 and Table 2). Compared with wild-type, this value
decreased for R853Q channels and showed moderate or large
increase for L1563V or R1882Q channels, respectively. For
R853Q channels we also hypothesized that replacement of the
positively charged arginine in the voltage sensor with the neutral
amino acid glutamine could result in gating pore current (20).
However, we were unable to demonstrate the presence of pore
currents in cells expressing R853Q channels (SI Appendix, Fig.
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Location of Na,1.2 mutations and biophysical properties of wild-type (WT), R853Q, L1563V, and R1882Q channels. (A) Predicted transmembrane

topology of Na,1.2 channels denoting the R853Q and R1882Q mutations associated with later-onset and early-onset DEE respectively, and the L1563V
mutation associated with BFNIS. Domains D1-D4 are indicated; note the positive charges on the voltage sensor (fourth segment) of each domain. (B)
Representative wild-type and mutant Iy, traces, elicited by 20-ms depolarizing voltage steps of 5-mV increment from a HP of —120 mV (Inset voltage pro-
tocol). (C) Current-voltage relationships. (D) Voltage dependence of activation (squares) and inactivation (circles). The normalized conductance-voltage
relationships are plotted as G/G,,.x values versus voltage and are referred to as “activation” curves. Curves were obtained by nonlinear least-squares fits of
Boltzmann_equations (Materials and Methods). Values of fitted parameters are indicated below each curve and summarized in Table 2. Activation was
assessed using the voltage protocol described in B. Inactivation was determined from a HP of —120 mV using 100-ms conditioning steps ranging from —120 to
+10 mV followed by 20-ms test pulses to —5 mV (Inset), at 0.1 Hz. The number of experiments, n, are shown in Table 2.
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Table 2. Biophysical parameters of Iy, through Na,1.2 channel variants

Biophysical property Wild-type R853Q L1563V R1882Q
Current density, pA/pF 240.4 + 21 130.7 + 19* 222.7 + 42 402.0 + 36****
n 36 24 14 26
Activation
Vo.5,act: MV —17.06 + 0.25 —18.49 + 0.31*** —15.39 + 0.29*** —23.08 + 0.26****
Kact, mV 8.63 + 0.25 8.44 + 0.28 8.19 + 0.26 8.09 + 0.26
n 36 24 14 26
Inactivation
Vo.5,inacts MV —48.60 + 0.24 —55.98 + 0.69**** —46.08 + 0.49*** —44.23 + 0.26%***
Kinact MV 7.00 + 0.21 7.45 + 0.35 7.83 +0.44 7.67 +0.24
n 31 21 14 25
Open probability, P,
mx h 0.012 + 4e™° 0.0078 + 3e >x¥x** 0.016 + 4e >**x* 0.036 + 2e #¥x¥*
X, mV -38.7 + 0.1 —41.0 £ 0.2%*** —30.1 + 0.1**** —34.0 + 0.2%***
wy, mV 149 £ 0.1 16.9 + 0.2%*** 16.4 + 0.1%*** 1443 + 0.2
wp, mV 16.9 + 0.1 18.5 + 0.2%*** 16.19 + 0.1* 14.53 + 0.2****
Window Iy,
Area, % of total 1.1 + 0.06 0.91 + 0.05* 1.35 + 0.09* 2.1 + 0.14**
Persistent Iy,
At =30 mV, % of total 1.18 + 0.13 1.24 + 0.14 1.23 + 0.22 2.92 + 0.25%***
n 30 21 14 25
Time course of fast inactivation
s at =30 mV, ms 2.43 + 0.20 2.23 + 0.25 247 + 0.24 3.26 + 0.22**
n 20 14 11 20
Time course of recovery'
T at =120 mV, ms 0.90 + 0.06 0.93 + 0.09 0.51 + 0.07**** 0.92 + 0.06
T at =70 mV, ms 8.22 +0.3 8.29 + 0.5 3.47 + 0.2*%*** 835+ 0.5
n 16 14 10 15
Slow inactivated Iy, fraction
After 195, at —60 mV 0.23 + 0.02 0.33 + 0.02** 0.16 + 0.02* 0.21 + 0.02
After 195, at —50 mV 0.62 + 0.02 0.71 + 0.02** 0.51 + 0.02*** 0.61 + 0.02
n 12 9 9 8
Time course of slow inactivation
1¢ at —60 mV, ms 677.5 + 28 310.6 + 18 5,279 + 480**** 1,508 + 144
t¢ at =50 mV, ms 777.0 + 36 650 + 43 2,443 + 207**** 1,240 + 111*
15 at =60 mV, s 70.0 + 1.1 78.0 + 8.4 84.4 + 19.6 68.6 + 6.2
s at =50 mV, s 46.6 + 6.5 476 + 7.7 524 + 6.5 47.2 + 5.6
n 12 9 9 8

Data are represented as mean + SEM; h, probability that a channel is not inactivated; knjact: Slope factor of steady-state (in)activation
curve; m, probability that the channel is activated; n, number of cells measured; Vo s (injact: membrane potential for half-maximal
(in)activation. A represents the peak of the P, curve, x. is the voltage below the peak, w; and w, represent width for m and h,
respectively. 7 and 1, fast and slow time constants, respectively; *P < 0.05, **P < 0.01, ***P < 0.001, or ****P < 0.0001 compared with

wild-type, one-way ANOVA with Bonferroni correction.
TRecovery from fast inactivation.

S1), suggesting that pore currents do not contribute to the
pathophysiological mechanism in these cells.

In cells expressing R1882Q channels, the analysis of Iy, during
depolarization revealed a slower time course of inactivation
compared with wild-type channels and the presence of a non-
inactivating persistent inward Iy, that was nearly absent in cells
expressing wild-type channels (Fig. 2B). The persistent In, was
sensitive to 100 nM tetrodotoxin, indicating that this current
component was mediated by the transfected Na,1.2 channels and
not an endogenous current. In cells expressing R853Q and L1563V
channels, the magnitude of persistent Iy, was similar to that of
wild-type channels (Fig. 2B and Table 2). In the voltage range
between —40 mV and +10 mV, the time constants of peak Iy,
inactivation of R853Q and L1563V channels were unchanged com-
pared with wild-type, whereas R1882Q channels exhibited impaired
fast inactivation (Fig. 2C and Table 2).

Next, we studied the kinetic features of recovery and slow
inactivation of wild-type and mutant Na, 1.2 channels. Recovery from
inactivation in sodium channels is a time- and voltage-dependent
process following action potentials or depolarizing voltage steps
(21, 22). For example, as shown in Fig. 34, wild-type or variants

Berecki et al.

channel recovery was around 10 times more rapid at —120 mV
compared with —70 mV. Interestingly, only the L1563V variant
showed a significantly more rapid recovery than wild-type chan-
nels, consistent with a gain-of-function effect. In contrast, the time
constants of recovery for R853Q and R1882Q channels were
similar to that of wild-type (Fig. 34 and Table 2). We evaluated
the entry of wild-type and variant channels into slow inactivation.
Both the time course and the extent of slow inactivation were
enhanced at more depolarizing potentials (Fig. 3B), consistent
with earlier studies (23). At two different test voltages, R1882Q
channels entered slow inactivation similarly to wild-type channels,
whereas L1563V showed reduced entry and R853Q showed en-
hanced entry (Fig. 3B and Table 2).

Dynamic Action Potential-Clamp Studies of Epileptogenic Na,1.2
Channels. In dynamic clamp mode (Fig. 44), we characterized
the voltage responses of the hybrid cell model incorporating
wild-type or mutant (R853Q, L1563V, or R1882) In, expressed
in CHO cells, and leak and delayed rectifier currents represented
solely in the in silico model. We used two stimulating protocols
to elicit action potentials. First, we used current steps of 500- or

PNAS | vol. 115 | no.24 | E5519
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Fig. 2. Mechanisms contributing to sodium channel dysfunction in R853Q, L1563V, and R1882Q channels. (A) Voltage dependence of the steady-state open
probability (P,) (Upper). The m x h product was calculated for every cell using the individual G/G,.x values described in Fig. 1D, and plotted against the V.
(Lower) Mean percentages of window current relative to total current in wild-type (WT) and mutant Na, 1.2 channels. Data are represented as mean + SEM (n,
same as in Fig. 1D) (see data with statistics in Table 2). *P < 0.05, **P < 0.01. (B) Demonstration of persistent inward Iy,. (Upper) Sensitivity of persistent inward
Ina to tetrodotoxin (TTX). Peak currents are off scale. Insets show TTX sensitive current as percentage of peak /y,, obtained by subtraction. (Lower) Mean
current-voltage relationships of persistent Iy, expressed as percentage of peak Iy, for wild-type (n = 30), R853Q (n = 21), L1563V (n = 14), and R1882Q (n =
25). Dotted lines indicate zero current level. (C) Typical wild-type and mutant Iy, traces elicited at —25, —30, and —35 mV (Upper). Note the slower inactivation
time course of R1882Q Iy, vs. wild-type (pink star). (Lower) Average fast time constants (tf) of Iy, inactivation plotted against test potential. (Inset) Boxed t¢
values on an expanded scale. R1882Q channels show larger ¢ values versus wild-type (see data with statistics in Table 2).

1,000-ms duration and an example trace of such an experimentis  parameters to be extracted from the analysis, such as interspike
shown in Fig. 4B. The input-output relationships, representing interval, V;,, and the ability to model the effect sustained V7, levels
the number of action potentials elicited by the corresponding at different conductance states (23). In hybrid neurons in-
current input in the axon initial segment (AIS) model cell are  corporating either wild-type or mutant I,, we scaled the synaptic
shown in Fig. 4C. In dynamic clamp experiments comparing the  current using a set of excitatory (g.) to inhibitory (g;) conductance
input—output curves it was readily apparent that each variant ratios and probed the input-output profile (Fig. 5 C and D). In-
produced a unique profile. R1882Q had a left shift in the creasing the g.:g; ratio from 1 to 3 produced gradual V;, depo-
rheobase and achieved significantly higher action potential firing larizations and high-amplitude 1/}, fluctuations of the model cell,
than wild-type or R853Q channels (Fig. 4 C and D). L1563V  typical for cortical neurons in vivo. Over a wide range of g.:g;
channels had a rheobase similar to wild-type but exhibited a  ratios, the R853Q containing hybrid model exhibited significantly
markedly higher gain and could achieve a peak action potential  decreased action potential firing, whereas the R1882Q containing
firing rate similar to R1882Q. R853Q channels showed a sig-  hybrid model showed a significantly increased action potential fir-
nificantly reduced action potential firing rate across a broad ing. Analysis of L1563V in the dynamic clamp showed a similar
range of input currents beyond what might have been expected  rheobase to wild-type and could achieve levels of action potential
by visual inspection of voltage clamp data alone, highlighting the  firing to that seen with R1882Q at higher levels of stimulation (Fig.
utility of the dynamic action potential-clamp approach in re- 5 C and D). Inspection of the Iy, action currents showed how in-
solving the impact of multiple changes in biophysical properties.  creasing g.:g; ratios decreased availability as reflected by the reduced

Next, we used more biologically realistic stimuli to investigate  peak I, during repetitive action potential firing. Detailed analysis
the modulation of action potential firing activity by using the  of action potential waveforms was undertaken for wild-type or
Ornstein—-Uhlenbeck model of synaptic noise (Fig. 5 4 and B).  mutant channels (Fig. 5E), and the relationship of the g.:g; ratio of
This form of stimulation differed from the step current in that it  the stimulating current to steady-state V;,,, action potential upstroke
produced more random action potential firing intervals and  velocity (AP rise), action potential width, and the time constant of
achieved a lower overall frequency of firing more reminiscent of  action potential decay are shown (Fig. SE). Relative to wild-type,
the type of behavior seen in real neurons. The overall pattern of ~ the AIS model cell incorporating R1882Q channels was more
the input—output relationships formed using synaptic stimulation  depolarized and exhibited wider action potentials that repo-
versus step current was very similar, providing an additional larized slower, whereas these features were unchanged in
validation of the variant behavior while allowing for additional — model cells incorporating R853Q or L1563V channels. As shown

E5520 | www.pnas.org/cgi/doi/10.1073/pnas. 1800077115 Berecki et al.
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Fig. 3. Recovery from inactivation and development of slow inactivation in CHO cells expressing WT, R853Q, L1563V, or R1882Q Na, 1.2 channels. (A) Accelerated
recovery of L1563V channels versus wild-type revealed with paired-pulse protocols of HP values of —120 or =70 mV, respectively. (Left) Representative P1 (control)-
and P2-elicited traces elicited from a HP of =120 mV and using recovery interpulse intervals of 0.5, 1, and 2 ms. Plots (Right) show normalized wild-type and
mutant peak Iy, as a function of interpulse duration. Note the effect of HP (Upper: —120 mV; Lower: =70 mV) on the time course of Iy, recovery. (Insets) Voltage
protocols. (B) Enhanced slow inactivation for R853Q and reduced slow inactivation for L1563V versus wild-type channels. The extent of slow inactivation is in-
dicated by the fractional reduction in peak Iy, during the 2-ms test pulse (P2) relative to that recorded in the first 2-ms prepulse (P1). At any P2, the fraction that
enters slow inactivation equals 1 — P2/P1. (Insets) Voltage protocols with boxed areas representing the repeated voltage motif, including the time intervals of
increasing duration. Note the effect of V,,, on slow inactivation, —60 mV (i) versus =50 mV (ii), respectively. See data with statistics in Table 2.

with step current input, the BFNIS variant L1563V produced
action potential firing that was similar to control for smaller g.:g;
ratios (<2.5) but departed significantly from wild-type for larger
inputs (Fig. 5D).

Taken together, these unique dynamic clamp experiments pro-
vide a direct readout of the deleterious effects of Na, 1.2 mutations
on model neuron excitability and unequivocally demonstrate the
effect of loss-of-function and gain-of-function in the presence of
R853Q and R1882Q channels, respectively. Interestingly, L1536V
differed from R1882Q in that the increase in action potential firing
only occurred at higher stimulus currents and impacted neuronal
function less pervasively, thus providing an important clue as to why
the BFNIS variant may be self-limiting, and also suggesting a
mechanism-based therapeutic approach, such that drugs that reduce
action potential firing at low stimulation currents could be effective
in DEE patients with R1882Q or similar variation.

Discussion

SCN2A has emerged as a major gene implicated in neonatal-,
infantile-, and even childhood-onset epilepsies, with a number of
distinct epilepsy syndromes recently recognized (1, 2, 7). Many of
these are also associated with cognitive and behavioral impair-
ments that range in type and severity (12). Analyses of SCN2A4
mutations suggest a correlation between variant clinical pre-
sentation, functional impact, and pharmacosensitivity (7). Here
we studied two of the most recurrent DEE mutations, R1882
with early-onset DEE and R853Q with infantile spasms. We
undertook a clinical and biophysical analysis to explore the
mechanisms underpinning the distinctive phenotypes produced
by these variants and contrast these findings with L1563V asso-
ciated with the self-limited syndrome of BFNIS.

The clinical features and treatment response in the newly
identified and previously published patients with R853Q, R1882Q,
and L1563V mutations are summarized in Table 1. R853Q and
R1882Q result in DEE, whereas L1563V causes self-limited,
pharmacoresponsive epilepsy. We confirm and expand upon a
previous report (7) of distinct phenotypic segregation between
R1882Q and R853Q cases suggesting that the biophysical conse-

Berecki et al.

quences, unique to each variant, would be major determinants of
clinical phenotype. The clinical presentations with these two mu-
tations differ in seizure onset age and seizure type. Furthermore,
there is emerging evidence of differences in the type of movement
disorder (choreoathetosis in those with R853Q mutations), pre-
senting symptom (seizures in R1882Q, developmental delay in
R853Q), and pharmacosensitivity (discussed below).

To better understand the genotype—phenotype correlations
due to SCN24 mutations, we complemented voltage clamp
analysis, which models the biophysical consequences of a given
variant, with dynamic clamp analysis, which more accurately
predicts the contribution of Na,1.2 channel mutations to neu-
ronal excitability and the neurophysiological consequences of
such variants. Results show unequivocally that the R1882Q variant
leads to gain-of-function and increased neuronal excitability, whereas
the R853Q variant results in loss-of-function and decreased neuronal
excitability, and finally the L1563V mutation only produces an en-
hanced excitability profile in the presence of higher intensity stimuli.

The functional changes in R853Q channels, determined by
voltage clamp analysis, include a negative shift of the steady-state
inactivation and an enhanced entry into slow inactivation, sug-
gesting a loss-of-function phenotype compared with wild-type
channels. This observation was highlighted and strengthened by
dynamic clamp analysis that showed a dramatic reduction in
action potential firing across a range of input currents that was a
far greater loss-of-function than that might be predicted by in-
tuitive interpretation of voltage clamp data.

In voltage clamp experiments, R1882Q channels exhibited
shifts in both activation and inactivation curves and slower fast
inactivation. These changes, combined, underpin gain-of-function.
In addition, disrupted inactivation can provide a causative mech-
anism for increased persistent In, (19, 24). Persistent In, can re-
duce the current needed to reach action potential threshold and
supports subthreshold oscillations and repetitive action potential
firing (25). Dynamic clamp experiments using realistic stimuli with
R1882Q channels showed that the sum of all of the biophysical
changes contributed to a more a depolarized V},, that could have
significant impacts by further contributing to enhanced excitability.
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An increase in neuronal excitability was also seen with the
L1563V channels, albeit only in the presence of a relatively high-
stimulus strength, and to a lesser degree than the R1882Q
channel. However, in dynamic clamp mode, a typical AIS model
cell incorporating L1563V channels is capable of switching be-
tween normal activity and increased action potential firing

E5522 | www.pnas.org/cgi/doi/10.1073/pnas. 1800077115

modes when stimulus current strength increases above a critical
magnitude. This functional profile would be impossible to intuit
from voltage clamp analysis of the L1563V variant given the
relatively small but opposing changes of the activation and in-
activation curves and an enhanced recovery from fast in-
activation compared with wild-type, highlighting a strength of the
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dynamic action potential-clamp method in providing meaningful
frameworks for understanding variant functional mechanisms.
More complex aspects of AIS and SCN2A4 biology will also
need to be considered in future studies. In future dynamic action
potential clamp studies, the complexity of the virtual model can
be increased by adding not only different and additional conduc-
tances but also adding somatic and dendritic compartments capa-
ble of mimicking more realistic morphology (26). In the cortex,
Na,1.2 is expressed in excitatory pyramidal cells (27) and so-
matostatin (SST)-expressing interneurons (28); the impacts of each

Berecki et al.

type of mutation at a network level are not yet known. Previous
studies in animal models show that the specific expression pattern
and subcellular localization of Na,1.2 channels in the AIS corre-
lates with age and neuron type (29), implying that Na,1.2 channel
dysfunction may have the biggest effect on AIS function in infants
(16). It has been proposed that loss of Na,1.2 channel function due
to de novo missense mutations is associated with autism spectrum
disorder (10). However, our data demonstrate that Na,1.2 channel
mutations resulting in loss-of-function may also constitute a plau-
sible cellular pathomechanism for later-onset DEE and that not
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only gain-of-function mutations can lead to epilepsy syndromes, as
previously suggested (10). The mechanism underlying the para-
doxical observation that loss-of-function in Na,1.2 can lead to in-
fantile seizures and epilepsy is unknown and needs further studies.

In vivo, the V7, of cortical pyramidal neurons exhibits sub-
threshold fluctuations due to the spatiotemporal integration of
excitatory and inhibitory inputs (30). In dynamic clamp experi-
ments, action potential firing in the AIS compartment model
could efficiently be initiated by depolarizing current steps or in
response to scalable g.:g; input, mimicking a realistic synaptic
environment (31). The specific functional changes in our dynamic
clamp data may underpin the distinct phenotypes in infants with
R1882Q and R853Q mutations. Further work will be required to
confirm that other SCN24 mutations causing early-onset and
later-onset DEE segregate gain-of-function and loss-of-function
effects, respectively. Detailed understanding of molecular mech-
anisms in individuals with SCN24 DEE is needed to guide de-
velopment of urgently needed precision medicine approaches. For
this, channel dysfunction and the likely associated cellular path-
omechanisms will need to be coinvestigated.

So far, the relationship between functional effect of the SCN24
mutation and response to sodium-channel blockers remains in-
completely understood. There have been no clinical trials of these
drugs in SCN24-associated epilepsies. As may be expected with a
gain-of-function mutation, some patients with R1882Q mutations
become seizure-free with phenytoin. However, improvement with
phenytoin was not universal and other sodium-channel blockers
were less effective. It is perhaps not surprising that reduction of
seizures with drugs seen in some patients with DEE fail to im-
prove development as the cellular and network-scale impacts of
the SCN24 mutation are likely to extend beyond epileptogenesis
into cognitive and movement functions and highlighting the need
for more specific mechanisms that fundamentally modify disease
progression and address seizures and comorbidities (12). Given
the loss-of-function impact the R853Q variant would have on
neurons, it is perhaps not surprising that sodium-channel blockers
are usually contraindicated. Infantile spasms and subsequent epi-
lepsy may emerge as a secondary consequence of altered neuronal
firing in R853Q patients, further complicating the use of sodium-
channel blockers as they could be beneficial to reducing seizures
but may paradoxically exacerbate the underlying loss-of-function
in sodium-channel activity. This is reflected in clinical observations
of both seizure exacerbation and benefit in different patients, yet
in one patient cessation of treatment led to an overall improvement
in function, despite seizures returning, and suggesting that sodium-
channel blockers may provide no net benefit in those with R853Q
mutations. Further study of the effects of sodium-channel blockers
in both groups is required, including considering differential effects
of different drugs, high and low drug doses, and impacts at different
ages on different seizure types and development. The differential
functional and phenotypic effects of the SCN24 mutations suggest
that novel treatments will need to be tailored to the functional
impacts of the mutation; it is unlikely that a single-treatment
strategy for all SCN2A-associated disorders will be effective.

Dynamic clamp analysis provides clear benefits over voltage
clamp analysis. The output is in the interpretation-friendly for-
mat of action potential firing, without the need to intuitively or
computationally interpret voltage clamp recordings and with
significantly less burden on experimenter time, with a day or two
of dynamic clamp recording providing a definitive analysis of
variant impact on excitability versus weeks of voltage clamp
analysis. In our experiments, heterologous expression of the a-sub-
unit alone was sufficient for generating functional Na,1.2 channels,
although the lack of B-subunit and the heterologous channel envi-
ronment may have affected Na,1.2 channel function in the hybrid
neuron, as it would for traditional voltage clamp studies. Limitations
of the dynamic action potential-clamp technique, such as the re-
liance on the mathematical description of model cell ionic currents,
or issues relating to the scaling of the implemented ionic current,
have been reviewed elsewhere (32). In CHO cells, Iy, densities of
R8530Q channels were smaller, whereas those of R1882Q channels

E5524 | www.pnas.org/cgi/doi/10.1073/pnas. 1800077115

were larger compared with wild-type (Fig. 1). In dynamic action
potential-clamp experiments, downscaling of the R853Q input In,
exacerbated loss-of-function, whereas the upscaling of the input
R1882Q I, exacerbated gain-of-function (SI Appendix, Figs. S7 and
S8). However, it is uncertain to what extent the heterologous ex-
pression of Na,1.2 channel variants in mammalian cells can replicate
the true expression levels of the variants in neuronal membranes.
Dynamic clamp is well positioned as a rapid diagnostic and will
supplant voltage clamp analysis for modeling of voltage-gated
ion channels. Further developments of real-time models that
incorporate heterosynaptic modeling of ligand-gated channels
(33) could offer a broader impact of this approach in epilepsy and
other neurogenetic diseases. With advances in real-time computa-
tion platforms, the ability to implement more complex in silico
models enhances our ability to evaluate the impact of variants in
different brain networks for separable prediction of effects on cog-
nition, movement, and other functions, such as respiration and
cardiac control that may impact sudden unexpected death in epilepsy
and other comorbidities seen in epilepsy. A recent study shows how
inexpensive it is to add a dynamic clamp on every rig (34). Dynamic
clamp is well positioned to impact drug discovery by providing a
disease-state relevant model that should allow a more predictive link
to clinical effect than currently used voltage clamp assays, while
exploiting the same biological and instrumentation resources.

Materials and Methods

Patients. All patients, or their parents or legal guardian in the case of minors or
individuals with intellectual disability, gave written informed consent. The
study was approved by the Human Research Ethics Committee of Austin Health,
Melbourne. Nineteen individuals with the R1882Q or R853Q SCN2A mutations
were identified from the literature, and from an SCN2A support group (Www.
scn2a.org). Clinical data collection and analysis is described in S/ Appendix.

Plasmids, Cell Culture, and Transfection. For details on plasmid construction,
CHO cell culture, transfection procedures, and electrophysiological record-
ings, see the expanded materials and methods used described in S/ Appendlix.

Voltage Clamp Experiments and Curve Fitting. Depolarization-activated whole-
cell sodium currents (Iy,) from CHO cells transiently expressing wild-type or
mutant Na,1.2 channels were recorded using an Axopatch 200B amplifier
(Molecular Devices) controlled by a pCLAMP 9/DigiData 1440 acquisition sys-
tem (Molecular Devices). Experiments were performed at room temperature
(23 + 0.5 °C). Currents and potentials were low-pass—filtered at 10 kHz and
digitized at 50 kHz. Data were analyzed off-line using Clampfit 9.2 (Molecular
Devices) and Origin 9.0 (Microcal Software).

The current-voltage (I-V) relationships, and Iy, kinetics were determined by
voltage clamp protocols, as diagrammed in Figs. 1-3 and detailed in S/ Appendix.

Dynamic Action Potential Clamp. Our approach is based on the dynamic action
potential-clamp technique (13, 14), where heterologously expressed wild-
type or mutant Nav1.2 channels currents are incorporated into a biophysi-
cally realistic model of the distal AIS compartment of a cortical pyramidal
neuron (35). In most neurons, this compartment contains the site of action
potential initiation and plays a major role in in action potential firing dys-
function in epileptogenesis (29). The compartment model was built in
Simulink (Mathworks) and it contains Na, 1.6 channel sodium current (/yav1.6),
fast rectifying potassium current (/k,), synaptic current (Is,,), passive leak
current (/5a5), and membrane capacitance (Cy,). The Simulink model of the
AlIS compartment and the nested models of Iy, lpas; Isyn, and Inavie are
shown in SI Appendix. The parameters of the various conductances imple-
mented in our model were set for performance at room temperature (23 °C),
consistent with experimental conditions for recording Na,1.2 channel Iy, in
CHO cells. As shown in Fig. 4A, the virtual cell is in current-clamp mode,
whereas the real CHO cell is in voltage clamp mode. The command potential
for the CHO cell is the V,,, of the virtual cell and the wild-type or mutant Iy,
elicited in the transfected CHO cell serves as input current that replaces the
original Iy, of the virtual cell. The Simulink model is converted into C li-
brary using Matlab Real-Time Workshop, compiled and simulated using a
40-bit ADwin-Pro Il processing unit (Jager Computergesteuerte Messtechnik)
equipped with a TigerSHARC ADSP-TS101S processor (Analog Devices) with
300-MHz clock rate, 768-kB local memory, and 256 MB RAM. The processor
provides support of fixed and floating-point data types and enables compu-
tationally intensive real-time computing with precision and high speed
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(140 kHz). At each iteration, the instantaneous V,, is calculated by solving the
Hodgkin—-Huxley equations of the AIS neuronal model (36) in conjunction with
the stimulus current (Is)) and the scaled wild-type or mutant Iy, (input /y,) from
the CHO cell. The computed V,, is sent back to the Axopatch 200B amplifier
(Molecular Devices) as an analog command signal. As a result, the studied
channel’s conductance directly interacts with the virtual cell’s V,,, and its con-
tribution to the action potential is revealed in real-time. Data are stored as
FIFO arrays in ADwin memory and can be monitored in real-time using
ADgraph software provided with the ADwin package.

To increase the flexibility of the model, the variable parameters (e.g., peak
conductance and reversal potential for different ion-channels) can be
modified as input arguments in ADbasic, the programming language of the
ADwin system. Parameter setting in ADwin and data are automatically saved
on a hard disk for further analysis. Subthreshold voltage responses or firing of
the AIS model were elicited by using two methods, consisting of either a 0- to
30-pA step current injections in 2-pA increments commanded via the Clampex
module of pCLAMP 9 software or enabling synaptic current input generating
directly within the ADwin-Pro Il processing unit and input to the in silico
model. To approximate synaptic background activity, we adapted a stochastic
model that exploits the Ornstein-Uhlenbeck process and generates synaptic
current as a sum of two independent excitatory and inhibitory synaptic
conductances (g. and g;, respectively), as previously described (31, 37). Var-
ious ge:g; ratios were set by scaling the mean and SD of g. and keeping g;
unchanged. Typically, the V,, of our model produced constant fluctuations
(Fig. 5A) and the average resting V,, (around —70 mV) exhibited more
depolarized mean values with increasing ge:g; ratios (Fig. 5 C and E). The
latter method represents a more realistic approximation of realistic post-
synaptic signaling. lonic currents in the virtual cell in combination with wild-
type Ina from the CHO cell result in control activity (action potential firing),
whereas mutant Iy, results in activity that mimics excitatory neuron behavior
in a patient from which the mutant channel was derived. Before un-
dertaking dynamic clamp experiments, the background (endogenous) cur-
rent (lbackground): Present in the voltage-clamped CHO cell is estimated and
subtracted using the linear leak subtraction control of the Axopatch 200B
amplifier. In all dynamic clamp experiments, the heterologously expressed
wild-type or mutant Iy, recorded in the CHO cell is multiplied by a scale
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factor (F). To assign the F; value for the Iy, the peak Iy, amplitude is first
determined in voltage clamp mode by recording current-voltage relation-
ships elicited from HP values of —120 and —70 mV. Then, in dynamic clamp
mode, the Iy, amplitude is scaled to a magnitude value similar to the orig-
inal model cell's sodium current amplitude (~350 pA). Iy, is typically
downscaled (approximately 10- to 15-fold), thus lpackground contribution to
the experiment can be considered as negligible. We did not adjust for
possible differences between wild-type and mutant /y, densities expressed
in CHO cells, thus differences in action potential firing are mainly attributed
to the altered biophysical properties of the given Na,1.2 channel variant. In
all dynamic clamp experiments, the nonscaled and scaled input Iy, the
stimulus waveform, the V,,,, and the total synaptic current in the model cell
were simultaneously recorded. We systematically evaluated the model cell’s
robustness by scaling the C,, and/or the various conductances in the AIS
compartment, and analyzing the interaction between the passive and/or the
active model features in the presence of external wild-type or mutant
Na,1.2 channel Iy, (SI Appendix, Figs. $2-59). The analysis of input Iy, and
action potential parameters is presented in the S/ Appendix.

Statistical Analysis. Data are presented as mean + SEM; n, number of experi-
ments. Statistical comparison between more than two groups was performed
using one-way ANOVA followed by Bonferroni post hoc test. Two-way
repeated-measures ANOVA followed by the Holm-Sidak post hoc test
was used for comparing the Na,1.2 channel variants and the different
firing frequencies. Statistical significance is defined by P < 0.05.
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