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Persistent sodium currents in SCNIA
developmental and degenerative epileptic
dyskinetic encephalopathy

Kathleen M. Gorman,"z’* Colin H. Peters,3’4’* Bryan Lynch,I Laura jones,3
®Dani S. Bassett,”"® Mary D. King,"2 Peter C. Ruben? and ®Richard E. Rosch”®?
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Pathogenic variants in the voltage-gated sodium channel gene (SCN1A) are amongst the most common genetic causes of childhood
epilepsies. There is considerable heterogeneity in both the types of causative variants and associated phenotypes; a recent expansion
of the phenotypic spectrum of SCN1A associated epilepsies now includes an early onset severe developmental and epileptic enceph-
alopathy with regression and a hyperkinetic movement disorder. Herein, we report a female with a developmental and degenerative
epileptic-dyskinetic encephalopathy, distinct and more severe than classic Dravet syndrome. Clinical diagnostics indicated a pater-
nally inherited ¢.5053G>T; p. A1685S variant of uncertain significance in SCN1A. Whole-exome sequencing detected a second de
novo mosaic (18%) ¢.2345G>A; p. T7821 likely pathogenic variant in SCN1A (maternal allele). Biophysical characterization of
both mutant channels in a heterologous expression system identified gain-of-function effects in both, with a milder shift in fast in-
activation of the p. A1685S channels; and a more severe persistent sodium current in the p. T7821. Using computational models,
we show that large persistent sodium currents induce hyper-excitability in individual cortical neurons, thus relating the severe
phenotype to the empirically quantified sodium channel dysfunction. These findings further broaden the phenotypic spectrum of
SCN1A associated epilepsies and highlight the importance of testing for mosaicism in epileptic encephalopathies. Detailed biophys-
ical evaluation and computational modelling further highlight the role of gain-of-function variants in the pathophysiology of the
most severe phenotypes associated with SCN1A.
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Abbreviations: DEE = developmental and epileptic encephalopathy; DS = Dravet syndrome; GEFS+ = generalized epilepsy with
febrile seizures plus; GOF = gain-of-function; LOF =loss-of-function; WT = wildtype

Graphical Abstract

Persistent Sodium Currents in SCN1A developmental
and degenerative epileptic dyskinetic encephalopathy

Clinical Evaluation and
Exome Sequencing
Two missense variants in

SCN1A gene identified in patient
with unusually severe phenotype

One variant mosaic in blood

Note:Created with BioRender.com

Introduction

Developmental and epileptic encephalopathies (DEE) are a
severe and rare group of epileptic encephalopathies that
are characterized by early-onset epilepsy, which is typically
refractory to anti-seizure medications, and is associated
with developmental delay and/or regression, intellectual
disability and multiple comorbidities (behavioural issues,
enteral feeding, etc.).'™ This condition can refer to previ-
ously developmentally normal children, in which the epi-
leptiform activity interferes with development, thereby
resulting in cognitive slowing or regression.” There is a
subset of children with DEE and a hyperkinetic movement
disorder (choreoathetosis, dyskinesia, dystonia and non-epi-
leptic myoclonus), who follow a neurodegenerative course
with early mortality, independent of seizure control.*®
Developmental and  degenerative  epileptic-dyskinetic

/Heterologous Expression and
Whole-Cell Patch Clamp

Identification of gating
abnormalities in each
channel variant

Hodgkin-Huxley Modelling

Severe hyperexcitability
in T7821 mosaic variant
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encephalopathy is the emerging term to describe this severe
phenotype of DEE.

The first identified genetic cause of DEE is the sodium
channel neuronal type 1 alpha gene (SCNIA,
Chr2:165,984,640-166,149,160 [GRCh38]), which enco-
des the neuronal voltage-gated sodium channel Na,1.1.
In mouse models, SCN1A is predominantly expressed in
both parvalbumin and somatostatin positive inhibitory
interneurons, and selective deletion in GABAergic
neurons is sufficient to cause an epileptic phenotype.”®
SCN1A now accounts for a significant proportion of
both DEE and a wider spectrum of genetic epilepsies.”'’
Heterozygous variants in SCN1A are associated with a
wide range of epilepsy phenotypes from severe DEE’s
such as Dravet syndrome (DS) (MIM:607208) or epilepsy
of infancy with migrating focal seizures (MIM:607208)
to self-limited and pharmaco-responsive epilepsies
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including generalized epilepsy with febrile seizures plus
(GEFS+) (MIM:604403).191% With increased clinical test-
ing afforded by next-generation sequencing, rarer but
distinct SCNI1A phenotypes are emerging, such as an
early-onset SCN1A DEE with regression and a hyperkin-
etic movement disorder, distinct from DS.'* Furthermore,
technological advances now allow the identification of
the clinical importance of mosaicism in SCN1A.">~"7

Even though greater than 1200 variants are reported in
SCN1A in DS alone, consistent predictions of phenotype
from genotype remain elusive.'® Loss-of-function (LOF),
gain-of-function (GOF), and mixed LOF and GOF effects
are all reported in individual cases.">'”™* In silico pre-
diction tools are currently unable to predict the impact of
channel function and the subsequent epilepsy phenotype
and/or cognitive outcomes (DS versus GEFS+).?! Despite
the lack of one-to-one genotype-phenotype mapping,
some general trends have been observed: LOF (missense
and protein-truncating) variants typically cause classical
DS, while only partial LOF results in GEFS+, a milder
epilepsy phenotype.”! GOF missense variants are only re-
cently recognized as causative of a distinctive early-onset
severe SCN1A- DEE, differentiated from DS by age of
onset, clinical phenotype and 14
Although recent machine learning approaches suggest
that further improvements in silico predictions are pos-
sible,”* any such predictions will need to be validated
against actual of channel behaviour.
Therefore, in vitro electrophysiological analysis of mis-
sense variants is still required in order to understand how
variant-specific dysfunction in the Na,1.1 channel can
help to accurately predict clinical phenotypes, including
response to medications and seizure burden.**

Here, we report clinical features, in vitro channel bio-
physical measurements, and in silico modelling results for
a patient with a novel SCN1A variant and an unusually
severe phenotype: DEE with additional profound develop-
mental regression and hyperkinetic movement disorder,
mimicking a neurodegenerative disease, with biallelic mis-
sense variants in SCNIA (inherited ¢.5053G>T; p.
A1685S (paternal allele) variant of uncertain significance/
de novo mosaic (18%) ¢.2345G>A; p. T782I likely
pathogenic variant). When expressed in CHOK1 cells,
both A1685S and T782I Na,1.1 channels express func-
tional sodium currents with distinct gating abnormalities
compared to wildtype (WT) currents. At physiological
temperatures the T7821 mutant, both when expressed
alone and when co-expressed with A1685S, produces a
large non-inactivating sodium current. Implementing these
gating behaviours in a Hodgkin-Huxley model of the
neuronal membrane demonstrates a GOF effect in the
T782I allele, which renders neurons more excitable at
much lower input currents. These results highlight the
role of SCN1A GOF and non-inactivating current in de-
velopmental and degenerative epileptic-dyskinetic enceph-
alopathy, distinct from DS.

cognitive outcome.

measurements
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Materials and methods

A female infant was born after an uneventful pregnancy
and delivery to unrelated Caucasian parents with no fam-
ily history of epilepsy or febrile seizures. Early develop-
mental milestones were achieved until the onset of
epilepsy. She presented aged 13 months with recurrent
prolonged clonic and hemi-clonic seizures (1 febrile and 7
afebrile, 10-40 min in duration). The initial EEG showed
a slow background and multi-focal epileptiform dis-
charges, with a maximum in temporal regions (Fig. 1).
From 15months of age, daily frequent epileptic myoclo-
nus (legs, arm or mouth) emerged and were associated
with cognitive and motor regression (ceased vocalizing,
progressive ataxia with loss of ambulation). Repeat EEG
mirrored clinical progression with evolution to an epilep-
tic encephalopathy with a slow background (1-3 Hz) and
frequent multifocal bisynchronous epileptiform spike-
wave (2Hz) discharges which became continuous in sleep
(Fig. 2). By age 20 months, there was almost continuous
myoclonus with tonic, atypical absences, focal and fre-
quent bilateral tonic-clonic (BTC) seizures with progres-
sive pathology on the EEG (Fig. 3). There was no
benefit from multiple combinations of anti-epileptic medi-
cations including: Carbamazepine, Clobazam,
Clonazepam, Ethosuximide, Lacosamide, Levetiracetam,
Nitrazepam, Rufinamide, Sodium Valproate, Stiripentol,
Topiramate and steroids. There was a reduction in myo-
clonus after the insertion of a vagal nerve stimulator,
though the reduction was not sustained. Frequent daily
seizures occurred until her death. A hyperkinetic move-
ment disorder was noted from 18 months of age, charac-
terized predominantly by non-epileptic myoclonus, and
additionally with a combination of dyskinesia, choreoa-
thetosis and peri-oral dyskinesia, exacerbated by illness
(Supplementary Video). This pattern was captured on
EEG on multiple occasions without electrographic correl-
ation. She was non-ambulant with little spontaneous
movement (GMFCS Level 5), non-verbal, enterally fed,
with neuropathic pain and dysautonomia. From
18 months of age, there was recurrent aspiration pneumo-
nia, progressive respiratory muscle weakness and ventila-
tory failure requiring non-invasive ventilation. She died
aged 6.5 years due to pneumonia.

Chromosomal analysis, array comparative genomic hy-
bridization and single-gene testing were negative (EPMI,
MECP2, PCDH19 and POLGI). A missense variant in
SCN1A, chr2:166848732, ¢.5053C>A, p. Alal1685Ser
was identified (Scotland Direct PCR amplification and bi-
directional DNA sequencing of SCNI1A). This variant
was also present in her phenotypically normal father and

was, therefore, assumed not to be disease-causing.


https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data
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Figure | EEG aged |5 months. (A) (Awake) and (B) (sleep): EEG (HF filter, 70 Hz, sensitivity, 20 mV/mm; timebase, 30 mm/s) showing a slow
awake background (mainly theta activity) and infrequent sharp waves. In sleep, epileptiform sharp waves were activated in bilateral temporal

regions.

An extended metabolic profile (serum amino acids, lac-
tate, ammonia, creatine kinase, transferrin isoforms,
acylcarnitine, carnitine, very long chain fatty acids, lyso-
somal enzymes, urinary organic acids, CSF lactate and
amino acids) and skin biopsy for neuronal ceroid lipo-
fuscinosis were negative. Magnetic resonance imaging of
the brain including MRS aged 13 months and 33 months
were normal. Neuroimaging performed at 4 years of age
showed non-specific cortical atrophy (Supplementary
Fig. S1).

Whole-exome sequencing

Research whole-exome sequencing was performed as
detailed in a previous study,” which also included the

patient reported here (patient ID 42). Briefly, patients
underwent whole-exome sequencing at Atlas Biolabs
(http://www.atlas-biolabs.de), with standard bioinformat-
ics analysis including sequence alignment, data cleaning
and variant identification, targeting 137 known epilepsy-
associated genes.”> A trio (parent and proband) whole-
exome sequencing was subsequently performed. The crite-
ria for calling of heterozygous variants was updated from
25% to 15%, after the initial analysis to aid the identifi-
cation of mosaic variants.

Fibroblasts

Confirmation was

performed by CeGaT GmBH,
Tiibingen, Germany. The relevant region of the region


https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data
http://www.atlas-biolabs.de
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Figure 2 EEG aged 23 months. (A) (Awake) and (B) (sleep): EEG (HF filter, 70 Hz, sensitivity, 30 mV/mm; timebase, 30 mm/s) showing an
epileptic encephalopathy with slow-wave and spike 2.5 Hz epileptiform discharges. Activation of continuous generalized epileptiform discharges

in sleep.

was amplified by PCR and subsequently analysed by pri-
mer extension method (SNaPshot®, ThermoFisher) and
capillary electrophoresis.

Bacterial transformations and
mutagenesis

The WT PCDMS8-SCN1A plasmid used in this study was
described previously.”> A Quikchange lightning site-
directed mutagenesis kit was used to make both the
c.2345 C>T (p. Thr782lle) and ¢.5053 G>T (p.
Ala1685Ser) mutants in the PCDM8-SCN1A plasmid. All
DNA was grown in TOP10-P3 E. coli. at 30°C and the
entire length of the insert was sequenced to check for
spontaneous mutations or rearrangements.

We grew CHOKI1 cells in Ham’s F12 media supple-
mented with 10% FBS at 37°C and 5% CO2. Forty-
eighthours prior to patch-clamp experiments 1pg of
PCDMS8-SCN1A, 0.5ug of SCN1B and 1pg of eGFP
DNA were transfected into CHOK1 cells on a 60 mm
dish using 20 ul of Polyfect transfection reagent (Qiagen)
according to the manufacturer’s instructions. For experi-
ments on co-transfected T7821/A1685S channels, 1pug of
DNA for each mutant was used. Twenty-four hours prior
to patch-clamp experiments, cells were plated on sterile
glass coverslips that fit in the recording chamber.

Electrophysiology

Whole-cell patch-clamp experiments were performed at
32°C and 37°C using borosilicate glass pipettes pulled
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Figure 3 EEG aged 3 years. (A) (Atypical absence during awake state) and (B) (sleep): EEG (HF filter, 70 Hz, sensitivity, 30 mV/mm; timebase,
30 mm/s). Clinical event characterized by staring and cessation of hyperkinetic movements for 8 s with an EEG correlation of high-amplitude

generalized regular 2Hz discharges. The epileptiform discharges become co

with a P-1000 puller (Sutter Instruments, CA, USA).
Pipettes were dipped in dental wax and polished to a re-
sistance of 1.0-1.5 MQ. Extracellular solutions contained
(in mM): 140 NaCl, 4 KCl, 2 CaCl,, 1 MgCl, and 10
HEPES. Intracellular solutions contained (in mM): 130
CsF, 10 NaCl, 10 HEPES and 10 EGTA. Extracellular
and intracellular solutions were titrated to pH 7.4 with
CsOH.

We performed all experiments using an EPC9 patch-
clamp amplifier. Data were digitized using an ITC-16
interface (HEKA Elektronik, Lambrecht, Germany). For
data collection and analysis, we wused Patchmaster/
Fitmaster (HEKA Elektronik) and Igor Pro (Wavemetrics,
OR, USA) running on an iMac (Apple Inc., CA, USA).

ntinuous in sleep.

Temperature was maintained using a TC-10 temperature
controller (Dagan Corporation, MN, USA). We applied a
low-pass filter to the data at 10kHz and used a P/4
leak subtraction procedure for all recordings. The holding
potential between protocols was —90 mV.

To measure channel activation, cells were depolarized
for 20ms in 5 mV increments to membrane potentials be-
tween —100mV and +60mV from a pre-pulse potential
of —130mV. The equilibrium potential for any given
cell was calculated by fitting a straight line to the peak
currents recorded at more depolarized potentials and
determining the zero current voltage. To calculate con-
ductance, peak current at a given membrane potential
was divided by the membrane potential minus the
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measured equilibrium potential. Normalized conductance
curves were fit by a single Boltzmann equation to deter-
mine the voltage of half-maximal conductance (GV1/)
and apparent valence (Gz). The rate of open-state inacti-
vation was measured by fitting current decay at voltages
> —25mV with a single exponential equation.

We measured the voltage-dependence of fast inactiva-
tion as the fraction of current remaining during a test
pulse to 0mV following a 200 ms prepulse to membrane
potentials between —130mV and +10mV. Normalized
current plotted against the voltage during the condition-
ing pulse was fit by a single Boltzmann equation to de-
termine the voltage of half-maximal fast inactivation
(FIV1j) and apparent valence (Flz). To measure the rate
of recovery from fast inactivation, currents were recorded
during a test pulse to 0 mV following a 200 ms condition-
ing pulse to 0mV followed by a variable-length recovery
pulse to —90mV. The current amplitude, plotted as a
function of recovery pulse duration, was fit by a bi-expo-
nential equation with the fast component reported as the
time constant of fast inactivation.

Persistent sodium current was measured using a 50 ms
depolarization to —20mV from a pre-pulse potential of
—130mV. A minimum of 30 current recordings were
averaged and the persistent sodium current was measured
as the average current amplitude during the last Sms of
the depolarization to —20mV.

All statistical analysis was performed in JMP14 (SAS).
Differences between mutant and WT channels for any
given parameter were tested using two-factor analysis of
variance with variant and temperature as the main fac-
tors, and the temperature*variant interaction term used
to evaluate differences in temperature sensitivity between
variants. Post hoc testing was done using a Dunnett’s
correction for multiple testing with the corresponding
WT term as the control value. Significance was evaluated
at P<0.05. Reported F-values are those from the two-
factor ANOVA and reported T-values are those from the
Dunnett’s post hoc test for variant-specific differences at
a given temperature. The time constants of fast inactiva-
tion recovery were log-transformed before statistical
analysis as the log-transformed values are normally
distributed.

To predict neuronal changes that are induced by the gat-
ing abnormalities identified in mutant Na,1.1 channels,
we implemented the measured deviations in a Hodgkin—
Huxley computational model®® of spiking cortical pyram-
idal cells.”” Analogous to prior work, we used published

parameterizations of cortical pyramidal cells against

which we normalized empirically measured parameter
22

values.
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The full model explained in greater detail in the
Supplementary Methods is implemented in Python and
freely available online (https:/github.com/roschkoenig/
SodMod). All modelling results presented here can be
reproduced from the example code provided in the online
repository, or without installing additional software with-
in the Google Colab environment (https://colab.research.
google.com/github/roschkoenig/SodMod/blob/master/ex
ample_noteboks/Single_Cell_Simulation.ipynb).

Based on our previous work,”> we implemented normal-
ized values for the experimentally measured parameters
summarized in Table 1. Note that prior models of cor-
tical neurons do not contain persistent sodium currents,
and the relative strength of the persistent sodium current
relative to fast sodium channel currents may be quantita-
tively different in vivo compared to our expression model.
Therefore, in a first step, we ran a parameter sweep to
identify the appropriate scaling of the persistent sodium
current. For this purpose, we systematically varied input
current Iy, and a multiplicative constant on,p that scaled
the relative contribution of the persistent sodium channel
relative to the overall maximum sodium conductance
equally across the different model parameterizations. Full
mapping for the parameter sweep is
Supplementary Fig. S2. From this parameter sweep, we
identified a value for onap=e > for which all three neur-
onal subtypes showed firing at for some values of Ig;,.

We then implemented one single-compartment neuron
for each of the parameterizations given by the empirical
measurements (further details given in Supplementary
Methods) and the scaling constants identified above, to
simulate neuronal responses at different levels of stimulus
current input ranging in exponentially spaced intervals
from ~0.002nA to ~400nA. After the simulation
reaches a steady-state, minimum and maximum values of
the voltage changes and the frequency of neuronal firing
events were recorded for bifurcation analysis. Using the
last combination of time-varying state values as initial
conditions for the next step, we ran this bifurcation ana-
lysis forward and backwards to identify possible bistable
regimes in the model.

shown in

This study was approved by the hospital ethics committee
and informed parental consent to collect clinical data,
video recordings and perform genetic and electrophysi-
ology testing was obtained (12.008).

All data, including numerical simulation results, and code
to reproduce the computational analysis are available in


https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data
https://github.com/roschkoenig/SodMod
https://github.com/roschkoenig/SodMod
https://colab.research.google.com/github/roschkoenig/SodMod/blob/master/example_noteboks/Single_Cell_Simulation.ipynb
https://colab.research.google.com/github/roschkoenig/SodMod/blob/master/example_noteboks/Single_Cell_Simulation.ipynb
https://colab.research.google.com/github/roschkoenig/SodMod/blob/master/example_noteboks/Single_Cell_Simulation.ipynb
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data
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Table | Modelling parameters for Hodgkin—-Huxley implementation

Parameter (unit) Value (shared) Parameter (unit)
C, (LF/cm?) 1.0 INap

Ex (mV) —-90.0 Vam (V)
Ena (MV) 55.0 Sm

E, (mV) —-70.0 Van (MV)
V, (mV) —63.0 sh

A (em?) 0.00029

gk (mS/cm?) 10.0

g (MS/cm?) 50.0

gm (mS/ecm?) 0.07

g1 (mS/em?) 0.10

WT, 37°C T7831,37°C A1685S,
37°C
0.019 0.066 0.019
—l64 —le.l ~11.0
45 40 42
—50.2 —50.8 —435
—44 —40 —45

Baseline model parameters (shared values on the left) were taken from previously published models of cortical pyramidal cell neurons.2’%® Empirical recordings were implemented
in the model parameters on the right, where the final parameters preserve absolute difference in V5., and relative differences in s, between conditions.

Parameters represent: A = cell surface area; C,, = membrane capacitance; Ex = potassium reversal potential; E, = leak current reversal potential; Ey,, = sodium reversal potential;
gk = maximum potassium conductance; g = maximum conductance for leak current; gy = maximum conductance for M-type potassium current; gn, = maximum sodium conduct-
ance; s, = slope at half-maximal fast inactivation; s,, = slope at half-maximal conductance; 7, = time constant of M-type potassium current; V,, = half-maximal fast inactivation

potential; V5, = half-maximal conductance potential; V, = firing threshold.

a public repository (https://doi.org/10.17605/OSF.10/
YS5RG). Computational analysis can be repeated in-
browser without installing additional software in the
Google Colaboratory environment (https://bit.ly/SodMod-
Notebook).

Results

Two variants were identified in SCN1A
(ENST00000303395, GenBank: NM _001165963). One
variant was previously identified on commercial testing:
c.5053C>A; p. A1685S (chr2:165992222, rs760249153)
and inherited from the patient’s asymptomatic father. A
second de novo mosaic (18%) missense variant was iden-
tified ¢.2345G>A; p. T782I (chr2:166041301). The mo-
saic p. T782I variant (15%) was also identified in skin
fibroblasts. The p. A1685S variant is classified as a vari-
ant of uncertain significance. The p. T782I variant is
classified as likely pathogenic as per American College of
Medical Genetics criteria®® (Supplementary Table S1).
Long-range PCR confirmed that the de movo variant
(c.2345G>A) was present in the maternally inherited al-
lele and therefore biallelic. No additional disease-causing
or likely disease-causing variants were identified.

To investigate the effects of the T7821 and A1685S
mutants on Navl.1 gating, we performed whole-cell
patch-clamp experiments in CHOK1 cells transfected
with WT, T782I, A1685S or both T782I and A1685S
(TT-AS) SCN1A at 32°C and 37°C. Both the T782I and
A1685S mutants produced functional channels at 32°C
and 37°C (Fig. 4A1-B4). Peak current at membrane
potentials between —100mV and +40mV was used to
calculate the conductance-voltage (GV) relationship for

WT and mutant channels at 32°C and 37°C (Fig. 4C
and D, respectively; Table 2). There was a significant mu-
tant-dependent effect on the voltage of half-maximal con-
ductance (GV14) at 32°C (Fig. 4E; two-factor ANOVA,
F=3.641, P=0.0163) due to a significant hyperpolarisa-
tion in the GVl of the TI-AS channels (Dunnett’s post
hoc test, T=3.206, P=0.0019). There were no signifi-
cant variant-dependent differences in the (GV14) for
T7821, A1685S or TI-AS channels at 37°C (Fig. 4E;
two-factor ANOVA, F=1.9368, P=0.1305). There were
no significant temperature-dependent shifts in the half-
maximal voltage for any of the channels, consistent with
our previous study (Fig.  4E; two-factor ANOVA,
F=1.4782, P=0.2277).** There was a significant tem-
perature-dependent increase in the apparent valence (Gz)
of the GV curve indicating a steeper relationship at 37°C
(two-factor ANOVA, F=7.2902, P=0.0085); however,
this effect did not differ significantly between channel
variants (two-factor ANOVA, F=0.4446, P=0.7218).
There were no significant differences in the average cur-
rent amplitude due to temperature (Fig. 4F; Table 2;
two-factor ANOVA, F=3.2523, P=0.0751) or variant
(two-factor ANOVA, F=1.2291, P=0.3047). Because
the A1685V variant leads to non-functional channels, the
lack of effect of A1685S on current amplitude was par-
ticularly surprising.®’

To investigate the effects of T782I and A1685S on fast
inactivation, we measured the voltage-dependence of fast
inactivation, rate of recovery from fast inactivation at
—90mV, and rate of inactivation onset between —25mV
and + 40mV. There was a significant variant-dependent
shift in the midpoint of the fast inactivation voltage-de-
pendence (FIV1j) at 32°C (Fig. S5A; Table 2; two-factor
ANOVA, F=4.1412 P=0.0092) due to a hyperpolariza-
tion of the TI-AS midpoint (Dunnett’s post hoc,
T=3.336, P=0.0014). At 37°C there was a non-signifi-
cant trend towards depolarization in the FIVl) of
A1685S compared to WT (Fig. 5B; Dunnett’s post hoc,


https://doi.org/10.17605/OSF.IO/YS5RG
https://doi.org/10.17605/OSF.IO/YS5RG
https://bit.ly/SodMod-Notebook
https://bit.ly/SodMod-Notebook
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data
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recorded in the whole-cell patch clamp configuration. * indicates a statistically significant difference between two midpoints. All statistical analysis
was performed with a two-factor ANOVA followed by a Dunnett’s post hoc of pairwise comparisons to WT. Exact P-values and details of
statistical tests are found in the main text. Number of individual replicates, means and standard error of the mean for all conditions are found in
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Table 2 Sodium channel dynamics

K. M. Gorman et al.

WT 37°C T782137°C A1685S 37°C TI/AS 37°C
Half-maximal conductance (mV) —164=*14 —l6.1 = 1.7 —11.0=1.7 —20.2*+42
(N=13) (N=13) (N=9) (N=10)
Current amplitude (pA) 919+ 175 1168 =251 895+ 132 1393 + 308
(N=14) (N=13) (N=9) (N=10)
Half-maximal fast inactivation (mV) —502=*1.8 —50.8=* 1.7 —435+22 —518=*3.6
(N=12) (N=10) (N=8) (N=9)
Fast inactivation recovery (ms) 1.3+0.2 1.5+0.2 1.1 0.1 1.3+0.2
(N=11) (N=11) (N=9) (N=7)
Fast inactivation onset (ms) 0.36 = 0.05 0.41 =0.09 0.62 £0.13 0.23 £0.03
(N=13) (N=12) (N=8) (N=9)
P=0.0216 versus WT P=0.0418 versus WT
Persistent current (% of peak) 1.9+04 6.6+1.2 1.9+04 7.1 =15
(N=7) (N=7) (N=5) (N=6)

P=0.0006 versus WT

P=0.0003 versus WT

Mean = standard error of the mean for key measures of sodium channel dynamics in wildtype (WT), T782l, A1685S and co-transfected T782I-A1685S (TI/AS) channel variants at
37°C. Current amplitude was measured at 0 mV, fast inactivation recovery was measured at —90 mV, fast inactivation onset was measured at 0 mV, and persistent current was meas-
ured at —20 mV. P-values are derived from Dunnett’s post hoc tests and listed for measurements that differed significantly from WT. T-values and all other P-values can be found with-

in the text. Independent replicates are individual cells recorded in the whole-cell patch clamp. Data can be found at https://doi.org/10.17605/OSFIO/YS5RG.

T=1.9742, P=0.0522). There was a significant tempera-
ture-dependent depolarization of the FIVl) in TI-AS
(two-factor ANOVA, F=4.5459, P=0.0365) and a non-
significant trend in A1685S Nav1.1 (two-factor ANOVA,
F=3.7214, P=0.0577) while WT channels showed no
shift, consistent with our previous data.”* At 32°C and
37°C the FIVlj in T782I Navl.1 did not significantly
differ from WT (Dunnett’s post hoc test, T=0.6300,
P=0.5305; Dunnett’s post hoc test, T=0.1840,
P=0.8548). Consistent with the phenotype of tempera-
ture-triggered seizure activity, increasing the temperature
to 37°C significantly increased the rate of fast inactiva-
tion recovery for all Navl.1 variants (Figs 5C and 3D;
Table 2; two-factor ANOVA, F=54.5385, P <0.0001).
There were no significant variant-dependent differences in
the fast time constant of fast inactivation recovery at
37°C (two-factor ANOVA, F=0.9068, P=0.4427); how-
ever T782I and TI-AS significantly slowed the slow time
constant of fast inactivation recovery at 37°C (Dunnett’s
post hoc test, T=3.1824, P=0.0022; Dunnett’s post hoc
test, T=2.3196, P=0.0235). Between -20mV and
+10mV there were significant variant-dependent shifts
in the rate of fast inactivation onset at 37°C (Fig. S5F;
Table 2; two-factor ANOVA, F>3.8536, P<0.0130).
This was due to a significant acceleration of the fast in-
activation onset in TI-AS between -20mV and OmV
(Dunnett’s post hoc test, T>2.024, P <0.0468) as well
as a significant slowing of the fast inactivation onset rate
in A1685S between -10mV and +10mV (Dunnett’s post
hoc test, T>2.174, P<0.0330). T782I did not signifi-
cantly differ from WT at any of the measured potentials
(Dunnett’s post hoc test, T<1.275, P>0.2066). At mem-
brane potentials more positive than +10mV there were
no variant-dependent shifts in the rate of fast inactivation
onset at either 32°C and 37°C (Fig. SE and F; two-fac-
tor ANOVA, F<2.7036, P>0.0525).

To measure non-inactivating current, we averaged the
current amplitude during the last 5 ms of 50 ms depolari-
zations to —20mV (Fig. 6A-E). The fraction of non-
inactivating current was determined by normalizing the
non-inactivating current to peak current (Fig. 6F;
Table 2). T782I induced a large amplitude non-inactivat-
ing current that represented greater than 4.5% of the
peak current. At 32°C the fraction of non-inactivating
current was significantly greater in T7821 compared to
WT (Fig. 6F; Dunnett’s post hoc test, T=2.370,
P =0.0226). At 37°C the amplitude and fraction of non-
inactivating current were significantly greater in T782I
Nav1.1 than in WT (Dunnett’s post hoc test, T=3.178,
P=0.0029; Dunnett’s post hoc test, T=23.705,
P =0.0006). There was a significant temperature-depend-
ent increase in the amplitude of the non-inactivating cur-
rent in T7821 at 37°C compared to 32°C (two-factor
ANOVA, F=6.3863, P=0.0156). Neither the amplitude
nor fraction of non-inactivating current increased in WT
as temperature was increased (two-factor ANOVA,
F=0.0014, P=0.9705; two-factor ANOVA, F=0.0486,
P =0.8269, respectively). Neither the amplitude nor frac-
tion of non-inactivating current in A1685S Navl.1 dif-
fered from WT at either temperature (Dunnett’s post hoc
test, T<0.1777, P>0.8599). As with T782I alone, the
TI-AS co-transfected cells showed significantly larger
amplitudes and fractions of non-inactivating current com-
pared to WT at 32°C and 37°C (Dunnett’s post hoc test,
T>3.014, P <0.0045).

We normalized the observed differences in sodium chan-
nel gating behaviour and implemented the normalized
parameter values in single compartment Hodgkin—-Huxley
models of neuronal function. This process allowed us to
run in silico simulations to predict the effects of
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Figure 5 T7821 and A1685S mutants in Navl.l minimally alter fast inactivation. (A) Fast inactivation voltage-dependence for WT
(black, N=11), T782I (red, N =8), A1685S (blue, N =8) and co-transfected T782I-A1685S (purple, N=10) Navl.| at 32°C. (B) Fast
inactivation voltage-dependence for WT (N = 12), T782l (N=12), A1685S (N =9) and co-transfected T782I-A1685S (N=9) Navl.l at 37°C
using the same colour scheme as (A). (C) Time course of fast inactivation recovery at —90 mV for WT (N=11), T782I (N =8), A1685S (N=9)
and co-transfected T7821-A1685S (N =7) Navl.| at 32°C using the same colour scheme as (A). (D) Time course of fast inactivation recovery at
—90 mV for WT (N=11), T782l (N=11), A1685S (N =9) and co-transfected T782I-A1685S (N=7) Navl.| at 37°C using the same colour
scheme as (A). (E) Time constants of fast inactivation onset for WT (N=11), T782] (N =8), A1685S (N =7) and co-transfected T782I-A1685S
(N=10) Navl.I at 32°C using the same colour scheme as (A). (F) Time constants of fast inactivation onset for WT (N = 13), T782| (N= 12),
A1685S (N =8) and co-transfected T782I-A1685S (N =9) Navl.| at 37°C using the same colour scheme as (A). Each mid-point measurement
represents a mean and each error bar represents a standard error of the mean. Independent replicates are individual cells recorded in the
whole-cell patch clamp configuration. Number of individual replicates, means and standard error of the mean for all conditions are found in

Table 2 and https://doi.org/10.17605/OSFIO/YS5RG.

abnormal sodium channel gating identified in the mutant
channels on neuronal firing behaviour.

In the first simulation, we ran the single compartment
models with an increasing current ramp as the input cur-
rent Iy, (Fig. 7A). The T782I mutant was clearly hyper-
excitable, with sustained high-frequency firing even at the
lowest level of current input, an effect visible also in the
T7821-A1685S model. All simulated neurons underwent
depolarization block once mutation-specific high input

current thresholds were exceeded, with the upper threshold
being notably increased in the A1685S mutants.

We further explored the dynamic range of the different
parameterizations by running repeated simulations with
input currents Iy, ranging from approximately 0.002nA
to 400nA (e ® to €°) in exponentially spaced steps in
order to visualize the bifurcation behaviour of each of
the parameterized models. We can partially visualize the
limit cycles for each model during oscillatory dynamics
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Figure 6 (A) Sample currents at —20 mV from WT (black), T782l (red), A1685S (blue) and co-transfected T782I-A1685S (purple) Navl.| at
32°C. (B) Sample non-inactivating currents at —20 mV in WT, T782I, A1685S and co-transfected T782I-A1685S Navl.| at 32°C using the same
colour scheme as (A). (C) Sample currents at —20 mV from WT, T782I, A1685S and co-transfected T782I-A1685S Navl.| at 37°C using the
same colour scheme as (A). (D) Sample non-inactivating currents at —20 mV in WT, T782I, A1685S and co-transfected T782I-A1685S Navl.| at
37°C using the same colour scheme as (A). Note the A1685S cell shown had a larger peak current than the WT cell. E) Average amplitude of
non-inactivating current at —20 mV for WT (N=8at 32°C; N=7 at 37°C), T782] (N=6 at 32°C; N=7 at 37°C), A1685S (N =4 at 32°C;

N =5 at 37°C) and co-transfected T782I-A1685S (N =6 at 32°C; N=6 at 37°C) Navl.| at 32°C (open symbols) and 37°C (closed symbols)
using the same colour scheme as (A). Individual observations in each condition are shown as smaller symbols. (F) Average fraction of non-
inactivating current at —20 mV normalized to peak current for WT, T782I, A1685S and co-transfected T782I-A1685S Navl.| at 32°C and 37°C
using the same colour scheme as (E). The number of observations in (F) are the same for each condition as in (E). Individual observations in
each condition are shown as smaller symbols. Each midpoint measurement reflects a mean and each error bar reflects a standard error of the
mean. Independent replicates are individual cells recorded in the whole-cell patch clamp configuration. * indicates a statistically significant
difference between two midpoints. All statistical analysis was performed with a two-factor ANOVA followed by a Dunnett’s post hoc of pairwise
comparisons to WT. Exact P-values and details of statistical tests are found in the main text. Number of individual replicates, means and standard
error of the mean for all conditions are found in Table 2 and https://doi.org/10.17605/OSFIO/YS5RG.

by plotting a subset of temporally changing variables
against one another (Fig. 7B). This procedure illustrates
that the firing dynamics during low input states were
similar for wild type and A1685S channels, whereas
T7821 channels did not achieve full recovery from

inactivation (i.e. b values approaching 1) even at the low-
est input currents. The T7821-A1685S model most closely
resembled the dynamics of T782I.

Bifurcation plots (Fig. 7C) further illustrate the fact that
within the tested range there was no stimulating current
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Figure 7 Mutant voltage-gated sodium channels confer differences in neuronal response to stimulation. (A) Single compartment
neuron simulations for WT and mutant sodium channels with slowly increasing stimulating current Ig;.,. T782] mutant channels confer
hyperexcitability at low input current levels, whilst A1685S mutants allow firing even at much higher levels than WT. In the T782I-A1685S model,
the effects of T782| predominate. (B) Gating variables plotting limit cycles during action potentials at different input current levels. The limit
cycles appear similar for wild type and A1685S mutants, whilst T7821 and T782I-A1685S do not achieve full inactivation at any input current
amplitude. (C) Results from repeat simulations at different levels of input currents. Top four plots show maximum and minimum values during
the simulated period at steady state, with oscillatory regimes highlighted with shading. The bottom plot shows simulated firing frequency at the
different input current levels. Wildtype and A1685S mutants show threshold-like phase transitions at certain Iy, values when neuronal firing is
initiated. Even at the lowest input currents tested here, both T782| and T782I-A1685S simulated neurons already show fast action potential
firing. At very high input currents, all simulated cells cease firing.

Iim for which T782I did not fire. Furthermore, across the again indicate that A1685S parameters allowed for the
entire dynamic range, firing frequency was highest for the highest input current thresholds before depolarization
T7821-A1685S and the T782I parameteriztions. The plots block occurred (already visible in Fig. 7A).
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Discussion

In this article, we identify and characterize biallelic var-
iants in SCN1A (paternally inherited p. A1685S variant
of uncertain significance, and a de novo mosaic p. T7821
likely pathogenic variant) associated with a developmental
and degenerative epileptic-dyskinetic encephalopathy dis-
tinct from the more frequently described DS. In contrast
to our current understanding of seizure disorders associ-
ated with Na,1.1 predominantly causing channel LOF,>
we find that both A1685S and T782I elicit GOF proper-
ties: a small depolarization in the midpoint of fast-inacti-
vation in A1685S and a large persistent current in T7821.
Computational modelling suggests that these changes en-
able T782I-expressing neurons to fire action potentials at
a high-frequency, even in the absence of a stimulatory
current, whereas A1685S neurons will continue firing at
high current inputs when WT neurons would exhibit de-
polarization block. This work further expands the spec-
trum of SCNIA variants in childhood seizure disorders,
strengthening the emerging evidence?” that GOF variants,
such as T782L, cause a severe DEE, and further highlight-
ing the value of combining in vitro and in silico experi-
mentation in the explanation and prediction of clinical
outcome.

In 80% of cases, SCN1A associated epileptic encepha-
lopathies are caused by de novo variants in Na,1.1,*%?
with many variants leading to frameshifted or truncated
channels that are presumed to be non-functional.’>** The
apparent contradiction between increased neural network
excitability and LOF in a gene that is generally consid-
ered excitatory at the cellular level is typically explained
with the disinhibition hypothesis. LOF in Na,1.1 leads to
lower firing in inhibitory GABAergic interneurons where
Na,1.1 is particularly critical for firing.®*'** Decreased
firing in these neurons results in decreased GABA release
and greater neural excitability in other brain regions.
LOF in Na,1.1 has been studied in animal models,
including Drosophila melanogaster, zebrafish and mice,
with results that are broadly consistent with disinhibition-
related epileptogenesis in Na,1.1 haploinsufficiency and
LOF.31:36-39

Although the disinhibition hypothesis offers a consistent
explanation for epileptogenesis in Na,1.1 haploinsuffi-
ciency and LOF, it may not be the only pathophysio-
logical mechanism in SCN1A-related epilepsies. There is
evidence that DS patient-derived neurons may display
increased sodium currents and increased firing, even in
the absence of a faulty GABAergic system.’” These cases
may represent an SCN1A-related epileptic encephalopathy
distinct from DS, as seen in our patient. However, given
a lack of strong genotype—phenotype correlations in
SCN1A variants,"® identifying this putative subgroup in
the clinical setting is challenging. Additional characteriza-
tion of potential biophysical mechanisms associated with
epileptogenesis across a diverse group of Na,1.1 mutants

K. M. Gorman et al.

is now necessary to help more clearly identify phenotypic
subgroups in SCN1A-related epilepsies.

Though more comprehensive in silico tools now allow
for accurate predictions of whether a variant is disease-
causing, the ability to discern severity and clinical pheno-
type is still better predicted by functional characterization
through electrophysiology assays.>’**! Of the greater than
1200 known SCNIA variants,'® only 58 missense var-
iants have been functionally characterized by whole-cell
patch-clamp experiments.”’ Approximately, 70% of these
cause a LOF. Variants that completely abolish function
tend to be associated with classical DS, whereas those
which retain some residual current are associated with
milder phenotypes like GEFS+.2" Variants that cause a
mixture of LOF and GOF in Na,1.l biophysics show
more varied phenotypes (Supplementary Table S2). Of
the 15 previously characterized mixed or GOF variants, 8
were associated with classical DS, 1 with early-onset
SCN1A DEE, 5 with GEFS+, and one with both DS and
GEFS+.2" This wide variety of changes to Na,1.l gating
in these variants complicate prediction of the resulting
changes in cellular excitability, highlighting the import-
ance of modelling and techniques like a dynamic
clamp.*’

Non-inactivating currents occur in approximately 50%
of these mixed LOF and GOF variants (Supplementary
Table S2). In fact, the original description of channel
function in missense variants in DS showed that two var-
iants lead to non-functional channels and two others had
mixed properties, primarily GOF with persistent sodium
current like that noted here.”® However, a direct correl-
ation between non-inactivating current amplitude and
clinical phenotype in many variants characterized to date
is complicated by additional effects on channel function.
We show that the T782I variant causes a large amplitude
non-inactivating current (>4%) and a severe DEE. This
finding is consistent with previous studies of the homolo-
gous DEE mutants in SCN2A (T7731) and SCNS8A
(T7671), both of which caused an increase in non-inacti-
vating current.*»*? Ultimately, our data suggest that
increases in persistent sodium currents may represent a
GOF mechanism associated with severe epilepsy pheno-
types even if channel function is otherwise largely
preserved.

When incorporated into a pyramidal neuron model, the
large non-inactivating current in T782I causes action po-
tential firing even in the presence of arbitrarily low input
currents. Furthermore, the T782I simulations show neur-
onal firing characteristics—in terms of limit cycle shape—
that are observed only at much higher input currents in
either WT or A1685S simulations. The simulated T7821
neurons fire at high frequency and never achieve full re-
covery from inactivation, even at the lowest input regime.
High-frequency firing is seen in the other simulations
only at input currents that are orders of magnitude
higher. The T782I simulations also show higher firing
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frequencies across their entire dynamic range compared
to the other simulations.

The increased excitability of neurons within our in sil-
ico models is consistent with i vivo results that show
persistent sodium current stabilizes repetitive firing in
neurons by lowering the threshold for spike generation.**
When non-inactivating sodium currents are inhibited by
blockers, the ability of neurons to fire repetitive action
potentials is inhibited, while the generation of individual
spikes in response to a transient stimulus is maintained.*
In vivo, non-inactivating sodium currents play a physio-
logical role in determining repetitive firing, amplifying
post-synaptic potentials and generating rhythmicity.**~*’
Indeed, the brain sodium channels (Na,1.1, Na,1.2 and
Na,1.6) have all been shown to produce relatively large
fractions of non-inactivating current.*®*’ In contrast to
this physiological role, our data support the notion that
T7821 confers pathological increases in non-inactivating
current, which may be capable of driving the severe DEE
observed in our patient.

While less severe than the T782I variant and likely not
causative, the A1685S simulations clearly show a distinct
picture. The A1685S neuronal dynamics, including the
oscillatory onset bifurcation and the firing frequency, are
similar to the WT in low input regimes. However, at
high inputs, A1685S simulated neurons continue to fire,
even when the other simulations have undergone com-
plete depolarization block. Once again, this behaviour
suggests a milder GOF picture associated with this mis-
sense variant, although this is tolerated in the unaffected
parent from which the variant was inherited with the
same variant and also reported in population databases®®

The neuronal firing changes predicted here suggest pro-
found hyperexcitability of affected neurons. This hyperex-
citability may have epileptogenic effects either directly
through the involvement of excitatory neurons, or by
inducing paradoxical GABAergic excitation during exces-
sive activation states as previously described during re-
fractory  status  epilepticus.’’**  Importantly,  the
hyperexcitability identified here in silico also would ren-
der any similarly affected neurons unresponsive to exter-
nal stimulation, impairing any normal processing and
perhaps predisposing to excitotoxicity—all consistent with
the devastating clinical phenotype observed in our
patient.

Persistent sodium currents have also been associated
with neurodegeneration in amyotrophic lateral sclerosis,
anoxia and injury-induced neurodegeneration.’?™°
these models, persistent currents are predicted to cause
intracellular calcium through the activation of the so-
dium—calcium exchanger. This in turn activates calcium-
dependent enzymes vyielding permanent cell injury.
Treatment with sodium channel blockers has proved ef-
fective at limiting neurodegeneration.’®® These data are
consistent with the progressive clinical course and brain
atrophy noted in the MRI at age 4 years (Supplementary
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Fig. S1); suggesting an additional mechanism of neurode-
generation in GOF induced DEE.

The frequency of mosaic pathogenic variants in SCN1A
in affected probands is 1.3%.°” The identification of mo-
saicism, like in this case, has improved with next-gener-
ation sequencing and targeted deep resequencing using
single-molecule molecular inversion probes.'® There are a
number of papers reporting individuals with low-level of
mosaicism in SCNIA and severe disease, including
DS.'>197 A summary of mosaic variants in SCN1A and
the associated phenotypes are listed in Supplementary
Table S3. Mosaic variants in DS are reported between
15.2% and 39% in blood.">'*** Mosaicism is reported
in other DEE genes with a severe phenotypes including:
SCN2A and Ohtahara syndrome (blood—18%), GRIN1
and DEE (blood—19.7%, saliva—16.8%, hair roots—
19.7% and nail—13.4%) and ATP1A3 and DEE
(blood—26.2%).°°7%* In fact, the patient carrying the mo-
saic SCN2A variant (18% mosaicism) reported by (60) is
predicted to be a GOF,** and presented within the first
days of life with Ohtahara syndrome, with the early
onset being suggestive of GOF pathogenic variants.?”

Marked differences in phenotypic severity associated
with mosaicism are explained in part by variation in mo-
saicism levels in disease-relevant tissues. The affected indi-
vidual in our report, had fibroblast and blood tested.
Post-mortem was not performed, therefore brain tissue
was not available, to test the level of mosaicism in the
affected tissue. However, we assume a similarly affected
percentage in brain tissues, the size of the mutant popula-
tions, depending on the age and rate of further cell div-
ision at the time of the missense variant.

Whilst there is no universally agreed cut-off percent-
age—particularly for peripheral tissues—at which mosaic
variants are considered pathogenic, previous reports in
DEEs have demonstrated an epileptic phenotype in
patients with similar and lower percentages than reported
here. Yet we would expect the severe hyperexcitability
caused by the GOF effect of the mutation to produce
more severe phenotypes even at low mosaicism levels
compared to the previously reported LOF variants
(Supplementary Table S3). Specifically, our modelling
shows that even in mixed NaV1.1 expression, neurons
carrying the T782I variant show severe hyperexcitability,
rendering a subset of cortical neurons extremely hyperex-
citable. Detailed calcium imaging studies of seizure onset
in rodent models of genetic generalized epilepsies have al-
ready demonstrated that only a small subset (approxi-
mately 20%) of neurons activates even at the onset of a
generalized seizure.®® This suggests that constitutive
hyperexcitability in a similarly sized subset of neurons
would also cause whole-brain disruptions of neuronal
function consistent with the severe phenotype observed in
the patient reported here.

The later age of onset than typical DS may be corre-
lated with the time course by which the foetal Na,1.3
isoform is replaced with the Na,1.1 isoform. Maximal


https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab235#supplementary-data

16 | BRAIN COMMUNICATIONS 2021: Page 16 of I8

Na,1.1 expression between 10 months and
2years.”®* As the T782I variant is mosaic, it may require
full replacement of the Na,1.3 isoform with the affected
Na, 1.1 isoform before the clinical phenotype is observed.

Our patient represents a case of an emerging epileptic
encephalopathy associated with mutations in SCN1A that
is distinct from classical DS. Her initial clinical presenta-
tion of normal development in the first year of life, fol-
lowed by hemi-clonic and clonic prolonged seizures
starting aged 13 months, was in keeping with a clinical
diagnosis of DS and the reason for commercial single
gene testing of SCN1A. However, the subsequent clinical
course with the emergence of hyperkinetic movement dis-
order, progressive loss of skills and evolution of EEG
were not typical of DS.'>® Our patient and those
reported with an early-onset SCN1A DEE due to GOF
variants, have overlapping features of a more severe re-
fractory epilepsy than typical DS, profound global regres-
sion early in the course of the disease, a hyperkinetic
movement disorder and severe ID (Supplementary Table
S4). In light of the clinical phenotype of the case
described here, the biophysical characterization and the
computational modelling, our results support that GOF
SCNI1A variants, such as T782I, should be recognized as
a distinct phenotype to DS, a developmental and degen-
erative epileptic-dyskinetic encephalopathy. Hyperkinetic
movement disorder and a progressive course are distinct
and atypical for DS.

SCNI1A-related disorders should no longer be viewed
as solely a neurodevelopmental disorder or as DEE. The
persistent sodium current as characterized in T7821, also
initiates neurodegeneration and the progressive clinical
presentation with marked regression in skills and hyper-
kinetic movement disorder in our proband, distinct from
DS. Thus, our case highlights the importance of rigorous
biophysical evaluation and computational modelling with
the clinical phenotype, to understand the phenotypic plei-
otropy of pathogenic variants in SCN1A and enables ac-
curate counselling of families and potential disease-
modifying treatment in the future for children with GOF
variants in SCN1A.
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