SUPPLEMENTAL INFORMATION

Dynamic action potential clamp predicts functional separation in
mild familial and severe de novo forms of SCN2A epilepsy

PATIENTS

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 was collated from the literature for previously reported individuals (N = 14),
with updated clinical information obtained in one patient. Individuals whose clinical data was not
previously published (N = 5), had their mutations identified through clinical testing. Detailed phone
or clinical interviews with these parents were undertaken by paediatric epileptologists (KBH,
MRC), home videos were reviewed and medical records from the treating neurologist obtained.
Mutations were confirmed de novo in 15 patients, inheritance was unknown in four. The age at last
review was known in 13 patients with a median age of 6.5 years (range 5 months — 25 years). One
patient was deceased.

Individuals with R1882Q mutations had early-onset developmental and epileptic encephalopathies
(DEE) with focal seizures beginning on the first day of life; some showed marked improvement
with phenytoin, and some had benefit with other sodium channel blockers. However, despite
improved seizure control with phenytoin, there was no difference in developmental impairment in
responders compared with non-responders, suggesting that seizure control is not sufficient to
reverse the developmental impairment associated with the SCN2A mutation. All but one had severe
to profound developmental delay, consistent with the ‘severe neonatal-infantile’ phenotype
previously reported, whereas the milder phenotype in one infant was that of the ‘intermediate
neonatal-infantile’ group (1).

Seizure onset occurred on day one of life in all patients with an R1882Q mutation (Table
S1). Focal seizures were the initial seizure type in five; initial seizure type was unknown in two.
The epileptic syndrome at onset was early infantile epileptic encephalopathy (EIEE) in three,
unclassified in three and unknown in one. Seizure types evolved in six patients, including to
infantile spasms in two. Seizures were ongoing at last review in the five patients for whom this
information was available. Phenytoin use was reported in five patients, with improved seizure
control in two and no definite effect on seizures in three. It should be noted though, that information
on the doses used and blood levels reached was not available to determine whether a ‘therapeutic
dose’ had been reached. One patient with no improved seizures had ‘continuous thrashing’ with
phenytoin loads, being presumably an exacerbation of the movement disorder. Seizures were
improved with carbamazepine in one. Two patients did not report improvement with any sodium
channel blocker. At last review, six patients had severe developmental delay, and one moderate. A
movement disorder was present in three patients (opisthotonus and dystonia (1), opisthotonus and
oculogyric crises (1), ‘thrashing movements’ (1)), absent in one, and unknown in three. Other
common features included hypotonia (4, one of whom also had episodic appendicular hypertonia),
acquired microcephaly (3) and constipation (2). Two patients had normal brain imaging, one a
subtle cortical dysplasia and one had T2 hyperintensities in the white matter, T1 hyperintensity in
the basal ganglia and elongated superior temporal sulci.
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Individuals with the R853Q mutation had later-onset DEE, with median onset of seizures at the age
of 8 months, usually preceded by some degree of developmental delay. The seizure type at onset
was epileptic spasms in most. In these individuals, the response to sodium channel blockers was
mixed. Seizures did not improve with phenytoin; indeed, worsening was reported in one. Improved
seizure control was, however, reported with other sodium channel blockers in three patients
(lamotrigine, carbamazepine, both rendering a patient seizure-free; and oxcarbazepine). Movement
disorders, such as dystonia, were seen in both groups; however, severe choreoathetosis only
occurred with the R853Q mutation. In two of these patients, the choreoathetosis preceded seizure
onset. In both groups, most patients had other types of seizures arising over time, refractory seizures
and significant developmental delay.

Four previously published patients with R853Q mutation had minimal available clinical
information. Two were listed as having an epileptic encephalopathy, one West syndrome (WS) and
one Lennox Gastaut syndrome (LGS). More detailed clinical data was available on eight patients
(Table S2). For these individuals, seizure onset occurred at a median age of eight months (range 6
months — 3 years). The initial seizure type was infantile spasms in six, infantile spasms and tonic
seizures in one, and tonic seizures in one. The epileptic syndrome at seizure onset was WS in seven
and unclassified in one. Evolution to other seizure types was reported in seven patients, each having
multiple seizure types. After evolution of seizures, the epilepsy syndrome was unclassified or
unknown in all but one patient, who had LGS. Phenytoin use was reported in three patients, with no
effect in two and exacerbation of seizures in one. Six patients had used other sodium channel
blockers. Seizure exacerbation was noted in only one patient (on carbamazepine). One was seizure
free on lamotrigine and seizure control improved on carbamazepine in one. One patient had
improvement of seizures on low dose oxcarbazepine; at higher dose, seizure control remained good
but there was marked worsening of overall motor function and of stimulatory behaviours. ACTH
was beneficial in four patients; vigabatrin was beneficial in one and exacerbated seizures in three.
Seven individuals had ongoing seizures at last review, although reduction in seizure frequency from
age four years was noted in three. Development was delayed prior to seizure onset in six patients,
normal in one and unknown in one. At last review, all patients had severe developmental delay. All
individuals had a movement disorder; four had choreoathetosis two dystonia and two a mixed
movement disorder. For three patients in whom further information on the movement disorder was
available, the movement disorder had onset in infancy, predating seizure onset in two, and
remaining a major medical issue in all three. Improvement was noted with L-Dopa/Carbidoba and
cannabis (high CBD, low THC preparation) in one and triheptanoin in another. Additional features
included hypotonia (5), severe vomiting and failure to thrive in infancy (3), microcephaly (2),
extreme irritability (2) and episodic agitation with red, hot areas of the body (2). Brain imaging was
normal in three, showed atrophy in three, thin or hypoplastic corpus callosum in two, areas of
hyperintensity on T2-weighted imaging in two and white matter volume loss in one.



Table S1. Clinical features and treatment response in the newly identified and previously published patients with R1882Q mutation (N = 7)

Reference . Age at I_-\ge Onset Onset Later Other sodium Ongoing Movement disorder! Development Development
. Mutation epilepsy . o Later L Other AED . paroxysmal ! N
and patient . N last seizure epileptic . epileptic PHT response channel blocker seizures at last y pre-seizure at last review MRI Other
inheritance N onset (+/- seizure type response A neurological :
(p) review . type syndrome syndrome response review? onset (+/- autism)
severity) symptoms
T2 hyperintensity AX.'aI hypptoma,
21 in white matter, T1 intermitient
(1.4) months Opisthotonus Delayed hyperintensit\/ in appendicular
This study de novo d 1 day F EIEE T Unclassified Benefit None beneficial None beneficial Yes Joavric cri ’ N/A (too young) basal i hypertonia, acquired
®) (deceas oculogyric crises (severe) asal ganglia, microcephaly
ed) elongated superior NI
. extreme irritability,
temporal sulci -
severe constipation
(1) . )
) - . . Benefit with ) Delayed Hypotonia, sensory
Thl(spszt)udy de novo 3 years 1day F Unclassified F Unclassified Benefit None beneficial triheptanoin, CBD Yes Nil N/A (too young) (moderate) Normal issues
No definite
benefit,
This stud F movement Thrashing' Delayed Hypotonia,
Y de novo 5 years 1 day F Unclassified autonomic, Unclassified disorder None beneficial Benefit with VPA Yes 9 N/A (too young) Y na. constipation,
(p3) ' o movements (severe) ) X
gelastic (‘continuous respiratory issues
thrashing') with
phenytoin loads
) ) . Hypotonia, excess
This study 5 - . No definite . . Opisthotonus, Delayed -
(04) UK months 5 months F Unclassified F, T, Sp Unclassified benefit None beneficial None beneficial Yes dystonia N/A (too young) (severe) Normal sta{tle, ele\{ated liver
ransaminases
Sp, T, TCS, Delayed )
(7) (p1) de novo na. 1day F EIEE gelastic na. na. na. na. na. na. N/A (too young) (severe) na. Microcephaly
‘neonatal ; Delayed
(7) (p2) de novo na. 1day seizures' EIEE T, apnoeic na. na. na. na. na. na. N/A (too young) (severe) na. na.
CBZ - seizure
10.5 Not reduction, OXC . Delayed Subtle cortical )
(6) UK years 1day applicable na. F,C na. No effect and LTG - no None beneficial Yes na. N/A (too young) (severe) dysplasia Microcephaly
effect

Abbreviations. AED, anti-epileptic drug; C, clonic; CBZ, carbamazepine; EIEE, Early infantile epileptic encephalopathy; F, focal; LTG, lamotrigine; MRI, magnetic resonance imaging;
n.a., not available,; N/A, not assessed; OXC, oxcarbazepine; PHT, phenytoin; Sp, spasms; T, tonic; TCS, tonic clonic seizures; VPA, valproic acid




Table S2. Clinical features and treatment response in the newly identified and previously published patients with R853Q mutation (N = 12)

Reference . Age at {\ge Onset Onset Later Later Other sodium Ongoing Movement disorder/ Development Development
Mutation epilepsy . -~ N L PHT . paroxysmal ' N
and . . last seizure epileptic seizure epileptic channel blocker Other AED response seizures at last . pre-seizure at last review MRI Other
N inheritance N onset (+/- response ! neurological :
patient (p) review h type syndrome type syndrome response review? onset (+/- autism)
severity) symptoms
Yes (but rare Choreoathetosis (onset
. . after 4 years 9 months, benefit with White matter
This study de novo 6 years 6 months Sp WS T,Sp Unclassified Not used CBZ - benefit None beneﬁmalz V@B old, EEG L-Dopa/Carbidopa and De"?ye" Delayed volume loss, thin Hypotonia, vomiting and FTT
(p1) exacerbated seizures ; A (mild) (severe)
remains cannabis (high CBD, corpus callosum
abnormal) low THC preparation))
Vomiting (ceased transiently
OXC - benefit at with ACTH, then permanently
low dose, at high Choreoathetosis (onset at 3 years old) and FTT,
ose seizures sti enefit wi , es (bu . ypotonia, extreme irritability,
d i till Benefit with ACTH Yes (but carly infancy. more hypotonia, ext irritability,
This study - Exacerbated controlled but THC, triheptanoin. infrequent after rly Imancy, m Delayed Delayed episodes of agitation with red,
de novo 7 years 8 months Sp, T Wws T,Sp,M Unclassified . . obvious since seizures ; Normal f ;
(p2) seizures marked worsening VGB exacerbated 4 years old, have settled. benefit (mild) (severe) hot ears lasting minutes to
of motor function seizures. EEG normal) with trihe ténoin) hours, hypersensitivity to
and stimulatory P touch, strabismus (resolved),
behaviours mildly abnormal liver function
tests
Benefit with Vomiting and FTT, hypotonia,
extreme irritability (some
paraldehyde (for . .
This study UK (parents 12 6 months S| WS T,F,M Unclassified No effect na clltJrsetztr?i?tsgilespegs) frzeze(:tu talf(taesrS 4 Choreoathetosis (onset Delayed Delayed Normal "gzr;\;mﬁ:m:g’vggoGdip
p not teste years early infancy severe agitation with migrating red, hof
(p3) ! tested) P w - VGB exacerbated Y 3ears old) ly infancy) ! ( ) itation with migrafi d, hot
seizures. ACTH no areas of body, hypersensitivity
y to
effect touch and noise
Benefit with ACTH
; (seizure free - Atrophy, T2
(6) (p1) de novo Sésrs 8 months Sp S AA T, F LGS Not used cBz s:;;au(:;bated presumably means Yes Dystonia Normal I(Jszljé/;d) hyperintensities (? Microcephaly, preterm infant
Y spasm free), VPA, Regions)
CLB, TPM
T UK (EEG
- called OXC, LTG - no Benefit with VGB, . Delayed Delayed .
(6) (p2) de novo 8years | 13 months Sp WS autor'vl)mm, CSWS- No effect effect CLB, PB Yes Choreoathetosis (moderate) (severe) Normal Hypotonia
like')
25 . Benefit with ACTH, . Delayed Delayed ) Pyramidal signs,
(6) (p3) UK years 3 years T Unclassified Sp na. na. na. VPA Yes Hand dystonia (severe) (severe) CC hypoplasia arachnodactyly
p le novo na. na. na. na. na. na. na. na. na. na. na. na. na. na.
(3) (p1) d LGS
p le novo na. na. p na. na. na. na. na. na. na. na. na. na. na.
3) (p2 d S WS
. Cerebral and
No (seizure free )
(2,8) de novo UK(>6 10 months Sp WS na. na. na. LTG - seizure free na. from6y2m, Dystomg, chorea, na. Delayed cerebgllar atrophy, na.
years) ballismus (severe) thin corpus
after LTG)
callosum
\ f : Atrophy, T2
(5) de novo 2 years 8 months Sp WS F,M na. na. LT.G ) rema|r3ed Benefit with ACTH Yes Dystonia, chorea Delayed Delayed hyperintensities Hypotonia, microcephaly
intractable (ceased spasms) (severe)
BG and thalamus
9) (p1) de novo na. na. na. na. na. na. na. na. na. na. na. na. na. na. L|ste_d as EE with no further
information provided
(9) (p2) de novo na. na. na. na. na. na. na. na. na. na. na. na. na. na. Listed as 'EE"with no further

information provided

Abbreviations (Tables 1 and 2). AA, atypical absence; AED, anti-epileptic drug; ACTH, adrenocorticotropic hormone; CC, corpus callosum; CBD, cannabidiol; CBZ, carbamazepine;
CLB, clobazam; CSWS, continuous spike wave in sleep; EEG, electroencephalogram; EE, epileptic encephalopathy; F, focal; FTT, failure to thrive; GBP, gabapentin; LTG, lamotrigine;
LGS, Lennox-Gastaut syndrome, M, myoclonic; MRI, magnetic resonance imaging; n.a., not available; OXC, oxcarbazepine; PB, phenobarbital; PHT, phenytoin; Sp, spasms; T, tonic; THC}
tetrahydrocannabinol; TPM, topiramate; UK, unknown; VGB, vigabatrin; VPA, valproic acid; WS, West syndrome




PLASMIDS

The SCN2A plasmid encoding the adult isoform of the human Nav1.2 channel (pcDNA3.1(+)-
Navl.2) has been previously described (10). The R853Q mutation is located in the voltage sensor of
domain 2. L1563V is in the second segment of domain 4, and R1882Q in the COOH terminus (Fig.
1A). The R853Q mutation was introduced with QuikChange site-directed mutagenesis (Agilent
Technologies, Santa Clara, CA) using forward and reverse primers
GTTCTCCGATCATTCCAGCTGCTCCGAGTTTTC and
GAAAACTCGGAGCAGCTGGAATGATCGGAGAAC, respectively. The pcDNA3.1(+)
plasmids, containing the human Nav1.2 channel with the L1563V or R1882Q mutations, were
generated commercially (TOP Gene Technologies, Quebec, Canada). All clones were verified by
automated DNA sequencing (Australian Genome Research Facility).

CELL CULTURE AND TRANSFECTIONS

Chinese hamster ovary (CHO) cells were cultured in Dulbecco's Modified Eagle Medium: Nutrient
Mixture F-12 (Thermo Fisher Scientific, Waltham, MA) supplemented with 10% (v/v) fetal bovine
serum (Thermo Fisher Scientific) and 50 1U/ml penicillin (Thermo Fisher Scientific) at 37°C with
5% CO2. The cells were grown in T25 cm? flasks (BD Biosciences, San Jose, CA, USA) to ~80 %
confluency, and then transiently co-transfected with wild-type or mutant pcDNA3.1(+)-Nay1.2 (4
ng) and enhanced green fluorescent protein (eGFP; 1 ng; Clontech, Mountain View, CA), using
Lipofectamine 3000 Reagent (Thermo Fisher Scientific). After transfections, cells were incubated at
37°C in 5% COx>. 24 hours post-transfection, the cells were detached using TrypLE Express
Reagent (Thermo Fisher Scientific), plated on 13 mm diameter glass coverslips (Menzel-Glaser,
Thermo Fisher Scientific), and incubated at 30°C in 5% CO.. Electrophysiological recordings were
performed 48 to 72 hours post transfection.

ELECTROPHYSIOLOGY

Cells were placed into a ~0.1 ml recording chamber and superfused with extracellular solution at a
constant rate of ~0.2 ml/min. The extracellular bath solution contained 145 mM NaCl, 5 mM CsCl,
2 mM CaClz, 1 mM MgClz, 5 mM glucose, 5 mM sucrose, 10 mM Hepes (pH = 7.4 with NaOH and
osmolarity of ~305 mosmol I1), whereas the intracellular solution contained 5 mM CsCl, 120 mM
CsF, 10 MM NaCl, 11 mM EGTA, 1 mM CacCl,, 1 mM MgClz, 2 mM Na,ATP, 10 mM Hepes (pH
= 7.3 with CsOH and osmolarity of ~290 mosmol I7%).

Experiments were performed at room temperature (23 + 0.5 °C) set by a TC344B Dual
Automatic Temperature Controller (Warner Instruments, Hamden, CT). Patch electrodes were
pulled from borosilicate glass capillaries (GC150TF-7.5, Harvard Apparatus Ltd.) and typically
exhibited resistance values of 1.2—1.5 MQ. Liquid junction potentials were corrected and series
resistance values, typically of 2-2.5MQ, were 90—95% compensated. To minimize possible voltage
errors, only relatively small CHO cells of 15-25 pF cell capacitance (Cm =22 £ 1 pF, n = 168),
expressing peak Ina amplitudes larger than 2 nA but smaller than 10 nA, were selected. Ina
amplitudes that fall outside the selected range would introduce errors in dynamic action potential
clamp experiments (see below). Approximately 10-20 % of the transfected cells showing green
fluorescence did not express functional ion channel protein or exhibited peak InaVvalues of very
small (a few tens to a hundred pA) to small (<2 nA) amplitudes, and were excluded from analysis.
Cells with peak Ina values exceeding 10 nA, recorded in ~5-10 % of cells expressing wild-type or
L1563V channels, in less than 5% in cells expressing R853Q channels, and in ~10-20% of cells
expressing R1882Q channels, were also excluded. Finally, cells were excluded from the analysis if
the amplitude of the leak current at a holding potential (HP) of —120 mV was larger than 2% of the
peak Ina. The contribution of endogenous Ina to the total Inawas considered as negligible (11). The
leak and capacitive currents were corrected using a —P/4 pulse protocol unless mentioned otherwise.
In the experiments using tetrodotoxin, Inawas determined as the current blocked by 100 nm
tetrodotoxin (Alomone Laboratories, Israel).



The current density, voltage dependence of Ina activation and inactivation, recovery from
inactivation, and development of slow inactivation were determined using the voltage protocols
depicted in the figures and explained in the Results. In most voltage clamp experiments, the HP was
—120 mV; however recovery from inactivation was determined from HP values of —120 and —70
mV, because recovery is voltage dependent (12) and, in dynamic clamp experiments (see below),
the free running resting membrane potential (Vm) of the AIS compartment model cell was
approximately —70 mV. Peak Ina was defined as the difference between peak and steady-state
currents recorded during depolarization and when keeping the cell at HP, respectively. Current-
voltage (I-V) relationships were determined by measuring peak Ina during 40-ms depolarizing
voltage steps ranging from —80 to +60 mV, at 0.5 Hz. Peak Ina Was converted to peak conductance
by the equation G = I/(V-Vre), Where Vrey is the sodium channel reversal potential. The resulting
normalized conductance-voltage relationships are plotted as G/Gmax values versus voltage and are
referred to as 'activation’ curves. The voltage dependence of steady-state fast inactivation was
obtained using pre-pulses of 100 ms duration in 5 mV increments in the voltage range between
—120 and +10 mV, followed by a 10-ms voltage step to -5 mV. Steady-state activation and

inactivation curves were fit using the Boltzmann equation:
G 1

Gmax [1+e(V-Vo.5)/k]’
where V is the conditioning voltage, Vos is the half-maximal (in)activation voltage, and k is a slope
factor. The steady-state open probability (Po) was estimated in the voltage range between —100 mV
and +40 mV in 5 mV increments, by multiplying the values of fractional activation and inactivation.
Results were expressed as the m x h product as a function of Vi (13) and were fit with a bi-
Gaussian peak function:
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where m represents the probability that the channel is activated, and h is the probability that a
channel is not inactivated, A represents the peak (height) of the curve, x. represents the Vm value
corresponding to the peak of the fitted curve, w1 and wz represent the width of the Vi, range of m
and h, respectively. It should be noted that the m parameter for activation is derived directly from
the measurement of G/Gmax, different from the Hodgkin-Huxley m parameter based on m? kinetics.
The magnitude of the window current was estimated by calculating the overlapping area under the
Boltzmann equations describing the activation and inactivation, in the voltage range between —100
mV and +60 mV as follows:

Vo 1 av + f+60 1

-100 1+e((V=Vo.5,act)/Kact) Vo  1+eV"Vos,inact)/Kinact) dv,

where Vo is the voltage value where the crossover of the activation and inactivation curves occurs,
kact and Kinact are the slope factors of activation and inactivation, respectively, Vosactand Vosact are
the Vm values for half-maximal voltage of activation and inactivation, respectively. The window
current was expressed as percent of total area (Table 2). It should be noted that this procedure is
only an approximate method to predict steady-state current, because the activation curve does not
accurately represent steady-state activation, as it is derived from a measurement of non-steady-state
peak transient current, where activation may not be at steady-state and inactivation has already
progressed to some degree. Persistent Ina, expressed as percent of peak Ina, was determined at 40 ms
after the onset of the step voltage command by either subtracting traces recorded in the presence of
tetrodotoxin from control, or by estimating inward na after —P/4 leak correction. Both methods
resulted in similar values and for comprehensive mutant and wild-type data analysis the —P/4
method was used. To determine the time constants of peak Ina inactivation elicited at various
voltages, the time course of individual Ina traces was fitted with a double-exponential equation:

L= AT 4 AT,

Area =

max



where t is time, Asand As are the fractions of the fast and slow inactivation components, and tf and
Ts are the time constants of the fast and slow inactivating components, respectively. The fast time
constant (tf) was plotted against the test potential V, in the range between —40 mV and +10 mV.
Voltage dependence of recovery from (fast) inactivation was assessed from HP values of either
—120 or —70 mV with a paired-pulse protocol comprising a 10 ms pre-pulse to —10 mV (P1), which
served to fast-inactivate the Ina, followed by a test pulse to —10 mV (P2), to measure Ina availability
after variable recovery intervals. Recovery was analysed by fitting a single exponential function to
the data to obtain the time constant, t as follows:

L —1—etT,

Imax

where t is time (here the delay between pre-pulse P1 and test pulse P2). To evaluate the rate of entry
into slow inactivation that develops during prolonged membrane depolarization or repeated high-
frequency firing (14, 15), the HP was kept at —60 mV for time intervals of increasing duration
(0.005s-195s). Between the intervals, the membrane was hyperpolarized to —120 mV for 20 ms,
allowing channels recover from fast inactivation, and then In. availability was assessed with a 2-ms
test pulse to —10 mV. In similar experiments, we also determined the entry into slow inactivation at
—50 mV for wild-type and mutant currents, respectively. The development of slow inactivation was
evaluated by fitting data with the double-exponential equation above.

PARAMETERS OF ACTION POTENTIALS AND INPUT Ina IN DYNAMIC CLAMP
EXPERIMENTS

Rheobase was determined as the minimal stimulus current needed to elicit an action potential.
Input-output relationships were determined as the number of action potentials elicited during
injections of step currents of 500 ms or 1 s duration, or as the firing frequency of the model cell in
response to synaptic currents of various ge:gi ratios during 5 s recordings. Action potential upstroke
velocity was defined as the maximum value of the first derivative of the action potential waveform.
Action potential threshold was determined at the 10 mV/ms upstroke velocity value, using the first
derivative method. The action potential half-width was measured as the period between the trace's
crossing the half-amplitude point in its rising and decaying stages. The amplitude of the input Ina
was determined during action potential firing. All action potential and Ina parameters were
determined using Clampfit except action potential rise (upstroke velocity), which was estimated in
Axograph X (Axograph Scientific, Sydney, Australia).



PORE CURRENT RECORDINGS

The extracellular bath solution contained 125 mM NaCl, 20 mM guanidine-sulfate, 2 mM CaCly, 1
mM MgClz, 10 mM Hepes (pH = 7.3 with NaOH), whereas the intracellular solution contained 135
mM CsF, 5 mM NaCl, 1 mM EGTA, 10 mM Hepes (pH = 7.3 with NaOH). In some experiments,
the extracellular solution contained 60 mM guanidine-sulfate instead of 20 mM.
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Supplemental Figure S1. Inward and outward currents in CHO cells transiently expressing wild-
type or R853Q Navl.2 channels. (A) Representative wild-type (WT) and R853Q Ina traces, elicited
by 50-ms voltage steps of 10 mV increment from a holding potential (HP) of —100 mV (top inset).
To establish presence of pore currents, current amplitude was measured at 30 ms after the onset of
the step voltage command (arrow). Dotted lines indicate zero current level; P/N leak subtraction
was turned off. (B) Current densities determined at HP values of -200 and +150 mV, respectively.
Increasing the concentration of guanidine-sulfate to 60 mM in the extracellular solution (16) did not
affect the current amplitude (n = 3). Data are mean + SEM; n, number of experiments between
parentheses.



ROBUSTNESS OF THE AXON INITIAL SEGMENT (AIS) COMPARTMENT MODEL IN
DYNAMIC ACTION POTENTIAL CLAMP EXPERIMENTS

To evaluate the effects of altering various model features on the firing activity in the presence of
external wild-type or mutant Nay1.2 channel current (Inavz.2) inputs, the capacitance (Cm) and/or the
scaled individual conductances of the model cell were systematically varied. Cm was altered across
a range from 0.5 to 1.5 of original parameter value, potassium channel’s conductance (gKv) was
altered from 0.25 to 7-fold from original, and Nay1.6 channel conductance (gNav1.6) was changed
from 0.2 to 1.5. We also altered the scaling of the input wild-type or mutant Inav12 from 0.6 to 1.2 to
test the relationship between this parameter and the predictions of the model. The virtual Nay1.6
current (Inavi.6) Was set to zero unless stated otherwise and the model was run at 23°C to match
Inavi.2 recording conditions. The external Inavi2 and the virtual Vm, lsyn, Qe, Gi, lkv, and Inavi.e Were
simultaneously recorded. Action potential firing was elicited in response to synaptic currents or in
response to step current stimuli.

As expected, the firing frequency tracked with parameter value changes in a predictable
fashion and no unexpected findings or strange bifurcations were observed, suggesting that the
model itself was stable across this range of parameter values.
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Supplemental Figure S3. The effect of altered gKv on AIS compartment model activity in
response to step current (lst) stimulation (A) Representative action potential firing (upward
deflections, top), elicited by 4 or 10 pA Is: steps (top insets); associated wild-type input Inavi.2
(downward deflections, middle), and virtual potassium current (Ikv) (upward deflections, bottom);
note boxed Iy traces on an expanded time scale. (B) Input-output relationships with the original
AIS model cell gKv scaled to the indicated values (left). Action potentials were elicited by Is; of 500
ms duration in 2 pA increments between 2 and 12 pA. Note that the input-output curve with wild-
type input Inavi.2 from Fig. 4C is re-plotted for comparison (grey symbols). Data are presented as
mean + SEM; for each data point n > 4. Note the increase of firing activity with increasing gKv
values. Relative to gKv < 1, the V is more efficiently repolarized below action potential threshold
with gKv > 1 (arrows), facilitating the recovery of Nay channels from inactivation. This transient
repolarizing effect is counteracted by the I that efficiently depolarizes the Vm to threshold for
action potential firing. Right: Relationship between overall firing and scaled gKv, expressed as the
normalized area under the corresponding input-output curve shown in the left panel (slope of the
linear fit is 1.00 £ 0.02).
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Supplemental Figure S4. The effect of scaling gKv on AIS compartment model activity in
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Supplemental Figure S5. The effect of scaling the virtual Inavi.6 On the AIS compartment model
activity in response to synaptic stimulation. The external input Inav1.2 (also called Icen; see
Appendix) was set to zero. (A) Representative examples of Vi changes, associated Inavis and Iky
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Supplemental Figure S7. The effect of scaling the wild-type or mutant input Inavi.2 0n AIS compartment model activity. (A)
Representative activities in response to a synaptic stimulation of ge:gi = 2. The input Inav1.2 was reduced (60 %) or increased (120
%) compared to control (100%). Vm changes (upward deflections) and associated scaled input Inavi.2 (downward deflections) are
shown. Note the overall firing rate-increase with the R1882Q variant. (B) Average firing activity in response to synaptic
stimulation of ge:gi = 2 or 2.5, with scaled input Inav1.2. Data are presented as mean + SEM; for each data point n > 4.
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Supplemental Figure S8. Representative action potentials and associated currents in dynamic
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reducing the input Inavi.2 (60 % of control), reducing Inavi.2 (60 % of control) and introducing Inavie
(20 % of control), or increasing Cm (by 50 % compared to control). Shaded boxes (left) show
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overall higher activity recorded in the AIS model in the presence of R1882Q Inav1.2 compared to
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Supplemental Figure S9. The magnitude of Iy and the time course of Iy decay in dynamic clamp
experiments implementing wild-type (n =5, top) or R1882Q Inav1.2 (N = 4, bottom). Mean Iky was
determined by averaging the first eight to twelve action potential-associated Iy traces using data
shown in Fig. S7 (at ge:gi = 2). For both ‘wild-type’ and ‘R1882Q’, the peak Iky values were
similar, 56.9 + 3.5 pA and 58.1+ 5.9 pA, respectively. The time course of mean Iky decay was fitted
with a double-exponential equation (blue traces, top and bottom panels):

L= Afe‘t/ff + Age s,

Imax

where t is time, Arand As are the fractions of the fast and slow inactivation components, whereas

7 and 1s are the time constants of the fast and slow inactivating components, respectively. Note that
Ikv traces in grey represent SEM. With wild-type or R1882Q input Inavi.2, the mean + SEM values
of 1t were 2.1 £ 0.1 or 2.6 + 0.2 ms, whereas the mean + SEM ts values were 11.9 + 1.4 or 24.9 +
5.59 ms, respectively (inset bar graph; *P<0.05, Student’s t-test).
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APPENDIX

Simulink model of a single compartment axon initial segment (AIS)
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Figure Al. Simulink model of the AIS compartment implementing scalable cell capacitance (Cm)
and scalable (SF)currents, including voltage dependent potassium current (Ikv), passive leak current
(Ipas), voltage dependent Nay1.6 current (Inavis), €Xcitatory and inhibitory synaptic currents (Isyn),
and heterologously expressed input Nay1.2 current (Icen).
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The characteristics of passive and active components of our AIS compartment model are identical
to the published model and are described in detail in the online version of paper by Hu et al (17).
The Hu model is based on a previously published multi-compartment model underlying the full
dendritic and somatic structure of a layer 5 cortical pyramidal cell (18), containing sodium
current data (19, 20) and potassium current data (20, 21) obtained at room temperature (23°C). Our
compartment model has uniformly distributed ion channels and it is run at 23°C to match Inav1.2
recording conditions. Similarly, our synaptic noise model is also based on published data (22).

At each iteration of the model, the Vm is calculated by solving the equation:
dVm

dt

+SF_gNaV16 * INaV1.6 + ICellScale * ICell

(C * CellSize) = SF_gKv = Iy, + SF_leak * L5 + SF_Syn x sy

where C is the capacitance of the compartment, CellSize is a scaling factor to change cell size and
Vm is the membrane potential. SFgkv, SFieak, SFsyn, SFQNav, and lcenscate are scaling factors for Iky,
Ipas, Isyn, and Inavie, respectively, whereas lcenscale is the scaling factor for Icen (the external input
Nay1.2 current). In all experiments, the voltage dependent Nay1.6 current was set to zero unless
stated otherwise.

The panels below show the nested models of the individual current components described using the
Hodgkin-Huxley formalism (23).
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Figure Al.1. Potassium current (Kv)
Igy, = gKv * n(Vm — (—=90)),

where gKv = 40 pSum™2 is the potassium conductance and = is the activation gate.
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where n;,, ny4,, are the steady-state activation variable and time constant of activation, respectively.
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Figure Al1.1.1.1. Steady state activation of potassium ion channel (ninf).

ninf =

alphan

alphan + betan

where alphan and betan are rate constants of potassium activation.

ninf
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Figure Al.2. Leak current (Ipas).

Ipas = 0.001 * (Vm — (—70))
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Figure Al.3. Synaptic current (ISyn).
ISyn = ge(Vm — 0) + gi(Vm — (=70)),
where ge, gi are excitatory and inhibitory synaptic conductances, respectively.
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Figure Al1.3.1. Excitatory conductance (ge).

dge 1
—_— = - JDex1
It y— [ge — geo]l + /Dex
. 2
sitgmae
D, = 2. Slgmae’
taue

where taue = 2.7 ms,ge0 = 0.012 uS, sigmae = 0.003 uS, D, is the time constant, average
standard deviation, and amplitude of the excitatory conductance, respectively, and x, is Gaussian
white noise of zero mean and unit standard deviation.
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Figure Al1.3.2. Inhibitory conductance (gi).
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where taui = 10.5 ms, gi0 = 0.057 uS, sigmai = 0.0066 uS, D; is the time constant, average
standard deviation, and amplitude of the inhibitory conductance, respectively, and x, is Gaussian
white noise of zero mean and unit standard deviation.
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Figure Al.4. Sodium (Nav1.6) current (INaV1.6).vv
INaV1.6 = gNav1.6 x m3h(Vm — (—60))

where gNav1.6 = 1097.1 pSum™2 is the sodium conductance, m, h are activation and inactivation
gates, respectively.

23



mtau

mtau

minf

minf

P+

Subtract

A 4

X

KTs
—>

Divide pjscrete-Time

z-1

Integrator

Figure Al.4.1. Sodium activation gate (m).

dm minf —m

dt

Miqu

where m;, ¢, m.q, are the steady state activation and activation time constants, respectively.
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Figure A1.4.1.1. Activation time constant of sodium ion channel (mtau).

mtau =

1

alpham + betam

where alpham and betam are rate constants, respectively.
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dh _ hing —h
At heg,

where h;p ¢, heq,, are the steady state inactivation and inactivation time constants, respectively.
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