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Abstract

SCN8A epileptic encephalopathy is a severe genetic epilepsy syndrome caused by de rnovo gain-
of-function mutations of SCN8A encoding the voltage-gated sodium (Na) channel (VGSC)
Nay1.6. Therapeutic management is difficult in many patients, leading to uncontrolled seizures
and risk of sudden unexpected death in epilepsy (SUDEP). There is a need to develop novel
anticonvulsants that can specifically target aberrant Na channel activity associated with SCNEA
gain-of-function mutations. In this study, we investigate the effects of Prax330, a novel Na channel
inhibitor, on the biophysical properties of WT Nay/1.6 and the patient mutation p.Asn1768Asp
(N1768D) in ND7/23 cells. The effects of Prax330 on persistent (Iyap) and resurgent (Iyar) Na
currents and neuronal excitability in subiculum neurons from a knock-in mouse model of the
Scn8a-N1768D mutation (Scn8aP*) were also examined. In ND7/23 cells, Prax330 reduced Ingp
currents recorded from cells expressing Scn8a-N1768D and hyperpolarized steady-state
inactivation curves. Recordings from brain slices demonstrated elevated Iyzp and Iyar in
subiculum neurons from Scn8aP* mutant mice and abnormally large action potential (AP) burst-
firing events in a subset of neurons. Prax330 (1 pM) reduced both Ingp and Inar and suppressed
AP bursts, with smaller effect on AP waveforms that had similar morphology to WT neurons.
Prax330 (1 uM) also reduced synaptically-evoked APs in Scn8a®* subiculum neurons but not in
WT neurons. Our results highlight the efficacy of targeting Inap and Iyar and inactivation
parameters in controlling subiculum excitability and suggest Prax330 as a promising novel therapy
for SCN8A epileptic encephalopathy.
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1. Introduction

SCNS8A epileptic encephalopathy (EIEEL3) is caused by de novo gain-of-function mutations
in the SCN8A gene encoding VGSC isoform Nay1.6 (de Kovel et al., 2014; Estacion et al.,
2014; Veeramah et al., 2012). Localized predominantly at the axon initial segment (AIS) and
nodes of Ranvier, Nay/1.6 strongly determines membrane potential and action potential (AP)
firing properties of neurons under normal conditions and in disease (Barker et al., 2017;
Blumenfeld et al., 2009; Caldwell et al., 2000; Duflocq et al., 2008; Hargus et al., 2013, n.d.;
Hu et al., 2009). Patients with SCN8A epileptic encephalopathy exhibit seizure onset in
infancy leading to motor and cognitive impairment (Larsen et al., 2015; Wagnon and
Meisler, 2015).

The first characterized SCN8A encephalopathy mutation was p.Asn1768Asp (N1768D)
(Veeramah et al., 2012). The patient presented with refractory epilepsy at six months of age,
intellectual disability, ataxia, and sudden unexplained death in epilepsy (SUDEP) at 15
years. Biophysical characterization of the mutation in expression systems and neurons
revealed a depolarizing shift in the voltage-dependence of steady-state inactivation, an
increase in the non-inactivating persistent sodium current (Ingp) after termination of the
transient current (Inga7), and an elevated resurgent current (Inar) (Ottolini et al., 2017; Patel
etal., 2016; Veeramah et al., 2012). Inp has been implicated in setting AP threshold (Deng
and Klyachko, 2016), amplifying incoming excitatory and inhibitory synaptic inputs (Hardie
and Pearce, 2006; Stafstrom et al., 1985; Stuart and Sakmann, 1995), driving the burst-firing
mode of AP firing (Alkadhi and Tian, 1996; Su et al., 2001; Tsuruyama et al., 2013), and
orchestrating rhythmogenesis in various neuronal circuits (Dong and Ennis, 2014; Paton et
al., 2006; Tazerart et al., 2008; Yamanishi et al., 2018; Zhong et al., 2007). Studies of animal
models and human epilepsy tissue have reported increases in Ingp (Barker et al., 2017; Chen
etal., 2011; Hargus et al., 2013; Lopez-Santiago et al., 2017; Ottolini et al.,2017; Stafstrom,
2007; Tryba et al., 2011; Vreugdenhil et al., 2004). Inqr also contributes to increased AP
frequency and burst firing (Khalig et al., 2003; Raman et al., 1997; Raman and Bean, 1997).
It has therefore been suggested that elevation of Iyzp and Inar, due to expression of mutant
VGSC or other modulation of VGSC function, may be a central mechanism contributing to
neuronal hyperexcitability associated with seizure initiation (Stafstrom, 2007).

Many clinically available antiepileptic drugs (AEDSs) that target VGSCs inhibit Ingp,
including phenytoin, carbamazepine, topiramate, and lamotrigine (Alexander and
Huguenard, 2014; Colombo et al., 2013; Segal and Douglas, 1997; Spadoni et al., 2002; Sun
et al., 2007). For this reason, development of a preferential inhibitor of Ingp could lead to a
more efficacious and potentially better tolerated AEDs (Stafstrom, 2007). Prax330 was
initially developed as a selective Iy,p inhibitor to treat cardiac arrhythmia (Belardinelli et al.,
2013; Koltun et al., 2016), however, due its brain permeability and half-life, development of
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Prax330 was repurposed as an AED (Belardinelli et al., 2013; Koltun et al., 2016). More
recently, Prax330 has been evaluated for efficacy in a number of severe genetic epilepsy
syndrome models. /n7 vivo studies in Scnlat'=, Scn2a9%4 Scn8a*1872W/* and Scn8aP'*
mouse models of epileptic encephalopathy revealed that Prax330 is able to potently reduce
Inap and suppress spontaneous AP firing in acutely dissociated hippocampal neurons,
normalize CA1 pyramidal AP waveforms, protect against seizures, and extend survival
(Anderson et al., 2017, 2014; Baker et al., 2018; Bunton-Stasyshyn et al., 2019).

In order to further investigate the mechanisms by which Prax330 exhibits anticonvulsant
activity in the Scn8a?* mouse model of epileptic encephalopathy, we examined the effects
of Prax330 on the biophysical properties of the mutant Nay/1.6-N1768D in ND7/23 cultured
cells and on Ingp, Inar, @nd neuronal excitability in subiculum neurons from Scn8a?* mice.
Subiculum neurons were chosen because they provide the primary output of the
hippocampus and have been previously implicated in epilepsy (Barker et al., 2017; de
Guzman et al., 2006; Fujita et al., 2014; Toyoda et al., 2013; Vreugdenhil et al., 2004). In
ND7/23 cells, Prax330 reduced Ingp currents in N1768D-expressing cells and caused a
leftward shift in inactivation curves of both WT and N1768D channels. Electrophysiological
recordings revealed elevated Inap and Inagr currents and aberrantly large AP-burst
waveforms in a subset of Scn8aP* subiculum neurons. Prax330 (1 uM) reduced Iygp and
Inar @nd attenuated the abnormal AP-burst waveforms in this subset of subiculum neurons
without affecting those with normal AP morphology. Synaptically-evoked APs from
Scn8aP’* subiculum neurons were inhibited by Prax330 (1 pM) while WT neurons were
unaffected. These findings suggest that Prax330 preferentially targets aberrant Na channels
associated with SCN8A mutations and may be useful in the treatment of SCVEA epileptic
encephalopathy and other forms of genetic and acquired epilepsy.

2. Methods
2.1 ND7/23 Electrophysiology

The introduction of the N1768D mutation into the TTX-resistant Na, 1.6 cDNA was
previously described (Veeramah et al, 2012). DRG-neuron derived ND7/23 cells (Sigma
Aldrich) were grown in a humidified atmosphere of 5% CO, and 95% air at 37°C in
Dulbecco’s Modified Eagle Medium (DMEM 1X) supplemented with 109% FBS, NEAA and
Sodium Pyruvate. Cells were plated onto petri dishes 48 hours prior to transfection and
transfected for 5 hours in non-supplemented DMEM using Lipofectamine 3000 according to
manufacturer instructions (Life Technologies) with 5 pg of Nay/1.6 alpha subunit cDNA and
0.5 pg of the fluorescent m-Venus bioreporter. Electrophysiological recordings of
fluorescent cells were made 48 hours after transfection.

Whole-cell patch-clamp electrophysiological recordings of sodium currents were carried out
as described previously (Barker et al., 2016; Wagnon et al., 2018, 2016). The external
recording solution contained in mM: 130 NaCl, 3 KCL, 1 CaCl,, 5 MgCl,, 0.1 CdCl5, 10
HEPES, 30 TEA, 4 4-AP, and 500 nM TTX to block any endogenous Na currents (pH
adjusted to 7.4 using NaOH). The osmolality was confirmed to be ~305 mOsm. The
intracellular recording solution contained in mM: 140 CsF, 2 MgCl,, 1 EGTA, 10 HEPES, 4
NayATP, 0.3 NaGTP (pH adjusted to 7.2 with CsOH and osmolality adjusted to 300 mOsm).
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All experiments were performed at room temperature (22-24°C). Borosilicate recording
pipettes were pulled to have resistances of 1.5-3.0 MQ in recording solution. After achieving
the whole-cell configuration, whole-cell capacitance and 75% series resistance were
compensated. Currents were amplified, low-pass filtered at 2 kHz, and sampled at 33kHz.
Cells were held at =120 mV. The voltage-dependent activation was measured from the
current-voltage relationship determined using a 100 ms voltage step to command potentials
ranging from —80 to 70 mV at 5 mV increments and conductance as a function of voltage
was described by a Boltzmann fit of the data. The average Iy,p Was taken to be the average
current from 60-100 ms after the onset of the voltage step, once the current had reached
steady state, and recorded as a percentage of the magnitude of the In,T. Steady-state
inactivation, cells were stepped to pre-pulse potentials ranging from —120 to —10 mV for
500 ms before being stepped to —10 mV to assess channel availability. When calculating
steady-state inactivation conductance as a function of voltage, the current of greatest
magnitude was determined normalized to 1 and the final sweep which is a continuous step to
-10 mV, which does not evoke any InaT, Was set to be 0. The results are well-fit by a single
Boltzmann equation as previously described (Barker et al., 2016).

2.2 Brain Slice Preparation

WT and Scn8aP* mice greater than 8 weeks of age were euthanized using isoflurane and
decapitated. The brains were rapidly removed and kept in ice-cold (~0°C) artificial
cerebrospinal fluid (ACSF) containing in mM: 125 NaCl, 2.5 KCl, 1.25 NaH,POy, 2 CaCl,,
1 MgCly, 0.5 L-Ascorbic acid, 10 glucose, 25 NaHCO3, and 2 Pyruvate. The ACSF at all
stages of the experiment was oxygenated with 95%/5% O,/CO,. Horizontal brain sections of
300 uM thickness were cut using a Leica VT1200 vibratome. The slices were placed in 37°C
oxygenated ACSF for ~30 minutes and then kept at room temperature.

2.3 Electrophysiology

Brain slices were placed in small chamber continually superfused (~1-2 mL/min) with
recording solution warmed to (~32°C). Subiculum pyramidal neurons were visually
identified by infra-red video microscopy (Hamamatsu, Shizouka, Japan) using a Zeiss
Axioscope microscope. Whole-cell recordings were performed using an Axopatch 700B
amplifier (Molecular Devices, pPCLAMP 10 software) and were digitized by a Digidata
1322A digitizer (Molecular Devices). Currents were amplified, low-pass filtered at 2 kHz,
and sampled at 100 kHz. Borosilicate electrodes were fabricated using a Brown-Flaming
puller (Model P1000, Sutter Instruments Co) to have pipette resistances between 2-3.5 MQ.

2.3.1 Inap Recordings—Iygp currents were recorded as previously described using a
solution containing in mM: 20 NaCl, 130 TEA-CI, 10 NaHCOg, 1.6 CaCl,, 2 MgCls, 0.2
CdCl,, and 5 4-AP, and 15 glucose (pH adjusted to 7.4; 305 mOsm) (Ottolini et al., 2017).
The pipette solution contained (in mM): 140 CsF, 2 MgCl,, 1 EGTA, 10 HEPES, 4 Na,ATP,
and 0.3 NaGTP (pH adjusted to 7.3, 310 mOsm). Voltage ramps from —100 to —10 at 65
mV/sec led to inward ramp currents with a clear peak near —30 mV. Any cells with ramp
currents that escaped voltage-control were discarded and not analyzed. Identical recordings
in the presence 500 nM TTX were used to definitively isolate the sodium component of the
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ramp current. TTX-subtracted traces were used for calculation of peak inward current and
the voltage of half-maximal activation (V12).

2.3.2 Inar Recordings—Ingr currents were recorded as previously described using a
modified recording solution containing in mM: 100 NaCl, 26 NaHCO3, 19.5 TEA-CI, 3
KCI, 2 MgCl,, 2 CaCly, 2 BaCl,, 0.1 CdCl,, 4 4-AP, and 10 glucose (pH of 7.4; 305 mOsm)
(Barker et al., 2017). The intracellular solution was the same as that for Iygp recordings.
Neurons were held at =100 mV, depolarized to 0 mV for 20 ms and then repolarized to
voltages ranging between —100 mV and —-20 mV in increments of 10 mV. The peak
amplitude of Iyar Was calculated as the maximum TTX-sensitive current elicited (typically
on the =30 mV step) with the steady-state current subtracted as done previously (Royeck et
al., 2008).

2.3.3 AP Recordings—Current clamp recordings were performed with an extracellular
recording solution identical to that used in the slicing procedure. The intracellular solution
contained in mM: 120 K-gluconate, 10 NaCl, 2 MgCly, 0.5 Ko,EGTA, 10 HEPES, 4 Na,ATP,
0.3 NaGTP (pH 7.2; osmolarity 290 mOsm). A ramp of depolarizing current 100 pA/sec was
used to accurately measure AP threshold which was defined as the membrane potential at
which the slope reached 5% of the upstroke velocity (Yamada-Hanff and Bean, 2013). AP
amplitude was calculated as the range between threshold and the peak of the AP. A range of
depolarizing current injections (-20 to 470 pA in increments of 10 pA) was used to calculate
membrane and AP properties. To compare across all neurons, a slow injection of DC current
was used to hold neurons at —65 mV throughout the recording. The rheobase was defined as
the highest current step injected that did not result in AP firing. Input resistance was
calculated using the initial =20 pA step. The upstroke and downstroke velocities were the
maximum and minimum of the first derivative of the recorded trace. The AP duration
(APDgp) was measured as the time duration of the AP measured at the midpoint between the
threshold and the peak of the AP. The area under the curve (AUC) of the first AP was
calculated relative to AP threshold for each cell. Synaptically-evoked APs were generated
through stimulation of the CA1 afferents using a bipolar iridium stimulator (WPI, Sarasota,
FL, USA). The stimulus duration was 400 ps and the intensity was adjusted (usually
between 1 and 3.2 mA) to evoke APs on successive sweeps with a 10 second inter-sweep
interval.

Prax330 was provided by Praxis Precision Medicines and was solubilized in DMSO at a
stock concentration of 10 mM and stored at —20°C. For all electrophysiology experiments,
initial recordings were collected at baseline and then again after ~10 minutes with bath
solution containing Prax330. Vehicle control recordings were done in an identical manner
without Prax330.

2.5 Data Analysis

All data were analyzed by custom-written MATLAB scripts, or manually with ClampFit.
Graphpad software was used for displaying data and for all statistical calculations. All
values represent means + standard error of the mean (S.E.M.) or as individual data points.
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Statistical significance was determined using unpaired or paired t-test where appropriate
with an alpha set to 0.05 (GraphPad Prism 6.02).

3. Results

3.1 Prax330 inhibits Iygp and modulates inactivation parameters of Nay1.6 currents
recorded in ND7/23 cells

We first characterized the effect of Prax330 on WT and N1768D Nay/1.6 expressed in
ND7/23 cells. Cells were held at =120 mV and stepped to potentials between —80 and 50
mV to examine the current-voltage relationship. Current densities between WT and N1768D
cells were not different (WT: =103 + 22 pA/pF (n=9), N1768D: -45 + 14 pA/pF (n=7);
Figure 1A-D). In agreement with previous studies (Veeramah et al., 2012), a pronounced
elevation of Iy,p Was observed in N1768D transfected cells (Figure 1B, F). Inap Was barely
detectable in WT Nay/1.6 transfected cells (Figure 1A, E). Prax330 inhibited N1768D-
derived Ingp in a dose-dependent manner with an approximate ECsg of 625 nM and a Hill
slope of 1.5 (Figure 1G). At 1 uM, Prax330 significantly inhibited Ingp by 67% (8.1 + 1.3%
of InaT before and 3.0 £ 1.1% of Iy,T after Prax330; T(g)=3.61; P=0.0112; Figure 1F).
Prax330 (1 uM) had no effect on Inat in WT cells (=103 + 22 pA/pF at baseline to -84 + 19
pAJ/pF after Prax330 treatment; n=9; Figure 1E, 1). Prax330 did significantly reduce InaT in
N1768D cells by 49 + 10% at 300nM (T(14)= 3.395; P=0.0044; n=4) and by 41 + 5% at 1
UM (T(17)=3.48; P=0.0029; n=7) when compared to vehicle-treated time controls. (Figure
1H, ). These findings suggest that Prax330 shows a particular efficacy toward the N1768D
mutation compared to WT.

We assessed the effect of Prax330 (1 uM) on the voltage-dependence of steady-state
activation and inactivation (Figure 2; Table 1). Voltage-dependent activation parameters
were not different between WT and N1768D transfected cells (Table 1), but steady-state
inactivation curves were significantly right-shifted in N1768D cells compared with WT, as
previously reported (T(12)=4.173; P=0.0013; Fig. 2B,D; Table 1) (\Veeramah et al., 2012).
Left-shifts in activation curves for both WT and N1768D recorded in the presence of
Prax330 (1 pM) were not different from shifts observed in vehicle-treated control
recordings, indicating that Prax330 has no effect on activation parameters (Figure 2E; Table
1). In contrast, left-shifts in steady-state inactivation after Prax330 (1 uM) treatment for both
WT and N1768D cells were significantly larger than that observed in vehicle controls
suggesting that Prax330 (1 uM) has an affinity for inactivated channels (P<0.05; Table 1,
Figure 2B-J).

3.2 Inap is accentuated in Scn8aP’* subiculum neurons and is inhibited by Prax330

Inap Was measured in subiculum neurons from acute brain slices obtained from Scn8a”'*
mice and compared with WT littermates using slow voltage ramps from the holding
potential of =100 mV to —10 mV at 65 mV/sec. Maximum Iygp Were significantly increased
in Scn8aP* subiculum neurons (=261 + 20 pA; n = 24, 8 mice) compared to WT neurons
(=173 £ 15 pA,; T(3g)=3.167; P=0.003; n=10, 7 mice; Figure 3A-D). When compared to
vehicle-treated controls, Prax330 (1 pM) inhibited both WT (by 48.5 £ 6.3%; n = 10, 4
mice: T=2.497; P=0.0256) and Scn8a”* (by 56.9 + 5.5%:; n = 15, 5 mice: T=3.511;
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P=0.0020; Figure 3E). \Voltage-dependent activation parameters were not different between
Prax330-treated and vehicle-treated neurons (Figure 3F).

3.3 Scn8aP’* subiculum neurons have elevated Iyag Which is inhibited by Prax330.

Inar Was also significantly elevated in Scn8a”'* brain slice subiculum neurons (-373.1 + 41
pA; n=20, 7 mice) compared to WT neurons (=229 * 41 pA; n=15, 8 mice; T(33)=2.559;
P=0.0153; Fig 4. A, C, E). Compared to vehicle-treated controls (n = 4; 2 mice), Prax330 (1
M) inhibited Ingg by 37.6 % 8.3% in Scn8aP* subiculum neurons (n = 16; 5 mice,
T(18)=2.098; p=0.0495). In contrast, Prax330 (1 pM) had no effect on WT neurons (Figure
4F), suggesting that Prax330 preferentially inhibits Ingg in Scn8aP* neurons.

3.4 Prax330 attenuates aberrant burst AP-firing in Scn8aP’* subiculum neurons.

Aberrant neuronal excitability in AP firing frequency and AP waveform morphology has
been reported in medial entorhinal cortex (MEC) and CA1 neurons from Scn8a”* mice
(Baker et al., 2018; Lopez-Santiago et al., 2017; Ottolini et al., 2017). Since subiculum
neurons provide a major output from the hippocampus and have been implicated in seizure
initiation in TLE (Barker et al., 2017; de Guzman et al., 2006; Fujita et al., 2014; Stafstrom,
2005; Toyoda et al., 2013), we examined subiculum neurons from Scn8a?* mice (Figure 5).
We found no differences in subiculum neuron AP firing frequencies between Scn8a?* and
WT mice (27.9 £ 2.4 Hz; n=18, 7 mice and 27.5 + 1.7 Hz; n=17, 4 mice respectively).
However, a subset of Scn8a?* subiculum neurons (~ 50%) displayed a distinct, all-or-
nothing AP burst that was associated with a significantly larger depolarizing event measured
by taking the area under the curve (AUC) above AP threshold (1542 + 112 mV*ms in
Scn8aP* compared to 605 + 74 mV*ms in WT; T(24)=7.219; P<0.0001; Fig. 5 A-C,E). The
possible bimodal distribution for the AUC led us to separate Scn8a”* neurons into two
equal groups (n=9 cells each) based on the magnitude of AUC, Scn8a”*-low and high
respectively, and examine the relative efficacy of Prax330 on the two groups (Fig. 5 D).
Interestingly, Prax330 (1uM) had no significant effect on the burst AUC for WT or
Scn8aP!*-low groups suggesting that Scn8a®* neurons with physiological burst-firing
resembling WT are relatively unaffected by Prax330 (Fig. 5 A-B, E). In contrast, Scn8a”'*-
high group neurons were profoundly modulated by Prax330 (1pM), resulting in a significant
reduction in the AUC value (1542 + 112 mVV*ms before and 1095 + 192 mV*ms after
treatment with Prax330; T(g)=2.327; P=0.0484; Fig 5. C, E). Together these results suggest
that Prax330 has a greater effect on Scn8a”* neurons with aberrant firing, potentially due to
its effect on Ingar and Ingp, two currents that are known to contribute to burst firing and are
increased in amplitude in Scn8a?* subiculum neurons.

3.5 Prax330 rescues hyperpolarized AP thresholds in Scn8aP* subiculum neurons

Examination of membrane properties revealed that AP thresholds were significantly
hyperpolarized in Scn8aP* (-45.6 + 0.9 mV; n=18, 7 mice) compared to WT mice (-43.2
+ 0.7 mV; n=17 neurons, 4 mice; T(33)=2.096; P=0.0438; Fig 6. A—C; Table 2). Notably,
Prax330 (1uM) depolarized the threshold voltages in Scr8a®* neurons to voltages observed
in WT neurons, thus rescuing a critical determinant of neuronal excitability. Neither resting
membrane potential (WT; =63.9 + 0.6 mV, Scn8a?*; -62.9 + 0.6 mV) nor membrane
capacitance (WT; 37.9 + 5.1 pF, Scn8aP/* 48.5 + 4.7 pF) were different between WT and
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Scn8aP!* neurons. AP amplitude and upstroke velocity were also not different between WT
and Scn8aP*neurons, but were reduced in response to Prax330 (1uM) for both genotypes, as
expected for a Na channel blocker (Table 2). Surprisingly, we observed an increase in input
resistance in Scn8a”* neurons after Prax330 treatment (Table 2). Differences observed in
rheobase, downstroke velocity, and APDsq between Scn8a?* and WT neurons were not
modulated by Prax330 (Table 2).

3.6 Prax330 reduces synaptically-evoked APs in Scn8aP’* but not WT neurons.

Inap currents strongly regulate the propensity for a neuron to initiate an AP in response to
incoming synaptic excitation by amplifying synaptic inputs from dendrites (Schwindt and
Crill, 1995; Stuart, 1999). Due to effects of Prax330 on Iygp, we examined the ability of
Prax330 to modulate synaptically-evoked APs. In WT neurons (h= 9, 4 mice) Prax330 (1
uUM) had no effect on synaptically evoked APs (Fig 7. A,C). In striking contrast, Prax330 (1
M) significantly reduced the number of synaptically-evoked APs from Scn8a”* subiculum
neurons (n= 8, 4 mice; T(7)=3.149; P=0.0162; Fig 7. B, C). This effect of Prax330 would
significantly dampen the increased network excitability associated with SCNEA epileptic
encephalopathy (Ottolini et al., 2017).

4. Discussion

In this study, we demonstrate that 1) subiculum neurons from a mouse knock-in model
expressing the patient mutation N1768D (Scn8a”'*) have pro-excitatory firing properties
with elevated Iygp and Ingr Na channel currents compared to WT littermates, 2) Prax330, a
Na channel inhibitor, modulates inactivation parameters of WT and N1768D Nay/1.6
currents, causing hyperpolarizing shifts in inactivation parameters and inhibiting Inzp
observed in N1768D cells, 3) in Scn8aP'* subiculum neurons Jn situ, Prax330 reduces Ingp
and Ingr and selectively suppresses abnormal burst-firing only in high-bursting neurons.
These specific effects of Prax330 on Na channel currents, particularly its ability to suppress
Inap @nd Ingar, could account for its ability to specifically target abnormally large AP bursts
in a subset of Scn8aP* subiculum neurons, while having little effect on normal bursting
Scn8aP* neurons or WT neurons, and for its anticonvulsant activity in Scrn8a®* mice
(Baker et al., 2018).

Elevated Ingp has been implicated in facilitating neuronal hyperexcitability associated with
epilepsy. Many gain-of-function mutations in Nay1.1, Nay1.2, Nay1.3, and Nay1.6 display
an increased Iyap (Blanchard et al., 2015; de Kovel et al., 2014; George, 2004; Holland et
al., 2008; Liao et al., 2010; Ottolini et al., 2017; Rhodes et al., 2004; Veeramah et al., 2012;
Wagnon and Meisler, 2015; Zaman et al., 2018). Increased Ingp has been reported in animal
models of temporal lobe epilepsy and in human epilepsy patients (Agrawal et al., 2003;
Barker et al., 2017; Chen et al., 2011; Hargus et al., 2013; Stafstrom, 2007; Vreugdenhil et
al., 2004). Increased Ingp induces aberrant neuronal excitability, producing large burst AP
events, leading to seizures in rodents (Alkadhi and Tian, 1996; Mantegazza et al., 1998;
Otoom et al., 2006; Otoom and Alkadhi, 2000), and suppression of Ingp by AEDs is
considered an important mechanism of action (Stafstrom, 2007). Consistent with these
observations, preferential inhibitors of Iyap have shown promise in animal models of
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epilepsy (Anderson et al., 2014; Romettino et al., 1991; Urbani and Belluzzi, 2000). Prax330
was originally developed as an antiarrhythmic drug due to its ability to target Inap generated
by the cardiac Na channel, Na, 1.5 (Belardinelli et al., 2013; Potet et al., 2016; Sicouri et al.,
2013). In this study, we demonstrate that Prax330 is a potent inhibitor of neuronal Iygp, with
effects not only on the mutant Na, 1.6-N1768D channel expressed in a neuron-derived cell
line, but also on subiculum neurons /n situ. Since Iygp is thought to provide sustained
depolarization after an initiated AP and amplify synaptic inputs from distal dendrites to
facilitate repetitive and/or burst-firing of APs, suppression of these currents is predicted to
suppress epileptiform burst firing (Harvey et al., 2006; Schwindt and Crill, 1995; Stuart,
1999; Stuart and Sakmann, 1995; Yamada-Hanff and Bean, 2013). In agreement with this
prediction, Prax330 normalized the AP-burst waveform in Scn8aP* CA1 pyramidal neurons
without an effect on WT AP firing (Baker et al., 2018). Here we show that Prax330 is
particularly effective at modulating subiculum neurons with large, abnormal AP waveforms,
and has little effect on APs that did not display epileptiform morphology. We suggest that
these aberrantly firing neurons likely exhibited larger Ingp and/or Iyag currents, accounting
for their sustained depolarization and prolonged neuronal excitation. Selective inhibition of
epileptiform neurons enhances the therapeutic potential of Prax330 and could reduce
unwanted side effects.

The Ingr is a slow inactivating depolarizing current that can contribute to increased AP
frequency and burst firing by providing additional depolarization during the falling phase of
an AP (Khalig et al., 2003; Raman et al., 1997; Raman and Bean, 1997). Increases in Inar
have been reported in animals models of epilepsy and are also considered therapeutic targets
in epilepsy (Hargus et al., 2013; Jarecki et al., 2010; Khaliq et al., 2003; Patel et al., 2016).
Here we show that Scn8aP* subiculum neurons have elevated Iy,g that are suppressed by
Prax330. Recent studies indicate that inhibition of Iyag is an important mechanism of action
of cannabidiol, a compound with promise in treating different types of epilepsy including
genetic epilepsies (Devinsky et al., 2017, 2016; Kaplan et al., 2017; Khan et al., 2018; Patel
et al., 2016). However, recent evidence suggests that cannabidiol also inhibits the transient
sodium current making these studies inconclusive regarding the specific role of Inggr in
epilepsy (Ghovanloo et al., 2018). We evaluated the effects of Prax330 on subiculum
neurons because they provide a major output from the hippocampus proper and are an
important anatomical site affecting seizure initiation (Fujita et al., 2014; Toyoda et al.,
2013). It has been proposed that synaptic connection from CA1 neurons to subiculum
neurons is reorganized in epilepsy leading to increased excitation of subiculum neurons
(Cavazos et al., 2004; de Guzman et al., 2006). Subiculum neurons from epileptic rodents
have elevated Inap and Inar leading to hyperexcitability (Barker et al., 2017; de Guzman et
al., 2006; Wellmer et al., 2002). Similarly, VVreugdenhil and colleagues demonstrated that
Inap IS elevated in a subset of subiculum neurons from human epilepsy patients
(Vreugdenhil et al., 2004). Only a subset (~50 %) of the recorded neurons had elevated Iyp,
leading to the hypothesis of two distinct neuronal populations distinguished by Ingp levels.
Our data are consistent a similar heterogeneity in Scr8a?™* subiculum neurons.

Prax330 has shown efficacy in animal models of epileptic encephalopathy including the
Scniatl=, Scn2a@% Scn8aP* and most recently the Scn8a*1672W/* models of SCNSA
encephalopathy, providing support for the view that disrupted inactivation of Na channels
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can contribute generally to epileptic encephalopathies (Anderson et al., 2017, 2014; Baker et
al., 2018). The efficacy of Prax330 in the Scnla*/~ model of Dravet Syndrome with reduced
Scnla activity is surprising, and suggests that inhibiting Nay,/1.6 and associated Iy,p and
Inar With Prax330 differentially impacts the excitability of pyramidal neurons and inhibitory
interneurons (Anderson et al., 2017), potentially resetting the network imbalance.
Alternatively, the mechanism could be indirect since chronic dosing with Prax330 was
shown to reduced Na,1.6 protein expression (Anderson et al., 2017). The fact that Prax330
is efficacious in two distinct mouse models of epileptic encephalopathy highlights the
uniqueness of Prax330 among other Na channel blockers and could be due to its preferential
targeting of Inap and Inar Over Inat. Further mechanistic studies are warranted to clarify the
precise molecular mechanisms of Prax330.

5. Conclusion

Scn8aP!* subiculum neurons have elevated Iyzp and Inag currents which lead to abnormal
burst-firing of APs and is likely to contribute to network hyperexcitability associated with
seizure generation. In ND7/23 cells, we demonstrate that Prax330 is able to reduce Ingp and
modulate steady-state inactivation of Nay/1.6 Na channel currents. In brain slice
preparations, we show that Prax330 is able to block both Ingp and Ingr, to reduce the
magnitude of AP bursting in neurons with abnormal AP burst waveforms, and to inhibit
synaptically-evoked APs from Scn8a?™* subiculum neurons. Taken together, our data
support efforts to develop new therapeutics that preferentially inhibit Iyzp and Iyar currents.
Development of candidate therapeutics with these characteristics could prove highly
effective in the treatment of SCN8A epileptic encephalopathy and other types of epilepsy.
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Highlights

Patient mutation SCV8A-N1768D produces elevated persistent Na current
that is inhibited by Prax330.

Pro-excitatory depolarizing shifts in N1768D steady-state inactivation curves
are rescued by Prax330.

Scn8aP"* subiculum neurons expressing the N1768D mutation have elevated
persistent and resurgent Na currents.

Prax330 attenuates both persistent and resurgent Na currents of Scn8a”’*
subiculum neurons.

Prax330 normalizes hyperpolarized threshold and suppresses aberrant
bursting in Scn8a”’* neurons.

Prax330 reduces synaptically-evoked action potentials in neurons from
Scn8aP'*, but not WT, mice.
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Figure 1. Prax330 inhibits N1768D-derived Ingp in Nay1.6-expressing cells.
A-B. Families of Nay/1.6 channel current traces for WT- (A) and N1768D- (B) expressing

ND7/23 cells. C. Current/voltage relationship for WT Nay,1.6 channel current density before
(black) and after (green) treatment with Prax330 (1 uM). D. Current/voltage relationship for
N1768D Nay/1.6 channel current density before (blue) and after (red) treatment with
Prax330 (1 uM). E. Example normalized trace for WT before (black) and after (green)
Prax330 (1 pM) treatment. F. Example normalized trace for N1768D before (blue) and after
(red) treatment with Prax330 (1 pM). G. Dose-response curve for Prax330 on N1768D Inap
(ECsg of 625 nM). H. Dose-response effect of Prax330 on IngT. 1. Scatter plot showing
effects of vehicle (gray; n=9) and Prax330 (1 uM; green; n=9) on WT Inat and vehicle
(purple; n=12) or Prax330 (1 uM; red; n=7) on N1768D Iy,T. Holding potential was —120
mV for all protocols. Data shown as individual values and/or mean £ SEM. **P<0.01.
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Figure 2. Prax330 hyperpolarizes steady-state inactivation curves in WT and N1768D Nay/1.6

channel currents.

A. Voltage-dependent activation curve for WT Nay/1.6 channel currents before (black), after
treatment with Prax330 (gree; 1 pM; n=9), and vehicle control (gray; n=9). Inset shows
voltage command protocol. Cells were held at -120 mV. B. Steady-state inactivation curves
for WT Na,1.6 channel currents before (black) and after treatment with Prax330 (green; 1
UM; n=9). Vehicle-treated controls are shown in gray (n=9). Inset shows voltage command
protocol. Cells were held at =120 mV C. Voltage-dependent activation for N1768D Nay/1.6
channel currents before (blue) and after administration of Prax330 (red; 1 uM; n=8) or
vehicle (purple; n=11). D. Steady-State inactivation for N1768D channel currents before
(blue) and after treatment with Prax330 (red; 1 uM; n=6) or vehicle (purple; n=10). E.
Activation half-maximal voltage (V1) were not different between WT plus vehicle (gray;
n=9) or WT plus Prax330 (1 uM; green, n=9), or N1768D plus vehicle (purple; n=11), and
N1768D plus Prax330 (1 uM; red, n=8). Example traces of WT steady-state inactivation
showing relative Iy, after 500 ms pre-pulses to =120 mV, =50 mV, and -15 mV before (F)
and after (G) treatment with Prax330 (1 uM). Example traces of N1768D steady-state
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inactivation showing relative Iy, after 500 ms pre-pulses to =120 mV, =50 mV, and -15
mV before (H) and after (I) treatment with Prax330 (1 pM). J. Hyperpolarizing shifts in
steady-state inactivation V1, for WT plus vehicle (gray; n=9), WT plus Prax330 (1 uM;
green; n=9), N1768D plus vehicle (purple; n=10), and N1768D plus Prax330 (1 uM; red;
n=6). Data shown as individual values and/or mean + SEM. *P< 0.05, ***P<0.001.
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Figure 3. Prax330 (1 uM) inhibits Iygp in subiculum pyramidal neurons.
A. Representative recording of Iyap for WT before (black) and after (green) treatment with 1

UM Prax330 and 500 nM TTX (gray). B. Representative recording of Ingp for Scn8aP'*
before (blue) and after (red) treatment with 1 uM Prax330 and 500 nM TTX (gray). C.
Current/voltage relationship of Iy,p for WT before (black) and after (green) Prax330 (1 uM)
and current/voltage relationship of Scrnga?* before (blue) and after (red) treatment with
Prax330 (1 uM). D. Peak Iygp current for WT (n=16 neurons, 7 mice) and Scn8aP/* (n=24
neurons, 8 mice) subiculum neurons. Scn8a?* neurons have significantly larger peak Ingp.
E. Percent inhibition of Ingp for WT plus vehicle (gray; n=6 neurons, 3 mice), WT plus
Prax330 (1 uM; green; n=10 neurons, 4 mice), Scn8a”* plus vehicle (purple; n=9 neurons,
3 mice), and Scr8a?™* plus Prax330 (1 uM; red, n=15 neurons, 5 mice). Compared to
vehicle controls, Prax330 inhibited the steady-state Ingp in both WT and Scnga?*
subiculum neurons. F. Leftward shifts observed in activation V1, were not different between
WT, N1768D or their respective vehicle controls; WT plus vehicle (gray), WT plus Prax330
(1 uM; green), Scn8aP?* plus vehicle (purple), and Scr8a?™* plus Prax330 (1 uM; red). Data
shown as individual values and/or mean + SEM. *P<0.05, **P<0.01.
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Figure 4. scngaP’* subiculum neuron INnaRr currents are inhibited by 1 pM Prax330.
A-B. Representative TTX-subtracted Inqg traces for WT before (A) and after (B) treatment

with Prax330 (1 uM). C-D. Scn8aP* TTX-subtracted Iy,g traces before (C) and after (D)
Prax330 1 pM treatment. E. Peak Inqgr for untreated WT (n=15 neurons, 8 mice) and
Scn8aP* (n=20 neurons, 7 mice). Scn8aP* neurons have larger peak Inar compared to WT
neurons. F. Percent inhibition of Iyar for WT plus vehicle (gray; n=6 neurons, 3 mice), WT
plus Prax330 (1 uM; green, n=13 neurons, 5 mice), Scn8a®* plus vehicle (purple; n=4
neurons, 2 mice), and Scn8a?* plus Prax330 (1 uM; red, n=13 neurons, 5 mice). Compared
to vehicle controls, Prax330 did not inhibit the steady-state Ingp in WT (P>0.05) but did
inhibit Iyag in Scn8aP'* neurons. Data shown as individual values and mean + SEM.
*P<0.05.
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Figure 5. Prax330 preferentially suppresses aberrant AP-bursting in scngaP’* subiculum
neurons.

A. Example traces for WT before (black) and after (green) treatment with Prax330 (1 uM).
B. Example traces for a low bursting Scn8aP* subiculum neuron before (blue) and after
(red) treatment with Prax330 (1 uM). C. Example traces for an aberrant bursting Scn8a”'*
subiculum neuron before (purple) and after (orange) treatment with Prax330 (1 pM). Note
that Prax330 (1uM) preferentially reduces AUC in Scn8a?*-high bursting subiculum
neurons (n=9 neurons, 7 mice) while having little effect on low bursting subiculum neurons
(n=9 neurons, 7 mice), or WT neurons (17 neurons, 4 mice). D. Histogram of AUC data
separated into Scn8a?*-low (blue) and Scn8a”*-high (purple) groups. E. Bar chart showing
effects of Prax330 (1 uM) on AUC values. Data shown represent means and individual
points before and after Prax330 treatment. *P<0.05, ***P<0.001.
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Figure 6. Prax330 rescues hyperpolarized AP threshold in scngaP’* subiculum neurons
A-B. Representative raw traces with APs evoked using a slow current injection ramp (100

pA/sec). A. Top. WT subiculum neuron before (black) and after (green) Prax330 (1 pM)
treatment. B. Top. Scn8a”* subiculum neuron before (blue) and after (red) treatment with
Prax330 (1 uM). Lower panels in each case show expanded trace of first action potential.
Dotted lines mark action potential threshold. C. Group data for action potential (AP)
threshold for WT before (black) and after (green) treatment with 1 pM Prax330 (n= 17
neurons, 4 mice) and Scn8aP?* before (blue) and after (red) treatment with 1 pM Prax330
(n=18 neurons, 7 mice). Data shown represents individual points before and after Prax330
treatment. *P<0.05.
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Figure 7. Prax330 reduces the number of synaptically-evoked burst APs in Scng8al’* but not WT
subiculum neurons.

A. Representative traces of WT (baseline, black; Prax330 (1 uM), green) demonstrates that
Prax330 has no effect on the number of WT synaptically-evoked APs. B. Example traces of
Scn8aPl* (baseline, blue; Prax330 (1 M), red) demonstrates that Prax330 diminishes the
number of Scn8aP* synaptically-evoked APs. C. Bar chart demonstrating effects of Prax330
(1 pM) on WT and Scn8aP* synaptically-evoked APs (n=9 neurons from 4 WT mice and
n=8 neurons from 4 Scn8a”* mice). Data shown represent individual points and means +
S.E.M. *P<0.05.
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