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Abstract

Objective—Evidence from basic neurophysiology and molecular genetics has implicated
persistent sodium current conducted by voltage-gated sodium (Nay,) channels as a contributor to
the pathogenesis of epilepsy. Many antiepileptic drugs target Nay, channels and modulate neuronal
excitability mainly by a use-dependent block of transient sodium current, although suppression of
persistent current may also contribute to the efficacy of these drugs. We hypothesized that a drug
or compound capable of preferential inhibition of persistent sodium current would have
antiepileptic activity.

Methods—We examined the antiepileptic activity of two selective persistent sodium current
blockers ranolazine, an FDA-approved drug for treatment of angina pectoris, and GS967, a novel
compound with more potent effects on persistent current, in the epileptic Scn2aQ%* mouse model.
We also examined the effect of GS967 in the maximal electroshock model and evaluated effects of
the compound on neuronal excitability, propensity for hilar neuron loss, development of mossy
fiber sprouting and survival of Scn2a?>4 mice.

Results—We found that ranolazine was capable of reducing seizure frequency by ~50% in
Scn2aQ>* mice. The more potent persistent current blocker GS967 reduced seizure frequency by
greater than 90% in Scn2a®3* mice and protected against induced seizures in the maximal
electroshock model. GS967 greatly attenuated abnormal spontaneous action potential firing in
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pyramidal neurons acutely isolated from Scn2a®%4 mice. In addition to seizure suppression in vivo,
GS967 treatment greatly improved the survival of Scn2a?%4 mice, prevented hilar neuron loss, and
suppressed the development of hippocampal mossy fiber sprouting.

Significance—Our findings indicate that the selective persistent sodium current blocker GS967

has potent antiepileptic activity and this compound could inform development of new agents.
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Epilepsy; sodium channel; mossy fiber sprouting; neurophysiology

INTRODUCTION

Epilepsy is a common neurological disorder affecting approximately 1% of the world’s
population.1=3 Antiepileptic drugs (AEDs) are the mainstay of treatment for most patients
and several mechanistically distinct classes of agents are available. Unfortunately, 30% of
persons affected by epilepsy fail to achieve adequate seizure control with currently available
pharmaceuticals suggesting the need for new AEDs.3

Many widely used and successful AEDs target voltage-gated sodium (Nay,) channels,
typically by mechanisms resulting in use-dependent block of transient sodium current.
Persistent sodium current, a small non-inactivating component of overall current carried by
Nay, channels, may be another potential target for AED action. Neurons in several brain
regions exhibit persistent sodium current and this activity may help amplify subthreshold
synaptic potentials and facilitate repetitive firing.# Further, increased persistent sodium
current is an observed feature of several heterologously expressed mutant human Nay
channels associated with familial epilepsy syndromes such as genetic epilepsy with febrile
seizures plus (GEFS+).% Ranolazine is an FDA-approved drug for the treatment of angina
pectoris arising from coronary insufficiency and acts by preferentially inhibiting persistent
sodium current in heart. We previously reported that ranolazine can suppress persistent
current generated by several human Nay/1.1 mutations associated with genetic epilepsies or
familial hemiplegic migraine.6 Ranolazine has also been shown to reduce action potential
firing and epileptiform activity in cultured neurons.” Whether preferential suppression of
persistent sodium current would be antiepileptic in vivo is unknown.

The genetically engineered mouse line, Scn2a?4, expresses a transgene encoding an
inactivation-impaired neuronal Nay1.2 channel. Mice expressing the Scn2a@%4 transgene
exhibit a severe epilepsy phenotype that is characterized by short-duration partial seizures
beginning in early life that then progress to secondarily generalized seizures, status
epilepticus and premature death.8 Epilepsy in Scn2a®%* mice is correlated with increased
persistent sodium current in hippocampal neurons. These animals also exhibit
histopathologic changes in the hippocampus, including hilar neuron loss and mossy fiber
sprouting that also occur in chronic human epilepsy. This animal model provides an
excellent opportunity to test the efficacy of drugs targeting persistent sodium current. We
hypothesized that preferential inhibition of persistent sodium current would eliminate
sodium channel dysfunction and exert an antiepileptic effect in Scn2aQ>* mice.
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In this study, we investigated the antiepileptic effect of preferential persistent sodium current
inhibition using ranolazine and the recently described novel compound, GS967.10.11 we
observed that both ranolazine and GS967 reduced seizure frequency in Scn2aR* mice, and
GS967 inhibited spontaneous action potential firing in neurons isolated from Scn2aQ54
mice. GS967 was also effective at protecting against seizures in the maximal electroshock
(MES) model. Additionally, we found that long-term treatment with GS967 greatly
improved survival, prevented hilar neuron loss and suppressed the development of mossy
fiber sprouting in Scn2a®>* mice.

EXPERIMENTAL PROCEDURES

Animals

All animal care and experimental procedures were approved by the VVanderbilt University
Institutional Animal Care and Use Committee, and the principles outlined in the ARRIVE
guildelines and the Basel declaration were considered when planning experiments. Mice
were group-housed in a specific pathogen free mouse facility under standard laboratory
conditions (12-h light/dark cycle). Mice had access to food and water ad libitum, except
during experiments. Scn2a®@>4 transgenic mice were generated as previously described and
are maintained as a congenic line on the C57BL/6J background (B6.Q54).° For experiments,
F1 generation mice were produced by crossing B6.Q54 hemizygous transgenic males with
SJL/J females. Genotyping of the Scn2a®%4 transgene was performed as previously
described.® Experimental animals used in this study were males age 30-35 days unless
otherwise noted.

Acute isolation of hippocampal neurons

Electrophysiology experiments were performed on acutely dissociated hippocampal
pyramidal neurons isolated from Scn2aQ3* mice. We used acutely dissociated neurons
because they afford for a greater degree of voltage control necessary to accurately measure
persistent sodium current and allow for direct application of drugs. Hippocampal neurons
were isolated as previously described.12 Pyramidal neurons were identified based on
morphological criteria, with a pyramidal shaped cell body and a long apical process as
previously described.1?

Electrophysiology

Mutagenesis of recombinant rat Nay/1.2 (rNay/1.2) was performed as described
previously.13-15 Three mutations (G879Q, A880Q, L881Q) were introduced into full length
rNay1.2 to recapitulate the Scn2a®?>4 transgene. Heterologous expression of rNay1.2 in
tsA201 cells and whole cell voltage clamp recording were performed as previously
described.18 Whole-cell voltage clamp and current clamp recordings of neuronal cell bodies
were performed as described previously.2 All voltage clamp recordings utilized a holding
potential of =90 mV. Persistent sodium current was measured during the final 10 ms of a
200 ms depolarization to =10 mV from the holding potential in the absence and presence of
1 uM GS967 or 10 uM phenytoin, followed by application of 0.5 uM tetrodotoxin (TTX)
and offline digital subtraction as described previously.® Use-dependent rundown was
measured at stimulation frequencies of 10, 30, and 100 Hz in the absence and presence of
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either 1 pM GS967 or 10 pM phenytoin, followed by application of 0.5 uM TTX and offline
digital subtraction of TTX-resistant current. For current clamp recordings, membrane
potential was clamped to —80 mV and cells were allowed to fire spontaneously. Spontaneous
action potential firing frequency of neurons isolated from both male and female mice was
measured in the absence and presence of GS967 (100, 300 and 1000 nM) or phenytoin
(1000 nM). Statistical comparisons were made using either Student t-test or one-way
ANOVA followed by Tukey’s post-test and p < 0.05 was considered statistically significant.

Evaluation of anticonvulsant activity in Scn2a®%4 mice

Anticonvulsant activity was evaluated by comparing the number of behavioral seizures
captured by video recording during a 30-min pre-treatment period with the number
occurring during a 30-min post-drug period in male Scn2a®%* mice. Pre- and post-treatment
periods were collected between 8:00 — 10:30 a.m. for all experimental animals. Behavioral
seizures (tonic deviation of the head and body accompanied by forelimb clonus) were
previously correlated with electroencephalographic seizures using video-EEG monitoring,®
and work in our laboratory has demonstrated a strong correlation between behavioral and
electroencephalographic seizures (kappa = 0.988) in untreated mice. Mice were implanted
with prefabricated headmounts (Pinnacle Technology, Inc., Lawrence, KS, USA) for video-
EEG monitoring as previously described.1? Video-EEG data was collected from ranolazine
treated mice. Mice were placed in individual recording cages for 60-min prior to a randomly
assigned drug treatment (30-min habituation followed by 30-min pre-treatment period).
Mice received 40 mg/kg ranolazine (maximum tolerated dose) or PBS as a single i.p.
injection and were immediately returned to the recording cage for the 30-min post-treatment
period. Phenytoin experimental animals received a single i.p. injection of either 30 mg/kg
phenytoin, which produced a plasma concentration within the human therapeutic range, or
vehicle and were returned to the home cage for a delay of 75-min. Mice were then placed
into the recording cage for 30-min habituation followed by the 30-min post-treatment
period. The delay between drug injection and post-treatment period for each drug was based
upon the time to peak plasma ranolazine concentration and the previously determined time
to peak phenytoin effect.1” GS967 could not be administered satisfactorily by the i.p. route
because the vehicle alone caused excessive sedation in mice, and the stress of intravenous or
oral gavage administration would have exacerbated seizures in Scn2aQ>* mice. Therefore,
GS967 was administered orally through supplementation in chow. Baseline seizure
frequency was quantified for 30 minutes in the GS967 experimental group (pre-treatment
period), then mice were returned to the home cage and received either control or GS967
containing chow (either 2 mg drug per kg chow or 8 mg drug per kg chow; dosage estimated
as 0.375 mg/kg/d and 1.5 mg/kg/d, respectively, based on the consumption of 3.5-4 g chow
per day). Mice had access to either control or GS967 chow ad libitium. Plasma and whole
brain was isolated from all experimental animals immediately following the post-treatment
period. Digital video images captured during the 30-min video-monitored periods (pre- and
post-drug treatment) were analyzed offline by two independent observers blinded to
treatment, and percent change in seizure frequency was calculated. Statistical comparisons
were made using repeated measures ANOVA and p < 0.05 was considered statistically
significant. Statistical analysis was conducted using STATA 12.0 (StataCorp LP, College
Station, TX).
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Maximal electroshock-induced seizures

MES experiments were performed at The Jackson Laboratory (Bar Harbor, ME, USA) using
nine week old C57BL/6J male mice. Mice were administered either GS967 or phenytoin
solutions by oral gavage in a volume of 10 ml/kg body weight two hours prior to MES
testing. All tests were conducted at the empirically determined time to peak GS967 effect
and previously determined time to peak phenytoin effect.1? Electrical stimuli was
administered using transcorneal electrodes as previously described.18 Maximal seizures
begin with tonic extension of the forelimbs and terminate with tonic hindlimb extension.
Maximal seizures were scored with full tonic hindlimb extension (hindlimbs at 180 degree
angle to the torso) as the endpoint. Probit analysis was used to determine ED5q with half
maximal effective concentration (EDsg) values for GS967 and phenytoin.

Survival Analysis

Histology

RESULTS

At weaning (postnatal day 21), Scn2a®%4 mice were randomly assigned to either GS967 or
control treatment groups. Animals in the GS967 treatment group were provided chow
containing GS967. Survival was monitored until 12 weeks of age. Statistical comparisons
were made using the Cox proportional hazards model and p < 0.05 was considered
statistically significant.

Cresyl Violet and Timm staining were used to detect hilar neuron loss and mossy fiber
sprouting, respectively, in the dentate gyrus of female mice (age 60-65 days). At weaning
(postnatal day 21), Scn2a@>* mice were randomly assigned to either GS967 or control
treatment groups, and animals in the GS967 experimental group were provided chow
containing GS967 (8 mg/kg) until the morning of sacrifice. An untreated group of WT
littermates were also included. Staining with Cresyl Violet was performed as previously
described.® Timm staining was performed as previously described.1® Mossy fiber sprouting
was compared among groups using one-way ANOVA followed by Tukey's post-hoc test and
p < 0.05 was considered statistically significant.

Ranolazine reduces seizure frequency in Scn2a®>* mice

Previous work in heterologous cells demonstrated that ranolazine preferentially suppressed
persistent sodium current induced by several human Nay1.1 mutants. Here we tested the
ability of ranolazine to reduce seizure frequency in vivo using Scn2a?%4 mice that have
seizures as a consequence of an abnormal neuronal persistent sodium current conducted by a
mutant Nay/1.2 transgene. Seizure frequency was quantified for 30 minutes before and after
intraperitoneal administration of 40 mg/kg ranolazine or vehicle. Ranolazine reduced seizure
frequency significantly compared to vehicle treated animals (Fig. 1). Additionally, a subset
of animals (n=9) were monitored with simultaneous video-EEG recording. Following acute
ranolazine treatment, we found a 98% correlation between electroencephalographic and
behavioral seizures (55 behavioral vs 56 electroencephalographic) and this was not different
from untreated animals. The proportional reduction in seizure frequency was modest (48%)
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possibly due to short plasma half-life (~15 minutes) and low brain penetration of ranolazine
in mice (Table 1). Despite the pharmacokinetic limitations of ranolazine, these results
provided a proof-of-principle that preferential suppression of persistent sodium current can
exert an antiepileptic effect.

GS967 inhibits persistent current and spontaneous action potential firing

The novel compound, GS967, has recently been shown to selectively inhibit persistent
sodium current mediated by the cardiac voltage gated sodium channel with much greater
potency than ranolazine. Further, GS967 exhibited no cross reactivity with cardiac ion
channels and several other molecular targets (in total more than 600 studied targets) at 1 uM,
albeit effects on ion channels expressed in the brain were not been specifically examined.10
To investigate the effects of GS967 on brain Nay, channels, we performed whole-cell
voltage clamp recordings on tsA201 cells expressing a mutant Nay1.2 cDNA derived from
the Scn2aR%4 transgene (rat Nay1.2-GAL879-881QQQ). External application of GS967
suppressed persistent sodium current with an estimated half maximal inhibitory
concentration (ICsq) of 0.44 + 0.16 uM, while peak (transient) current was inhibited with an
estimated 1Cgq of 18.7 + 47.2 uM (solubility limits of GS967 precluded testing
concentration higher than 10 uM) indicating a 42-fold greater preference for persistent
current block over peak current block (p < 0.05; Fig. 2A, C). For comparison, phenytoin, a
commonly prescribed AED, also inhibited persistent current (ICsq of 15.9 £ 24.7 uM vs ICxg
of 143.7 £ 70.1 uM, p < 0.05; Fig 2B, C), but with lower potency and less preference (9-
fold) over peak compared to GS967. Additionally, application of 1 uM GS967 induces small
hyperpolarized shifts in the voltage dependence of activation and steady-state inactivation,
and slows the fast component of recovery from fast inactivation (Supplementary Fig. 1,
Supplementary Table 1).

A common feature of several AEDs is use-dependent inhibition of transient sodium current.
Therefore, we examined use-dependent inhibition of Nay/1.2-GAL879-881QQQ mediated
sodium current by either 1 uM GS967 or 10 uM phenytoin at different frequencies (10 — 100
Hz). We observed minimal steady-state use-dependent inhibition by GS967 across the range
of stimulation frequencies (Fig. 2D), consistent with the activity of this drug observed on the
cardiac voltage gated sodium channel.10 However, as expected, phenytoin exhibited strong
use-dependent block of transient sodium current (Fig. 2D), with a greater degree of
inhibition at high stimulation frequencies (44.2 + 3.7%) compared to low frequency
stimulation (22.6 + 2.8%, p < 0.05). These data suggest that GS967 acts mainly through a
tonic block mechanism to preferentially inhibit persistent sodium current.

We next investigated whether GS967 could exert preferential suppression of persistent
sodium current in neurons isolated from Scn2aQ* mice and whether this effect would
inhibit neuronal action potential firing. Persistent current measurements from hippocampal
pyramidal neurons isolated from Scn2a@®4 mice demonstrated that 1 uM GS967
significantly reduced persistent current from 1.2 £ 0.4% of peak current amplitude (n = 8)
measured under control conditions to 0.1 £ 0.1% (n = 5, p < 0.05; Fig. 3A,B). Whole-cell
current clamp recording was then performed on hippocampal pyramidal neurons in the
presence and absence of GS967. Neurons isolated from Scn2aQ* mice exhibited high
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frequency spontaneous action potential firing, unlike non-transgenic wild-type littermates
that exhibit rare spontaneous firing (Fig. 3C). Application of 1 uM GS967 reduced firing
frequency by 98.8 £ 0.1% (n = 7) and this effect was reversible upon washout of the
compound. Suppression of neuronal firing by GS967 was concentration-dependent, with an
estimated 1Cgq of ~250 nM (Fig. 3D). By comparison, 1 uM phenytoin inhibited
spontaneous action potential firing by only 36.7 + 10.1% (open square in Fig 3D).

Based on these in vitro observations coupled with the ability of GS967 to effectively cross
the blood-brain barrier (Table 1), and a slower rate of elimination than ranolazine, we
hypothesized that GS967 would exert antiepileptic activity in vivo. Accordingly, we
examined the effect of GS967 in vivo using two mouse models of epilepsy.

Seizure frequency in Scn2a®>* mice is reduced by GS967

First, we tested the ability of short-course (1-2 days) oral GS967 to reduce seizure
frequency in Scn2a®>* mice. Mice maintained on 0.375 mg/kg/d GS967 exhibited a 50%
reduction in seizure frequency whereas mice treated with higher dose (1.5 mg/kg/d) GS967
exhibited more than 90% seizure reduction following two days of treatment (Fig. 4A,B).
The efficacy of this compound to suppress seizures in Scn2aQ* mice is similar to phenytoin
(30 mg/kg), but the anticonvulsant effect of GS967 requires a much lower plasma
concentration (Table 1). Vehicle controls for both GS967 and phenytoin treated animals
exhibited no reduction in seizure frequency. It was observed that mice treated with
phenytoin exhibited sedation characterized by lack of ambulation. Although there was a
trend toward sedation, it was not significantly different from vehicle treated mice. By
contrast, no sedation was observed in GS967 and respective control treated animals.

GS967 suppresses MES-induced seizures

To further investigate the antiepileptic activity of GS967, we tested the ability of the
compound to prevent MES-induced generalized tonic hindlimb seizures in wild-type
C57BL/6J mice. Varying dosages of GS967 that yielded 0 to 100% protection were orally
administered two hours prior to testing. Protection of MES-induced tonic hindlimb
extension by GS967 was dose-dependent (Supplementary Fig. 2), with a calculated ED5g
value of 0.1 mg/kg. Vehicle treatment exhibited no protection against MES-induced
seizures. For comparison, we experimentally determined an EDsq value of ~5 mg/kg for
phenytoin protection against MES-induced tonic hindlimb extension consistent with
previously published data.1” These observations indicate that GS967 has antiepileptic
activity in two mechanistically divergent models of epilepsy.

GS967 improves survival of Scn2a®?%* mice

Scn2a?%4 mice have a significantly reduced lifespan with approximately 20% surviving to
12 weeks of age (Fig. 4C). Poor survival of Scn2a®®* mice has been attributed to chronic,
unrelenting seizures with widespread neuronal injury. We tested whether preferential
suppression of persistent current by GS967 would increase the lifespan of Scn2a®* mice.
Mice were continuously treated with GS967 beginning at postnatal day 21 and survival was
monitored until 12 weeks of age. GS967 treatment dramatically improved the survival of
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Scn2aQ%* mice with 90% of mice alive at 12 weeks compared to 20% survival of control
(untreated) animals (p < 0.005; Fig. 4C).

GS967 treatment prevents hilar neuron loss

Widespread neuronal loss in the dentate hilus is a commonly observed histopathological
change in epilepsy patients and animal models of epilepsy, including the Scn2a?%4 mouse
model.920.21 We investigated whether chronic GS967 treatment would prevent neuron loss
in Scn2a@>4 mice. Cresyl Violet staining revealed extensive neuronal cell loss in the dentate
hilus in 60 day-old Scn2a®34 mice compared to age-matched wild-type (WT) littermates
(Fig. 5A—C) as reported previously.? By contrast, qualitatively, there was no overt hilar
neuron loss in GS967 treated Scn2aQ>* mice, indicating that GS967 treatment provides a
neuronal preservation effect possibly by attenuating excitotoxicity caused by persistent
sodium current.

Mossy fiber sprouting is suppressed by GS967 treatment

Seizure-induced sprouting of the mossy fiber pathway in the dentate gyrus is a frequently
observed morphological change associated with epilepsy?! and has also been observed in
Scn2aQ%* mice® We tested whether chronic GS967 treatment of Scn2aQ* mice would
attenuate mossy fiber sprouting. Using Timm staining, we observed evidence of robust
mossy fiber sprouting within the inner molecular layer of the dentate gyrus in 60 day-old
Scn2a>* mice compared to age-matched WT littermates (Fig. 5D,E). By contrast, Scn2aQ%4
mice chronically treated with GS967 exhibited a low density of Timm staining (Fig. 5F).
Mossy fiber sprouting was quantified in the inner molecular layer of the dentate gyrus using
densitometry normalized to background staining. There was a significant (p < 0.05)
reduction in the extent of mossy fiber sprouting in GS967 treated Scn2a®>4 mice (1.32 +
0.12) compared to untreated Scn2aQ%* (1.81 + 0.16) and WT (1.36 + 0.07) animals. These
findings indicate that chronic seizure suppression by GS967 prevents mossy fiber sprouting
in Scn2a@%4 mice.

DISCUSSION

In this study, we determined the antiepileptic effect of ranolazine and GS967, two persistent
sodium current blockers. AEDs targeting voltage-gated sodium channels have existed for
many years, and most exert their clinical effects through use-dependent block of transient
sodium current in a manner similar to that of local anesthetics. Use-dependent block of the
transient sodium current can dampen neuronal excitability especially during rapid firing
such as the hypersynchronous bursts associated with seizures. While some AEDs may also
suppress persistent sodium current to some extent, no currently approved AED has a strong
preference blocking this activity.22

Persistent sodium current and epilepsy

Under normal physiological conditions, opening of voltage-gated sodium channels is short-
lived and lasts only a few milliseconds before the process of fast inactivation returns current
levels to near baseline values. However, a small amount of sodium current may persist after
the main transient current is extinguished. This persistent sodium current can influence
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neuronal firing by amplifying subthreshold synaptic inputs or evoking a sustained membrane
depolarization.# The ability of persistent sodium current to promote neuronal excitability has
led to speculation that this current may contribute to epilepsy possibly by allowing
pathological firing frequencies or by enabling the spread of epileptic neuronal activity.

Several lines of evidence support the hypothesis that persistent sodium current can be
epileptogenic. Mutations in human Nay1.1, Nay1.3 and Nay1.6 sodium channels have been
associated with a spectrum of genetic epilepsies. In vitro experiments probing the functional
consequences of several human mutations have revealed increased persistent sodium current
as a major, and sometimes solitary, defect.13:14.23-26 Fyrther, low level expression of a
mutant Nay/1.2 transgene exhibiting increased persistent current in the Scn2a®®4 mouse
model demonstrates the pathogenic nature of this current.? Additionally, Chen and
colleagues demonstrated high-threshold bursting in hippocampal CAL neurons is driven by
persistent sodium current in the pilocarpine-induced status epilepticus rat model of temporal
lobe epilepsy.2” The authors speculate that increased persistent sodium current contributes to
establishing chronic epilepsy in this rodent model. More recently, evidence from Drosophila
demonstrate important contributions of persistent neuronal sodium current to seizure
phenotypes arising from spontaneous and engineered mutants.28:29 While increased
persistent current does not account for all genetic epilepsies arising from mutant sodium
channels, this mechanism appears to be an important contributor in many situations.

Antiepileptic activity of GS967

GS967 has previously been shown to preferentially inhibit persistent sodium current
mediated by the cardiac voltage gated sodium channel and is an effective suppressor of
ventricular arrhythmias.1911 Unlike ranolazine, GS967 is capable of effectively penetrating
the blood brain barrier and has slow elimination from the body, suggesting that this
compound may have more efficacious antiepileptic activity. Our data show that GS967 was
capable of preferentially suppressing persistent sodium current mediated by a neuronal
voltage gated sodium channel with greater potency than the commonly prescribed AED
phenytoin, and inhibited spontaneous action potentials in pyramidal neurons isolated from
Scn2a®5% mice. Importantly, GS967 suppressed seizures from both Scn2a?%4 and MES
mouse models of epilepsy.

GS967 prevents mossy fiber sprouting

Mossy fiber sprouting refers to the aberrant growth of granule cell axons (mossy fibers) into
the inner molecular layer of the dentate gyrus.2! This phenomenon has been observed in
patients with epileptic seizures and in animal models of epilepsy, but the contribution of
mossy fiber sprouting to epileptogenesis remains unclear and controversial. Substantial
evidence supports the idea that the sprouted fibers form synapses on granule cells and
generate recurrent excitatory circuits capable of perpetuating seizure activity.2 Attempts to
inhibit mossy fiber sprouting using commonly prescribed AEDs, including the voltage-gated
sodium channel inhibitor lamotrigine, have been largely unsuccessful.3%-33 Inhibition of the
mammalian target of rapamycin (mTOR) signaling pathway has been demonstrated to
suppress mossy fiber sprouting in animal models of temporal lobe epilepsy.34 Our results
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appear to represent the first example of a sodium channel blocking drug with antiepileptic
properties capable of preventing mossy fiber sprouting in an epileptic animal model.

CONCLUSION

We demonstrated antiepileptic activity for two preferential persistent sodium current
blockers. We further demonstrated that GS967 is a potent and selective inhibitor of
persistent current that suppresses seizure activity in two mouse models, dampens
hippocampal neuronal excitability in a concentration dependent manner, prolongs survival
of genetically epileptic mice, and prevents both hilar neuron loss and development of mossy
fiber sprouting in these mice. Our findings provide evidence suggesting that preferential
inhibition of persistent sodium current is an effective strategy for development of new
AEDs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ranolazine reduces seizure frequency in Scn2a®% mice
(A) Number of seizures for individual male mice in 30 minutes before and 30 minutes after

treatment with either vehicle (left) or ranolazine (right). (B) A histogram of percent change
in seizure frequency following a single i.p. injection of either vehicle or ranolazine (40 mg/
kg). Percent change was calculated in response to treatment, with n = 9 for each treatment.
(**p < 0.005; repeated measures ANOVA)
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Figure 2. GS967 inhibits persistent sodium current
(A) Representative trace of sodium current in the absence (black trace) or presence (red

trace) of 1 uM GS967. The inset illustrates persistent sodium current on an expanded scale.
(B) Representative trace of voltage dependent sodium current in the absence (black trace) or
presence (blue trace) of 10 UM phenytoin. The inset illustrates persistent sodium current on
an expanded scale. (C) Concentration response of inhibition of persistent sodium current
(closed symbols, solid lines) and transient sodium current (open symbols, dashed lines) by
GS967 (red circles) and phenytoin (blue squares). (D) Steady-state use-dependent inhibition
of transient sodium current by either 1 uM GS967 (red symbols) or 10 uM phenytoin (blue
symbols) at stimulation frequencies of 10, 30, or 100 Hz. Values represent ratios of use-
dependent inhibition in the presence of drug to that in the absence of drug. All data are
expressed as mean = SEM, with n = 7-11 for each condition.
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Figure 3. GS967 inhibits persistent current and spontaneous firing in Scn2aQ% neurons

(A) Representative normalized trace of sodium currents from hippocampal pyramidal
neurons from Scn2aQ3* mice recorded in the absence (black trace) or presence (red trace) of
1 uM GS967. (B) Summary data for persistent sodium current (expressed as % of peak
current) recorded from pyramidal neurons in the absence or presence of 1 uM GS967. Peak
current densities were not significantly different between control and GS967 conditions
(control: 187.2 + 32.6 pA/pF; GS967: 172.3 + 46.2 pA/pF). (C) Representative spontaneous
action potential firing recorded from a pyramidal neuron from either wild-type or Scn2aQ%4
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mice. Membrane potential was clamped at —80 mV and spontaneous action potentials were
recorded in the absence and presence of 1 uM GS967. (D) Concentration response of
inhibition of spontaneous action potential firing by GS967 (closed circles) and inhibition
action potential firing by 1 pM phenytoin (open square). Data are expressed as mean + SEM,
with n = 5-7 for each concentration.
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Figure 4. GS967 reduces seizure frequency and improves survival of Scn2aQ% mice
(A) Number of seizures in 30 minutes for individual mice at baseline (day 0) and after

treatment (day 1 and 2) with either control chow or 1.5 mg/kg/d GS967. (B) A histogram of
percent change in seizure frequency following oral administration of either control or chow
containing GS967 at two dosage levels. Percent change was calculated in response to
treatment, with n = 6 for each treatment (*p < 0.05 and **p < 0.005 compared to control;
repeated measures ANOVA) (C) Survival curves of Scn2a@%* mice placed on control chow
or chow containing GS967 (dose 1.5 mg/kg/d). Treatment began at 3 weeks of age indicated
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by the dashed line, with n = 18-20 per group. Survival difference between groups was
significant at p < 0.005; Cox proportional hazards model.
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Fi_gure 5. GS967 prevents hilar neuron loss and suppresses mossy fiber sprouting in Scn2aQ%4
mice

A-C Cresyl violet stained sections of the dentate gyrus from a representative wild-type
mouse (WT, panel A), untreated Scn2a®>* mouse (panel B) and a Scn2aQ>* mouse treated
with 1.5 mg/kg/d GS967 from P21-P60 (panel C). Images in the middle and lower panels
are high-magnification views. Scale bars represent 500 um, 200 pm and 100 um for the
upper, middle and lower panels, respectively. D-F, Timm stained sections of the dentate
gyrus from a wild-type (WT, panel D) untreated Scn2a®%4 mouse (panel E) and a Scn2a?4
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mouse treated with GS967 from age P21-P60 (panel F). Images in the lower panels are high-
magnification views. Scale bars represent 500 um and 200 um for the upper and lower
panels, respectively. Quantification of the average density in the inner molecular layer of the
dentate gyrus normalized to background is reported below images. Data are expressed as
mean + SEM, with n = 6-8 per group (*p < 0.05; one-way ANOVA followed by Tukey's
post-hoc).
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Table 1
Plasma and brain concentrations
% Change in
. Dosagi* Seizure
Drug (mg/kg) Frequency [PIasma]T [Brain]
Ranolazine 40 -48 £ 10% 193+0.8pM 49+0.1uM
Phenytoin 30 -93+5% 87.2+x12uM ND
GS967 15 =92 + 4% 06+01uM 0.6x02pM

*
Ranolazine and phenytoin were administered as single i.p. injections. GS967 was orally administered through supplementation in chow.
**
, GS967 dose is in units of mg/kg/day;

Tphenytoin and GS967 are both highly (>90%) protein bound in plasma; ND, not determined
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