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Abstract

Objective: Infection with Theiler's murine encephalomyelitis virus (TMEV) in
C57Bl/6] mice results in handling-induced seizures and is useful for evaluating
compounds effective against infection-induced seizures. However, to date only a
few compounds have been evaluated in this model, and a comprehensive study
of antiseizure medications (ASMs) has not yet been performed. Furthermore,
as the TMEV infection produces marked neuroinflammation, an evaluation of
prototype anti-inflammatory compounds is needed as well.

Methods: Male C57Bl/6] mice were inoculated with TMEV (day 0) followed by daily
administrations of test compounds (day 3-7) and subsequent handling sessions (day
3-7). Doses of ASMs, comprising several mechanistic classes, were selected based on
previously published data demonstrating the effect of these compounds in reducing
seizures in the 6 Hz model of pharmacoresistant seizures. Doses of anti-inflammatory
compounds, comprising several mechanistic classes, were selected based on pub-
lished evidence of reduction of inflammation or inflammation-related endpoints.
Results: Several prototype ASMs reduced acute seizures following TMEV in-
fection: lacosamide, phenytoin, ezogabine, phenobarbital, tiagabine, gabapen-
tin, levetiracetam, topiramate, and sodium valproate. Of these, phenobarbital
and sodium valproate had the greatest effect (>95% seizure burden reduction).
Prototype anti-inflammatory drugs celecoxib, dexamethasone, and prednisone
also moderately reduced seizure burden.

Significance: The TMEV model is utilized by the Epilepsy Therapy Screening
Program (ETSP) as a tool for evaluation of novel compounds. Compounds re-
ducing seizures in the TMEV comprise distinct mechanistic classes, some with
mechanisms of action that extend beyond traditional ASMs.
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1 | INTRODUCTION
The Theiler's murine encephalomyelitis virus (TMEV)
model is recognized as a model of viral-induced acute sei-
zures and subsequent temporal lobe epilepsy (TLE)."”
Following intracerebral injection of the Daniels strain of
TMEV, C57Bl/6] mice develop acute spontaneous and
handling-induced seizures.> *’. TMEV inoculation fol-
lowed by evaluation of spontaneous and handling-induced
seizures has been proposed as a platform for evaluating
compounds for the treatment of CNS infection-induced sei-
zures.® However, a comprehensive evaluation of antiseizure
medication (ASM) prototypes has not yet been conducted,
though some compounds (eg, valproic acid, carbamazepine,
minocycline, wogonin, and cannabidiol) have been evalu-
ated for their ability to prevent seizures in this model.**°
Several studies have examined the role of the immune
system and inflammation in response to TMEV infec-
tion.”*? For example, TGF-g levels are increased in TMEV-
infected mice that display seizures during the early (eg, day
0-10) postinfection period.! Inflammation in this model is
also marked by cytokine expression including interleukin
6 (IL-6), tumor necrosis factor alpha (TNFa), and IL-1 beta
(IL-1B)."* '* Further, TNFa-mediated signaling may be a
key inflammatory pathway contributing to acute seizures
following TMEV infection."* TMEV infection also produces
astrogliosis, astrocyte proliferation, microgliosis, microglial
proliferation, increased production of reactive oxygen spe-
cies (ROS), and neuronal cell loss'>*° in the hippocampus.
As inflammation and pro-convulsant cytokines can affect
neural circuit excitability and therefore potentially con-
tribute to the development of epilepsy,'” it is important to
identify compounds that can reduce inflammation as well
as compounds that can protect against acute seizures.
Traditional drug screening has employed seizure in-
duction by electrical or chemical means in naive mice or
rats.'® 1 After verification of antiseizure efficacy, more
time-intensive models can be employed to determine
whether selected compounds are effective against kin-
dled seizures or spontaneous seizures.”’ This approach
allows for identification and differentiation of novel com-
pounds and comparison to prototype ASMs. The major-
ity of currently available ASMs act via modulation of ion
channels, excitatory neurotransmission, or inhibitory
neurotransmission.*"* However, novel treatments for
seizures arising from CNS infections, inflammation, and/
or immune-related pathologies may include compounds
with mechanisms of action that extend beyond those of
traditional ASMs. For example, drugs acting to reduce in-
flammation or modulate immune system activity*>> may
be effective in reducing seizures in this model. Therefore,
the TMEV model of infection-induced seizures may aid
in the evaluation of novel ASMs with unique mecha-
nisms of action. Herein, we describe the evaluation of

Key Points

o The Theiler's murine encephalomyelitis virus
(TMEV) model is a model of viral-induced
acute seizures and subsequent temporal lobe
epilepsy (TLE).

« While some studies in this model have evalu-
ated prototype antiseizure medications (ASMs)
and anti-inflammatory drugs, there has not
been a comprehensive study encompassing
several mechanistic drug classes.

« Several ASMs, comprising multiple mecha-
nisms of action, reduced handling-induced sei-
zure burden during the acute infection period
following cortical injections of TMEV.

» Celecoxib and steroid compounds (dexametha-
sone and prednisone), but not diclofenac and
ibuprofen, also reduced seizure burden in this
model.

« The TMEV model is well suited to evaluate
both traditional ASMs and anti-inflammatory
compounds that may be effective in reducing
seizure burden following central nervous sys-
tem (CNS) infection.

several prototype ASMs, comprising several mechanisms
of action. Efficacy was assessed during the acute infection
period (day 3-7) following TMEV infection. Further, as
inflammation is known to contribute to seizure genera-
tion in this model, we also evaluated anti-inflammatory
compounds. This study sets the stage for future investi-
gations within the NIH/NINDS funded Epilepsy Therapy
Screening Program (ETSP).

2 | METHODS

21 | Compound preparation

All compounds were prepared in 0.5% methylcellulose
(Sigma), except for valproic acid, which was prepared
using saline (0.9% NaCl). Carbamazepine, clonazepam,
celecoxib, diclofenac, dexamethasone, ethosuximide,
ibuprofen, minocycline, phenobarbital, phenytoin, pred-
nisone, ezogabine, and valproic acid were obtained from
Sigma (Sigma). Gabapentin, levetiracetam, tiagabine, and
topiramate were obtained from TCI America. Lacosamide
was obtained from Axon Medchem, and lamotrigine was
obtained from AK Scientific. Doses for each compound are
shown in Tables 1-3. All compounds were administered
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as suspensions, with the exceptions of ethosuximide,
ezogabine, gabapentin, levetiracetam, tiagabine, and val-
proic acid.

2.2 | Dose selection

Doses of prototype ASMs were selected using efficacy ob-
served in the mouse 6 Hz (44 mA) model.”® Median effective
dose (EDs,) values obtained in the 6 Hz assay were used as
screening doses in the TMEV model. In some cases, lower
doses were used if initial studies suggested that the screen-
ing dose was not well tolerated. As anti-inflammatory
drugs do not consistently produce antiseizure efficacy in
the mouse 6 Hz model, doses for these compounds were
selected based on known dose ranges that reduce signs
of inflammation in mice (described below). For selected
compounds, the dose-response relationship in the TMEV
model was explored using multiple doses.

2.3 | Animals

Male C57Bl/6] mice, 4-5 weeks old, were obtained from
the Jackson Laboratory. Animals were allowed free ac-
cess to food and water, except during drug treatment and

TABLE 1
against handling-induced seizures

handling sessions. After delivery, animals were allowed
at least 4 days to habituate prior to inoculation. All mice
were housed in plastic cages, in rooms with controlled hu-
midity, ventilation, and lighting (12 hours on—12 hours
off). Animals were maintained in a manner consistent
with the recommendations in the “Guide for Care and
Use of Laboratory Animals” (National Research Council).
Housing, handling, and testing were performed in accord-
ance with Public Health Service policy and an animal pro-
tocol that was approved by the Institutional Animal Care
and Use Committee at the University of Utah. Animal
experiments were conducted in a manner consistent
with Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines (https://www.nc3rs.org.uk/arrive-
guidelines).

2.4 | TMEV infection and
postinfection monitoring

The study design for TMEYV infection followed by daily in-
jections and testing in shown in Figure 1. On Day 0, mice
were briefly anesthetized using a mixture of isofluorane
and oxygen (1.5%-3% isofluorane). Each mouse was in-
jected intracortically with 20 uL of the Daniels strain of
TMEV (3 x 10° plaque-forming units). The intracortical

Effect of prototype antiseizure compounds on seizure burden in the Theiler's murine encephalomyelitis virus (TMEV) model

Mouse 6 Hz % VEH Protection

(44 mA) Dose cumulative seizure (# Protected/#
Compound Mechanism of action ED? 50 mg/kg, IP  burden Tested)
Vehicle 100.0 + 18.8 5/20
Carbamazepine Na™ channel blocker 38.2 40 40.6 +13.8 10/17
Lacosamide Na* channel blocker 12.9 13 18.3 + 4.6** 6/20
Lamotrigineb Na® channel blocker 434 20 36.5+9.4 6/20
Phenytoin Na* channel blocker 44.6 20 15.6 &+ 4.5** 6/20
Ezogabine K" channel opener 32.5 20 46.8 + 8.1** 5/20
Clonazepam GABA, receptor modulator 0.17 0.2 33.7 +10.2 8/20
Phenobarbital GABA, receptor modulator 35.3 35 1.7 + 1.3%% 7/20
Tiagabine GABA reuptake inhibition 1.0 1.3 19.2 + 6.0** 4/20
Ethosuximide T-Type Ca** channel blocker 271 300 121 +22.3 5/20
Gabapentin a28 Ca** chanel modulator >500 350 9.8 + 3.3%Hx 4/20
Levetiracetam SV2A ligand >1000 1000 11.3 4 5.4k 10/20
Topiramate Mixed >300 300 42.7 +9.8* 3/20
Valproic Acid Mixed 239 239 0.6 + 0.6%*** 3/18

Note: Vehicle: 0.5% methylcellulose. *P < .05, **P < .01, ****P < .0001 compared to vehicle (VEH) seizure burden from the same testing cohort; Mann-Whitney
U test. The vehicle-treated group was in the same testing cohort as topiramate (300 mg/kg) and ethosuximide (300 mg/kg) and was representative of other

vehicle treatment groups.
*Metcalf et al, 2017.

bLamotrigine was administered once daily (QD), whereas other compounds noted were administered twice daily (BID).
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TABLE 2 Dose-response evaluation .
.. . % VEH Protection
of selected antiseizure medications . .
(ASM) prot in the Theiler’ . Dose mg/ Cumulative seizure (# Protected/#
pro otyp.e.s 1n. ¢ theriers murine Compound kg, IP burden Tested)
encephalomyelitis virus (TMEV) model
against handling-induced seizures Carbamazepine 10 141+£19 3/20
20 72 +17 7/20
40* 40.6 + 13.8 10/17
Ethosuximide 300° 121.4 + 22.3 5/20
400 44.2 + 9.0** 8/20
Levetiracetam 10 54.1 + 8.7 3/20
30 33.9 + 7.5%* 4/20
350 35.9 + 7.0%* 3/20
700 21.9 + 4.9%%F* 3/20
1000* 11.3 4 5.4 10/20
Phenytoin 2.5 112.9 + 16.9 1/20
5 80.5+17.4 6/20
10 84.0 + 15.0 1/20
20% 15.6 + 4.5** 6/20
Ezogabine 15 473 +16.2 11/17
20* 46.8 + 8.1*%* 5/20
Valproic Acid 50 77.9 + 18.4 7/20
100 51.3 +15.1 11/20
200 52.3 + 159 8/20
239° 0.6 + 0.6+ 3/18
Phenobarbital 20 4.0 + 3.0%** 7/20
35% 1.7 £ 1.3%%%* 4/20

Note: **P < .01, ***P < .001, ****P < .0001 compared to vehicle (VEH) seizure burden from the same
testing cohort; Mann-Whitney U test.

*Data from Table 1.

injection was performed unilaterally to a depth of 2 mm
in the parietal region of the right hemisphere as previously
described (posterior and medial to the right eye).> > %1%
15,27, 28 Thoculation occurred at day 0, which was followed
by daily handling sessions (including cage shaking, and
individual handling of mice, lasting a total of 1-2 minutes
per mouse) starting on day 1 and continuing through day 7.
Post-inoculation days 3-7 included once or twice-daily drug
injection followed by monitoring sessions, which included
cage agitation and individual handling (handling of the tail
and rotation of the mouse 3-5 times). The day 3-7 obser-
vation period was based on previous work demonstrating
the occurrence of handling-induced seizures starting at day
3 and reaching a maximum around day 5.> *®#’ Animals
were observed at the time of injection and one hour after
injection for the presence of seizures. An experimenter
blinded to treatment group observed seizures during the
postinjection monitoring session. Seizure burden allows
for incorporation of both seizure frequency and severity
and is used in both clinical and preclinical settings.* *"» %!
Seizure burden was used as the primary outcome measure

in this model. A heat map was generated for each treatment
group, showing seizure scores for each observation made,
and used for visualization of experimental data and quanti-
fication of cumulative seizure burden (Figure 2). Data pre-
sented herein include the postinjection monitoring sessions
(main body) and time of injection observations (Tables S1-
S3). During this time, mice were observed for behavioral
seizures, which were quantified using the Racine scale.*
Experimenters observing seizures during handling sessions
were blinded to experimental treatments.

2.5 | Compound administration

Test compounds were administered in an optimal fluid-
to-body volume ratio (0.01 mL/g). All compounds were
administered by intraperitoneal (IP) injection either twice
daily (BID) or once daily (QD), 1 hour prior to handling
sessions, on days 3-7 postinfection. The only exception
was gabapentin, which was administered two hours
prior to daily handling sessions. Pretreatment times were
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TABLE 3
model against handling-induced seizures

Mechanism of Dose mg/kg,
Compound action IP
Diclofenac NSAID 5
10
Ibuprofen NSAID 10
50
Celecoxib Cox-2 inhibitor 5
10
Dexamethasone Corticosteroid 20
Prednisone Corticosteroid 5
10
20°
Minocycline Unknown 50?

Effect of prototype anti-inflammatory compounds on seizure burden in the Theiler's murine encephalomyelitis virus (TMEV)

Protection

% VEH (# Protected/#
Cumulative seizure burden Tested)

742 +17.1 8/20

74.6 +£19.8 10/20

110 + 14.0 2/20

60.8 +12.8 7/20

69.5 +9.1* 2/20

73.7 + 8.6* 1/20

38.3 + 6.1k 4/20

91.8 +£15.0 4/20

108 + 15.5 3/20

68.3 + 8.2* 2/20

58.0 +£14.2 6/19

Note: *P < .05, ****P < 0001 compared to VEH seizure burden from the same testing cohort; Mann-Whitney U test.

“Compound was administered once daily (QD), whereas other compounds noted were administered twice daily (BID).

|._ Drug (BID, IP) _.|

seizure

monitoring
(twice daily)

Days post-TMEV infection

FIGURE 1

Study design for screening of compounds in the Theiler's murine encephalomyelitis virus (TMEV) model. Treatment

groups (N = 20 male C57Bl/6J mice per group) are infected via intracortical injection (Day 0) with TMEV. Each group received twice-daily

intraperitoneal injections starting on Day 3 and continuing through Day 7 (Day 3-Day 7) intraperitoneal injections. One or two hours

following injection, animals were subjected to handling epochs and observed for handling-induced seizures (twice daily, Day 3-Day 7)

determined according to known (eg, 6 Hz model) times
of peak effect for each compound. A minimum period of
one hour was required for pre-treatment, to allow for ani-
mals to recover from any seizures that may occur during
handling for injections. For compounds administered QD,
the compound was administered in the morning, followed
by a vehicle (VEH) injection for the afternoon treatment
and monitoring session. Thus, all animals received two
daily handling sessions as well as two injections (9 AM
and 3 PM injections, 10 AM and 4 PM handling sessions,
D3-D7). Each treatment cohort consisted of N = 20 mice
for each treatment arm. A power analysis suggests that
this group size is sufficient to identify a 50% reduction of
seizure burden (standard deviation 50%, alpha 0.05, power

80%). Treatment cohorts consisted of two or three treat-
ment arms and always included a TMEV + VEH-treated
group (eg, TMEV inoculation followed by day 3-7 VEH
administration), as well as one or two treatment groups.

2.6 | Statistical analysis

Data are presented as means + standard error. Daily
seizure scores were summed in order to obtain a cu-
mulative seizure burden for the day 3-7 period. As
seizures may occur during the time of injection as a
consequence of handling, analysis was performed only
using seizures observed following treatment (ie, during
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Seizure score
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FIGURE 2 Example heat map for screening of levetiracetam (LEV) in the Theiler's murine encephalomyelitis virus (TMEV) model.
LEV or vehicle (VEH) was administered twice daily at a dose of 1000 mg/kg (intraperitoneal administration) starting on Day 3 and
continuing through Day 7 (Day 3-Day 7) following inoculation. One hour following each injection, animals were subjected to handling
epochs and observed for handling-induced seizures (AM and PM for each day). If seizures were observed during LEV or VEH administration
(DI), seizures scores were noted. Racine scores of 1-3 are noted in green whereas generalized seizures (score 4-5) are noted in yellow and
orange, respectively
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posttreatment handling sessions® *7). Cumulative sei-
zure burdens were obtained for each cohort of animals.
Each animal's cumulative seizure burden was normal-
ized to the group mean seizure burden of the vehicle-
treated TMEV group and presented as a percentage
of the seizure burden of the TMEV + VEH treatment
group. Statistical comparisons were made between
each treatment group and the VEH control group
(TMEV + VEH) tested in the same cohort of mice and
compared using a Mann-Whitney U test. Although a
drug or dose tested may significantly reduce seizure
burden, it is also important to know whether the con-
dition tested eliminated motor seizures in animals
tested. Therefore, the number protected value was also
used as another measure for assessing drug efficacy,
wherein animals were considered protected if they
did not display any Racine scale seizures greater than
2. Therefore, data are also presented as number pro-
tected/number tested, and these values were compared
to vehicle data (number protected/number tested) for
animals treated with vehicle during the same cohort as
the drug analyzed (Fisher's exact test).

3 | RESULTS
3.1 | Prototype ASMs can reduce
seizures induced by TMEV

Behavioral generally seizures lasted 15-60 seconds but
seizure duration was not quantified for the purposes of
this study. Each animal had only one seizure during each
observation session (during injection and during postin-
jection monitoring). Across several cohorts of mice, a ma-
jority of VEH-treated animals consistently demonstrated
behavioral seizures. Several prototype ASMs were tested
in order to determine whether these compounds could re-
duce seizure burden for TMEV-induced seizures during
the acute infection period (see Tables 1 and 2). Doses of
each compound were selected largely based on the EDs,
values, where possible, in the mouse 6 Hz (44 mA) model
of psychomotor seizures.”® The doses described for all
compounds evaluated were well tolerated, with the excep-
tion of lamotrigine, phenytoin, and phenobarbital, which
produced ataxia and sedation at the initial doses tested.
As shown in Table 1, sodium channel blockers were
variably effective in this model at reducing handling-
induced seizures. Initial studies with lamotrigine showed
that BID treatment (20 mg/kg) reduced seizures, but was
not well tolerated (data not shown). Therefore, lamotrig-
ine was administered QD (20 mg/kg), which did not re-
duce seizures. Similarly, phenytoin was administered at an
initial dose of 40 mg/kg, but was not well tolerated (study

halted before completion, data not shown), and the dose
was reduced to 20 mg/kg. This dose of phenytoin signifi-
cantly reduced seizure burden (P < .01, Table 1). Similarly,
lacosamide (13 mg/kg) also significantly reduced seizure
burden (P < .01, Table 1). The GABA , receptor modulators
clonazepam and phenobarbital, and the GABA reuptake
inhibitor tiagabine, were also evaluated in this model (see
Table 1). While clonazepam did not significantly reduce
seizures, phenobarbital reduced seizure burden, but only
at a poorly tolerated dose (35 mg/kg, P < .0001, Table 1;
sedation, lethargy, ataxia were observed). The GABA re-
uptake inhibitor tiagabine (1.3 mg/kg) also significantly
reduced seizure burden (P < .01, Table 1). Table 1 also
includes data from compounds acting on Ca** chan-
nels and compounds with mixed mechanisms of action.
Gabapentin was not effective in the mouse 6 Hz (44 mA)
model® at doses up to 500 mg/kg, and therefore, we
identified a dose (350 mg/kg) that was approximately 2x
greater than doses that are effective in in pentylenetetra-
zol and maximal electroshock seizure models®* ** Despite
lack of efficacy in the mouse 6 Hz model, gabapentin sig-
nificantly reduced seizure burden at this dose in TMEV-
treated mice (P < .0001, Table 1). Similarly, levetiracetam
is not efficacious (up to 1000 mg/kg) in the mouse 6 Hz
(44 mA) model,? and therefore, a dose of 1000 mg/kg was
used in the present experiments and significantly reduced
seizure burden and was well tolerated (P < .0001, Table 1).
Also, topiramate was evaluated at a maximally tolerated
dose (300 mg/kg) and modestly, but significantly, reduced
seizure burden (P < .05, Table 1). The potassium channel
modulator, ezogabine, also moderately reduced seizure
burden at the dose tested (20 mg/kg, P < .01, Table 1).
Sodium valproate, at a dose equivalent to the 6 Hz 44 mA
EDs, (239 mg/kg) significantly reduced seizure burden
(P < .0001, Table 1).

Following initial experiments using prototype ASMs,
selected compounds were evaluated at additional doses.
Carbamazepine did not significantly reduce seizure
burden (Table 2), up to a dose of 40 mg/kg. Additional
doses of carbamazepine were not attempted, as the me-
dian toxic dose of this compound in mice is ~45 mg/kg.*
Ethosuximide at a dose of 400 mg/kg (1.3-fold higher
than the initial dose tested) had a modest, but significant
effect on seizure burden (Table 2). Additional doses of
this compound were not attempted, as the median toxic
dose of this compound is ~350 mg/kg.?® Levetiracetam
was evaluated at high doses (350, 700, and 1000 mg/kg)
as well as low doses (10 and 30 mg/kg). Interestingly,
levetiracetam dose-dependently reduced seizure bur-
den, with significant seizure burden reduction at doses
of 30-1000 mg/kg (Table 2). Although the initial dose
of phenytoin reduced seizure burden, subsequent lower
doses (2.5/5/10 mg/kg) had no effect on seizure burden
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(Table 2). Ezogabine had a modest but significant effect
on seizure burden at a dose of 20 mg/kg (Table 2), but
with similar efficacy to that observed at a lower dose
(15 mg/kg) (Table 2). While valproic acid dramatically
reduced seizures at the initial dose tested (239 mg/kg),
lower doses (200/100/50 mg/kg) did not similarly re-
duce seizure burden (Table 2), in contrast to previously
published data.® Because the screening dose of pheno-
barbital was effective but with notable side effects, a
lower dose of 20 mg/kg was tested. This dose was well
tolerated and significantly reduced seizures (P < .001,
Table 2).

Finally, for all compounds tested, the number pro-
tected was obtained for each condition and it was ob-
served that no dose for any drug tested significantly
affected protection from motor seizures. Although
some compounds (carbamazepine, levetiracetam)
show apparent dose-related increases in the number
of protected animals, this was not consistently seen
with other compounds (phenytoin, ezogabine, valproic
acid, and phenobarbital). Further, this lack of signifi-
cant changes in the number protected was independent
of whether drugs/doses significantly reduced seizure
burden.

3.2 | Prototype anti-inflammatory
corticosteroids, but not nonsteroidal
anti-inflammatory drugs or minocycline,
reduced seizure burden in the

TMEYV model

Following evaluation of standard ASMs, we next sought
to determine whether anti-inflammatory compounds
can reduce seizures following TMEV infection. The non-
steroidal anti-inflammatory drugs (NSAIDs) diclofenac
(10 mg/kg) and ibuprofen (50 mg/kg) did not reduce sei-
zure burden (Table 3). Further, celecoxib (5 and 10 mg/
kg) had a minor but significant effect on seizure burden
(Table 3). By contrast, dexamethasone (20 mg/kg) was
highly efficacious in reducing seizure burden follow-
ing TMEV infection (Table 3). Prednisone (20 mg/kg)
produced a modest decrease in seizure burden following
TMEYV infection (Table 3). Minocycline (50 mg/kg) was
administered QD, based on previous experience with
this compound suggesting BID treatment was not well
tolerated (data not shown), and did not significantly re-
duce seizure burden at the dose tested (Table 3). Finally,
as it was observed for prototype ASMs, no drug or dose
tested significantly affected the number protected, de-
spite some conditions significantly affecting seizure
burden.

Epilepsia Open®

4 | DISCUSSION

CNS infections can produce acute seizures*> and contrib-
ute to the development of epilepsy in humans.*® *” While
infection-related seizures occur at a lower rate in much of
the developed world, it can be a significant problem in un-
derdeveloped countries.’® Further, seizures arising from
CNS infection may be physiologically unique compared
to other seizure types, as they may result from infection-
related inflammation, fevers, or unknown causes.’’
While currently available ASMs may demonstrate effi-
cacy in acute seizure screening models or in chronic epi-
lepsy models, until the present studies, it was unknown
whether these ASMs could be effective in preventing vi-
rally induced seizures. Herein, we have demonstrated that
several prototype ASMs are effective in reducing seizure
burden in the TMEV model at doses that are also effec-
tive in a model of refractory partial seizures. In addition,
the TMEV model is utilized by the Epilepsy Therapy
Screening Program (ETSP) as a screening tool for evalu-
ation of investigational compounds active against special
populations of epilepsy.”’ Given the unique mechanism
for seizure generation in this model, test compounds
that demonstrate efficacy in this model may also have
unique mechanisms of action that go beyond traditional
ASM mechanisms and suggest utility in different patient
populations.

Several ASMs, with varying mechanisms of action,
were effective in this model. The sodium channel block-
ers lacosamide and phenytoin were effective in reducing
seizure burden, whereas carbamazepine and lamotrigine
did not significantly reduce seizures. This differs from pre-
viously published data, although of note the current study
used a higher viral titer during infection.® The GABA
reuptake inhibitor tiagabine and the GABA, receptor
modulator phenobarbital significantly reduced seizures.
In contrast, the GABA, receptor modulator clonazepam
was ineffective. Gabapentin (calcium channel modulator),
levetiracetam (SV2A ligand), topiramate (mixed mech-
anism), and valproic acid (mixed mechanism) were also
efficacious in this model. These data suggest that seizures
in this model may be refractory to some of the currently
approved ASMs at the doses tested in this study.

In order to determine appropriate doses to test for the
TMEV model, the mouse 6 Hz 44 mA model is useful
in estimating effective dose(s). However, in cases where
compounds are not effective in the mouse 6 Hz 44 mA
model, other acute seizure or epilepsy models may be
used to inform a dosing strategy. For example, levetirac-
etam has limited effect in the 6 Hz 44 mA assay*® * and
the maximal electroshock test*” ** but potently blocks sei-
zures in the mouse corneal kindling assay.*” *! Therefore,
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levetiracetam was evaluated in the TMEV model at higher
doses of 350-1000 mg/kg, corresponding to the dose range
previously used to evaluate levetiracetam in the mouse
6 Hz 44 mA assay,”’ 40.42 3nd doses of 10 and 30 mg/kg,
corresponding to doses that are effective in corneal kin-
dling.*> *! Interestingly, levetiracetam reduced seizures
in the TMEV model at a dose of 30 mg/kg as well as
higher doses of 350, 700, and 1000 mg/kg. It is currently
unknown whether the potency of levetiracetam in this
model is related to the primary mechanism of action for
levetiracetam (eg, SV2A modulation) or other potential
mechanisms that reduce inflammation.***

TMEV-mediated infection has been associated with
innate immune system-mediated inflammation which in-
cludes a “cytokine storm”.'* ' Therefore, compounds with
anti-inflammatory activity may be effective in this model.
To this end, we also evaluated several broad-spectrum
prototype anti-inflammatory compounds. Doses used
for screening of anti-inflammatory compounds were se-
lected based on known CNS anti-inflammatory effects.
Diclofenac crosses the blood-brain barrier after periph-
eral administration,” and was administered at a dose
that reduces carrageenan-induced inflammation in mice
(10 mg/kg IP).* This dose of diclofenac also reduces sei-
zures in the electroshock seizure model*” in mice and the
pentylenetetrazol kindling model in rats.*® Ibuprofen was
administered at a dose (50 mg/kg) that reduces disease
progression in an Alzheimer's disease model* and reduces
zymosan-induced ear inflammation in mice.”® Ibuprofen
also reduces electroconvulsive seizures, but only at a dose
of 100 mg/kg.”" Celecoxib was administered at doses (5-
10 mg/kg) that have been shown to possess analgesic and
anti-inflammatory effects in rodents. For example, ce-
lecoxib at comparable doses reduces inflammation in a
model of autoimmune encephalitis®® and pain behaviors in
a model of inflammatory hyperalgesia (EDs, ~8 mg/kg).>®
However, a dose of 10 mg/kg of celecoxib was without effect
against electroshock seizures in mice.”” Dexamethasone
was administered at a dose twofold greater than a dose that
reduces maximal electroshock-induced seizures in a model
of sepsis™* and which is fivefold to sixfold greater than a
dose that reduces central and peripheral inflammation in
mice.”> 3 Prednisone was administered in a dose range
(5-20 mg/kg) that has been shown to reduce experimental
autoimmune encephalomyelitis in mice (in combination
with minocycline),”” reduces carrageenan-induced paw
edema in rats,”™ and reduces signs of adjuvant-induced
rheumatoid arthritis in rats.”* Minocycline did not affect
seizure burden, as demonstrated previously.*’

Epilepsy involves a number of neuropathological pro-
cesses, both during the development and maintenance of
chronic seizure states. For example, there is increasing ev-
idence that neuroinflammation plays an important role in

several types of epilepsy,'’ especially those that involve en-
cephalopathies arising from acute or chronic infections.*’
In this manner, the TMEV model is well suited to identify
potential therapies for inflection-related seizure condi-
tions. Inflammation plays a critical role in driving acute
seizures in this model.> % 13 152760 purthermore, as sei-
zures following TMEV infection are be driven largely by
inflammation,® % % 13 the TMEV model can be used to
screen compounds with anti-inflammatory mechanisms
of action for seizure reduction. Of note, however, in these
studies several antiseizure and anti-inflammatory agents
were screened using twice-daily administration. These
treatment conditions were not optimized for half-life and
exposure but were rather used as a means for screening of
these compounds. Further studies with optimal drug ad-
ministration paradigms would be needed for further study
of specific drugs evaluated herein.

Various forms of epilepsy, such as childhood epileptic
encephalopathies and mesial temporal lobe epilepsy, tend
to involve greater rates of pharmacoresistance, have a
pronounced neuroinflammatory component, and tend to
respond to immunomodulatory therapies.*> *” Cytokines,
prostaglandins, and other immune signaling molecules
can become elevated following seizures in various animal
models and have wide-ranging effects on seizure patho-
physiology, including increasing intracellular calcium,®" ¢
upregulating sodium channels,®® reducing HCN and TRP
channels® and activation of microglia and astrocytes.'”
65 Therefore, as the TMEV model has a strong inflamma-
tory component, this model is useful for evaluating com-
pounds with anti-inflammatory mechanisms that may be
efficacious in types of epilepsy where inflammation plays
a role in seizure susceptibility. We observed that the anti-
inflammatory steroid dexamethasone reduced seizures to
an extent similar to that of the ASMs that were effective in
this model. Dexamethasone can reduce seizures following
lithium-pilocarpine, with varying efficacy,”® but has not
been extensively evaluated for its potential antiseizure ef-
fects. The efficacy of DEX in this model is consistent with
the putative pathophysiology behind TMEV-induced sei-
zures and that reduction of inflammation may be a viable
means to prevent seizures. However, it is noteworthy that
the NSAIDs DCL and IBU were ineffective in this model
when administered at maximally tolerated doses. While
CXB significantly reduced seizures, the effect was moder-
ate at the doses tested. Similarly, PDN modestly reduced
seizures. Therefore, despite evidence that reduction of
inflammation can prevent seizures in the TMEV model,
additional work is needed to further explore other anti-
inflammatory mechanisms in this model to better under-
stand which may be viable drug candidates. This work, for
example, may include specific targeting of cytokines or
prostaglandins.
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The number protected value was used as another mea-
sure for assessing drug efficacy, allowing for evaluation of
whether the drug tested eliminated motor seizures in any
animals tested. For all conditions tested in this report, it
was observed that there were no significant improvements
in number protected, despite several drugs and conditions
being effective in reducing seizure burden. This observa-
tion is noteworthy, as it suggests a need for compounds
that not only improve seizure burden, but also eliminate
or dramatically reduce motor seizures in a majority of
individuals tested. Therefore, future endeavors with this
model should continue to use the number protected as an
indicator of compound efficacy.

The endpoint of seizure protection was applied to this
data set and demonstrated that none of the drugs eval-
uated completely blocked behavioral seizures. Further,
none of the anti-inflammatory agents used in this study
led to significant protection in a large number of animals.
It is therefore likely that cumulative seizure burden is the
more reliable endpoint for identifying compounds effec-
tive in this model. Furthermore, although inflammation
plays a key role in the development of seizures following
TMEV infection, future studies are needed with general
(eg, steroid and nonsteroid anti-inflammatories) and spe-
cific (eg, cytokine inhibitors or comparable agents) drugs,
administered using bioanalytical methods to confirm ex-
posure sufficient to reduce inflammation. The primary
outcome measure in the current study was seizure bur-
den. However, other measures of behavioral seizures (sei-
zure frequency) may be similarly useful to evaluate drug
efficacy. Combination video and electroencephalography
monitoring with subchronic drug administration may
provide further information about potential drug efficacy.
Finally, in the present study male animals were used for
screening and evaluation of prototype compounds. Both
male and female C57Bl/6J mice infected with TMEV
have behavioral seizures. " Female mice may be dif-
ferentially responsive to ASMs,”® which may similarly be
present in this seizure model. Future studies comparing
prototype compounds in this model may suggest potential
sex-dependent differences.

In summary, the TMEV model has been previously
shown to be a useful model to study the pathophysiol-
ogy of infection-induced seizures and the development
of TLE. Herein, we demonstrate that evaluation of ASMs
and anti-inflammatory compounds for their potential to
reduce seizures during the acute infection period may
help to differentiate compounds with novel mechanisms
of action. We observed that some ASMs with varying
mechanisms of action reduce seizures in this model at
doses that are effective in the 6 Hz 44 mA model, a model
of pharmacoresistant epilepsy. We also demonstrated dose
dependency of efficacy in this model with several ASMs.

Finally, we showed that dexamethasone reduced seizure
burden in this model and that other compounds, includ-
ing prednisone and celecoxib, were mildly effective and
that the NSAIDS were ineffective. This pharmacologic
profile of the TMEV model may be helpful in designing
and identifying novel drugs for various forms of epilepsy.
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