Intestinal Dysbiosis Alters Seizure Burden and Antiseizure Medicine Activity Profile in the
Theiler’s Virus Model of Acute Encephalitis

Inga Erickson

A thesis submitted in partial fulfillment of the requirements for the degree of

Master of Science

University of Washington

2024

Committee:
Melissa Barker-Haliski

Kenneth Thummel

Program Authorized to Offer Degree:

Pharmaceutics



©Copyright 2024

Inga Erickson



University of Washington

Abstract

Intestinal Dysbiosis Alters Seizure Burden and Antiseizure Medicine Activity Profile in the

Theiler’s Virus Model of Acute Encephalitis

Inga Erickson

Chair of the Supervisory Committee
Melissa Barker-Haliski

Department of Pharmacy

Background: Epilepsy is a neurological disorder characterized by recurring, unprovoked
seizures and chronic cognitive comorbidities. Epilepsy can arise due to numerous factors,
including genetics, brain injury, and central nervous system infection. Brain infection with
Theiler’s murine encephalomyelitis virus (TMEV) in C57BL/6J mice is thus a relevant animal
model of infection-induced acute seizures and epileptogenesis. Acute seizures in this model are
driven by brain infiltration of peripheral immune system macrophages, which secrete pro-
inflammatory cytokines that further accelerate brain inflammation'. Diet formulation can
dramatically modify the presentation of acute seizures in TMEV-infected mice and influence the
diversity and composition of the intestinal microbiome (Zierath et al, Epilepsia 2024)? that
critically shapes immune system reactivity. However, whether antibiotic-induced gut
microbiome dysbiosis influences the phenotype of symptomatic seizures after TMEV infection is
unclear. Further, no study has assessed whether antibiotic-induced intestinal dysbiosis influences

antiseizure medicine activity (ASM) in the TMEV model. We thus sought to define the extent to



which antibiotic administration influenced acute seizure presentation, the anticonvulsant activity
of the prototype ASM, carbamazepine (CBZ), and pharmacokinetics of this ASM in this mouse
seizure model. We hypothesized that there would be an effect of intestinal dysbiosis on seizure
burden and ASM efficacy in the TMEV model and that this change would be independent of

pharmacokinetic differences.

Methods: Male C57BL/6J mice (4-5 weeks-old) received a broad-spectrum antibiotic cocktail
(ABX) containing ampicillin, metronidazole, neomycin sulfate, and vancomycin (n=55) or
vehicle (n=60) by oral gavage (p.o.) once daily beginning at arrival (Day -2) to Day 7 post-
TMEYV infection (p.i.) to induce intestinal dysbiosis. Mice were then infected with either
intracerebral TMEYV or PBS on Day 0. Mice received carbamazepine (CBZ; 20 mg/kg) or
vehicle (VEH, 0.5% MC) intraperitoneally (i.p.) twice daily Days 3-7 p.i. and were assessed for
handling-induced seizures 30 min after CBZ treatment. Plasma was collected on Day 7 p.i. at 15
and 60 min post-CBZ treatment to quantify the extent to which ABX-induced gut dysbiosis

influences ASM pharmacokinetics.

Results: TMEV infection induced acute symptomatic seizures, regardless of pretreatment and
CBZ history. There were 18/25 (72%) ABX-CBZ mice, 7/20 (35%) ABX-VEH mice, 7/20
(35%) SAL-CBZ mice, and 15/20 (75%) SAL-VEH mice that presented with seizures during the
7-day monitoring period. Average seizure burden was: 12.5 in ABX-CBZ, 4.7 in ABX-VEH, 5.7
in SAL-CBZ, and 16.1 in SAL-VEH mice. There was a significant pretreatment x ASM
interaction (F (1, 81) = 16.0, p=0.0001), with post-hoc tests revealing marked differences in

seizure burden in SAL- versus ABX-pretreated mice (p=0.004). Further, CBZ administration



significantly increased the latency to Stage 5 seizure during days 3-7 p.i.; an effect that was not
present in ABX-treated mice similarly administered CBZ. In TMEV-infected mice, spleens were
0.32% of body weight in ABX-CBZ mice, 0.34% in ABX-VEH mice, 0.36% in SAL-CBZ mice,
and 0.38% in SAL-VEH mice. In sham-infected mice, spleens were 0.45% of body weight in
ABX-CBZ mice, 0.65% in SAL-CBZ mice, and 0.36% in SAL-VEH mice. Plasma CBZ
concentrations did not differ between SAL and ABX pretreatment groups (F (3, 37) = 0.3468),

suggesting that ABX history did not influence CBZ pharmacokinetics.

Conclusion: Antibiotic-induced gut dysbiosis markedly altered the presentation of symptomatic
seizures and acute disease burden in the TMEV mouse model, reflecting a novel therapeutic
target for seizure control: the gut microbiome. ABX-induced gut dysbiosis also significantly
changed acute seizure control by CBZ, but did not significantly influence plasma concentrations
of CBZ. The gut-brain axis is thus a relevant contributor to the clinical course of TMEV
infection. This study altogether demonstrates that the gut-brain axis is an understudied

therapeutic target in epilepsy that may benefit from greater investigation.
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Introduction:

Epilepsy is a neurological disorder characterized by recurrent, unprovoked seizures and cognitive
comorbidities. Epilepsy affects more than 65 million people worldwide. It is especially common
in pediatric and older adult populations®, and is more prevalent in low- and middle-income
countries®. There are many causes of epilepsy, including trauma, stroke, neoplasm, and
infection®. Genetic causes are increasingly identified as contributing to a large portion of
previously idiopathic epilepsies®. Regardless of etiology, the most common treatment options
for epilepsy are antiseizure medications (ASMs). Over 20 effective ASMs are currently on the
market. However, these drugs come with significant adverse effects such as cognitive
impairment, teratogenicity, and hepatotoxicity. Further, approximately 30% of people with
epilepsy do not achieve adequate seizure control with currently available ASMs®, such that novel
therapeutic targets and management strategies are necessary. Other treatment options include
resective surgery, neurostimulation, and dietary modifications, although these strategies are only

an option for some patients with specific disease parameters.

Epilepsy is a long-term complication of viral infection-induced encephalitis. Patients with viral
encephalitis and seizures are at higher risk of developing epilepsy post-infection (up to 22
times)’. Viral infection-induced epilepsy accounts for a significant portion of the total worldwide
epilepsy burden, especially in low- and middle-income countries such as Ecuador (14%) and
Mali (47%)8. Infection-induced epilepsy is more likely to be pharmacoresistant. Therefore,
preclinical studies of viral infection-induced epilepsy are useful to comprehensively address the

clinical spectrum of acquired epilepsy.



There are few animal models of infection-induced acute seizures and epilepsy. However, one
particularly useful model is evoked by brain infection with the Theiler’s murine
encephalomyelitis (TMEV). TMEV is a non-enveloped, positive-stranded RNA virus in the
Picornaviridiae family?'°!!, When C57BL6/J mice are infected with TMEV delivered into the
brain, they develop acute, symptomatic seizures around day 3 p.i., then clear the virus'?2. When
monitored several months p.i., anywhere from 50-65% of mice that initially presented with acute
symptomatic seizures will develop spontaneous recurrent epileptic seizures, i.e. epilepsy'>.
Further, TMEV-infected mice that initially presented with acute symptomatic seizures during the
infection period demonstrate reduced seizure threshold long-term and exhibit cognitive and
behavioral deficits, consistent with clinical comorbidities of epilepsy!'?!#!°. Finally, mice that
develop acute seizures and epilepsy also present with extensive hippocampal damage, further
demonstrating that the TMEV mouse model provides an important preclinical platform to study

ictogenic mechanisms.

The gut microbiome has been increasingly recognized to be an important modifier of epilepsy
pathology and treatment response. The gut microbiome plays a role in carbohydrate and amino
acid metabolism, microglial and astrocytic function, and hippocampal neurotransmitter levels!®,
all of which directly contribute to the progression and severity of epilepsy. Patients with drug-
resistant epilepsy have an altered gut microbiome compared to patients with drug-sensitive
epilepsy and healthy controls!’. Microbiome changes have also been shown to influence animal
models of epilepsy. Medel-Matus et. al used chronic stress as a microbiome modulator in an
amygdala-kindled rat model of epilepsy!®, showing that the stress-induced gut dysbiosis led to

more rapid epileptogenesis and increased severity of seizures. In humans, the ketogenic diet has



been used for over a century to treat a variety of epilepsy syndromes. It can reduce the seizure
burden and improve cognitive and motor functions in children with drug-resistant epilepsy'®.
Further, the ketogenic diet alters the gut microbiome, and these alterations may be responsible
for the anti-seizure effects of the diet?°. Thus, environmental factors that modify the composition

and diversity of the gut microbiome may directly modulate seizure susceptibility and burden.

Despite the high translational validity and etiological relevance to worldwide epilepsy
prevalence, seizure burden and antiseizure medicine (ASM) efficacy is variable in the TMEV
model. The diet that the mice are fed can modify the presentation of acute seizures in TMEV-
infected mice?!. Indeed, modulation of the formulation and sterilization of diet during acute
TMEYV infection is associated with marked differences in disease phenotype, and these dietary
changes are associated with marked variability in the diversity and composition of the gut
microbiome?. While less rigorously scrutinized, there is also evidence of variability in the
efficacy of ASMs against TMEYV induced seizures. Metcalf et al. demonstrated that levetiracetam
(LEV) has an anti-convulsant effect?’, with 50% of TMEV-infected mice protected from
handling-induced seizures. In contrast, Barker-Haliski et al. showed that a similar course of LEV
administration was pro-convulsant in the TMEV model?}, with LEV increasing both cumulative
seizure burden and total seizure burden. Therefore, we hypothesized that these differences in
acute seizure presentation and ASM efficacy in the TMEV model are due to alterations in the gut

microbiome.

To fill this knowledge gap, we thus sought to define the extent to which antibiotic (ABX)

administration-induced depletion of the gut microbiome can influence acute seizure presentation,



seizure-induced neuropathology and clinical disease progression, the anticonvulsant activity of a
prototype ASM, carbamazepine (CBZ), and the pharmacokinetic profile of this ASM in the
TMEYV infection-induced acute seizure model in mice. This study provides essential insight to
definitively demonstrate that acute disease progression and ASM activity can be meaningfully

influenced by the gut microbiome.

Methods:

Animal Handling and Diet Assignment. Male, wild type C57BL/6J, mice (n=115; 4-5

weeks old; Jackson Labs, Bar Harbor, ME) were group-housed throughout the infection and
monitoring period (n=5/cage). Animals were given free access to autoclaved diet (ProLab RMH
3000) and filtered water except during periods of behavioral manipulation, as previously
described!®. Animals were maintained in standard housing chambers with corncob bedding in a
temperature-controlled SPF vivarium on a 14:10 light/dark cycle (lights on: 6h00, lights off:
20h00) as previously detailed?. All studies were conducted between the hours of 9h00 and
17h00 during the animals’ light phase. This study was not designed to assess the impact of sex as
a biological variable or the impact of sex hormones on seizure severity, thus only male mice
were used. All animal use was approved by the University of Washington Institutional Animal
Care and Use Committee (protocol 4387-02), conformed to the ARRIVE Guidelines, and was
conducted in accordance with the United States Public Health Service's Policy on Humane Care

and Use of Laboratory Animals.

Chemical and Reagents. In vivo drug administration studies. Methylcellulose (VEH;

Sigma Aldrich catalog #M0430), carbamazepine (CBZ; Sigma Aldrich catalog #C4024). CBZ



administered to mice was suspended in VEH. Ampicillin (Eugia US LLC, NDC 55150-114-20),
Metronidazole (Azurity Pharmaceuticals, NDC 65628-0202), Neomycin Sulfate (Aspen
Veterinary Resources Ltd., NDC 46066-211-07), and Vancomycin (Azurity Pharmaceuticals,
NDC 65628-208-10) were dissolved in saline. LC-MS/MS studies. 7-chloro-1,3-dihydro-1-
methyl-5-(phenyl-2,3.4,5,6-ds)-2H-1,4-benzodiazepin-2-one (diazepam-d5) was purchased from
Cayman Chemical (Ann Arbor, MI). MS-grade acetonitrile (ACN) and methanol (MeOH) were
purchased from Fisher Scientific (Pittsburgh, PA). Formic Acid (FA) 88% ACS grade was
purchased from Sigma Aldrich (St. Louis, MO). All stock drug solutions, buffers, and HPLC
mobile phase were prepared using Milli-Q grade water (Millipore, Bedford, MA). All other
consumables were purchased from Fisher Scientific (Pittsburgh, PA). Histopathology studies.
Fluoro-Jade C (FJ-C; Histochem catalog #2FJC), Shandon FormalFixx, (Fisher catalog
#9990234), Potassium Permanganate (KMnOs; Sigma Aldrich catalog #223468), Acetic Acid
(Sigma Aldrich catalog #695092), Hoechst 33342 nuclei acid stain (Invitrogen catalog #62249),
phosphate buffered saline (PBS; VWR catalog #97062-948), DPX mounting media (Sigma

Aldrich catalog #06522).

TMEV Infection. Mice were free-hand infected intracerebrally (i.c.) with either 20 pL

Daniel’s (DA) TMEV strain, titer concentration of 3.0 x 10° plaque-forming units (PFU) or
sterile PBS under isoflurane anesthesia (Figure 1), as previously described?. TMEV titers were
isolated from stock originally provided by Robert Fujinami at the University of Utah. All
injection procedures were performed under sterile conditions. Following TMEV injection, the

animals were monitored until they had recovered from anesthesia and were ambulatory.



Antibiotic Administration Prior to and During TMEV Infection: The oral ABX cocktail

consisted of ampicillin (1 g/L), metronidazole (1 g/L), neomycin sulfate (1 g/L), and vancomycin
(0.5 g/L) dissolved in saline®®. Mice were pre-treated with ABX or saline (SAL) for 10 days
beginning upon arrival at UW until conclusion of in-life testing 7 days p.i. (Figure 1). Mice were

given 200 uL ABX or saline once daily, by gavage (Figure 1).

Carbamazepine Treatment During TMEV or SHAM Infection: Mice were administered

CBZ or VEH (0.5% methylcellulose) twice per day on days 3-7 p.i. (Figure 1). ASM or VEH
treatments were administered by the intraperitoneal (i.p.) route 30 minutes prior to each twice-
daily behavioral seizure assessment (minimum 4 hours between sessions) during the acute

TMEYV infection period.

Assessment of Handling-Induced Seizures During TMEV Infection. TMEV and sham-

infected mice were evaluated twice/day (minimum 4 hours between sessions), on days 3—7 p.i.
for assessment of handling-evoked acute behavioral seizure severity (Figure 1). Seizure
assessment involved brief cage agitation (<30 seconds), followed by individual handling of mice
to visually assess righting reflex and gait. Typically, evoked secondarily generalized seizures
occur in susceptible animals within this 5-10 minute observation period. The presence and
severity of handling-induced seizures was scored according to the Racine scale (1- mouth and
facial clonus; 2 — head bobbing; 3 — single forelimb clonus; 4 — bilateral forelimb clonus plus

rearing; 5 — stage 4 plus repeated rearing and falling), as previously reported?® (Figure 1).



Complete Blood Counts at 7 Days Post-TMV Infection: All TMEV- or sham-infected

mice were euthanized via CO» asphyxiation using a gradual displacement method (10%—30%
volume per minute) according to the 2013 AVMA Guidelines for the Euthanasia of Animals
(https://www.avma.org/KB/Policies/Documents/euthanasia.pdf). Blood was collected via
cardiocentesis from a subset of mice immediately following euthanasia and placed directly into
blood tubes containing K;EDTA (BD Microtainer Tubes with K;EDTA, catalog 365974; BD
Biosciences, San Jose, CA) and serum separator tubes (BD Microtainer Serum Separator Tubes,
catalog 365978; BD Biosciences), as previously described (Meeker et al, JPET 2019)?’. Serum
was separated by centrifugation (9000 relative centrifugal force x 5 minutes) within 2 hours of
collection, and serum and whole blood from a subset of animals were submitted to a veterinary
diagnostic laboratory for complete blood count and clinical serum biochemistry profiling

(Moichor, San Francisco, CA).

Fecal Sampling Prior to and During TMEV Infection. Fecal samples were collected from

a subset of animals in the study (n=5/experimental group). Time points of collection were:
baseline/prior to housing within the University of Washington (UW) SPF vivarium; TMEV or
sham infection day (0 p.i.), and conclusion of acute infection period (7 p.i.; Figure 1). Fecal
sampling occurred by placing each mouse into an individual sterilized container, and
spontaneous fecal samples were collected with a sterile needle. Fecal pellets were transferred
into individual, sterile tubes, flash frozen, and stored at -80°C until processing. Baseline fecal
sampling occurred prior to dietary or infection group randomization and thus reflected the

baseline intestinal microbiome diversity upon arrival from Jackson Labs and prior to housing in



the UW SPF vivarium. A total of 3 fecal pellets/mouse were obtained during the acute study

period for bacterial 16S sequencing (Figure 1).

Fecal Sample 16S RNA Sequencing. Gut microbiome biodiversity was assessed by 16S

rRNA amplicon sequencing of fecal samples. DNA was isolated from flash-frozen fecal pellets
using a manual nucleic acid precipitation method at the University of Missouri Metagenomics
Core Center (MUMC) as previously described?®. Briefly, samples were placed in a 2 mL round-
bottom tube containing 800 pL of lysis buffer and a sterile 0.5 cm diameter stainless steel bead
and homogenized with a TissueLyser II.

Bacterial 16S rRNA amplicons were generated at the MUMC via amplification of the V4
hypervariable region of the 16S rRNA gene using single-indexed universal primers
(U515F/806R) flanked by Illumina standard adapter sequences and the following parameters:
98°C(3:00) + [98°C(0:15)+50°C(0:30)+72°C(0:30)] x 25 cycles +72°C(7:00). Amplicons were
then pooled for sequencing using the Illumina MiSeq platform and V2 chemistry with 2x250 bp
paired-end reads, as previously described?®. Samples returning greater than 10,000 reads were

deemed to have successful amplification, consistent with established methods of the MUMC.

FluoroJade-C detection of cell death: Following in-life testing on 7 p.i., animals were
euthanized by CO; asphyxiation and brains of all mice were removed, flash frozen, and
maintained at —80°C until histopathological processing. Two consecutive 20 um-thick
sections/mouse from the dorsal hippocampus (anteroposterior [AP] from Bregma: —1.34 mm)
and ventral hippocampus (AP from Bregma: —2.24 mm) were sectioned on a cryostat (Leica

DM1860) and slide-mounted. Slides were fixed in 4% Formal Fixx (10 min) and rinsed in DI



water followed by FJ-C and Hoechst staining. Slides were imaged on an upright fluorescent
microscope (Leica DM-4) with a 10x objective (40x final magnification) with constant
acquisition settings, as previously conducted (Knox et al, Epilepsia 2021)%. Photomicrographs
(n = 4 brain sections/mouse) were analyzed by an investigator who was blinded to treatment and
visually scored for the presence of FJ-C positive cells in limbic structures (CA1, CA3, and
dentate gyrus [DG] of dorsal hippocampus) and hypothalamic nucleus. If two or more of the
consecutive sections from each mouse demonstrated FJ-C- positive staining in the designated

brain region, the animal was considered to have FJ-C positive labeling.

Liquid Chromatography — Mass Spectrometry (LCMS) Quantitation of CBZ: Plasma was

deproteinated prior to LCMS analysis. Subject plasma, calibration, or quality control samples (10
uL) were pipetted into a 1.2 mL Eppendorf microcentrifuge tube. Internal standard (10 puL)
consisting of diazepam-d5 (1 mg/ mL in MeOH) was added to each microcentrifuge tube and
vortexed for 5 seconds. ACN (100 pL) was then added to each microcentrifuge tube and samples
were vortexed for 15 seconds and then centrifuged at room temperature for 5 min at 16 RCF.
Supernatant (50 pL) was removed and pipetted into 1 mL autosampler vials (Thermo Sciences,
catalog #6PRV11-TR1 and 6PRC11STS1X). MilliQ water (450 mL) was added to each vial.
Sample (10 pL) was injected onto the LC-MS platform. Chromatographic separation was
achieved using a Water’s Acquity UPLC BEH C18 2.1x100 mm, 1.7 um (Waters Corporation,
Milford, MA, USA) using a gradient consisting of 0.1% formic acid in H2O (A) and 0.1% formic
acid (FA) in acetonitrile (ACN) (B) at a flow rate 0.3 mL/min (See Table 2). A Water’s Xevo-
XS coupled to a Water’s I-Class Ultra high-pressure liquid chromatography system was used

(Waters Corporation, Milford, MA, USA). Analytes were monitored in electrospray positive



ionization mode (ESI+), using MRM mode. Instrument settings were as follows: Capillary
(kV)—1.08, Source Temperature 150 °C, Desolvation Temperature 350 °C, Cone Gas Flow
150 L/hr, Desolvation Gas Flow 1000 L/hr, and Collision Gas Flow 0.16 mL/min. Two
fragments for each analyte were used; one used for quantifying and the other as a qualifier. The
m/z 237.1 > 194.0 and 178.9 transitions were used for carbamazepine. The m/z of 290.2 > 198.1
and 154.0 transitions were used for diazepam-d5 (see Table 3). Data was processed using
MassLynx (Milford, MA) and linear equations were formulated by using peak area ratios
(PAR’s) allowing for 15% variability across calibrators and quality controls for acceptability.
Calibration Curve and QC samples were prepared by making dilutions of stock solutions
containing carbamazepine from 10 mg/mL stocks in MeOH and stored at —20 °C. Calibration
curves were created by analyzing drug-free plasma samples fortified with carbamazepine at
0.312, 0.625,1.25,2.5, 5, 10, and 20 pg/mL. Quality control (QC) samples in plasma were
prepared at 1 and 5 pg/mL from separate dilutions of stocks than those used for the calibration

curves.

Statistical Analysis: For in-life studies, average seizure burden and cumulative seizure

burden were analyzed by repeat-measures two-way analysis of variance (ANOVA). Latency to
first Racine stage 5 seizure was determined with a Kaplan-Meier plot. Spleen weights and
complete blood counts were analyzed by two-way ANOVA. Number of animals with and
without FJ-C positive labeling by histology within each brain region was analyzed by X? test.
Changes in microbiome commensal species were analyzed by two-way ANOVA. Changes in
plasma CBZ concentrations were analyzed by two-way ANOVA. All statistical analysis was

performed in GraphPad Prism version 10, with p < 0.05 considered significant.



Results:

Intestinal dysbiosis disrupts TMEV-induced seizure presentation. Intestinal dysbiosis in

the TMEV model was experimentally induced because this mouse seizure model has been shown
to be altered by dietary modification, potentially due to changes in the gut microbiome (Ref
Zierath et al 2024). Sham-infected mice maintained or gained weight, whereas TMEV infection
was associated with acute body weight loss (Figure 2A). Sham-infected mice did not have any
seizures. TMEV infection induced acute symptomatic seizures, regardless of pretreatment and
ASM history. In TMEV-infected mice pretreated with saline, CBZ treatment reduced the
cumulative seizure burden compared to vehicle treatment. The average seizure burden of SAL-
VEH mice was 16.1, while the average seizure burden of SAL-CBZ mice was 5.7, demonstrating
that CBZ has an anticonvulsant effect.

In TMEV-infected mice with ABX-induced intestinal dysbiosis, VEH treated mice had a
lower cumulative seizure burden relative to SAL-VEH mice. ABX-mediated intestinal dysbiosis
invoked a lower seizure burden. CBZ treated mice with intestinal dysbiosis had a significantly
higher cumulative seizure burden. Additionally, the average seizure burden of ABX-VEH mice
was 4.7, while the average seizure burden of ABX-CBZ mice was 12.5, demonstrating that CBZ
may be proconvulsant in the setting of experimentally induced intestinal dysbiosis (Figure 2B).
In mice with an intact gut microbiome, VEH-treated mice had a higher number of seizures
compared with CBZ-treated mice. In mice with intestinal dysbiosis, VEH-treated mice had a
lower number of seizures compared with CBZ-treated mice (Figure 2C); 15/20 (75%) of SAL-
VEH mice, 7/20 (35%) of SAL-CBZ mice, 7/20 (35%) of ABX-VEH mice, and 18/25 (72%) of

ABX-CBZ mice presented with seizures during the 7-day monitoring period.



In mice with an intact microbiome, CBZ reduced the number of mice that developed a
stage 5 seizure. In mice with intestinal dysbiosis, CBZ increased the number of mice that
developed a stage 5 seizure. Further, the latency to Stage 5 seizure was substantially increased by
repeated CBZ administration during days 3-7 p.i.; an effect absent in ABX-treated mice similarly
administered CBZ (Figure 2D). There was a significant pretreatment x ASM interaction (F (1,
81) =16.0, p=0.0001), with post-hoc tests revealing marked differences in seizure burden in
SAL- versus ABX-pretreated mice (p=0.004). Overall, intestinal dysbiosis disrupted TMEV

infection-induced acute seizure presentation and acute seizure control by CBZ.

Markers of overall health were not impacted by antibiotic administration. Markers of

overall health were studied to rule out potential peripheral pathology. CBC analytes were similar
across saline and ABX pretreatment groups (Figure 3) within both sham- and TMEV-infected
groups, suggesting that a 10-day course of oral ABX administration did not adversely affect
blood cell counts. However, CBZ administration was associated with a significant increase in %
neutrophils, regardless of TMEV-infection history (Figure 3E).

TMEYV infection was associated with reduced spleen weight, which was further impacted
by repeated CBZ administration (Figure 4). In TMEV-infected mice, spleens were 0.32% of
body weight in ABX-CBZ mice, 0.34% in ABX-VEH mice, 0.36% in SAL-CBZ mice, and
0.38% in SAL-VEH mice. In sham-infected mice, spleens were 0.45% of body weight in ABX-
CBZ mice, 0.65% in SAL-CBZ mice, and 0.36% in SAL-VEH mice. These markers of overall

health indicate that the mice were otherwise clinically normal, despite the brain TMEV infection.



A 10-day course of oral antibiotics significantly alters the makeup of the gut microbiome.

The composition and diversity of the gut microbiome was studied at several points in the TMEV
infection period to ensure that the ABX treatment induced gut dysbiosis. There were significant
differences in the microbial composition between SAL pre-treated and ABX pre-treated animals
across a diversity of Gram positive and Gram negative bacterial species, as well as differences in
ABX pre-treated animals from Day -2 to Day 7 (Figure 5). This demonstrates that the ABX

cocktail successfully induced intestinal dysbiosis.

Acute TMEV infection leads to hippocampal cell death. Hippocampal histopathology

was performed to assess the degree of TMEV infection-induced neurodegeneration using FJ-C
staining (Figure 6 and Table 1). Sham-infected mice did not experience hippocampal cell death.
Conversely, mice infected with TMEV experienced hippocampal cell death in the CA1, CA3,
and cortical regions. No mice experienced cell death in the dentate gyrus region of dorsal
hippocampus (Figure 6 and Table 1). Altogether, these findings demonstrate that TMEV
infection leads to hippocampal cell death that is reduced by CBZ use exclusively in mice with an

intact intestinal microbiome (Table 1).

Antibiotic-induced intestinal dysbiosis does not alter plasma carbamazepine

concentrations. Time-related plasma CBZ concentration was assessed at 7 days p.i. to determine

if there is an interaction between 10-day ABX treatment and repeated CBZ administration from
3-7 days p.i. with TMEV. There was an effect of time post CBZ administration (F (1.257, 23.26)
=9.479). There was no effect of pretreatment on CBZ concentration (F (3, 37) = 0.3468).

Further, there was no effect of time x pretreatment (F (6, 37) = 0.4487). This demonstrates that a



10-day course of oral ABX administration did not affect the plasma concentration of CBZ in

mice.

Discussion:

This study establishes the significant variability in the behavioral phenotype of the TMEV model
of infection-induced acute seizures. ABX-induced gut dysbiosis leads to alterations in the
severity and onset of seizures in the TMEV model itself, as well as the anticonvulsant efficacy of
CBZ. A 10-day course of oral ABX administration commencing prior to TMEV infection alone
decreased the cumulative seizure burden relative to SAL pretreatment. ABX combined with CBZ
increased the cumulative seizure burden relative to SAL pretreatment. Interestingly, ABX pre-
treatment alone appears to act as an anticonvulsant. This trend also occurred across average
seizure burden and latency to Stage 5 seizure. There were no clinically significant differences in
markers of overall health. Histopathology as assessed at 7 days p.i. in the brains of mice with and
without TMEV-infection was consistent with previous TMEV studies. Despite the lower seizure
burden of ABX-VEH mice, there was no protection against hippocampal cell death. Despite
these differences in behavioral seizure presentation across treatment groups, there were no
significant differences between plasma CBZ concentrations in SAL and ABX pretreated animals.
These results indicate that intestinal dysbiosis is responsible for the changes in acute seizure

burden and ASM efficacy.

While the antibiotic pretreatment regimen successfully induced gut dysbiosis (Figure 5), it did
not decrease the presence of all organisms. There were increases in some Gram-positive and

anaerobic bacteria®® in the antibiotic-treated mice, which may be a result of the antibiotic choice



or the extreme treatment. There were significant changes in many bacterial species. However,
few of these organisms have been studied in the context of epilepsy or other neurological
diseases. Some organisms that were notable in this study were Akkermansiaceae,
Lachnospiraceae, Lactobacillaceae, Erysipelotrichaceae. An increase in Akkermansia is
associated with the ketogenic diet administration to mice, and treatment with Akkermansia is
able to confer seizure protection to mice fed a control diet?’. Lachnospiraceae has been shown to
be involved in depression (lower levels in patients with major depressive disorder)®! and multiple
sclerosis, specifically through effects on the immune system?®2. Lactobacillaceae has been shown
to induce region-dependent alterations in GABA and may be associated with tight junction
integrity and modulation of afferent sensory nerves®. An increase in Erysipelotrichaceae is
associated with the ketogenic diet?®, which has been proven to be a very useful treatment strategy
for drug-resistant epilepsy. With many studies finding relationships between these organisms and

neurological function, it is clear that intestinal dysbiosis could play a role in epilepsy.

We studied CBZ because it has a known and consistent clinically-meaningful anticonvulsant
effect and has been used in this model previously!'>. CBZ alone acts as an anticonvulsant. CBZ in
combination with ABX-induced gut dysbiosis acts as a proconvulsant. Of note, CBZ prevented
hippocampal cell death in SAL pre-treated mice, consistent with the reduced seizure burden in
this population. CBZ in combination with ABX had no effect on hippocampal cell death. Plasma
concentrations of CBZ demonstrated no difference between SAL- and ABX- pretreated mice.
The variability in the efficacy of CBZ in this study is like the variability seen with LEV efficacy
in Metcalf et. al and Barker-Haliski et. al???3. It is possible that difference between the husbandry

condition and diets, previously shown to impact the gut microbiome in the TMEV model 2, also



had an impact on the ASM efficacy. Due to a known drug interaction between metronidazole and
CBZ*, future studies should assess the interplay of CBZ and ABX treatments, especially with
regard to CYP metabolic enzymes. It would also be beneficial to quantify the concentration of

CBZ metabolites, as well as brain CBZ concentrations.

The TMEV model is the only model of infection-induced epilepsy, and as such is used in the
National Institute of Neurological Disorders and Stroke’s Epilepsy Therapy Screening
Program?2. However, gut dysbiosis markedly alters the presentation of symptomatic seizures and
acute disease burden in the TMEV model (Figure 2). The variability in this model may affect the
efficacy of novel anti-seizure medicines, and care needs to be taken to ensure that the results are
interpreted in context. The changes in the gut microbiome have a clear effect on seizure burden
in untreated and ASM-treated mice in this acute seizure model. In fact, this study further
illustrates that the gut microbiome may be a novel therapeutic target for seizure control. The gut-

brain axis is an understudied target in epilepsy that may benefit from greater investigation.

It is well known that the gut microbiome has an impact in epilepsy, but there are still gaps in
understanding. There is potential for modulation of the gut microbiome as a treatment for
epilepsy. Some epilepsy patients experience seizure freedom, or a significant decrease in seizure
burden, during a short course of ABX treatment®. Additionally, there is some evidence that
probiotic supplementation can reduce seizure burden®®. However, there is limited clinical and
preclinical research on the impact of the gut microbiome on epileptogenesis. Our future studies
will thus define the extent to which depletion of the intestinal microbiome modifies the long-

term susceptibility to chronic epilepsy and behavioral comorbidities.



Bibliography:

1. DePaula-Silva AB. The Contribution of Microglia and Brain-Infiltrating Macrophages to the
Pathogenesis of Neuroinflammatory and Neurodegenerative Diseases during TMEV Infection
of the Central Nervous System. Viruses. 2024;16(1):119. doi:10.3390/v16010119

2. Zierath DK, Davidson S, Manoukian J, et al. Diet compostion and sterilization modifies
intestinal microbiome diversity and burden of Theiler’s virus infection-induced acute seizures.
Epilepsia. Published online 2024.

3. Devinsky O, Vezzani A, O’Brien TJ, et al. Epilepsy. Nat Rev Dis Primer. 2018;4(1):1-24.
doi:10.1038/nrdp.2018.24

4. Hauser WA, Kurland LT. The Epidemiology of Epilepsy in Rochester, Minnesota, 1935
Through 1967. Epilepsia. 1975;16(1):1-66. doi:10.1111/5.1528-1157.1975.tb04721 .x

5. Thomas RH, Berkovic SF. The hidden genetics of epilepsy—a clinically important new
paradigm. Nat Rev Neurol. 2014;10(5):283-292. doi:10.1038/nrneurol.2014.62

6. Kwan P, Brodie MJ. Early Identification of Refractory Epilepsy. N Engl J Med.
2000;342(5):314-319. doi:10.1056/NEJM200002033420503

7. Misra UK, Tan CT, Kalita J. Viral encephalitis and epilepsy. Epilepsia. 2008;49(s6):13-18.
doi:10.1111/j.1528-1167.2008.01751.x

8. Ba-Diop A, Marin B, Druet-Cabanac M, Ngoungou EB, Newton CR, Preux PM.
Epidemiology, causes, and treatment of epilepsy in sub-Saharan Africa. Lancet Neurol.
2014;13(10):1029-1044. doi:10.1016/S1474-4422(14)70114-0

9. Libbey JE, Fujinami RS. Neurotropic viral infections leading to epilepsy: focus on Theiler’s
murine encephalomyelitis virus. Future Virol. 2011;6(11):1339-1350. d0i:10.2217/fv1.11.107

10. Broer S, Kéufer C, Haist V, et al. Brain inflammation, neurodegeneration and seizure
development following picornavirus infection markedly differ among virus and mouse strains
and substrains. Exp Neurol. 2016;279:57-74. doi:10.1016/j.expneurol.2016.02.011

11. Buenz EJ, Howe CL. Picornaviruses and cell death. Trends Microbiol. 2006;14(1):28-36.
doi:10.1016/j.tim.2005.11.003

12. Stewart KAA, Wilcox KS, Fujinami RS, White HS. Development of Postinfection Epilepsy
After Theiler’s Virus Infection of C57BL/6 Mice. J Neuropathol Exp Neurol.
2010;69(12):1210-1219. doi:10.1097/NEN.0b013e3181ffc420

13. Stewart KAA, Wilcox KS, Fujinami RS, White HS. Theiler’s virus infection chronically
alters seizure susceptibility. Epilepsia. 2010;51(8):1418-1428. doi:10.1111/.1528-
1167.2009.02405.x



14. Umpierre AD, Remigio GJ, Dahle EJ, et al. Impaired cognitive ability and anxiety-like
behavior following acute seizures in the Theiler’s virus model of temporal lobe epilepsy.
Neurobiol Dis. 2014;64:98-106. doi:10.1016/j.nbd.2013.12.015

15. Barker-Haliski ML, Dahle EJ, Heck TD, et al. Evaluating an Etiologically Relevant Platform
for Therapy Development for Temporal Lobe Epilepsy: Effects of Carbamazepine and
Valproic Acid on Acute Seizures and Chronic Behavioral Comorbidities in the Theiler’s
Murine Encephalomyelitis Virus Mouse Model. J Pharmacol Exp Ther. 2015;353(2):318-329.
doi:10.1124/jpet.114.222513

16. Lum GR, Olson CA, Hsiao EY. Emerging roles for the intestinal microbiome in epilepsy.
Neurobiol Dis. 2020;135:104576. doi:10.1016/j.nbd.2019.104576

17. Peng A, Qiu X, Lai W, et al. Altered composition of the gut microbiome in patients with
drug-resistant epilepsy. Epilepsy Res. 2018;147:102-107.
doi:10.1016/j.eplepsyres.2018.09.013

18. Medel-Matus JS, Shin D, Dorfman E, Sankar R, Mazarati A. Facilitation of kindling
epileptogenesis by chronic stress may be mediated by intestinal microbiome. Epilepsia Open.
2018;3(2):290-294. doi:10.1002/epi4.12114

19. Lindefeldt M, Eng A, Darban H, et al. The ketogenic diet influences taxonomic and
functional composition of the gut microbiota in children with severe epilepsy. Npj Biofilms
Microbiomes. 2019;5(1):1-13. doi:10.1038/s41522-018-0073-2

20. Olson CA, Vuong HE, Yano JM, Liang QY, Nusbaum DJ, Hsiao EY. The Gut Microbiota
Mediates the Anti-Seizure Effects of the Ketogenic Diet. Cell. 2018;173(7):1728-1741.e13.
doi:10.1016/j.cell.2018.04.027

21. Libbey JE, Doty DJ, Sim JT, Cusick MF, Round JL, Fujinami RS. The effects of diet on the
severity of central nervous system disease: One part of lab-to-lab variability. Nutrition.
2016;32(7):877-883. doi:10.1016/.nut.2016.01.009

22. Metcalf CS, Vanegas F, Underwood T, et al. Screening of prototype antiseizure and anti-
inflammatory compounds in the Theiler’s murine encephalomyelitis virus model of epilepsy.
Epilepsia Open. 2022;7(1):46-58. doi:10.1002/epi4.12550

23. Barker-Haliski ML, Loscher W, White HS, Galanopoulou AS. Neuroinflammation in
epileptogenesis: Insights and translational perspectives from new models of epilepsy.
Epilepsia. 2017;58(S3):39-47. doi:10.1111/epi.13785

24. Barker-Haliski ML, Heck TD, Dahle EJ, et al. Acute treatment with minocycline, but not
valproic acid, improves long-term behavioral outcomes in the Theiler’s virus model of
temporal lobe epilepsy. Epilepsia. 2016;57(12):1958-1967. doi:10.1111/epi.13577

25. Seifert HA, Benedek G, Nguyen H, et al. Antibiotics protect against EAE by increasing
regulatory and anti-inflammatory cells. Metab Brain Dis. 2018;33(5):1599-1607.
do0i:10.1007/s11011-018-0266-7



26. Racine RJ. Modification of seizure activity by electrical stimulation: II. Motor seizure.
Electroencephalogr Clin Neurophysiol. 1972;32(3):281-294. doi:10.1016/0013-
4694(72)90177-0

27. Meeker S, Beckman M, Knox KM, Treuting PM, Barker-Haliski M. Repeated Intraperitoneal
Administration of Low-Concentration Methylcellulose Leads to Systemic Histologic Lesions
Without Loss of Preclinical Phenotype. J Pharmacol Exp Ther. 2019;371(1):25-35.
doi:10.1124/jpet.119.257261

28. Ericsson AC, Davis JW, Spollen W, et al. Effects of Vendor and Genetic Background on the
Composition of the Fecal Microbiota of Inbred Mice. PLOS ONE. 2015;10(2):e0116704.
doi:10.1371/journal.pone.0116704

29. Knox KM, Zierath DK, White HS, Barker-Haliski M. Continuous seizure emergency evoked
in mice with pharmacological, electrographic, and pathological features distinct from status
epilepticus. Epilepsia. 2021;62(12):3076-3090. doi:10.1111/epi.17089

30. Dueholm MKD, Nierychlo M, Andersen KS, et al. MiDAS 4: A global catalogue of full-
length 16S rRNA gene sequences and taxonomy for studies of bacterial communities in
wastewater treatment plants. Nat Commun. 2022;13(1):1908. doi:10.1038/s41467-022-29438-
7

31. Inserra A, Rogers GB, Licinio J, Wong ML. The Microbiota-Inflammasome Hypothesis of
Major Depression. BioEssays. 2018;40(9):1800027. doi:10.1002/bies.201800027

32. Vacca M, Celano G, Calabrese FM, Portincasa P, Gobbetti M, De Angelis M. The
Controversial Role of Human Gut Lachnospiraceae. Microorganisms. 2020;8(4):573.
doi:10.3390/microorganisms8040573

33. Carabotti M, Scirocco A, Maselli MA, Severi C. The gut-brain axis: interactions between
enteric microbiota, central and enteric nervous systems. Ann Gastroenterol Q Publ Hell Soc
Gastroenterol. 2015;28(2):203-209.

34. Spina E, Pisani F, Perucca E. Clinically Significant Pharmacokinetic Drug Interactions with
Carbamazepine. Clin Pharmacokinet. 1996;31(3):198-214. doi:10.2165/00003088-
199631030-00004

35. Braakman HMH, van Ingen J. Can epilepsy be treated by antibiotics? J Neurol.
2018;265(8):1934-1936. doi:10.1007/s00415-018-8943-3

36. lannone LF, Gomez-Eguilaz M, De Caro C. Gut microbiota manipulation as an epilepsy
treatment. Neurobiol Dis. 2022;174:105897. do0i:10.1016/j.nbd.2022.105897



Figures and Tables.

Figure 1. Overview of experimental design and study timeline to test the Aypothesis that
differences in acute behavioral seizure presentation and anticonvulsant efficacy in the TMEV
model are due to antibiotics (ABX)-induced alterations in the gut microbiome.
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Figure 2. Intestinal dysbiosis disrupts TMEV-induced seizure presentation. a) TMEV infected
mice lose weight during the acute infection period. b,c) In mice with an intact microbiome,
carbamazepine (CBZ) significantly decreases seizure burden; in mice with antibiotic (ABX)
induced gut dysbiosis, CBZ significantly increases seizure burden. d) In mice with an intact gut
microbiome, CBZ increases the latency to a Stage 5 seizure; in mice with ABX-induced gut
dysbiosis, CBZ decreases the latency to a Stage 5 seizure.
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Figure 3. Markers of overall health were not impacted by a 10-day course of oral antibiotic
(ABX) administration. Complete blood count (a, b) and differential (c-f) indicate that mice are
clinically normal, other than brain TMEV infection. There is an effect of CBZ on the differential

(d, e), but no effect of ABX.
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Figure 4. TMEYV infection and carbamazepine (CBZ) treatment are associated with reduced

spleen weight in mice with and without a history of 10-day antibiotics (ABX) administration to
deplete the gut microbiome.
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Figure 5. A 10-day course of oral antibiotics (ABX) administered to TMEV-infected or sham-
infected mice significantly alters the composition of the gut microbiome with or without acute
carbamazepine (CBZ) administration. The most significant differences were seen among Gram
positive, anaerobic organisms (a), although some changes were seen in Gram negative organisms

(b).
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Figure 6. Hippocampal cell death, as assessed by FluoroJade-C staining (green) is seen in
TMEV-infected mice, but not in sham-infected mice with and without a history of antibiotics
(ABX) administration. Blue indicates DAPI, a nuclear counter-stain.

SAL, SHAM, VEH ABX, SHAM, VEH

ABX, TMEV, VEH ABX, TMEV, CBZ




Figure 7. Antibiotics (ABX)-induced intestinal dysbiosis in mice does not alter plasma
carbamazepine (CBZ) concentrations (n=3-9 mice/treatment group) in mice at 7 days post-
infection with TMEV in the brain.
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Table 1: Summary of FluoroJade-C Staining. Brain infection with TMEV leads to acute

hippocampal neurodegeneration by 7 days post-infection, as assessed by FluoroJade-C

histological staining (FJ-C)* indicates significantly different from ABX-TMEV-CBZ treatment group,
<0.05; #indicates significantly different from Saline-TMEV-CBZ treatment group, p<0.05

Treatment Condition FJ-C Positive Labeling in:
Gut Cortex

Microbiome Infection | Treatment | CA1 (N/F) | CA3 (N/F) DG (N/F)

) (N/F)
Depletion?
No (Saline) Sham CBZ 0/5 0/5 0/5 0/5
Yes (ABX) Sham CBZ 0/5 0/5 0/5 0/5
No (Saline) TMEV VEH 7/7 7/7 0/7 5/7
No (Saline) TMEV CBZ 4/10*# 6/10 0/10 4/10
Yes (ABX) TMEV VEH 7/7 7/7 0/7 7/7
Yes (ABX) TMEV CBZ 7/7 7/7 0/7 7/7

Table 2: LC Gradient for LC separation of Carbamazepine

Time (min) Flow Rate (mL/min) | Solvent A (%) Solvent B (%)
Initial 0.3 80 20
2 0.3 0 100
4.5 0.3 0 100
4.6 0.3 80 20
Table 3: MS Transitions for Carbamazepine and Diazepam-dS Quantification
Compound Parent (m/z) | Daughter Dwell time Cone (v) Collision
(m/z) () (eV)
Carbamazepine | 237.0957 194.0025 0.096 2 18
Carbamazepine | 237.0957 178.9191 0.096 2 32
Diazepam-d5 | 290.1681 198.0652 0.096 100 36
Diazepam-d5 | 290.1681 154.049 0.096 100 28




