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Abstract

Objective: Central nervous system infection with Theiler's murine encephalomyelitis virus (TMEV) in
C57BL/6J mice can model acquired epileptogenesis. Diet alters the acute seizure incidence in TMEV-
infected mice; yet it is unclear whether intestinal dysbiosis may also impact acute or chronic behavioral
comorbidities. This study thus assessed the impact of diet sterilization in a specific pathogen-free
vivarium on acute seizure presentation, the composition of the gut microbiome, and chronic behavioral
comorbidities of epilepsy.

Methods: Baseline fecal samples were collected from male C57BL/6J mice (4-5 weeks-old; Jackson
Labs) upon arrival. Mice were randomized to either autoclaved (AC) or irradiated (IR) diet (Prolab RMH
3000 — UU diets) or IR (Picolab 5053 — UW IR diet). Mice then underwent intracerebral TMEV or PBS
injection three days later. Fecal samples were collected from a subset of mice at infection (Day 0) and
Day 7 post-infection. Epilepsy-related working memory deficits and seizure threshold were assessed 6
weeks post-infection. Gut microbiome diversity was determined by 16S rRNA amplicon sequencing of
fecal samples.

Results: TMEV-infected mice displayed acute handling-induced seizures, regardless of diet: 28/57 UW
IR (49.1%), 30/41 UU IR (73.2%), and 47/77 UU AC (61%) mice displayed seizures. The number of
observed seizures significantly differed: UW IR mice had 2.2+2.8 seizures (meantstandard deviation),
UU IR mice had 3.5£2.9 seizures, and UU AC mice had 4.4%3.8 seizures during the 7-day monitoring
period. The compaosition of the gut microbiome significantly differed in TMEV-infected mice fed the UU
AC diet, with most measured differences occurring in Gram-positive bacteria. TMEV-infected mice fed
the UU AC diet displayed worsened chronic working memory.

Significance: Intestinal dysbiosis evokes stark differences in acute seizure presentation in the TMEV
model and vastly influences the trajectory of post-TMEYV infection-induced behavioral comorbidities of
epilepsy. Our study reveals a novel disease-modifying contribution of intestinal bacterial species after
TMEV-induced acute seizures.
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Introduction

Epilepsy is an underrecognized long-term complication of central nervous system (CNS)
infection.® Roughly 19,000 individuals are hospitalized with viral encephalitis annually in the United
States alone,” with encephalitis events being highly linked to future development of epilepsy.® Higher
incidence of epilepsy in lower income countries (>75% of the 65 million people worldwide with epilepsy)
may, in part, be attributable to an increased incidence of CNS infections in these regions.? For
example, CNS infection accounts for approximately 14.8% of newly diagnosed epilepsy in Ecuador,*
whereas in the United States, CNS infection accounts for only 3% of new epilepsy cases.® Infectious
agents are the causative factor in 1% of cases of epilepsy in Ethiopia, but up to 47% of cases in Mali, °
reflecting the highly variable nature of epilepsy of infectious etiology. Viral encephalitis-induced
seizures and an increased risk for epilepsy have even recently emerged as a potential secondary
outcome of COVID-19 infection, particularly in non-hospitalized children under 16, shining a spotlight
on the understudied role of viral infections on the risk for seizures and epilepsy. Patients with viral
encephalitis who present with seizures are at substantially higher risk (~22-fold greater) of developing
spontaneous recurrent seizures (SRS) post-infection.” *° Encephalitis itself can lead to drug-resistant
epilepsy (DRE).™ Infection-induced CNS encephalitis is thus a significant and specific risk factor for
acquired DRE, which may indirectly increase the global burden of epilepsy.

Central nervous system infection of C57BL/6J mice with the Theiler's murine encephalomyelitis
virus (TMEV) has emerged as a unique translational model of immune system-mediated acute seizures
and epilepsy.***” As a result, this model carries significant potential to identify untapped mechanisms of
ictogenesis and epileptogenesis following viral infection of the brain.***’ Central infection with TMEV in
male C57BL/6J mice leads to robust infiltration of pro-inflammatory macrophages, which promotes the
upregulation of IL-6 expression necessary for the acute infection-induced seizures in this model.*® The
pro-inflammatory cytokine TNF-alpha has been previously found to contribute to the onset of TMEV-
infection evoked acute seizures.™ As a result, pharmacological agents that modulate immune system
activation are particularly impactful on acute seizure burden and chronic disease course. We have
previously demonstrated that the repurposed anti-inflammatory agent minocycline does not affect acute
seizure burden but does blunt the onset of spontaneous recurrent seizure (SRS)-associated behavioral
comorbidities (e.g., reduced seizure threshold and increased anxiety-like behavior'’). Minocycline may
exert a disease-modifying effect in the TMEV model through indirect modulation of innate immune
system activation during the acute infection period (days 0-10 post-infection; DPI)?. Agents that directly
modulate macrophage activity (i.e., clodronate) have also been found to significantly alter acute seizure
severity in this model.** Neuroinflammation contributes to the development of human epilepsy™® %%, In
this regard, the TMEV model is uniquely positioned to interrogate pharmacological and non-
pharmacological interventions that can directly or indirectly impact inflammation. As a result, the TMEV
model offers an unparalleled naturally occurring acquired epilepsy model capable of uncovering
strategies to modify chronic disease burden.

The gastrointestinal (GI) tract is home to a complex and dynamic bidirectional interaction
between the host Gl epithelium, host immune system, and myriad resident microbiota that can fluctuate
based on host dietary intake or pharmacological history.?* The intestinal microbiome is increasingly
recognized to modulate the response of the host peripheral immune system. For example, patients with
epilepsy who adhere to the ketogenic diet can experience significant shifts in the composition and
diversity of intestinal microorganisms.?®> Long-term probiotic supplementation of patients with drug
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resistant epilepsy (DRE) can reduce seizure frequency and improve quality of life scores,”® whereas
short-course ciprofloxacin administration in people with DRE significantly reduces seizure frequency. '
Thus, the precise balance and bacterial composition within the host intestine that is needed to achieve
seizure control is presently less clear cut. Chronic stress in mice can also alter the intestinal expression
of IL-6 by pro-inflammatory macrophages, but not TNF-alpha or IFN-gamma.?® Increased IL-6
expression also activates the STAT3 pathway, which is itself epileptogenic in rodent models of acquired
epilepsy.?® Thus, intestinal dysbiosis may indirectly increase inflammation and/or lead to an aberrant
immune response in the setting of a viral infection that could alter epileptogenesis and/or severity of
TMEV-induced epilepsy.

A causal relationship between Gl dysbiosis and epilepsy has not yet been definitively
established. Sterilization of the diet has been previously found to modify the severity of acute seizures
in mice infected with TMEV, however, no causal factor was identified to underlie the differences in
acute disease severity.*® No study has yet defined whether dietary sterilization alters long-term disease
progression and/or behavioral comorbidities after TMEV infection. We thus hypothesized that changes
in the gut microbiota coincident with TMEV infection of mice could meaningfully change acute and
chronic disease presentation and progression in a specific pathogen-free (SPF) animal facility. Our
present study demonstrates that acute TMEYV infection and diet sterilization is associated with time-
dependent changes in the composition and diversity of the intestinal microbiome, which may altogether
influence the severity of acute seizure presentation and chronic disease burden in this mouse model of
infection-induced epilepsy.

Methods

Animal handling and diet assignment. Male, wild type C57BL/6J, mice (4-5 weeks old; Jackson Labs,
Bar Harbor, ME) were group-housed throughout the infection and monitoring period (5/cage). Animals
were given free access to assigned diet (below) and reverse osmosis purified, acidified water in bottles
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.*! For all behavioral
studies, mice were allowed to acclimate to the housing facility for at least 5 days and to the testing
room for at least 1 hour prior to seizure testing or behavioral manipulation. All studies were conducted
between the hours of 9h00 and 17h00 during the animals’ light phase. Animals were euthanized by
CO; asphyxiation at the conclusion of the study. This study was not designed to assess the impact of
sex as a biological variable or the impact of sex 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.

Fecal sampling. Baseline fecal samples were collected upon arrival from a subset of animals in the
study (n = 5/experimental group) and prior to housing within the University of Washington (UW) SPF
vivarium. All fecal sampling occurred prior to dietary or infection group randomization and thus reflects
the baseline intestinal microbiome biodiversity upon arrival from Jackson Labs and prior to housing in
the UW SPF vivarium. Fecal samples were collected coincident with sham or TMEYV infection (Day 0)
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and again on Day 7 p.i., for a total of three fecal samples/mouse (Figure 1) during the acute study
period. All fecal samples were collected under sterile conditions.

Acute TMEV infection and seizure monitoring. Upon arrival, all mice were randomized to receive either
an autoclaved (AC) or irradiated (IR) version of the diet used in our prior published studies conducted at
the University of Utah'” * (Prolab RMH 3000), or the house University of Washington diet, irradiated
Prolab RMH 5053 (UW IR), with experimental group sizes detailed in Table 1. Animals were maintained
on the assigned diet throughout the remainder of the study, including testing of chronic comorbidities 6
weeks after infection. Animals were administered either intracerebral (i.c.) TMEV or PBS (sham) three
days later (Day 0). Following TMEV or sham infection, mice were evaluated twice/day for days 3—7
post-infection (p.i.) for the presence and severity of handling-induced behavioral seizures, consistent
with our published methods.*"

TMEV infection. Mice were free-hand infected intracerebrally (i.c.) with either 20 uL TMEV (titer
concentration of 3.0 x 10° plaque-forming units (PFU)) or sterile PBS under isoflurane anesthesia, as
previously described.** *":333%_A|l injection procedures were performed under sterile conditions.
Following TMEYV injection, the animals were monitored until they had recovered from anesthesia and
were ambulatory.

Assessment of handling-induced seizures. Mice were evaluated twice/day (minimum 6 hours between
sessions), on days 3-7 p.i. for assessment of TMEV-induced acute seizure severity. The presence and
severity of handling-induced seizures was scored according to the Racine scale as previously
reported.”; 33; 36; 37

Assessment of motor function 10 days p.i. on a fixed speed rotarod. Animals were assessed 10 days
p.i. to quantify their recovery of motor function and ability to maintain balance on a rotating rod (6 rpm)
for 1 minute over three consecutive trials, as previously described.’” ® The average latency (seconds)
to fall off the rotarod was calculated from the three trials, with the group means calculated for each
condition.

Fecal sample 16S rRNA amplicon sequencing. Gut microbiome composition was assessed by 16S
rRNA amplicon sequencing of fecal samples from a subset of mice (n = 5 mice/diet) collected at
baseline arrival to UW (-3 days p.i.), coincident with TMEYV infection (day O p.i.), and during active
disease (day 7 p.i.).

Fecal samples for 16S rRNA amplicon sequencing were collected at baseline, day 0 p.i., and
day 7 p.i. Fecal pellets were collected into individual, sterile tubes, flash-frozen, and stored at -80°C
until processing. DNA was isolated from flash-frozen fecal pellets 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 L of lysis buffer and a sterile 0.5 cm diameter stainless steel bead
and homogenized with a TissueLyser II. Following brief centrifugation to pellet particulates, nucleic acid
was extracted using QIAamp PowerFecal Pro DNA extraction kits per the manufacturer’s instructions.

Bacterial 16S rRNA amplicons were generated at the University of Missouri Genomics
Technology Core via amplification of the V4 hypervariable region of the 16S rRNA gene using dual-
indexed universal primers (U515F/806R) flanked by lllumina 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).
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Amplicons were then pooled for sequencing using the lllumina MiSeq platform and V2 chemistry with 2
x 250 bp paired-end reads, as previously described.*

Assessment of Chronic Behavioral Comorbidities. Behavioral comorbidities of epilepsy were assessed
6 weeks p.i. for a subset of mice in study (n = 20/TMEV-infection group; n = 10-11 sham) and included:
working memory in a novel object/place recognition task and minimal clonic seizure threshold % .

Novel object place recognition (NOPR). This task was conducted based on previously detailed
methods.'” ** This task is designed to identify gross changes in working memory in mice with chronic
seizures™, including in mice previously infected with TMEV “*. In a 40 x 40 cm open field chamber each
mouse was exposed to a pair of identical “familiar” objects at an approximate distance of 15 cm apart
for 15 minutes. The mouse was isolated from the test environment for a 5-minute retention interval
while one familiar object was replaced with a novel object in a new location. The mouse was then
returned to the testing chamber and exploration behavior was manually recorded for an additional 5
min. The time that the mouse spent with the novel versus the familiar object was determined based on
the total time spent with both objects, i.e., the recognition index (RID). A cognitively intact mouse will
innately spend more time with a novel object than with the familiar object and thus have a larger RID.**
All behavioral evaluations were performed by an experimenter blinded to the treatment condition.

Minimal clonic seizure threshold test. Minimal clonic seizure test was assessed after completion
of the NOPR task, to assess whether there were long-term reductions in seizure susceptibility between
diet and infection groups. Reductions in seizure threshold is a well-established biomarker of
epileptogenesis in the TMEV*" ** and other rodent epilepsy models.** Minimal clonic seizures were
induced with a 60 Hz, 0.2 second sinusoidal current pulse delivered to the anesthetized (0.5%
tetracaine) corneas.*** These seizures are characterized by rhythmic face and forelimb clonus, rearing
and falling, and ventral neck flexion. Mice with these behaviors were considered to have had a seizure.
Mice were evaluated repeatedly over the course of 7-10 days, with 48 hours of rest in between
electrical stimulation sessions, until group sizes were sufficient to calculate the median convulsant
current (CC50) for each treatment condition by the Probit method.*" *°

Statistical Analysis. Daily body weights were analyzed by repeat measures analysis of variance
(ANOVA) and post hoc Tukey's t-test. Latency to first seizure Kaplan-Meier curves was determined with
a log-rank (Mantel-Cox) test. Effect of treatment on seizure burden and average number of stage 4/5
seizures were evaluated by the Kruskal-Wallis test. The proportion of severe seizures in each treatment
group was determined with a standard score analysis. Bacterial relative abundance data determined via
16S rRNA sequencing were analyzed by two-factor ANOVA. Minimal clonic seizure threshold
differences were defined as non-overlapping 95% confidence intervals. Latency to fall off the rotarod,
OF measures, and NOPR test results were analyzed using one-way ANOVA and post-hoc Tukey's t
test. All statistical analyses were conducted with Prism v.8.0 or later (GraphPad Software, La Jolla,

CA), with p < 0.05 considered statistically significant.

Results
Dietary manipulation modifies acute TMEV infection disease presentation

Acute TMEV infection is well-documented to induce acute, handling-induced seizures from
roughly day 3-7 p.i.** ** These seizures in mice are also commonly associated with acute body
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weight loss and general ill-thrift due to the active viral infection, which can also be exacerbated by acute
pharmacological intervention.!”** Thus, body weight loss was monitored to quantify the extent to which
dietary modifications alter metrics of acute symptom presentation post-TMEYV infection (Figure 2A and
2B). Total raw body weight was significantly reduced in a time x diet-related manner (Figure 2A; F
(30,1231) = 4.26, p < 0.0001) and the percent of body weight change after TMEV infection was also
similarly affected by a diet x time interaction (Figure 2B; F(30,1183) = 4.067, p < 0.0001). Thus, dietary
sterilization and composition can dramatically influence acute body weight change after a central TMEV
infection.

Libbey and colleagues have previously demonstrated that IR diet cause more mice to develop
stage 5 seizures, albeit there was no statistical difference from a non-identical AC diet,*® thus we
sought to determine whether any treatment condition led to a greater proportion of mice with seizures in
mice both administered a matched IR versus AC UU diet as well as whether differences in the diet
composition within similar sterilization parameters (UW IR diet versus UU IR diet) could significantly
influence the proportion of mice with seizures (Figure 2C). Within the TMEV-infected cohorts, more IR
diet-fed mice experienced a Racine stage seizure during the active infection (Figure 2B; X*=70.72; p <
0.0001).

TMEV-infection in mice is associated with a high number of acute, handling-induced seizures
during the acute infection period (Figure 2D). There was a significant increase in the total number of
observed seizures in all TMEV-infected mice (Figure 2D; F (5,229) = 17.09, p < 0.0001). Post-hoc
analysis revealed a significant difference in the total number of observed seizures between dietary
condition groups, with only UU IR and UU AC diet-fed TMEV-infected mice showing significantly more
seizures than diet-matched sham-infected animals (Figure 2D; p < 0.001 and p < 0.0001, respectively.
However, only mice fed a UU AC diet demonstrated significantly more observed seizures than the UW
IR diet-fed mice, indicating marked differences in seizure presentation within the same institution as a
function of diet composition and sterilization. The number of generalized (Racine stage 4/5) seizures
was also significantly impacted by diet in TMEV-infected mice (Figure 2E; F(5,229) = 13.35, p <
0.0001), with post-hoc analysis revealing a similar pattern of separation between dietary condition
groups after TMEV infection. In this analysis, both UU IR and UU AC diet-fed TMEV-infected mice
presented with significantly more handling-induced Racine stage 4/5 seizures than UW IR diet-fed
TMEV-infected mice, demonstrating a significant source of potential lab-to-lab variability in the
presentation of the TMEV model. Finally, we analyzed both the average seizure burden (Figure 2F) and
total seizure burden (Figure 2G) within the TMEV-infected mice that presented with at least one
behavioral seizure observed during the acute monitoring sessions. In the TMEV-infected mice with
seizures, the average seizure burden was greatest in UU IR diet-fed TMEV-infected mice (Figure 2F)
whereas the total average seizure burden was greatest in UU AC diet-fed TMEV-infected mice,
suggesting that while there were generally more UU IR TMEV-infected mice with at least one handling-
induced seizure, the frequency and severity of seizures was greatest in the UU AC diet-fed animals.
Altogether, the acute monitoring period seizure history indicates stark diet-related differences in acute
seizure presentation and burden within TMEV-infected mice housed within the same SPF facility.

Finally, performance of TMEV-infected mice with at least one observed behavioral seizure
during the 0-8 days p.i. monitoring period were challenged on the fixed-speed rotarod task 10 days p.i.
to determine whether there were any differences in recovery from the acute infection at this time point
(Figure 2H). Mice infected with TMEV were significantly more impaired on the rotarod than sham-
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infected mice in the matched diet cohort (F (5, 208) = 5.746, p < 0.0001). Further, post hoc analysis
revealed that only UU AC diet-fed TMEV-infected mice experienced significant deficits in motor
coordination on this task relative to UU AC diet-fed sham-infected mice, and these animals also
exhibited significantly greater impairment on the rotarod task relative to UW IR diet-fed TMEV-infected
mice. Altogether, modification of dietary sterilization was associated with substantial changes in the
recovery from acute disease between dietary conditions.

Acute TMEV infection shifts the composition and diversity of the intestinal microbiome by Day 7 post-
infection

By Day 7 p.i., at least 49% of all TMEV-infected mice had presented with handling-induced
acute seizures (Figure 2C), thus we wanted to ascertain microbial alpha-diversity (Shannon diversity
index), as well as relative abundance of specific microbes at this point of active infection relative to that
of Day 0 levels (Figure 3). The Shannon diversity index provides a measure within a given sample to
indicate both the richness (i.e., number of different taxa found in a sample) and the evenness of
distribution of the various taxa, with greater richness and evenness favoring higher alpha-diversity
(Figure 3A and 3B). There was no significant difference in Shannon alpha-diversity between diet- and
TMEV-infection cohorts at the time of arrival to UW (Figure 3A) yet by Day 7 there was a significant diet
x infection interaction on the alpha-diversity of the samples at this time point (Figure 3B; F(2, 44) =
3.243, p = 0.0485). Post hoc analysis further demonstrated that only UU IR diet-fed mice that were
infected centrally with TMEV exhibited significant reductions in alpha diversity relative to sham-infected
diet-matched cohorts (p = 0.019) whereas UU AC diet-fed mice did not differ by TMEV-infection status,
demonstrating that dietary sterilization differences influenced alpha-diversity after central infection with
TMEV. These findings altogether demonstrate that dietary modification and sterilization differences
within a single facility can dramatically alter intestinal alpha-diversity.

Diet sterilization vastly alters the composition and diversity of the intestinal microbiome during acute
TMEYV infection

Intestinal microbial communities are an essential factor underlying many physiological
processes including nutrition, inflammation, protection against pathogens, and the function of the
nervous system.”" ** In addition to general changes in intestinal biodiversity across time, we also
sought to establish whether TMEYV infection and dietary modification could specifically and additively
alter bacterial species type across the acute TMEV infection period within mice with and without acute
handling-induced seizures (Figure 4A-K). The relative abundance of several specific genera of
microbes were found to predominate in the fecal matter of mice infected with TMEV or sham (Figure 4).
We thus sought to define the extent to which central TMEV infection and modifications of dietary
composition could alter the composition and diversity of these specific intestinal microbes in a time-
dependent manner (Figure 4A-K). There was a significant time-dependent decrease in the relative
abundance of Akkermansia (Figure 4A) with time from arrival at our research facilities (main effect of
time F(1,726, 41.41) = 65.54, p < 0.0001) but no significant time x diet interaction (F(10,48) = 0.358, p
= 0.095). There was a significant time x diet interaction on the relative abundance of Lactobacillaceae
(Figure 4B) with time (F(10,48) = 4.063, p = 0.0004), with post-hoc analysis demonstrating that only the
UU AC diet-fed mice infected with TMEV experienced marked shifts in relative abundance of this
species relative to UU AC diet-matched sham-infected mice by Day 7 p.i. (p < 0.0001). There was also
a time x diet interaction in the relative abundance of Bacteroidaceae (Figure 4C; F(10,48) = 2.304, p =


https://doi.org/10.1101/2023.10.17.562694
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.17.562694; this version posted October 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

0.0265). Rikenellaceae exhibited significant shifts in relative abundance in a time x diet-related manner
(Figure 4D; F(10,48) = 3.915, p = 0.0006), but no post hoc differences between groups. There was a
main effect of time on the relative abundance of Muribaculaceae (Figure 4E; F(1.996,45.91) = 37.79; p
< 0.0001), but no post hoc differences. Bifidobacteriaceae demonstrated a significant time x diet
interaction over the course of the TMEV infection period (Figure 4F; F(10,48) = 2.811, p = 0.008), with
post hoc tests revealing marked differences on Day 7 between UU AC diet-fed TMEV-infected mice
and diet-matched sham-infected animals (p = 0.015). There was a main effect of housing time on
Erysipelotrichaceae (Figure 4G; F(1.42,34.07) = 7.147, p = 0.0059), but no post hoc differences.
Housing duration also significantly influenced the relative abundance of Burkholderiaceae (Figure 4H;
F(1.385, 33.23) = 61.82, p < 0.0001), whereas there were no significant effects on Lachnospiraceae
(Figure 41). There was a marked time x diet interaction effect on the relative abundance of
Eggerthellaceae (Figure 4J; F(10,48) = 2.204, p = 0.0336), with post hoc tests indicating that only UU
AC diet-fed TMEV-infected mice exhibited significant differences in the abundance of this taxon relative
to sham-infected diet-matched mice (p = 0.0015). Lastly, the relative abundance of Staphylococcaceae
demonstrated a significant time-relative increase (Figure 4K; F(1,24) = 44.05, p < 0.0001) but there
were no post hoc differences between groups. Altogether, we presently demonstrate that the relative
abundance of multiple intestinal commensals is significantly shifted in a diet- and time-related manner
during an acute TMEYV infection in C57BL/6J male mice and rehousing in the UW SPF facility.

The composition and diversity of the intestinal microbiome in mice with TMEYV infection-induced acute
seizures is substantially altered by diet and sterilization

While dietary differences were observed to markedly affect the diversity and composition of the
intestinal microbiome during the 10 days from arrival to UW housing facilities, we also sought to assess
whether dietary differences in combination with acute seizure history were in any way affecting the
diversity and composition of the intestinal microbiome (Figure 5). Thus, the commensal species
abundance was assessed within mice that had at least one Racine stage 4/5 seizure versus sham-
infected and non-seized mice within each dietary group. The most striking differences between sham-
infected and TMEV-infected mice broken down by seizure history were observed only in Gram-positive
bacterial species, including Lactobacillaceae (Figure 5B; main effect of seizures - F(2,19) = 16.52,p <
0.0001), Bifidobacteriaceae (Figure 5F; main effect of seizures - F(2,21) = 22.69, p < 0.0001), and
Eggerthellaceae (Figure 5J; main effect of seizures — F(2,14) = 3.712, p = 0.050). Gram-positive
Erysipelotrichaceae exhibited a significant main effect of diet (Figure 5G; F(1,14) = 18.57, p = 0.0007)
There were major differences as a function of diet only in the Gram-negative bacterial species,
including Bacteroidaceae (Figure 5C; F(2,21)=5.174, p=0.0149) and Rikenellaceae (Figure 5D; F(2,21)
=10.22, p = 0.0008). Thus, dietary sterilization and composition, coupled with acute seizure history
after central TMEYV infection leads to marked shifts in bacterial species abundance, with differences in
seizure history largely co-occurring with major shifts in gram-positive bacterial species abundance.

TMEV-infection leads to worsened chronic working memory deficits only in mice fed an autoclaved diet

Acute TMEV infection is known to promote the development of SRS and behavioral
comorbidities weeks to months later,* 1”353 supporting the validity of this approach as a model of
infection-induced acquired epilepsy. To determine the extent to which dietary modulation affected onset
and severity of behavioral comorbidities of epilepsy, we allowed a subset of mice to recover to 6 weeks
p.i. and then monitored for changes in working memory using the novel object place recognition task
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(NOPR; Figure 6A). Performance in the NOPR task weeks after a TMEV infection can be substantially
impaired depending on acute seizure history,** ** thus we only evaluated the performance of mice
infected with TMEYV that had at least one handling-induced seizure during the acute infection period.
Consistent with our earlier studies, there was a significant main effect of TMEV infection on NOPR
performance (F(1,64) = 19.29, p< 0.0001). However, only mice fed the UU AC diet showed significant
impairments on NOPR performance relative to diet-matched sham-infected mice (p = 0.0027). Thus,
despite seemingly similar acute disease burden during the active TMEYV infection period (Figure 2), an
autoclaved diet promotes more severe behavioral comorbidities weeks after the acute infection period.

Minimal clonic seizure threshold is markedly altered by dietary formulation but not TMEV infection
history

We additionally sought to assess whether diet sterilization influenced the acute seizure
threshold of sham- and TMEV-infected mice well after the acute infection period (Figure 6B). The
minimal clonic seizure threshold test is a well-characterized model of acute seizure susceptibility that
can reveal changes due to pharmacological intervention, genetic manipulation, or neurological insult.**
48:49 We earlier demonstrated that threshold to an evoked generalized seizure in the i.v. PTZ assay can
be substantially altered by acute TMEYV infection history, but that this seizure threshold test can evoke
significant mortality in C57BL/6J mice.'” C57BL/6J mice are generally more susceptible to mortality
following a generalized tonic clonic seizure,> thus we sought to use a less severe seizure model to pair
to the chronic behavioral testing at 6 weeks after TMEV infection. The minimal clonic test is also known
to reveal reduced seizure susceptibility following a TMEV infection.™* There were no significant
differences between sham- and TMEV-infected mice in the minimal clonic seizure threshold within each
dietary group. The UW IR diet-fed mice that were sham infected had a seizure threshold of 6.3 mA
[95% confidence intervals - 5.2-6.7] and mice infected with TMEV on the UW IR diet had a seizure
threshold of 6.4 mA [6.1-6.8]. The sham-infected UU IR diet-fed mice had a seizure threshold of 6.8 mA
[6.3-7.1] and mice infected with TMEV on the UU IR diet had a seizure threshold of 6.7 mA [6.2-7.2].
Sham-infected mice fed the UU AC diet had a seizure threshold of 7.9 mA [7.1-8.6] and mice infected
with TMEV on the UU AC diet had a seizure threshold of 7.5 mA [7.2-7.8]. However, there were
significant differences in minimal clonic seizure threshold of mice fed the UW IR diet versus the UU AC
diet, regardless of TMEV infection status, indicating that dietary sterilization and composition alone can
markedly influence chronic seizure threshold and contribute further to potential lab-to-lab variability.
However, TMEV infection was not associated with reductions in minimal clonic seizure threshold at 6
weeks post-infection.

Discussion

This present study demonstrates that differential acute seizure onset and chronic disease
burden after TMEV infection can be dramatically altered by changes in dietary sterilization and
formulation. The presently observed diet-induced differences in disease phenotype led to substantial
changes in the composition of the intestinal microbiome during the acute seizure period. To determine
whether the TMEV model may also be sensitive to any diet-induced changes in the composition and
diversity of gut commensal microflora, we quantified the changes in the intestinal microbiome prior to
and during central infection with TMEV in mice on either matched diet sterilized by autoclaving (AC) or
irradiation (IR) versus a different dietary formulation that was IR sterilized (Figure 2). The rationale for
these dietary variations was a function of differences intrinsic to two different institutional housing
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conditions wherein this model was originally described (University of Utah; UU) versus where the
subsequent new behavioral studies were performed (University of Washington; UW). Over the course
of several years of investigation with numerous cohorts of mice, we presently demonstrate that dietary
formulation and sterilization not only significantly shifts the acute handling-induced seizure presentation
following central TMEYV infection, but also leads to marked differences in intestinal microbiome
composition and diversity, as well as stark differences in chronic behavioral comorbidity severity in mice
with at least one handling-induced behavioral seizure during the acute viral infection period. Using 16S
ribosomal RNA amplicon sequencing of fecal samples collected prior to, during, and post-central
infection with TMEV, we herein demonstrate significant shifts from baseline housing (Day -3) in the
presence of several bacterial species, including most notably the Gram-positive Lactobacillaceae,
Bifidobacteriaceae, and Bacteroides (Figure 4 and 5). Altogether, the present study points to significant
potential for lab-to-lab variability in the disease phenotype of the TMEV mouse model of epilepsy. Our
current study reveals a phenomenally unique preclinical model of acquired epilepsy that offers
untapped opportunity to critically interrogate the contributions of the gut-brain axis and peripheral
immune system on epileptogenesis. Further, our study offers a cautionary note that before embarking
on studies using brain infection with TMEV in C567BL/6J mice, it is important to recognize the
variability, as discussed below, that can be introduced by changes in extrinsic factors such as diet
composition and sterility.

Changes in intestinal commensals can significantly shift anticonvulsant effect in the acute 6 Hz
seizure model and Kcnla” mouse model of genetic epilepsy *°, thus our present study also clearly
demonstrates that the TMEV model may also be sensitive to depletion of specific intestinal bacteria.
Recent studies have also highlighted that key microbial taxa are associated with seizures in the acute
infection period of the TMEV model *°, albeit that study was limited to evaluations of microbial
composition at a single time point 7 DPI from mice housed in different locations. Our studies
demonstrate that acute seizures and chronic behavioral biomarkers of chronic disease in the TMEV
model are heavily dependent on intestinal microbiome biodiversity. Diet sterilization in TMEV-infected
mice residing in a SPF vivarium affects the onset and severity of acute seizures, as well as leads to
marked changes in chronic behavioral comorbidities of epilepsy. Further, this study demonstrates that
the composition and diversity of the gut microbiome during the active TMEV infection period is
markedly altered by diet sterilization procedure, suggesting that the acute and chronic disease
phenotype of the TMEV model can be substantially influenced by the intestinal microbiome. This study
confirms earlier findings that the acute infection period of the TMEV model is acutely sensitive to dietary
modulation,® and extends those studies to highlight that the long-term impact of such dietary
manipulation markedly changes the disease trajectory of this mouse model of acquired epilepsy. Our
study further reveals that this sensitivity arises at the level of the composition and diversity of the
intestinal microbiome (Figures 3, 4, and 5). Importantly, this variability in acute and chronic model
phenotype as a result dietary manipulation carries significant implications for the reproducible use of
this mouse model for drug discovery applications and points to an important novel therapeutic target in
epileptogenesis: namely the gut-brain axis. It has been postulated that the TMEV model of infection-
induced epilepsy may identify novel, and as yet, untested therapeutic targets to radically transform the
clinical management of epilepsy.*® *® This current study clearly supports the TMEV model as a uniquely
differentiated model that is highly variable but altogether provides an unparalleled opportunity to
uncover novel molecular targets of relevance to epileptogenesis. Changes in dietary sterilization alone
can alter the composition and diversity of enteric microbiota, significantly shifting in the trajectory of
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both the acute disease burden and chronic epilepsy-related behavioral comorbidities. Our study carries
high translational value to advance dietary modification strategies in antiepileptogenesis approaches.

There is reported lab-to-lab variability in the use of the TMEV model. For example, specific viral
sub-strains and mouse strains all markedly impact the acute and chronic course of disease
presentation in this model.>” Indeed, Libbey and colleagues were the first to show that dietary
sterilization differences using two unmatched diet formulations could meaningfully alter the acute
disease presentation in mice infected with TMEV.*® However, that study failed to clearly resolve
whether dietary formulation or sterilization were more likely contributing to the observed differences in
behavioral seizure presentation during the acute infection period. Our present study aligns with these
earlier findings to demonstrate that diet formulation and sterilization differences can markedly change
acute disease presentation, but also extends those studies to demonstrate reduced incidence of acute
seizures in mice fed an autoclaved versus and a formulation-matched irradiated diet (Figure 2B).
Despite this change, there was similar disease burden during the TMEV infection period on days 0-7
p.i. There were also marked differences in body weight gain between AC and IR diet-fed animals
(Figure 2A), providing a clear discrepancy in the model reproducibility. Our present work aligns with the
findings of Libbey and colleagues to demonstrate that dietary modification can substantially change the
acute infection period of the TMEV model. Further, our study supports mounting evidence to point to a
potential anticonvulsant and/or disease-modifying role of discrete intestinal commensal species and/or
priming of the innate immune system by environmental exposure to modulate epilepsy disease
severity.>

The variability in this model also highlights an important caveat in the use of the TMEV model
for future drug discovery,® and warrants caution in the interpretation of any findings relevant to the
discovery of new pharmacological agents. For example, we have previously demonstrated that once-
daily oral administration of the ASM, levetiracetam (50 mg/kg), is proconvulsant in TMEV-infected mice
fed an irradiated diet, leading to a 50% increase in cumulative seizure burden®®. However, Metcalf and
colleagues subsequently used a nearly identical drug screening protocol to demonstrate that
levetiracetam (30 mg/kg, i.p.) is anticonvulsant when delivered from days 3-7 post-infection.”® While the
diet sterilization procedure was not specifically disclosed in the Metcalf study,® these conflicting reports
of the anticonvulsant profile of levetiracetam in the TMEV model indicate that the diversity and
composition of the intestinal microbiome alone may vastly influence perceived investigational drug
activity in the TMEV model, confounding interpretation of anticonvulsant effects. Indeed, the ASM
valproic acid also loses anticonvulsant efficacy against pentylenetetrazol-induced acute seizures with
intestinal inflammation modeling ulcerative colitis *°, suggesting that the gut microbiome may itself
modify ASM activity. Future studies are thus essential to determine the extent to which gut microbiome
depletion or modulation alters ASM activity in the TMEV model.

The precise peripheral and central mechanisms underlying our presently observed disease-
modifying effects of dietary manipulation in the TMEV model require further scrutiny. It is likely that
dietary modulation of the composition and diversity of the intestinal microbiome grossly influences
innate immune system response, including the response of resident microglia and infiltrating
macrophages. There is less clear evidence that resident CNS microglia cause the acute, handling-
induced seizures associated with TMEV infection.'® DePaula-Silva and colleagues demonstrated that
macrophages infiltrate as early as 3 DPI when acute seizures begin, and peak at 7 days post-infection
(DPI), when acute seizure cease.®® Further, macrophage infiltration was more substantial in mice with


https://doi.org/10.1101/2023.10.17.562694
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.17.562694; this version posted October 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

acute seizures than in TMEV-infected mice that did not have acute seizures. Depletion of macrophages
can reduce the number of mice with acute seizures®; adoptive transfer of monocytes can increase
number of mice with seizures. These findings suggest that manipulation of infiltrating macrophages is
directly associated with the number of animals with seizures in the TMEV model. DePaula-Silva and
colleagues demonstrated that clodronate-mediated depletion of macrophages leads to fewer numbers
of mice with seizures following TMEV infection, aligning with findings of Waltl et al 2018.*% ¢

One impactful clinical strategy to control DRE is through the non-pharmacological ketogenic diet
6162 However, the mechanisms by which the ketogenic diet specifically mediates any anticonvulsant
effect is still intensely investigated °*®*. One hypothesized mechanism by which the ketogenic diet can
attenuate the burden of epilepsy is through modulation of the diversity and composition of the intestinal
microbiome ?*'°. As we presently demonstrate, the intestinal microbiome is heavily influenced by
dietary intake. Patients with epilepsy can experience significant shifts in the composition and diversity
of intestinal microorganisms with adherence to the ketogenic diet °. Preclinical evidence suggests that
modification of gut biodiversity by administration of a “ketogenic-like” high fat/low protein diet to wild-
type mice housed in a conventional SPF vivarium can significantly elevate acute seizure threshold *°.
Further, depletion of the intestinal microbiome with antibiotics significantly increased SRS burden in the
Kcnal™ mouse model of genetic epilepsy *°. Administration of selected bacterial commensal species
also significantly attenuated SRS in antibiotic-treated Kcnal™ mice . While this particular study was
limited to just the use of the acute 6 Hz model of seizure threshold in wild-type mice and the Kcnla™
mouse model of genetic epilepsy *°, there is a clear evidence that the intestinal microbiome is an
untapped therapeutic modality to modify the severity and burden of epilepsy.

Whether dietary modification or changes in the intestinal microbiome can synergistically improve
acute seizure control with available ASMs and/or modify epileptogenesis in acquired, adult-onset
epilepsy is clearly in need of further study. The heterogeneity of epilepsy and its related comorbidities,
along with the vast number of interactions and variables intrinsic to the intestinal microbiota, make it
challenging to conduct the definitive studies to establish the causal relationship between environmental
factors and disease course. Our present study demonstrates that modulation of the intestinal
microbiome through dietary sterilization may play a role on acute disease presentation after TMEV
infection in C57BL/6J male mice and also dramatically alter the trajectory of ensuing disease
biomarkers, suggesting that epileptogenesis after TMEV infection in C57BL/6J mice may be altered by
dietary therapy or selected bacterial transfer. Remodeling the gut microbiome with probiotics,
prebiotics, fecal matter transplantation, ketogenic diet has gained traction in recent years as an
untapped opportunity to prevent or treat epilepsy®®’. Indeed, short-course antibiotic treatment with the
antibiotic ciprofloxacin in adults with drug resistant epilepsy may robustly reduce seizure frequency,?’
with the Bacteroidetes: Firmicutes ratio being substantially altered after treatment. Thus, the potential
for synergistic and antagonistic effects of microbiome changes on the activity and efficacy of traditional
ASMs in drug-sensitive and drug-resistant individuals, and relevant animal models, is thus in need of
further rigorous investigation.
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Figure 1. Experimental timeline and study design to assess the effects of dietary sterilization on acute
disease course in the TMEV model of infection-induced acute seizures and behavioral comorbidities of
epilepsy. Male C57BL/6J mice aged 4-5 weeks old were housed in a specific pathogen-free (SPF)
vivarium and provided free access to autoclaved (AC) or irradiated (IR) diet commencing at the time of
arrival. Animals remained on specific diet for the duration of the study (to 6 weeks-post infection). Fecal
samples were collected at day -3, day 0 (at the time of TMEYV infection), and day 7 (end of the acute
monitoring period). Mice were assessed twice daily for presence and severity of acute seizures from
days 3-7 post-infection; 4-6 weeks later mice were challenged in various behavioral seizure tasks to
determine the changes in epilepsy-related behavioral comorbidities.

Infect with TMEV (3.0 x 105 PFU) DAY 7 Fecal
or Sham (PBS) — DAY 0 Fecal Samples Samples

3 days on diet prior to l l’ P s

TMEV infection or PBS > ﬁ Chronic Behavioral
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Figure 2. Modulation of diet and diet sterilization significantly altered body weight gain and the acute seizure
burden following brain infection with Theiler’s virus (TMEV). A and B) TMEV-induced body weight loss
varied with diet (UW versus UU) or diet sterilization procedure (autoclaved — AC; or irradiated — IR). C)
Acute seizure incidence is greatest in mice fed an UU IR or UU AC diet. D) The total number of observed
seizures during the acute monitoring period is greatest in mice fed UU IR or UU AC diet, but only UU AC
diet-fed mice differed from UW diet-fed TMEV-infected animals (p < 0.001). E) The total number of
observed generalized seizures (Stage 3 or greater) during the acute monitoring period is greatest in mice
fed UU IR or UU AC diet, with both UU IR and UU AC diet-fed mice exhibiting significantly more generalized
seizures relative to UW diet-fed TMEV-infected animals (p < 0.05). F) The average seizure burden in mice
with any observed seizure was significantly greatest in UU IR diet-fed mice relative to both UW and UU AC-
diet fed animals. G) The total seizure burden of mice with any observed seizure was significantly greater in
UU IR and UU AC diet-fed mice, but there was no difference in total seizure burden within mice fed the UU
diet. H) Recovery from acute infection is only significantly delayed in UU AC-fed mice (p < 0.05).
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Figure 3. Acute CNS infection with the Daniel’s strain of the Theiler's murine encephalomyelitis virus
(TMEV) model is associated with substantial changes in alpha diversity in the gut microbiome because
of dietary composition and sterilization in male C57BL/6J mice. A) There were no significant differences
in the relative diversity of the microbiome composition on the day of TMEV inoculation. B) There was a
significant diet x infection interaction in respect to alpha-diversity on Day 7 post-infection (F(2,44) =
3.243, p = 0.0485), with post hoc differences evident only in mice that were fed the UU IR diet (*
indicates p = 0.0195).
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Figure 4. Diet composition and sterilization significantly alters the gut microbial composition during the
acute period after CNS infection with the Daniel’s strain of the Theiler's murine encephalomyelitis virus
(TMEV) model in male C57BI/6J mice. There are marked changes in the phylum-level intestinal
microbiome composition and diversity. The most significant changes were observed in Gram-positive
bacterial strains, including B) Lactobacillaceae, F) Bifidobacteriaceae, and J) Eggerthellaceae.
*indicates significant difference from diet-matched sham-infected mice, p < 0.05. # indicates significant
difference between UU AC shame-infected and UW IR sham-infected mice, p = 0.05.
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Figure 5. The relative abundance of intestinal microbiome commensal species is impacted by seizure
history and dietary condition 7 days after brain infection with the Daniel’s strain of the Theiler's murine
encephalomyelitis virus (TMEV) model in male C57BL/6J mice. There were marked changes in relative
abundance of various bacterial species as a function of diet, with the most significant effects observed
in Gram-positive bacterial species B) Lactobacillaceae , F) Bifidobacteriaceae , and J) Eggerthellaceae
* indicates significant difference, p < 0.05.
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Figure 6. The chronic behavioral changes in male C57B:/6J mice centrally infected with the Daniel's
strain of the Theiler's murine encephalomyelitis virus (TMEV) was examined 6 weeks post infection. A)
While there was a main effect of TMEV infection on NOPR performance (F(1,64) = 19.29, p < 0.0001),
the working memory performance was only significantly impaired in TMEV-infected mice fed the
autoclaved (AC) UU diet when assessed 6 weeks post-TMEV infection. Neither the UW irradiated (IR)
nor UU IR diet-fed mice demonstrated marked cognitive deficits 6 weeks after TMEV infection. **
indicates significantly different from sham-infected, diet-matched mice (p < 0.01). B) The minimal clonic
seizure threshold of mice is not itself significantly altered by TMEV infection. However, chronic seizure
threshold itself can be substantially influenced by dietary sterilization procedure, as UU AC diet-fed
mice demonstrated significantly elevated minimal clonic seizure threshold relative to UW IR diet-fed
mice, regardless of TMEV infection status. # Indicates non-overlapping 95% confidence intervals.
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