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ABSTRACT

Epilepsy is one of the most common neurological disorders worldwide. This neurological
disorder is characterized by spontaneous recurrent seizures and impacts about 65 million people
globally. As there is no cure for epilepsy, the treatment goal for patients is seizure management,
and ultimately seizure freedom. The first line of defense in seizure management is anti-epileptic
drugs, which aim to restore the excitatory and inhibitory balance in the brain. Unfortunately,
about 30% of people with epilepsy are drug resistant, a number which has remained unchanged
despite the increasing amount of anti-epileptic drugs. This leads patients to seek alternative
treatments, which include surgery, vagus nerve stimulation, or diet alterations such as the
ketogenic diet. Due to the invasiveness of surgeries, difficulty to maintain specialty diets, or lack
of effectiveness of these treatments in some patients, additional therapies are needed.

The gut-brain axis is a bidirectional communication network connecting the central and
enteric nervous systems. Part of this network includes communication via the gut microbiota.
The gut microbiota consists of all the microorganisms living in the gut, including bacteria,
viruses, and fungi. It is involved in aiding nutrient absorption, promoting the maturation of
immune cells and functions, and protection against pathogens. There is growing interest in the
role of the gut microbiome in human health and disease. Studies have shown that patients with
epilepsy have altered gut microbiomes compared to healthy controls, and that gut microbiome
alteration can impact seizure frequencies. These exciting findings have ignited research on the
potential therapeutic role of the gut microbiome in epilepsy. Although studies have explored the
impact of alterations in the gut microbiome on seizure activity, they have not studied how anti-
epileptic drugs may contribute to this relationship. Thus, this dissertation explores the role of the
commonly prescribed anti-epileptic drug topiramate on the gut microbiome. Fecal samples of
mice treated with topiramate were analyzed using 16S ribosomal RNA gene sequencing.
Analysis revealed that topiramate ingestion increased the probiotic bacteria Lactobacillus
johnsonii in the gut microbiome. In addition, cotreatment of topiramate and Lactobacillus
johnsonii reduced seizure susceptibility in a pentylenetetrazol-kindling seizure model. Moreover,
cotreatment increased the butyrate producing family Lachnospiraceae and subsequently
increased the neuroprotective SCFA, butyrate in the gut microbiome. Importantly, cotreatment
also resulted in an increased GABA/glutamate ratio in the cortex of mice that underwent
pentylenetetrazol-kindling.

These results are the first to demonstrate that the anti-seizure effect of topiramate may be
facilitated by the modulation of the gut microbiota via increasing butyrate and altering the
GABA/glutamate ratio in the cortex. Lastly, this work highlights the potential for probiotics as
an adjuvant therapy in seizure management.
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GENERAL AUDIENCE ABSTRACT

Epilepsy is one of the most common neurological disorders worldwide. This neurological
disorder is characterized by spontaneous recurrent seizures and impacts about 65 million people
globally. As there is no cure for epilepsy, the treatment goal for patients is seizure management,
and ultimately seizure freedom. The first line of defense in seizure management is anti-epileptic
drugs, which aim to restore the excitatory and inhibitory balance in the brain. Unfortunately,
about 30% of people with epilepsy are drug resistant, a number which has remained unchanged
despite the increasing amount of anti-epileptic drugs. Due to this unmet need, epilepsy patients
utilize alternative treatments, which include surgery, vagus nerve stimulation, or diet
modifications such as the ketogenic diet. Due to the invasiveness of surgeries, difficulty to
maintain specialty diets, or lack of effectiveness of these treatments in some patients, additional
therapies are needed.

The gut microbiota consists of all the microorganisms living in the gut, including
bacteria, viruses, and fungi, which can be both harmful and helpful. In healthy individuals, the
gut microbiota coexists in a balance that prevents diseases and helps the host, however,
disruptions in this balance can lead to susceptibility to several diseases. As a result, researchers
are increasingly interested in the role of the gut microbiota in human health and disease. In
epilepsy, the gut microbiome is altered compared to healthy individuals, and gut microbiome
alterations can impact seizure activity. This has led researchers to investigate the potential
therapeutic role of the gut microbiome in epilepsy. Although studies have explored the impact of
alterations in the gut microbiome on seizure activity, they have not studied how anti-epileptic
drugs may contribute to this relationship. Thus, this dissertation explores the role of the
commonly prescribed anti-epileptic drug topiramate on the gut microbiome. The results
demonstrate that topiramate increases probiotic bacteria in the gut microbiome of mice.
Moreover, this probiotic bacterium facilitates topiramate in reducing the susceptibility to seizures
in a mouse model by resulting in a beneficial gut microbiome and restoring excitatory and
inhibitory balance to the brain.

These results are the first to demonstrate that the anti-seizure effect of topiramate may be
facilitated by the gut microbiome. Lastly, this work highlights the potential for probiotics as an
adjuvant therapy in seizure management.
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Chapter 1: Introduction
1.1 Epilepsy

Epilepsy is one of the most common neurological disorders worldwide (Beghi, 2020). It
is a disorder characterized by spontaneous recurrent seizures which impacts 1% of people in the
United States (US) alone and around 65 million people globally (Kanner & Bicchi, 2022). This
disorder is caused by numerous factors, including central nervous system (CNS) infection,
traumatic brain injury (TBI), stroke, brain tumors, genetics, and unknown causes. Epilepsy
slightly impacts men more than women and is heavily concentrated in lower- and middle-income
countries (80% of cases), however this is likely attributed to the increased risk factors affecting
these groups (Beghi, 2020). Epilepsy affects people of all ages but is more commonly skewed to
younger and older populations, with highest prevalence during the first year of life and over the
age of 85 (Beghi, 2020).

While epilepsy encompasses a wide range of conditions, these conditions all share the
common characteristic of seizure activity. Seizures are bursts of uncontrolled electrical activity
in the brain, often due to an imbalance of excitation and inhibition. Seizures can be focal,
originating in one location, or generalized, occurring simultaneously throughout the cortex.
Additionally, seizures may or may not impact motor systems. Given that seizures are the
hallmark of epilepsy, the primary treatment goal is to reduce or rid patients of seizures. The first
line of defense against seizures is anti-epileptic drugs (AEDS). If two tolerated and appropriately
chosen AEDs fail to achieve seizure freedom, the patient is deemed drug resistant (Kanner &
Bicchi, 2022). Drug-resistance requires patients to seek alternative treatments including surgery,

vagal nerve stimulation, and/or the ketogenic diet (Kanner & Bicchi, 2022).



AED:s are a group of medications that aim to reduce seizure occurrence typically by
either decreasing excitation, primarily mediated by glutamate, or increasing inhibition, primarily
mediated by gamma-aminobutyric acid (GABA), in the brain. There are over 30 major AEDs
approved for use in the United States (Rudzinski et al., 2016) (Table 1). These drugs span vast
and various mechanisms of action which include increasing inhibition by either increasing
GABA release in the synapse or activating GABA receptors or decreasing excitation by
decreasing glutamate release in the synapse or blocking glutamate receptors. AEDs are
prescribed based on seizure type and epilepsy syndrome (Kanner & Bicchi, 2022). Treatment
usually begins as a monotherapy at a low dose, then slowly increasing the dosage to a moderate
dose with minimal adverse events (Kanner & Bicchi, 2022). This dose may be increased until
there are no presentations of seizures, without surpassing the maximum dose or resulting in
adverse events, and if seizures continue to occur, a different or additional AED will be chosen

and implemented (Kanner & Bicchi, 2022).



Drug Name Year Generation

Bromides Early 1900 First
Phenobarbital 1912 First
Phenytoin 1937 First
Corticotropin/ACTH 1952 First
Primidone 1954 First
Methsuximide 1957 First
Ethotoin 1957 First
Diazepam 1958 First
Ethosuximide 1960 First
Clorazepate 1972 First
Carbamazepine 1974 First
Clonazepam 1975 First
Valproate 1978 First
Lorazepam 1980 First
Felbamate 1993 Second
Gabapentin 1993 Second
Lamotrigine 1994 Second
Topiramate 1996 Second
Tiagabine 1997 Second
Levetiracetam 1999 Second
Oxcarbazepine 2000 Second
Zonisamide 2000 Second
Pregabalin 2004 Second
Lacosamide 2008 Third
Rufinamide 2008 Third
Vigabatrin 2009 Third
Clobazam 2011 Third
Ezogabine 2011 Third
Perampanel 2012 Third
Eslicarbazepine acetate 2013 Third
Brivaracetam 2016 Third
Cannibadiol 2018 Third
Stiripentol 2018 Third
Cenobamate 2019 Third
Fenfluramine 2020 Third

Table 1: Introduction of major AEDs in the
United States and their corresponding
generations. (Information derived from Rudzinski
et al. 2016 and http://www.cureepilepsy.org).



1.2 Microbiome

The human microbiota encompasses all the microorganisms living on and within the
human body. These microorganisms include but are not limited to bacteria, viruses, and fungi.
There are at least as many microbial cells in the human microbiome as there are human cells in
the body (Sender et al., 2016). The genome of these microbiota is known as the microbiome and
is often how microbiota are studied. There are many body sites of which microbiota can
colonize, including the skin, oral cavity, esophagus, urogenital tract, and gut. The gut
microbiome has become a major topic of study as it can play a large role during human
development and in disease.

The gut microbiota is involved in aiding nutrient absorption, promoting the maturation of
immune cells and functions, and protection against pathogens. The development of the gut
microbiota begins at birth and can be affected by mode of birth (Dominguez-Bello et al., 2010).
The human gut microbiota becomes stable at two to three years of age and remains stable until
elderly age (Clemente et al., 2012). Many factors can impact the gut microbiota throughout an
individual’s life, including but not limited to diet, exercise, medications, and biological sex
(Figure 1). An altered composition of the gut microbiota as well as specific pathogens have been
linked to a variety of diseases including gastric cancer, autism, obesity, type 2 diabetes, and
irritable bowel diseases (Clemente et al., 2012). These links have pushed researchers to
determine if the gut microbiota can play a causal role in human health and disease.

Although many microorganisms makeup the gut microbiome, bacteria are the most
commonly studied. Bacterial classification follows the Linnean taxonomy structure, starting with

kingdom, followed by phylum, class, order, family, genus, and ending with species. The human



gut microbiota is comprised of 6 major phyla, Firmicutes and Bacteroidetes being the dominate

phyla, followed by Actinobacteria, Verrucomicrobia, Proteobacteria, and Fusobacteria.
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Figure 1: Factors impacting the gut microbiome. Biological sex, genetics, disease, infection,
stress, exercise, medication, delivery method, and diet can all impact the gut microbiome.
Adapted from “Gut-Brain Axis Regulators”, by BioRender.com (2023). Retrieved from
https://app.biorender.com/biorender-templates.

1.3 Epilepsy and the gut microbiome
Gut-brain axis describes the bidirectional communication between the gastro-intestinal
tract and the CNS (Figure 2). This communication is mediated by direct and indirect pathways,

including the enteric nervous system, the vagus nerve, the neuroendocrine system, the



hypothalamic-pituitary adrenal (HPA) axis, the immune system, and metabolic pathways (Morais
et al., 2021). The gut microbiome is thought to contribute to the gut-brain axis by impacting the
immune system, stimulating the vagus nerve, and releasing metabolites. Some metabolites
released by the gut microbiota are short-chain fatty acids (SCFASs) which are lipids produced by
bacteria via fermentation of dietary fiber. SCFAs have been shown to impact behavior and
disease in animal studies (Silva et al., 2020; Tan et al., 2014). In addition to SCFAS, some
bacteria can also produce GABA and serotonin, both of which are able to impact the enteric
nervous system and possibly CNS levels of these two neurotransmitters, although neither readily
cross the blood brain barrier (Morais et al., 2021). In addition to this direct impact from the gut
microbiota, beneficial bacteria can have anti-inflammatory and immunomodulatory effects

(Cristofori et al., 2021).
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Figure 2: The gut-brain axis. The gut-brain axis is a bidirectional communication network
between the enteric and central nervous system. The enteric nervous system communicates
with the brain via metabolites and neurotransmitters released from the gut microbiota. In
addition, the gut microbiota can interact with the immune system and stimulate the vagus
nerve. In turn, the HPA axis can impact the enteric nervous system. Created with
BioRender.com.

The gut microbiome is not only responsible for peripheral development, but CNS
development as well. In the absence of the gut microbiome, mice have shown reduced blood-
brain barrier integrity, increased myelination in the pre-frontal cortex, and reduced maturity of
microglia, the resident immune cell of the brain (Sharon et al., 2016). This has led researchers to

pursue the possible impact gut microbiota may have on CNS diseases. Due to the growing body



of evidence that the gut microbiome can impact CNS diseases, researchers have become

interested in exploring the relationship of the gut microbiome and epilepsy.

1.4 16S rRNA gene sequencing and analysis

The most common way to analyze the gut microbiome is to extract and sequence DNA
from the bacteria. There are a few ways to sequence bacterial DNA, including shotgun
metagenomic sequencing and 16S rRNA gene sequencing (Table 2). I utilized 16S rRNA gene
sequencing as it was most suitable to address these experimental questions. The benefits of 16S
rRNA gene sequencing is its accessibility and affordability compared to other sequencing
methods. In addition, 16S rRNA gene sequencing produces more manageable amounts of data to
analyze, which makes it easier to process than the other sequencing methods that produce larger
amounts of data. This is because 16S rRNA gene sequencing use PCR amplification to target the

16S rRNA gene in bacteria, which is then sequenced, rather than sequencing the entire genome.



16S rRNA gene sequencing Shotgun metagenomic sequencing

Advantages: Advantages:
* Low cost * High resolution
* Fast + |dentifies species and even
* Small data set strain level resolution
* Requires beginner to + |dentifies genes, mutations,
intermediate experience to and SNPs
analyze
Disadvantages: Disadvantages:
* Low resolution * High cost

» Lacks species level resolution |+ Slow
» Cannot identify changes in the  + Large data set

genome (e.g., antibiotic * Requires intermediate to
resistance genes) advanced experience to
analyze

Table 2: Advantages and disadvantages of DNA sequencing. The two main
sequencing methods to analyze the gut microbiome are 16S rRNA gene sequencing
and shotgun metagenomic sequencing. As time progresses, these sequencing
methods will become even more cost effective and accessible, in addition, new
technology continues to emerge, such as that of long-read sequencing (i.e.
Nanopore), an intermediary approach to gut microbiome analysis.

The 16S rRNA gene is unique to bacteria and made up of constant and
variable regions (Fukuda et al., 2016) (Figure 3). These characteristics allow for universal
primers to be made targeting the constant regions, but bacterial identification possible analyzing
the variable regions as these can be unique to each bacterium. This process generates less data
than the other sequencing methods which requires sequencing the whole bacterial genome.
Unfortunately, it is these characteristics that lead to the low resolution associated with 16S rRNA
gene sequencing. 16S rRNA gene sequencing only leads to the identification of bacteria, with
reliable resolution down to the genus level, unlike whole genome sequencing which can not only
identify down to the species level, but even down to the strain level while also evaluating

specific genes within the bacterial genome, such as antibiotic resistance genes. In summation,



16S rRNA gene sequencing is accessible and affordable, but results in lower resolution data

when analyzing the gut microbiome.
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Figure 3: 16S rRNA gene. The 16S rRNA gene is ~1500 bp and consists of 9 variable
regions. The 16S rRNA gene encodes for the 30S ribosomal subunit in prokaryotes. The
green boxes represent the variable regions while the blue portions are the conserved
regions. The solid lines show the forward and reverse primers used to amplify the V4 and
V5 regions, the dotted line demonstrates the sequence obtained during amplification.
Image is meant to be representative and is not to exact scale. Created with BioRender.com.

Another benefit of 16S rRNA gene sequencing is the fast and streamlined process from

sample collection to sequencing (Figure 4). For microbiome analysis, it is important to prevent

any bacterial contamination during the collection and processing of fecal samples, this will limit

variability in the data as any bacterial contamination will also be sequenced with the bacteria

present in the fecal sample. In addition to reducing bacterial contamination during collection and

processing, focus is aimed at reducing DNA extraction bias, which occurs as some bacteria are

easier to lyse than others. This can be avoided by using an extraction method that reduces lysing

bias, as well as utilizing controls to measure any potential biases.
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Figure 4: 16S rRNA gene sequencing process. The 16S rRNA gene sequencing process
begins with appropriate sample collection. Next, DNA is extracted from the samples and
used for amplification of the 16S rRNA gene. Amplicons are then pooled and used for
sequencing in the IHllumina MiSeq V3 600-cycle. Created with BioRender.com.

1.5 Development of QIIME2 pipeline

QIIMEZ2 is a microbiome informatics platform that is free, open source, and community
developed. | developed an in-house pipeline that is used to analyze microbiome data. The
pipeline starts from sample collection, using sterile tubes to ensure there is no bacterial
contamination. Samples are then processed with the ZymoBIOMICS MiniPrep Kit, which has a
low lysing bias. In addition, during the sample processing, two controls are introduced, a known
microbial cell control to determine if contamination occurred during DNA extraction, and a
known microbial DNA control to determine if the sequencing and analysis pipeline contain any
biases. The pipeline uses DADAZ to clean, trim, and denoise the sequences. Parameters used
during trimming include trimming if Phred (Q scores) drop below 20, meaning there is an error
rate in every 1 out of 100 base pairs (bp). Next, amplicon sequence variants (ASVs) are
generated using the SILVA database to build a phylogenetic tree. Then, a SILVA classifier that
has been trained to the 515F and 926R primer set is used to compare the ASVs to, to determine

the bacteria. Using a trained classifier in the pipeline, rather than the entire SILVA database,

11



allows for less non-specific results, as in theory, the only amplicons available to analyze should

be between the 515"-926™ base pairs in the 16S rRNA gene.

1.6 Microbiome analysis

Before exploring the results of this dissertation, it would be useful to understand some of
the analyses performed on the microbiome data. The most common and core analysis of
microbiome data utilizes the following metrics: alpha diversity, beta diversity, and relative
abundance. These metrics have been used by ecology researchers to study communities and
ecosystems, so naturally as the microbiome is a community and ecosystem, these metrics were
easily extended to studying the microbiome.

Alpha diversity is a metric that is used to measure the species richness or evenness within
one sample (Pyron, 2010). This would mean that for one given fecal sample, the evenness or the
richness of that sample would be measured. Species evenness refers to the distribution of
abundance of species within the sample, increasing when species are evenly distributed, and
decreasing when there are larger variances between species abundance. Species evenness can be
measured in several ways; for this data, the Shannon index was used to measure species
evenness. Next, species richness refers to the number of species in a sample. This can be
measured using operational taxonomic units (OTUSs), which can be used as a proxy for the
number of types of bacteria. Since the gut microbiome is a complex ecosystem, there may not be
a set evenness or richness measurement associated with a “normal” gut microbiome, leading to
the importance of controls in gut microbiome analysis, as the data will often be in reference to

how it compares to the controls.

12



Beta diversity is a metric that is used to measure the composition of the sample in relation
to other samples (Pyron, 2010). There are many metrics that measure beta diversity, each metric
considers different measurements of importance. This data was analyzed using the UNIFRAC
beta diversity metric, which considers the phylogenetic relatedness of bacteria in its
compositional analysis. Moreover, it contains two statistical tests, unweighted UNIFRAC, which
only considers the presence and absence of bacterial species, and weighted UNIFRAC, which
considers the abundance of each of those species. Both metrics are useful in their own ways
when assessing beta diversity in a population. This allows us to determine if there are species
differences as well as differences in abundance among the species in the populations. The output
of UNIFRAC tests are principal coordinate analysis (PCoA) plots. These plots are 3-dimensional
and show the amount of variance in the population. The axes are in percentages, each axis shows
the amount of variance in the population, along that axis. What factors belong to the variance
explained along an axis is unknown. In addition, the variance along an axis is calculated for
maximum explanatory value. To further elucidate potential variance, additional analysis is
required, usually by analyzing relative abundance.

Relative abundance is a metric used in gut microbiome analysis that compares the percent
of a bacteria within a sample to the total composition within that sample. Relative abundance is
an important metric in microbiome research in contrast to absolute abundance. Absolute
abundance shows the total amounts of each bacterium, which can be important if the bacteria
have effects if certain amounts are reached, such of which can occur with quorum sensing or
infection dose required for virulence. However, relative abundance can be used to describe the
ecosystem in which bacteria interact with each other, which considers how much bacteria are

present in relation to other bacteria, an important metric when determining the impact bacteria
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have on their ecosystem. Lastly, there is a technological limitation with sequencing data that
reduces the ease of obtaining absolute abundance data, but can output relative abundance,

resulting in this metric being of more common use.
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Chapter 2: Review of Literature
2.1 Epilepsy and the gut microbiome

Over the last decade, research has expanded our understanding of the relationship
between the gut microbiome and epilepsy. This interest was prompted by data showing that the
ketogenic diet is an effective alternative therapy to reduce seizures in drug-resistant epilepsy. In
addition, there are numerous reported comorbidities with epilepsy and irritable bowel syndrome
(IBS), which has been associated with alterations in the gut microbiome (Aydemir et al., 2020;
Camara-Lemarroy et al., 2016). These and other studies led researchers to start questioning the
contribution of gut microbiota and the gastrointestinal tract in epilepsy.

The ketogenic diet is a diet that was born out of the original treatment for epilepsy
developed in the early 1900s, starvation, which reduced seizure frequency (Kossoff et al., 2011).
Due to the impracticality of this treatment, the ketogenic diet was designed to mimic the state of
starvation, where the body switches to fat sources for fuel instead of the preferred source of
carbohydrates. The ketogenic diet allows minimal carbohydrates and high amounts of fat, with
moderate to low amounts of protein. By maintaining low levels of carbohydrates, the body will
enter a state of ketosis, where it produces ketone bodies from the processing of fatty acids by the
liver. As some forms of epilepsy are considered metabolic, this alternative diet was thought to
change the metabolic state to aid in seizure reduction (Lin Lin Lee et al., 2018). In addition to
this diet related link to epilepsy, analysis of a large cohort of people diagnosed with IBS revealed
that individuals with IBS had a greater cumulative incidence of epilepsy than those without IBS
(C.-H. Chen et al., 2015). Together, these findings led researchers to pursue studies investigating

the possibility that the gut microbiota may play a role in the development of epilepsy.
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2.1.1 Human studies

As the cost of sequencing decreased and the accessibility of 16S rRNA gene sequencing
and analysis increased, there is now easier access to utilize this technique to study the potential
links between the gut microbiome and epilepsy. Since 2017, there have been a multitude of
studies assessing the gut microbiome in patients with epilepsy. One of the first assessments of
the gut microbiome in patients with epilepsy was conducted in a pediatric population with drug-
resistant epilepsy using 16S rRNA gene sequencing and although the focus of the study was on
the impact of the ketogenic diet, it showed that pediatric patients with drug-resistant epilepsy had
altered gut microbiomes compared to healthy controls (Xie et al., 2017). In 2018, Peng and
colleagues investigated the relationship between drug-resistant patients, drug-sensitive patients,
and healthy controls using 16S rRNA gene sequencing (Peng et al., 2018). Evaluating 42 patients
with drug-resistance, 49 drug-sensitive patients, and 65 healthy controls, they found that the gut
microbiomes of drug-sensitive patients with epilepsy were more like that of healthy controls
without epilepsy than they were to drug-resistant patients with epilepsy. Not only did they
observe this in the evenness metric of alpha diversity, but they also saw specific bacterial
differences between the drug-resistant and drug-sensitive groups. Moreover, patients with four
seizures or less per year had more similar alpha diversity metrics than those who had more than
four seizures per year. Along with other bacterial changes, they also showed that patients with
four or fewer seizures per year had more Bifidobacteria and Lactobacillus, two genera of
bacteria that are known for their potential beneficial effects. To build on the results from this
study, Gong and colleagues also investigated the gut microbiome of patients with epilepsy, but
this time included healthy controls from the same household (Gong et al., 2020). This allowed

for further control of environmental factors that do contribute to the composition of the gut
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microbiome. They found similar results that showed that the gut microbiome of epileptic patients
differed from healthy controls. One striking similarity to the study conducted by Peng and
colleagues was the increase in the rarer phylum, Verrucomicrobia in the disease population.
Since these initial studies, more studies have been conducted to assess changes in the gut
microbiome in patients with epilepsy and found similar and differing results to the previously
published studies. Similarities among the studies were that the epileptic population were more
like themselves and different than healthy controls, as well as an alteration in the relative
abundance of major phyla and reductions in beneficial bacteria. To date, there are over 10 studies
documenting the alterations in the gut microbiome in patients with epilepsy, most of which have
been well summarized for further reading (Ding et al., 2021; Lum et al., 2020).

Although many of these studies are observations, there have been some case studies that
led researchers to infer a stronger link between the impact of the gut microbiome on seizures in
humans. Braakman and van Ingen reported 6 case studies from their practice, wherein patients
with epilepsy achieved temporary seizure freedom during antibiotic treatment (Braakman & van
Ingen, 2018). Specifically, 5 out of 6 reached 100% seizure freedom while the remaining patient
achieved substantial but not complete seizure freedom, however, seizures returned for all patients
within 2 weeks after ending antibiotic treatment. Another group also presented a patient who was
diagnosed with autism and epilepsy in which seizure episodes were reported to be dramatically
decreased following antibiotic treatment (Ghanizadeh & Berk, 2015). Lastly, a patient with a 17-
year history of epilepsy received a fecal matter transplant (FMT) with the goal of treating
symptoms of Crohn’s Disease (He et al., 2017). After receiving the first FMT, the patient
stopped taking sodium valproate, the AED used for seizure treatment, and remained seizure free

throughout a 20-month follow-up. As of today, there is an on-going clinical trial using FMTs to
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treat seizures in people with epilepsy (NCT02889627). In addition to FMTSs, researchers have
shown in clinical trials that the administration of probiotics caused a greater than 50% reduction
of seizures in 28.9% of patients treated (Gdmez-Eguilaz et al., 2018). These case studies and
clinical trial further strengthen the idea that the gut microbiome may play a role in seizure

occurrence.

2.1.2 Animal studies

Although human studies showed consistent correlation for the gut microbiome’s role in
epilepsy, there was a lack of a causal relationship. To address this, animal models were utilized
to better determine if the gut microbiome played a role in epilepsy, specifically focusing on the
use of the ketogenic diet as a treatment. The mechanism involved in the ketogenic diet’s
effectiveness via altered metabolic processes, potential anti-seizure effect of ketone bodies, or
perhaps the gut microbiome has been previously debated with no conclusive data to support one
mechanism. However, in 2018, Olson and colleagues conducted a study showing that the
ketogenic diet’s efficacy in decreasing seizure susceptibility may also work by increasing the gut
bacteria, Akkermansia muciniphila and Parabacteroides, which ultimately altered the levels of
GABA and glutamate in the brain of mice (Olson et al., 2018). Following this seminal paper,
Medel-Matus et al. showed that transplant of the gut microbiome of stressed rats, increased the
susceptibility to seizures in naive rats (Medel-Matus et al., 2018). Most recently it was shown
that the gut microbiome is altered in a genetic epilepsy rat model prior to seizure development,
suggesting the possibility that in a genetic model, the gut microbiome plays a role in

epileptogenesis, versus being altered due to seizures (Citraro et al., 2021).
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2.2 AEDs and the gut microbiome

As there is no cure for epilepsy, the first line of treatment remains symptom management.
Epilepsy being hallmarked by seizures, means that this symptom management is the complete
reduction in seizure occurrence. The goal of AEDs is to render a patient seizure free, however,
about one third of the epileptic population is deemed drug resistant. Of interest, this number
remains unchanged even with the increasing number of AEDs that have come to market (Z. Chen
et al., 2018). Due to this persistent drug resistance, several outstanding questions remain, leading
researchers to identify alternative therapies in replacement or in conjunction with AEDs in hopes
of alleviating seizures in this population. One possible avenue for therapeutic intervention for
patients with drug-resistant epilepsy may be the gut microbiome. However, due to the
complexity of AED usage, the relationship of AEDs and the gut microbiome have been
understudied, despite the increase in studies examining the impact of non-antibiotic drugs on the

gut microbiome (Maier et al., 2018; Zimmermann et al., 2019).

2.2.1 Invitro

Earlier studies established the possibility that AEDs could interact with some bacteria in
culture, particularly the antimicrobial effects of sodium valproate (Esiobu & Hoosein, 2003). In
addition, other studies revealed that ammonium derivatives of lamotrigine have antimicrobial
properties and lamotrigine can inhibit bacterial ribosome biogenesis in Escherichia coli (Qian et
al., 2009; Stokes et al., 2014). In 2018, a landmark paper by Maier and colleagues conducted a
large scale study showing the possibility that many non-antibiotic drugs had antimicrobial effects
(Maier et al., 2018). Unfortunately, of the more than 1000 drugs screened, only a few were

antiepileptic drugs, none of which showed antimicrobial activity in the chosen gut isolates
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(Maier et al., 2018). However, this study did re-ignite interest into the potential antimicrobial
impact of antiepileptic drugs. In 2022, Ilhan and colleagues embarked on a large scale study
examining the potential antimicrobial effects of nine antiepileptic drugs and four syrup
formulations often used when delivering the AEDs to children (llhan et al., 2022). The group
found that carbamazepine, lamotrigine, and topiramate reduced the growth of ten selected strains
(llhan et al., 2022). Lastly, carbamazepine was shown to impact the gut microbiome of soil

collembolan (Y .-F. Wang et al., 2020).

2.2.2 Invivo

There has been only one study that examined the impact of AEDs on the gut microbiome
in humans, and a few studies that have observed the potential impact in rodents. In 2022, Gong
and colleagues recruited 10 patients who were newly diagnosed with epilepsy and given valproic
acid to treat their seizures. Their fecal samples were collected before the start of the treatment
and three months after treatment to compare the potential impact of an AED on the gut
microbiome in humans (Gong et al., 2022). The researchers found an alteration in the ratio of
two major phyla, Firmicutes and Bacteroidetes (Gong et al., 2022). While this is an interesting
finding and a first step into uncovering the potential impact of AEDs on the gut microbiota in
humans, it is difficult to separate the other potential contributing factor, which is that valproic
acid reduced seizures at least 90% and in some cases, 100%. Previous human studies have shown
that amount of seizures per year may contribute to gut microbiota alteration, meaning it would be
necessary to determine if the alteration in the gut microbiome seen by Gong et al. were due to the

drug itself or the effects of the drug on seizure occurrence (Peng et al., 2018).
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Early studies in rodents showed that the AEDs, clonazepam and zonisamide, were being
metabolized by the gut microbiota of rats, and that Clostridium sporogenes was the culturable
species with the most reductase activity towards zonisamide (Elmer & Remmel, 1984; Kitamura
etal., 1997). It was not until two decades later that another study by Cussotto and colleagues
looked at the impact of psychotropics on the gut microbiome. Although this study focused on
drugs primarily used for psychiatric disorders, it included the AED valproate, which did not
inhibit bacterial growth in vitro but did alter the alpha and beta diversity of rodents when
supplemented in their food (Cussotto et al., 2019). Specifically, valproate decreased S24-7 and
increased a Ruminococcaceae species as well as altered the levels of SCFAS, propionate,
butyrate, and isovalerate. Lastly, as previously discussed, Citraro and colleagues demonstrated
that gut microbiome alterations precede disease onset in a genetic model of absence epilepsy in
rats, but more specifically they also showed that transplantation of the gut microbiome of
epileptic rats treated with the AED ethosuximide was sufficient in reducing seizures in untreated
epileptic rats. The researchers demonstrated that there was no drug present in the transplanted
gut microbiome and that the gut microbiome itself was the cause, rather than remnants of the
AED. These researchers theorize that the AED might alter the gut microbiome, which aids in its
anti-seizure effect, however, they were unable to separate the possibility that the reduction in

seizures drove the gut microbiome alteration (Citraro et al., 2021).

2.3 Gaps in knowledge
To date, the field of research examining the relationship of the gut microbiome and
epilepsy has made major strides in determining the link between how the gut microbiome may

play a role in the development of seizures in animal models and exploring the compositional
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differences in the gut microbiome of patients with epilepsy. However, with these major strides in
teasing out the mechanisms in which the gut microbiome may impact epilepsy, little research has
focused on how AEDs impact the gut microbiome in vivo. Many studies have looked at the
impact of AEDs in vitro but these present limitations as they remove the complex ecosystem of
the gut microbiome by singly culturing gut bacterial isolates, while also creating a selection bias
for culturable bacteria. In addition, these studies have mainly focused on the antimicrobial
impact of AEDs and not the potential beneficial effects, if any, they may have on the gut
microbiome. My work aims to fill the gaps in knowledge of whether AEDs impact the gut

microbiome in vivo, and whether those changes impact the development of epilepsy.
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Chapter 3: Experimental Design
3.1 Experiment 1: How do AEDs impact the gut microbiome in naive mice

The first experiment was designed to determine if AEDs alter the gut microbiome in
naive mice. AED-induced microbial changes were first assessed in naive mice and not in a
seizure model to distinguish AED-induced microbial changes from seizure associated changes.
Topiramate was chosen to evaluate as it is a widely prescribed AED. Topiramate was placed in
the drinking water as it would be the easier and less stressful experimental choice, although the
disadvantage is that the amount of AED ingested would be an estimate based on the normal
drinking patterns of mice. Five weeks were chosen as the length of time for topiramate exposure,
as it typically takes two weeks for alterations in the gut microbiome to occur in response to
antibiotic treatment. With this in mind, | wanted to allow for longer time for changes to occur
with a non-antibiotic drug. In addition, | chose to house the mice in pairs of two, as | believe this
would minimize cage effect and maximize n’s, this is because mice are coprophagic and eat their
own feces, therefore, animals within the same cage will typically share the same gut microbiome
and can often be evaluated as a single n. After the 5 weeks, | evaluated the final fecal sample
collected and compared the microbial composition to the controls. The results from experiment
one showed that ingestion of topiramate in the drinking water increases Lactobacillus johnsonii

in the gut microbiome of naive mice.

3.2 Experiment 2: How does Lactobacillus johnsonii impact seizure susceptibility
Due to the increase of Lactobacillus johnsonii in naive animals from topiramate
ingestion, 1 wanted to determine if Lactobacillus johnsonii played a role in seizure susceptibility.

| chose the pentylenetetrazol (PTZ)-kindling model because it is commonly used to evaluate
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seizure activity in response to novel anti-epileptic drugs. PTZ is a chemical kindling agent that
acts as a GABAA receptor antagonist, meaning that it blocks GABAA receptor activity,
ultimately resulting in the loss of inhibitory signals (Shimada & Yamagata, 2018). The loss of
inhibitory signals results in an imbalance in the control of excitatory signals, which can cause
seizures. This model measures the susceptibility to seizures by using repeat injections of a sub-
convulsive dose of PTZ, resulting in seizures over time. Using this model, an efficacious AED
would ultimately result in no seizure development over the course of injections.

I chose to evaluate PTZ-induced seizures in four groups, control saline, topiramate alone,
Lactobacillus johnsonii alone, and cotreatment of topiramate and Lactobacillus johnsonii. These
groups would allow me to determine what changes may be due to the drug, bacteria, or
synergistic effect. The groups that were to receive Lactobacillus johnsonii were pretreated for
one week to allow time for the bacteria to colonize in the gut, all other groups received saline as
a control. After one week of pretreatment, all animals received a gavage once a day with their
assigned treatment and were injected with a sub-convulsive dose of PTZ one hour after gavage,
every other day, allowing for topiramate to be at peak levels in the system for maximum
efficacy. After injection, animals were video monitored and scored for 30 minutes. Data
collected from this experiment would determine if Lactobacillus johnsonii could reduce

susceptibility to seizures.

3.3 Experiment 3: How does topiramate impact the growth of Lactobacillus johnsonii in vivo
As an increase in Lactobacillus johnsonii was observed in the gut of naive mice after
topiramate ingestion, further studies were needed to elucidate if topiramate had a direct impact

on the growth of Lactobacillus johnsonii. To do this, Lactobacillus johnsonii was grown with
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differing concentrations of topiramate, including physiological relevant doses, and higher, non-
physiologically relevant doses. There were trends in the rate of growth of Lactobacillus johnsonii
when exposed to topiramate, however, further studies are now needed to determine if topiramate

acts as a fuel source for the bacteria, or if it impacts the growth through other mechanisms.
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Chapter 4: Methods
4.1 Animals

Animals were housed and handled according to the guidelines of the National Institutes
of Health Committee on Laboratory Animal Resources. Prior approval of the Virginia
Polytechnic Institute and State University institutional animal care and use committee was
obtained for all experimental protocols. C57BL/6J mice aged 7-8 weeks were purchased from
Jackson Laboratory. Mice were allowed to acclimate for 7 days prior to the start of experiments
and were provided water and chow ad libitum. Animals were housed in a facility with ambient
temperature providing a 12-h light/dark cycle. All efforts were made to minimize animal pain

and number of animals.

4.2 Topiramate treatment and fecal collection

Topiramate (Sigma Aldrich 1672206) (80 mg/kg) was dissolved into the drinking water
of mice and given ad libitum for 5 weeks. Water was changed every 2-3 days. Once a week,
mice were weighed, and fecal samples were collected in DNA-free Eppendorf tubes (Eppendorf
022600028). Fecal samples were immediately put on dry ice and stored at -80°C until

processing. Mice were housed two per cage to reduce cage effect.

4.3 16S rRNA sequencing and analysis

DNA was isolated from fecal samples using the ZymoBIOMICS DNA Miniprep Kit
(Zymo D4300) following the manufacturer’s protocol. 16S rRNA sequencing analysis was
performed as previously described (Gallucci et al., 2021). The universal primers 515F and 926R

were used to amplify the V4-V5 region of the 16S rRNA gene per the Earth Microbiome Project
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protocol (https://www.earthmicrobiome.org/). The V4-V5 regions were sequenced using the

MiSeq v3 600-cycle kit on the MiSeq platform (I1lumina) resulting in 2 x 300 paired-end
sequences.

The raw sequences were processed and analyzed with QIIME2 v2020.2 (Bolyen et al.,
2019). Forward and reverse reads were quality filtered, trimmed, and joined with DADAZ2, as
well as used to denoise joined reads to amplicon sequence variants (ASVs) (via g2-dada2)
(Callahan et al., 2016). ASVs were aligned to a phylogenetic tree using an insertion method to
the SILVA 128 SEPP reference database (via-q2-fragment-insertion-sepp) (Janssen et al., 2018).
Alpha and beta diversity metrics were calculated using samples rarified to 45,881 and 26,986

sequences per sample, respectively (via q2-diversity).

4.4 SCFA analysis

Thawed samples were weighed and diluted in distilled water in a ratio of 1 g cecal
content to 2 mL of distilled water, vortexed for 3 minutes at max speed using the Vortex Genie 2
and left to rest overnight at 4°C. Samples were then centrifuged at 1000 x g for 5 min and the
supernatant was collected. Next, 0.1 mL of supernatant was acidified with 0.17 mL of
metaphosphoric acid (25%, w/v), and 0.13 mL of internal standard (5 mmol, 4-methyl-valeric
acid, Sigma, St. Louis, MO) was added, vortexed, and the solution was left to rest for 30 min at
4°C. Samples were then centrifuged at 3000 x g for 15 min. The supernatant was collected and
used for SCFAs determination using a 6890 N Network GC System gas chromatograph (Agilent
Technologies) equipped with a flame ionization detector as previously described (Izuddin et al.,
2019). One microliter of the sample was injected at split 1:30, at a temperature of 230°C.

Separation of SCFA profile was determined using Quadrex 007-10 Series (Quadrex Corp., New

27


https://www.earthmicrobiome.org/

Haven, CT 06525, USA) bonded phase fused silica capillary column (15 m, 0.250 mm internal
diameter, 0.25 um film thickness). The temperature of the column was set at 60°C held for 2
min; increased to 100 °C (10 °C/min), increased to 200 °C (20 °C/min), and held for 5 min.
Nitrogen gas was supplied as carrier gas at 1 mL/min. The temperature of the detector was set at
230°C. Commercial standards (Sigma-Aldrich, St. Louis, MO) of acetic (45997), propionic
(94425), iso-butyric (46935), butyric (19215), iso-valeric (78651), valeric (75054), and caproic
(21529) acids were used as external standards for peak identification. The molar concentration of
SCFA was identified based on a single point of internal standard and calibration curve with

external standards.

4.5 Lactobacillus johnsonii isolation, colony PCR, qPCR

One fecal pellet from a C57BL/6J mouse was vortexed in 1 mL of sterile 1X PBS for 15
minutes at max speed. Next, the sample was centrifuged for 1 minute at 500 x g. Glycerol was
added to the supernatant to make a 20% solution and stored at -80°C. This solution was sub-
cultured overnight in MRS broth at 37°C. The sub-culture was plated on MRS agar and left to
grow overnight at 37°C. Colonies were chosen at random for colony PCR, which were split to
continue growth in MRS broth and for colony PCR. This process was repeated until one culture
had all six randomly selected colonies positive for Lactobacillus johnsonii. This solution was
then grown in MRS broth overnight at 37°C, centrifuged for 1 minute at 500 x g, and glycerol
was added to make a 20% glycerol solution.

gPCR was performed using the DNA extracted from the fecal pellets as described in
section 4.3. qPCR was performed using the Biorad SsoAdvanced Universal SYBR Green

Supermix. 8 uL of DNA at 50 ng was used in a 20 pL reaction consisting of 1 uL of forward
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primer at 10 uM, 1 uL of reverse primer at 10 uM, and 10 uL of SYBR Green Master Mix.
Reactions were performed using the Biorad CFX96 Touch Real-time PCR Detection System.
The reaction was run at 98°C for 3 minutes and then 49 cycles at 98°C for 10 seconds, 60°C for

40 seconds for plate reading. Primers were synthesized by Invitrogen and are listed in Table 3.

4.6 PTZ-kindling and seizure scoring

C57BL/6J mice ~9 weeks of age were administered sub-convulsive doses of PTZ (Sigma
Aldrich P6500) (35mg/kg) i.p. every other day for a total of 12 injections. PTZ was freshly
dissolved in saline (0.9% NaCl). Mice were video monitored and scored for 30 minutes
following each injection. Seizure scores were determined based on a modified Racine scale as
follows: 0= no change; 1=immobilization; 2=head nodding, partial myoclonus; 3= continuous
whole-body myoclonus, whole-body jerks; 4= rearing and falling, tonic seizure; 5=tonic-clonic
seizure with wild rushing and jumping; 6= death (Shimada & Yamagata, 2018).
Prior to the start of PTZ injections, mice that were to receive Lactobacillus johnsonii (10° CFUs)
as a treatment, either alone or in combination with topiramate, were given a once daily oral
gavage for 7 days, all other mice received saline (0.9% NaCl). Mice were divided into four
groups with 7 mice per group, saline (0.9% NaCl), Lactobacillus johnsonii (10° CFUs),
topiramate (50 mg/kg), and Lactobacillus johnsonii (2.5x10° CFUSs) + topiramate (50 mg/kg).
Mice received an oral gavage daily (Braintree Scientific N-PK 010) of their respective treatments
one hour prior to PTZ administration on PTZ injection days.

Topiramate was freshly dissolved in saline (0.9% NacCl). Lactobacillus johnsonii was
sub-cultured in MRS broth at 37°C every morning from an overnight culture at a 1:100 ratio. The

sub-culture was centrifuged after 4-5 hours of growth, at which the bacteria were in the
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exponential phase. 200 uL of the sub-culture was added to a 96-well plate to read the optical
density at 600 nm on a microplate reader. CFUs were determined using a previously established

standard curve.

4.7 Sample processing and Western blotting

Hippocampal samples were removed from the brain, immediately frozen, and stored at -
80°C. Intestinal samples were dissected and contents were gently removed before freezing and
storage at -80°C. Ileum samples were cut just before the cecum and measured 2 cm long, while
proximal colon samples were cut just below the cecum and measured 1-2 cm long. Hippocampal
and intestinal samples were processed using RIPA buffer. RIPA buffer contained 50mM Tris pH
8.0, 150 mM NacCl, 1% Triton-X 100, 0.5% sodium deoxycholate, 0.1% SDS, with 1% protease
and phosphatase inhibitors added just before use. Samples were homogenized in a glass
homogenizer and sat on ice for 30 minutes. Samples were centrifuged at 10,000 x g for 10
minutes at 4°C. The supernatant was collected and used for Western blotting.

As previously described (Orsi et al., 2019), samples (15-30 ug) were loaded on 7-20%
acrylamide gels, ran through SDS-PAGE and transferred using a Turbo Transfer System
(Biorad). Membranes were incubated in a 50:50 blocking buffer consisting of 50% Licor tris-
buffered saline (TBS) blocking buffer and 50% 1X TBS + 0.1% Tween-20 (TBSt). Membranes
were then incubated overnight at 4°C with primary antibody diluted in 50% Licor TBS blocking
buffer and 50% TBSt. Primary antibodies included ZO-1 (Invitrogen 61-7300) (1:1000),
Claudin-5 (Invitrogen 34-1600) (1:1000), MUC2 (Abcam ab272692) (1:1000), and S-actin (Cell
signaling 4967S) (1:1000) the next day, membranes were washed 3 times for 10 minutes at room

temperature with TBSt and incubated at room temperature in secondary antibody (1:40,000,
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Licor goat anti-rabbit 800CW) diluted in 50% Licor TBS blocking buffer and 50% TBSt for 45
minutes protected from light. Following the secondary antibody incubation, membranes were
washed twice for 10 minutes each, protected from light. Lastly, membranes were soaked in 1X
TBS and imaged using the LI-COR Odyssey Fc. Visualized proteins were analyzed using Image

Studio Ver 5.2.

4.8 qPCR for hippocampal mMRNA

RNA was extracted from hippocampal samples using the Qiagen AllPrep DNA/RNA
Mini Prep Kit following manufacturer’s instructions. RNA concentrations were measured via
NanoDrop, normalized to 200 ng in a 20 uL reaction, and converted to cDNA using the Biorad
iScript cDNA Synthesis Kit following manufacturer’s instructions, final product was diluted in
60 pL of nuclease-free water for a final volume of 80 uL. gPCR was performed using the Biorad
SsoAdvanced Universal SYBR Green Supermix. 2 uL of cDNA was used in a 20 pL reaction
consisting of 0.5 uL of forward primer at 5 uM, 0.5 uL of reverse primer at 5 uM, 10 pL of
SYBR Green Master Mix, and 7 uL of nuclease-free water. Reactions were performed using the
Biorad CFX96 Touch Real-time PCR Detection System. The reaction was run at 95°C for 30
seconds and then 40 cycles at 95°C for 10 seconds, 60°C for 30 seconds for plate reading.
Primers were synthesized by IDT and dissolved at 200 uM in nuclease-free water. Primer

sequences are listed in Table 3.
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| GeneTarget | Primer

B-actin Forward G CTCTTTTCCAGCCTTCCIT
Reverse  GATGTCAACGTCACACTT
Bdnf Forward  G1GTTTCTGGTGACAGCGIG
Reveme CCCACTTCCICCCGCTITTAG
Caspase-3 Forward 4 CATGGGAGCAAGICAGIGG
Reverse  CGTCCACATCCGTACCAGAG
IL-1B Forward  1GGACCTTCCAGGATGAGGACA
Reverse  GTTCATCTCGGAGCCTIGTAGTG
IL-6 Forward | GTCTGGGAAATCGTGGAAAT
Reverse  CAGTTTGGTAGCATCCATC
IL-6R2 Forward  TGTGTGGGGTTCCAGAGGAT
Reverse  ~1GCCAGTATICTCAGCAGCTG
Tnf-a Forward  GGTGCCTATGICTCAGCCTICTT

Reverse GCCATAGAACTGATGAGAGGGAG
Lactobacillus gasseri  Forward 10 A AGAGCTGTTAAGGCTGT

Reverse CTATCGCTTCAAGTGCTTTC
Lactobacillus johnsonii  Forward 5 GAGAGAAACTCAACTTGAAATA

Reverse CCTTCATTAACCTTAACAGTTAA

Lactobacillus Forward  1GGAAACAGRTGCTAATACCG
Revese GTCCATTGTGGAAGATTCCC
Total bacteria Forward  , cTCCTACGGGAGGCAGCAGT

Revese | ATTACOGEGGOTIGCTGGT
Table 3: Primer sequences.
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4.9 In vitro growth experiment

Lactobacillus johnsonii was cultured overnight in 5 mL of MRS broth at 37°C. The next
day, the sample was sub-cultured into 20 mL of 10% MRS broth at 1:100 ratio with either no
topiramate, 50 uM topiramate, 100 uM topiramate, 1000 uM, or 2000 uM topiramate. Samples
were plated in a clear bottom 96-well plate with a PCR cover adhesive, incubated and shaking at

37°C for 40 hours in a microplate reader. OD600 was read every 30 minutes.

4.10 Statistics
All statistics were conducted in GraphPad Prism 9 and reported as mean + SEM unless

otherwise specified. Statistical tests used are reported with figures.
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Chapter 5: Results
5.1 Topiramate alters the beta diversity of the gut microbiome in naive mice

To evaluate the effect of topiramate on microbial composition, naive C57BL/6J male
mice (~9 weeks old) were treated with topiramate (80 mg/kg) or regular drinking water for five
weeks. Their weight was monitored weekly, and there were no differences seen between control
and topiramate-treated mice after five weeks, this is important as weight differences may lead to
alterations in the gut microbiome (Figure 5). After five weeks of treatment, fecal samples were
compared between the control and topiramate-treated mice using QIIME?2 to analyze the V4 and
V5 region of the 16S rRNA gene. Alpha diversity was measured with Shannon index for
evenness and total Operational Taxonomic Units (OTUs) for richness. Beta diversity was
measured using weighted and unweighted UNIFRAC statistical tests. Analyses of alpha diversity
and beta diversity using an unweighted UNIFRAC statistical test were not altered due to
topiramate treatment (p=0.3450; Figure 6A, p=0.5481; Figure 6B, p=0.328; Figure 6C).
However, topiramate treatment did alter the beta diversity using a weighted UNIFRAC statistical

test (p=0.003, 999 permutations, PERMANOVA,; Figure 6D).

Weight

30+ = CNTRL
= TPM

1 1 | 1 i |
Week 0 Week1 Week2 Week3 Week4 Week5

Figure 5: Weight of animals treated with topiramate. After 5 weeks, alterations in
weight were not seen between control and topiramate treated mice. Data are shown as
mean +SEM. CNTRL n=8, TPM n=6
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Figure 6: Alpha and beta diversity metrics comparing the gut microbiome of mice treated
with topiramate or controls. No changes were seen in alpha diversity metrics using the (A)
Shannon index or (B) total OTUs. No changes were seen in the (C) unweighted UNIFRAC
statistical test to measure beta diversity, however there were significant differences in the (D)
weighted UNIFRAC statistical test visualized by the principal coordinates (PC1 and PC2)
analysis (PCoA). Each dot represents a fecal sample from an individual mouse, mice in the
control group are blue and mice in the topiramate-treated group are orange. Data are shown
as mean +SEM.
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5.2 Relative abundance of Lactobacillus johnsonii is increased in topiramate-treated mice

The significance in the weighted UNIFRAC but not unweighted UNIFRAC test
suggested that there may not be differing bacteria between the two groups, but an alteration in
abundance of specific microbes. Analysis of the relative abundance at the genus level revealed
that topiramate treatment significantly increased the abundance of Lactobacillus (p=0.045971,
multiple unpaired t tests with Welch Correction; Figure 7A). Due to the alteration of the genus
Lactobacillus we sought to determine if there were any dominant species driving this change.
Analysis of the four reported Lactobacillus species showed that Lactobacillus johnsonii was
significantly different between the control and topiramate-treated groups (p=0.001196, multiple
unpaired t tests with Welch Correction; Figure 7B). Phylogenetic mapping using a SILVA
database originally listed this bacterium as Lactobacillus gasseri but was later confirmed to be
Lactobacillus johnsonii via PCR (Figure 8). This was further established via gPCR and Linear
Discriminant Analysis (LDA) effect size (LEfSe) method. Using validated primers, DNA
extracted from fecal samples showed an increase in relative fold change of Lactobacillus
johnsonii normalized to total bacteria in topiramate-treated mice (p=0.0375, unpaired t test;
Figure 7C). In addition, LEfSe, using a linear discriminant analysis to identify significant
features with an LDA score greater than 2, identified genus Lactobacillus as well as genus
Butyricicoccus in the topiramate-treated group, and genus Bacteroides and Turicibacter and class

Erysipelotrichia in controls (Figure 7D).

36



Lactobacillus Lactobacillus johnsonii
* * %k X
(A) (B)
0.6 0.6
| | n
8 = 8 u
§ §
3 0.4 S 0.4
2 3
< un < L B
o ] I °
£ 0.2- O £ 0.2+ O
o =Or— @ =or—
(74 —T— (4 _—
L) L)
[ ] @
0.0 2 - 0.0 L, .
CNTRL TPM CNTRL TPM
(C) (D) LEfSe: Genus Level
Lactobacillus johnsonii
i i isteria—] |
normalized to total bacteria Ganus_Listore
Family_Listeriaceae | [ —
6- Genus_Butyricicoccus— E——
& Genus_Lactobacillus— e —— |
= ., Family_Lactobacilaceae—| [ —
8 4 g Order_Lactobacillales— ]
(5] £ Class_Bacilli—| E————
% E Family_Bacteroidaceae— |
v ° | - Genus_Bacteroides| =
.g 24 Genus_Turicibacter— =1
© E L Order_Erysipelotrichales-{ [T
&’ Family_Erysipelotrichaceae- [ |
s Class_Erysipelotrichia~ [ CNTRL TPM
0 : : P e
CNTRL TPM s 0 s

LDA SCORE (log 10)

Figure 7: Topiramate increases Lactobacillus johnsonii in the gut microbiome of naive mice.

(A) The genus Lactobacillus is increased in the gut microbiome

of naive mice after 5 weeks

of topiramate treatment. Further analysis revealed that at the species level, (B) Lactobacillus

johnsonii is significantly increased due to topiramate treatment.

This result is confirmed

using (C) gPCR with primers targeting Lactobacillus johnsonii and total bacteria. (D) LEfSe
also describes Lactobacillus as well as Butyricocccus and Listeria as defining features in
topiramate treated mice. Lastly, LEfSe identifies Bacteroides and Erysipelotrichaceae as

defining features of control mice. Bars in orange are topiramate

features and bars in blue are

control features. Data are shown as mean +SEM. * p < 0.05, *** p < 0.001.
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L. gasseri bacteria 29.113 39.47*A
L. johnsonii N/A 32.76
bacteria
Negative control N/A N/A
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Figure 8: Lactobacillus johnsonii primer validation and confirmation of presence in fecal
samples. (A) Average Ct of triplicates of gPCR samples of bacteria with specified primers.
Lactobacillus gasseri primer has one out of three triplicates amplify at 39.47. (B) 2% DNA gel
of Lactobacillus gasseri and Lactobacillus johnsonii products after g°PCR with known bacterial
samples showing that primers are specific to each species. Last lane is the product from the well
containing Lactobacillus gasseri but using the Lactobacillus johnsonii primer, showing no
product. (C) Product ran on 2% gel from Lactobacillus gasseri primer used on fecal samples of
mice from Figure 2 showing no product. (D) Product ran on 2% gel from Lactobacillus
johnsonii primer used on fecal samples of mice from Figure 2, suggesting Lactobacillus
johnsonii is in the samples and not Lactobacillus gasseri as identified by QIIME2 analysis.
Lactobacillus gasseri expected product size: 176 bp, Lactobacillus johnsonii expected product
size: 195 bp.

5.3 SCFAs in the cecum are impacted by topiramate treatment

Cecal content of control and topiramate-treated mice were analyzed for SCFA
composition. No differences in the amount of SCFAs were observed between the control and
topiramate-treated mice in butyric acid, iso-butyric acid, acetic acid, valeric acid, iso-valeric
acid, or propionic acid (Figure 9). However, a simple linear regression revealed a correlation
between butyric acid, propionic acid, and acetic acid and the relative abundance of Lactobacillus
johnsonii in the control and topiramate-treated mice. In control mice, these SCFAs had a
negative or no correlation to the abundance of Lactobacillus johnsonii (p=0.4886; Figure 10A,

p=0.6832; Figure 10B, p=0.0292; Figure 10C). However, in topiramate-treated mice, these
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SCFAs were positively correlated or showed a positive trend with the abundance of
Lactobacillus johnsonii (p=0.0364; Figure 10D, p=0.0006; Figure 10E, p=0.1383; Figure 10F).
This suggests that the positive correlation seen only in the topiramate-treated mice between
major SCFAs and Lactobacillus johnsonii may be due to the high abundance of Lactobacillus
johnsonii in the topiramate-treated group, the ingestion of topiramate, or an interaction between

topiramate and Lactobacillus johnsonii.
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Figure 9: SCFA composition of the ceca of control or topiramate-treated mice.
No significant differences were found in (A) total amount of SCFAs or (B-G)
any SCFAs. Data are shown as mean +SEM.
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Figure 10: Abundance of Lactobacillus johnsonii is positively correlated with the major
SCFAs. Acetic acid, propionic acid, and butyric acid, in topiramate treated, but not control,
mice are positively correlated with Lactobacillus johnsonii abundance. Control animals
have (A, B) no or (C) negative correlation with the major SCFAs in the ceca of naive mice.
However, in topiramate-treated mice, Lactobacillus johnsonii is either (D, E) positively

correlated or trending (F) with the major SCFAs. Data is shown with regression line and
95% confidence bands.

5.4 Lactobacillus johnsonii aids topiramate in reducing PTZ-induced seizure susceptibility

Since topiramate increased the relative abundance of Lactobacillus johnsonii, we sought
to determine if Lactobacillus johnsonii impacted topiramate’s anti-seizure effect. C57BL/6J mice
~9 weeks old received a daily oral gavage of either saline, topiramate (50 mg/kg), Lactobacillus
johnsonii, or a combination of topiramate (50 mg/kg) and Lactobacillus johnsonii. Mice
administered Lactobacillus johnsonii were pre-treated for 7 days with 10’ CFUs and all others
received saline. After the 7 days, all mice received a sub-convulsive dose of PTZ every other day
1 hour after the daily gavage for a total of 12 injections. All mice were video monitored for 30

minutes after PTZ injection and seizure activity was scored using a modified Racine scale. We
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found that after 12 injections, mice treated with both topiramate and Lactobacillus johnsonii had
significantly lower seizure susceptibility than the saline controls (p=0.0339, Friedman test with
Dunn’s correction for multiple comparisons; Figure 11A). Treatment with topiramate (p=0.1062)
or Lactobacillus johnsonii (p> 0.9999) alone did not significantly impact seizure score compared
to the saline controls, however, the use of topiramate was protective against mortality (Figure
11B). Moreover, the combination treatment of topiramate and Lactobacillus johnsonii reduced

the number of mice that exhibited Stage 4 or greater convulsive seizures (Figure 11C).
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Figure 11: Cotreatment with topiramate and Lactobacillus johnsonii significantly reduces
seizure susceptibility in PTZ-kindling. (A) Cotreatment of topiramate and Lactobacillus
johnsonii significantly reduced seizure susceptibility when compared to saline-treated mice.
Topiramate or Lactobacillus johnsonii alone was not enough to significantly reduce seizure
susceptibility. (B) Topiramate treatment appears to reduce mortality due to PTZ-kindling.
(C) Cotreatment with topiramate and Lactobacillus johnsonii appears to reduce the number
of mice that develop convulsive seizures, measured by stage 4 or above on the modified
Racine scale. Data are shown as mean +SEM. * p < 0.05. n=7
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5.5 Topiramate and Lactobacillus johnsonii together, remodel the gut microbiome in response to
PTZ-induced seizures

As our data showed that topiramate and Lactobacillus johnsonii cotreatment conferred
protection against PTZ-induced seizures, we analyzed the fecal samples of mice that underwent
PTZ-kindling with and without treatment to determine if there were any changes in microbial
composition. We found no alteration in alpha diversity, Shannon index or OTUs (Figure 12)
among PTZ-treated mice that were administered saline, topiramate, Lactobacillus johnsonii, or
topiramate and Lactobacillus johnsonii. However, there was a significant difference in beta
diversity in unweighted UNIFRAC (p=0.001, 999 permutations, PERMANOVA,; Figure 13A)
and weighted UNIFRAC (p=0.019, 999 permutations, PERMANOVA,; Figure 13B) among the
groups. These changes require further investigation to determine what may be driving the

differences seen in beta diversity.
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Figure 12: No alterations in alpha diversity in mice undergoing PTZ-
kindling. (A) Shannon index was used to measure species evenness. (B)
OTUs were used to measure species richness. Data are shown as mean
+SEM. * p <0.05. Saline=6, TPM=7, Lactobacillus johnsonii=7, TPM +
Lactobacillus johnsonii=7.
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Figure 13: Treatments in mice undergoing PTZ-kindling significantly alter beta diversity.
(A) unweighted UNIFRAC statistical test (B) weighted UNIFRAC statistical test visualized
by the principal coordinates (PC1 and PC2) analysis (PCoA). Each dot represents a fecal
sample from an individual mouse.
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Differential abundance with ANCOM performed at the family level showed that
Erysipelotrichaceae (W=4), Lachnospiraceae (W=3), Peptostreptococcaceae (W=1),
Bacteroidaceae (W=1), and Anaeroplasmataceae (W=1) were significantly different. A Kruskal-
Wallis with Dunn’s multiple comparisons was used on each family identified by ANCOM to
further elucidate the differences between the groups. The relative abundance of
Erysipelotrichaceae and Peptostreptococcaceae were significantly lower in the topiramate and
Lactobacillus johnsonii group compared to saline (p=0.0022; Figure 14A, p=0.0426; Figure
14C). Lachnospiraceae was significantly increased in the topiramate and Lactobacillus johnsonii
cotreatment group compared to saline (p=0.0116; Figure 14B). In addition, Bacteroidaceae was
significantly reduced in the topiramate and Lactobacillus johnsonii cotreatment group compared
to the topiramate group (p=0.0063; Figure 14D). Lastly, there were no differences in
Anaeroplasmataceae using a Kruskal-Wallis (p=0.3190; Figure 14E) despite ANCOM
identifying it as differentially abundant. Interestingly, Figure 14F shows a trend towards an
increase in the butyrate producing family Ruminococcaceae in the topiramate and Lactobacillus

johnsonii cotreatment group, although it was not identified by ANCOM.

46



(A) ] ) (B) ) (C) Peptostreptococcaceae
Erysipelotrichaceae Lachnospiraceae
0.25- i 0.25- " 0.004- l;
8 0.20 8 0.20 € 0.003-
] ] ]
§ 0.15 § 0.15- 5
E - 2 0.002-
2 0.10 £ 010+ e
.g 5 3 0.001-
£ 0.054 = S 0.05- 4
0.00 T T T a— 0.00 T T T 0.000 T T T T
& & 3 N ) N \
‘\00 «Q® o(‘\ o("\ Q\Q «Q@ 00\ 06\ ,§\° 4* 900\ (’o(\\
P & ¢ P & & X &
DN DA &
0 O O 9 ) N
o o o @ R
RN AW W W
O\ 0\ 0\ 0\ (3 0\
& P S
& ° ® & o o
& O £
vV vV vV
N\
& & <
Bacteroidaceae Anaeroplasmataceae Ruminococcaceae
0.10+ -
o 0.003 0.06
g 0.08 3
3 g g
5 0.06- < 0.002- < 0.04-
2 e U T 0.
= =1
2 0.04- 2 3
s 4 g
] £ 0.001+ £ 0.02-
[v4 0.02+ g E
0.00 ﬁ—
. ‘; P 0.000- 0.00-
& F S «° & o“\\ o“‘\\ & & & o‘.‘\\
% @ P I P I
A S R &
RSN o) o o) @
e"\\\ z"\\\ 6\\\0 é\‘\° 6\\\0 W
& &F o ¥
o A o' O' ) O'
& o Py 0«
v o vV vV
A S
N K N

Figure 14: Remodeling of the gut microbiome composition by topiramate and Lactobacillus
johnsonii cotreatment after PTZ-kindling. ANCOM identified (A-E) five families found
significantly different across the groups. A Kruskal-Wallis with Dunn’s multiple
comparisons were run on the five families identified. (A, C) Erysipelotrichaceae and
Peptostreptococcaceae are significantly reduced in the cotreatment group compared to
saline treatment. (B) Lachnospiraceae is significantly increased in the cotreatment group
when compared to saline treatment. (D) Bacteroidaceae is significantly decreased in the
cotreatment group compared to the topiramate treated group. (E) Although identified by
ANCOM, there were no significant differences between the groups in Anaeroplasmataceae
when using further tests. (F) Not identified by ANCOM, the butyrate producing family,
Ruminococcaceae, trends toward an increase in the cotreatment group. Data are shown as

mean +SEM. * p < 0.05, ** p < 0.01. Saline=6, TPM=7, Lactobacillus johnsonii=7, TPM +
Lactobacillus johnsonii=7.
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5.6 Co-administration of topiramate and Lactobacillus johnsonii alters SCFA composition
The ceca of mice that underwent PTZ-kindling were analyzed for SCFA composition.
One-way ANOVAs with Tukey’s multiple comparisons test with a single pooled variance
between all groups were performed on all SCFAs (Figure 15A-H). The data revealed no
significant difference in the total amount of SCFAs (p= 0.1201; Figure 15A). Analysis of the
percent of SCFAs showed no significant differences in acetic acid, caproic acid, or iso-valeric
acid. However, propionic acid was reduced in the topiramate and Lactobacillus johnsonii
treatment group compared to Lactobacillus johnsonii treatment alone (p=0.0090; Figure 15C).
Butyric acid was increased (Figure 15D) in the topiramate and Lactobacillus johnsonii compared
to saline (p=0.0168) and Lactobacillus johnsonii treatment alone (p=0.0225). Lactobacillus
johnsonii treatment increased valeric acid compared to the topiramate treatment (p=0.0317;
Figure 15E), and increased iso-butyric acid (Figure 15F) compared to topiramate treatment

(p=0.0126) and topiramate and Lactobacillus johnsonii treatment group (p=0.0429).
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Figure 15: Butyric acid is altered due to cotreatment of topiramate and Lactobacillus
johnsonii. (A, B) No significant changes were seen in total amount of SCFAs or the
percentage of acetic acid in the ceca of mice after treatment and PTZ-kindling. (C)
Propionic acid was significantly reduced in the cotreatment group compared to the
Lactobacillus johnsonii treatment alone. (D) Butyric acid was significantly increased in the
cotreatment group when compared to the saline or Lactobacillus johnsonii treatment alone.
(E) Valeric acid was increased in the Lactobacillus johnsonii treatment when compared to
the topiramate treatment. (F) Significant reductions in iso-butyric acid were seen in the
topiramate and the topiramate and Lactobacillus johnsonii group compared to the
Lactobacillus johnsonii group alone. No significant changes were seen in (G) caproic acid
or (H) iso-Valeric acid. Data are shown as mean +SEM. * p < 0.05, ** p < 0.01. Saline=6,
TPM=7, Lactobacillus johnsonii=7, TPM + Lactobacillus johnsonii=7.
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As butyrate was increased in the ceca of mice treated with topiramate and Lactobacillus
johnsonii, we performed a simple linear regression of the percentage of butyrate and the
abundance of Lachnospiraceae and Ruminococcaeae, well known butyrate producers. We found
that both families, Lachnospiraceae (p=0.0211, R?= 0.1951; Figure 16A) and Ruminococcaeae

(p=0.0008, R?=0.3655; Figure 16B), were positively correlated with the percent of butyrate

found in the mice.
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Figure 16: Butyric acid correlates with butyric acid-producing families. A simple linear
regression showed a positive correlation amongst the abundance of butyrate producing

families (A) Lachnospiraceae and (B) Ruminococcaceae and the percentage of butyrate
across all treatments. Data are shown as regression line with 95% confidence bands.

5.7 Cotreatment of topiramate and Lactobacillus johnsonii increases GABA/glutamate ratio in
the cortex of mice after PTZ-kindling

To further determine the mechanisms involved in the reduction of seizure susceptibility
induced by cotreatment of topiramate and Lactobacillus johnsonii, we evaluated the cortical
level of GABA and glutamate among the groups. The cortex of animals that underwent PTZ-

kindling were analyzed for GABA and glutamate concentration. Kruskal-Wallis with Dunn’s
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multiple comparisons test showed a significant decrease in glutamate in the cortex of mice
treated with topiramate and Lactobacillus johnsonii together when compared with controls
(p=0.0495; Figure 17A), but not in topiramate treatment alone (p=0.6071), or Lactobacillus
johnsonii treatment alone (0.0943). We also saw an increase in GABA levels in mice that were
treated with topiramate alone compared to saline controls (p=0.0388; Figure 17B), but not in the
cotreatment group (p=0.0902). However, there was a significant increase in the GABA/glutamate
ratio in the cotreatment group (p=0.0223; Figure 17C), but not in topiramate alone (p=0.1579),

or Lactobacillus johnsonii treatment alone (p=0.0862).
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Figure 17: GABA/Glutamate ratio is increased due to cotreatment of topiramate and
Lactobacillus johnsonii. (A) Glutamate was significantly decreased in the cortex of mice who
received topiramate and Lactobacillus johnsonii together. (B) Topiramate treatment alone
significantly increases GABA in the cortex of mice. (C) The ratio of GABA/glutamate is
increased only in the combination treatment of topiramate and Lactobacillus johnsonii. Data are
shown as mean +SEM. * p < 0.05. Saline=6, TPM=7, Lactobacillus johnsonii=7, TPM +
Lactobacillus johnsonii=7.
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5.8 No alterations in tight junction or mucus proteins

The hippocampus and intestines of mice that underwent PTZ-kindling were analyzed for
tight junction and mucus proteins. Tight junction proteins are involved in maintaining a
regulatory barrier that can properly control what does and does not go through the barrier. These
tight junctions can exist at the blood brain barrier, controlling passageway between the periphery
and the central nervous system, and in the intestine, controlling passageway from the intestinal
lumen to the lamina propria (Zihni et al., 2016). In addition, the intestinal lumen consists of a
mucus layer that is primarily composed of MUC2, a mucus protein produced by intestinal goblet
cells (Yao et al., 2021).

Alterations in tight junction proteins and mucus production are often linked to alterations
in the gut microbiota, as inflammation can disrupt these proteins (Lee et al., 2018). The
hippocampus was used to analyze tight junctions at the blood brain barrier, zonula occluden
(Z0)-1 was measured as it is a major tight junction protein in which loss leads to decreased
barrier integrity (Figure 18A). We did not see any significant differences in the ZO-1 in the
hippocampus across the groups. Next, ZO-1 and claudin-5 were analyzed at the proximal colon,
in which no significant differences were found across the groups (Figure 18C, D). Lastly, MUC2
was analyzed in the ileum, a prominent site for nutrient absorption in the intestine, where no

significant differences were seen across the groups (Figure 18B).
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Figure 18: No significant differences in tight junction proteins. (A) ZO-1 in the hippocampus
Saline=5, TPM=7, Lactobacillus johnsonii=7, TPM + Lactobacillus johnsonii=7. (B) MUC2 in
the ileum Saline=6, TPM=7, Lactobacillus johnsonii=6, TPM + Lactobacillus johnsonii=7.

(C) ZO-1 and (D) Claudin-5 in the proximal colon. Saline=7, TPM=7, Lactobacillus
johnsonii=6, TPM + Lactobacillus johnsonii=7. Data are shown as mean +SEM.
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5.9 No alterations in immune markers

Due to the potential for immunomodulation by Lactobacillus johnsonii reported in the

literature, the hippocampus of mice that underwent PTZ-kindling were used to measure the

expression of pro-inflammatory, anti-inflammatory, neurotrophic, and cell death markers. No

alterations were seen in any markers across the groups (Figure 19).
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Figure 19: No significant differences in neurotrophic or immune markers in the hippocampus.
All data are expressed as fold change relative to g-actin. Neurotrophic factor (A) Bdnf, anti-
inflammatory markers (B) IL6 and (C) IL6 Receptor 2, pro-inflammatory markers (D) IL-1/
and (D) Tnf-a, and apoptosis marker (E) Caspase-3. Saline=6, TPM=7, Lactobacillus
johnsonii=7, TPM + Lactobacillus johnsonii=7. Data are shown as mean +SEM.
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5.10 Topiramate directly impacts the growth of Lactobacillus johnsonii in vitro

To determine if topiramate directly impacts the growth of Lactobacillus johnsonii,
topiramate was added to the nutrient broth with Lactobacillus johnsonii. A range of
concentrations were chosen including physiologically relevant concentrations seen in the
intestines (50-100 uM), as well as non-physiological relevant concentrations (1000 and 2000
uM) (Maier et al., 2018). Lactobacillus johnsonii was plated with the various concentrations of
topiramate in a 96-well plate, avoiding the outer edges due to increased risk of evaporation, and
grown for 40 hours at 37°C in a microplate reader (Figure 20A). The data was then fit to a
logistic growth curve to further extrapolate information on the potential changes to bacterial
growth (Figure 20B).

The data was processed using the Growthcurver package in R studio, from which we
obtained information on growth rate, doubling time, area under the curve (AUC), and time to
inflection point (Figure 21). Using an unpaired t test, we see that 2000 uM of topiramate resulted
in a trending increase in growth rate (p= 0.0834; Figure 21A) and decrease in doubling time (p=
0.0838;Figure 21B) when compared with the control. We also found that 2000 uM significantly
increased the area under the curve (p= 0.0059; Figure 21C). Lastly, we see that 1000 (p= 0.0096)
and 2000 uM (p=0.0010) decreased time to inflection point when compared to control (Figure
21D). From these results, it appears that 1000 and 2000 uM of topiramate can alter the growth

characteristics of Lactobacillus johnsonii in vitro.
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Figure 20: Growth curve of Lactobacillus johnsonii treated with topiramate. (A) OD600
was read every 30 minutes to develop a growth curve over 40 hours. n=10 per group. (B)

Data was fit to a logistic growth curve using a nonlinear regression. Data are shown as mean
+SEM.
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Figure 21: Measurements of Lactobacillus johnsonii growth with topiramate. (A) growth
rate. (B) doubling time. (C) area under the curve. (D) inflection point. n=10 per group. ** p
<0.01, *** p < 0.001. Data are shown as mean +SEM.
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Chapter 6: Discussion
6.1 Topiramate and its alteration of the gut microbiome

Topiramate is a second-generation AED used to treat both partial and generalized
seizures and migraines (Fariba & Saadabadi, 2023). Several pharmacological mechanisms have
been proposed in its anti-seizure effect, including enhancement of y-aminobutyric acid type A
(GABAA) receptor activity, blockade of voltage-gated Na* channels, reduction of membrane
depolarization via a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/Kainate
receptors, and weak carbonic anhydrase inhibitory activity (Fariba & Saadabadi, 2023) (Figure
22). In addition, topiramate is a unique AED as it is a sulfamate-substituted monosaccharide
(Kim et al., 2023) (Figure 23). Topiramate is well absorbed from the gastro-intestinal tract and
has peak plasma levels within 2-3 hours, with over 80% bioavailability. This AED is
metabolized by hydroxylation, hydrolysis, and glucuronidation with a half-life of about 21 hours.
We see that topiramate ingestion through drinking water increases the probiotic Lactobacillus
johnsonii, and it is possible that these unique features of topiramate contribute to its gut
microbiome altering effect. One of topiramate’s unique features of being a weak carbonic
anhydrase inhibitor has been thought to cause its side effects of metabolic acidosis, which would
ultimately lead to an acidic environment. Lactobacillus species can often survive in low pH
environments, even as low as a pH of 1, potentially leading to the selection for this naturally
occurring species in the mouse gut (Aiba et al., 2015; Davoren et al., 2018). It is also unknown
as to whether Lactobacillus johnsonii can use the sulfamate-substituted monosaccharide as a
carbon source, contributing to its growth. Although it may seem counterintuitive for
Lactobacillus johnsonii to ingest topiramate, leaving less for the host, there is likely an

abundance of the drug as 70% of topiramate is excreted unchanged in the urine.
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Figure 23: 2D Structure of Topiramate (Kim et al. 2023) 2D structure image of CID 5284627.
https://pubchem.ncbi.nlm.nih.gov/compound/5284627#section=2D-Structure.

6.2 Lactobacillus johnsonii and its probiotic effects

Lactobacillus johnsonii has been shown to be a beneficial species despite being
understudied when compared to its lactobacilli counterparts. Lactobacillus johnsonii belongs to
the well-known genus Lactobacillus, which are gram-positive aerotolerant anaerobes (Zheng et
al., 2020). Lactobacilli are rod-shaped and non-spore-forming but do often produce biofilms.
They are known to have probiotic effects, in part due to their ability to protect the host against
pathogens. In addition, they are lactic acid bacteria, hence the name, and produce lactic acid,
which can be used and processed by other bacteria.

Research has shown that Lactobacillus johnsonii has immunomodulatory effects in which
it can aid immune-checkpoint blockade therapy in tumor reduction, as well as increase

neurotrophic factors in the brain, and increase tight-junction proteins at both the intestinal and
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blood-brain barrier (Mager et al., 2020; H. Wang et al., 2020; Bai et al., 2022). More
specifically, Mager and colleagues showed that mice mono-colonized with Lactobacillus
johnsonii in conjunction with anti-cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)
therapy resulted in tumor size reduction compared with germ-free mice or mice colonized with
neutral bacteria serving as a control. In addition, the researchers showed that Lactobacillus
johnsonii’s effect is likely due to the activation of anti-tumor T cells and the exact mechanism
may be dependent on the T cell expression of the adenosine-A2 receptor (A2aR) by increasing a
ligand of A2aR, hypoxanthine. In addition to its immunomodulatory potential, a group of
researchers who have focused on the Lactobacillus johnsonii strain BS15, have displayed its
ability to reduce psychological stress induced memory dysfunction in a water-avoidance stress
model. Furthermore, after the 28 days of Lactobacillus johnsonii intake, they also saw increased
levels of tight junction gene expression and decreased levels of pro-inflammatory gene
expression in the intestinal tract. Lastly, they also found alterations in gene expression and
antioxidant activity in the brain that favor neuroprotection.

In our study, we see that although Lactobacillus johnsonii administration alone is not
sufficient to reduce seizure susceptibility, in combination with topiramate, Lactobacillus
johnsonii reduces seizure susceptibility in a PTZ-kindling model. It is possible that this effect is
due to its alteration of the gut microbiome by increasing butyrate, as well as the butyrate
producing family, Lachnospiraceae. Of interest, Zhong and colleagues recently showed that
Lactobacillus johnsonii alleviates the development of acute myocardial infarction (Zhong et al.,
2023). In fact, they showed that administration of Lactobacillus johnsonii increases butyrate, but

this effect is mitigated with prior treatment of antibiotics. This result coupled with our findings
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suggests that the administration of Lactobacillus johnsonii may alter the composition of the gut
microbiome to favor butyrate production, and ultimately aid in reduced seizure susceptibility.

Another significant alteration seen due to Lactobacillus johnsonii treatment is the
reduction in the family Erysipelotrichaceae. Of interest, current research points to the potential
for members of this family to play a negative role in host health (Kaakoush, 2015). Research has
seen that this family is increased in patients with colorectal cancer, as well as increased in a
mouse model of colorectal cancer (W. Chen et al., 2012; Zhu et al., 2014). Moreover, studies
show an increase in this family in patients with chronic human immunodeficiency virus (HIV)
infection, in which it was positively correlated with levels of the pro-inflammatory cytokine,
tumor necrosis factor (TNF)-a (Dinh et al., 2015). Although some of the members of this family
may play an inflammatory role in the gastrointestinal tract, the consensus on its commensal or
pathogenic role is unclear, as Erysipelotrichales was lowered in patients with new onset Crohn’s
Disease (Gevers et al., 2014).

In addition to the significant increase in the cotreatment group of the butyrate producing
family Lachnospiraceae, we looked at the correlation between two well-known butyrate
producers and the percentage of butyrate in the ceca of mice. Overall, we see a significant
positive correlation between the presence of Lachnospiraceae and Ruminococcaceae and the
amount of butyrate in the mice. Lachnospiraceae contain metabolic pathways to use lactate, a
product Lactobacillus johnsonii is capable of producing, to produce butyrate (Vacca et al., 2020;
Vazquez-Munoz et al., 2022). It has been documented that butyrate producing bacteria from the
family Lachnospiraceae can produce butyrate in the presence of lactate, and is even favored in

low pH environments (Belenguer et al., 2007; Duncan et al., 2004).
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6.3 Butyrate and its neuroprotective effect

Butyrate is one of the most abundant SCFASs in the gut microbiota, alongside acetate and
propionate. This SCFA has been associated with many beneficial effects, ranging from an energy
source for colonocytes to neuroprotection in the brain (Roediger, 1982; Sun et al., 2015;
Jaworska et al., 2017). In addition, this SCFA is also capable of immunomodulatory effects that
result in regulatory T cell differentiation (Arpaia et al., 2013). Regulatory T cells play a key role
in immune system management, often ensuring the immune response is not overreactive.
Moreover, butyrate has also been a noted histone-deacetylase (HDAC) inhibitor, regulating gene
expression (Candido et al., 1978). Researchers have previously shown that chronic
administration with sodium butyrate reduces seizure susceptibility in a PTZ-kindling as well as
an electrical kindling model of mice, likely due to the reduction of mitochondrial dysfunction
and oxidative stress in the former (Li et al., 2021; Reddy et al., 2018). These neuroprotective

properties may be what confers protection against PTZ-induced seizures in our study.

6.4 Alteration of the GABA/glutamate ratio in the cortex

GABA and glutamate balance is imperative in seizure management. One of topiramate’s
mechanisms of action include enhancing GABAA receptor activity, in which it can increase
GABA in the brain of patients (Petroff et al., 2001). This is seen in the topiramate only treatment
with a significant increase in GABA in the cortex and a trending increase in the cotreatment
group that received topiramate as well as Lactobacillus johnsonii. Glutamate reduction was only
seen in the cotreatment group but was trending in the Lactobacillus johnsonii only group. This
lends to the potential that the increase in GABA may be due to topiramate’s effects and the

decrease in glutamate may be due to Lactobacillus johnsonii’s effects, ultimately resulting in the
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significant increase in the GABA/glutamate ratio only seen in the cotreatment group. Further
research needs to elucidate the role of Lactobacillus johnsonii’s effect on glutamate levels in the
brain, as other research has shown that the gut microbiota are capable of altering the
GABA/glutamate ratio in the hippocampus of mice, as well as impacting glutamine, a precursor

to glutamate, levels in the brain of mice (Kawase et al., 2017; Olson et al., 2018).
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Chapter 7: Summary and Future Directions
7.1 Summary

The gut microbiome can play a role in reducing seizure susceptibility; however, it is
lesser known how AEDs may interact with the gut microbiome in vivo. Here, we show that
ingestion of topiramate results in an abundant increase of the probiotic Lactobacillus johnsonii.
In addition, only the combination treatment of topiramate and Lactobacillus johnsonii reduces
seizure susceptibility in a PTZ-kindling mouse model compared with drug or bacteria treatment
alone (Figure 24). This impact may be due to the remodeling of the gut microbiome to increase
butyrate producing families, such as Lachnospiraceae, which in turn increases the
neuroprotective SCFA, butyric acid. Lastly, the combination treatment alters the
GABA/glutamate ratio in the cortex of mice that underwent PTZ-kindling. To our knowledge,
this study is one of the first to show the ability for AEDs to alter the gut microbiome to aid in its
anti-seizure effect. This study also highlights the potential for probiotics, such as Lactobacillus

johnsonii, as therapeutic additions in seizure management.
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Figure 24: Summary of the role of Lactobacillus johnsonii aiding topiramate’s anti-seizure
effect. Created with BioRender.com.
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7.2 Future Directions

These results show the potential for AEDs to alter the gut microbiome to aid in
decreasing seizures. Further studies are required to determine the relationship between
topiramate and the gut microbiome. There are several unanswered questions regarding the
interaction between topiramate and Lactobacillus johnsonii, including whether Lactobacillus
johnsonii utilizes topiramate as a fuel source, and why the interaction between the probiotic and
the drug results in increased levels of butyrate producing bacteria as well as butyrate. Further
experiments could elucidate if Lactobacillus johnsonii uses topiramate as a fuel source, as well
as explore the potential regulation of genes due to the use of this fuel source or the general
interaction with topiramate. Perhaps these genes may contribute to the direct effect of increasing
butyrate producing bacteria, as well as creating an environment that favors butyrate production.
Another noteworthy study could determine if Lactobacillus johnsonii alters topiramates structure
to a more effective anti-seizure molecule, or if it aids in topiramates bioavailability.

Due to increasing research on probiotics, there is a push to determine its use in medical
treatment. These results show that probiotics, in conjunction with AEDSs, have a strong role in
reducing seizure susceptibility in rodent models, however, this may not as easily translate to
human treatment as these effects could be unique to the mouse strain of Lactobacillus johnsonii.
Despite the lack of direct translation, these studies do add to the body of work that the gut
microbiome plays an important role in human health, including neurological diseases. Moreover,
this work highlights the potential benefits of using probiotics as an adjuvant therapy with AEDs,

to enhance their effect.
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