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ABSTRACT

Evidence from experimental models of epilepsy support that prolonged seizures (status
epilepticus, SE) promote pathological hippocampal synaptodendritic remodeling which
contributes to the development of seizures and cognitive decline. One potential mechanism
underlying the SE-induced sequelae is microgliosis.

Evidence from models of experimental epilepsy supports a significant spatiotemporal
correlation between SE-induced decreases in the microtubule associated protein 2 (Map2) loss and
microgliosis in the hippocampus. In addition, pharmacological suppression of microgliosis after
SE with the drug rapamycin attenuated the losses of Map2 and the dendritic ion channels Kv.4.2
and HCN1 in the hippocampus. This microglia suppression paralleled a recovery of the SE-
induced recognition and spatial memory deficits. Based on these studies, we hypothesized that the
inhibition of microgliosis during epileptogenesis will attenuate the SE-induced hippocampal
dendritic and cognitive pathology. To further investigate the role of microgliosis in the SE-induced
dendritic pathology, we tested the efficacy of a more selective inhibitor of the survival and
proliferation of microglia, PLX3397, using the pilocarpine model of SE and acquired epilepsy.
PLX3397 binds to colony stimulating factor 1 receptor (CSF1R) on microglia and inhibits the
downstream signaling responsible for survival and proliferation of these cells.

To test this hypothesis, we induced SE in male rats with pilocarpine (280-300mg/kg) while
and controls (Ctrl) received saline. Rats were randomly assigned to a diet of either chow alone
(vehicle; Veh) or chow with PLX3397 (50mg/kg) for 20 days post-SE. At two weeks post-SE, rats
were subjected to novel object recognition (NOR) and Barnes maze (BM) to evaluate
hippocampal-dependent recognition memory, and spatial learning and memory, respectively.
Following the behavioral assessments, rats were sacrificed for brain analysis at 20 days post-SE.
We used histological analysis to determine the amount of microgliosis with IBA1 and dendritic
stability with Map2. We used western blotting to measure the protein levels of molecules involved
in the crosstalk between microglia and astrocytes: GFAP, IL-6, C3, and iC3b. We also measured
the protein levels of the dendritic ion channels Kv4.2 and HCN1, and the synaptic marker PSD95.

NOR showed that the Ctrl+Veh and Ctrl+PLX3397 groups spent significantly more time
exploring the novel object (p < .05), while the SE+Veh and SE+PLX3397 did not. Similar results
were observed in the BM test, Ctrl+Veh and Ctrl+PLX3397 groups had a faster latency to find the



target compared to the SE+Veh and SE+PLX3397 groups (p < .05). These data suggest that
recognition and spatial memory deficits induced by SE were not attenuated by treatment with
PLX3397. We found that the PLX3397 treatment significantly decreased microgliosis in
Ctrl+PLX3397 rats compared to Ctrl+Veh rats (p < .05). As expected, we found a significant
increase in the number of microglial cells in hippocampi of SE+Veh rats compared to Ctrl+Veh
rats (p <.05). Interestingly, in the PLX3397-treated SE group, we observed two distinctive groups
which we categorized as responders and non-responders when compared to the SE+Veh group.
The SE+PLX responders had significantly decreased microgliosis compared to the SE+Veh group
(p <.05). The SE+PLX non-responders had higher levels of microgliosis compared to the SE+Veh
group (p <.05). We found levels of GFAP were increased in the SE+Veh group compared to the
Ctrl+Veh group (p <.05). Treatment with PLX3397 in the SE group reduced these levels compared
to the vehicle treated SE group (p < .05). We also found increases in C3 and iC3b following the
induction of SE compared to Ctrl+Veh group (p < .05), and these levels remained similar in the
SE+PLX3397 group compare to the SE+Veh group (p > .05). There was a reduction in Map2
immunoreactivity as well as the protein levels of Kv4.2 and PSD95 in the SE+Veh group compared
to the Ctrl+Veh group (p <.05). We found that treatment with PLX3397 recovered the SE-induced
loss of Map2 labeled dendrites compared to SE+Veh group (p < .05). However, treatment with
PLX3397 did not recover the SE-induced reduction Kv4.2 and PSD95 (p > .05). In parallel, we
found that a group of SE+PLX3397 animals did not have reduced microgliosis compared to the
SE+Veh group (p < .05), and therefore was categorized as a non-responder group.

Our findings are the first to show that blocking CSF1R signaling with PLX3397 suppressed
microgliosis in the hippocampus, partially recovered the SE-induced decline of Map2
immunoreactivity in the hippocampal CA1 region but had no effect in the recognition or spatial
memory deficits. These data suggest that while hippocampal microgliosis may play a role in the
disruption of dendritic structural stability in the hippocampus it does not seem to critically

contribute to the memory decline that occurs during epileptogenesis.
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INTRODUCTION

Epilepsy Pathology

Approximately 50-70 million people worldwide currently have epilepsy (Saxena & Li,
2017; Thijs et al., 2019). In a global comparison analyzing disease and injury in terms of overall
disability referring to years of life lost and time spent in reduced health, severe epilepsy ranked
fourth out of 220 diseases and injuries after schizophrenia, severe multiple sclerosis, and spinal
cord lesion (Salomon et al., 2012; Saxena & Li, 2017). In the United States, approximately 3
million people have active epilepsy, meaning they have experienced at least 1 spontaneous seizure
in the past year (Greenlund et al., 2017; Tian et al., 2018). The diagnosis of epilepsy is received
after having at least two spontaneous seizures. Seizures are abnormal bursts of electrical activity
in the brain that occur abruptly and unprovoked. Typically during a seizure, disruptions in behavior,
movements, and level of consciousness occur (Cole et al., 2002). Epilepsy itself is not one disease,
but it is the encompassing word for a spectrum of different types of epilepsies. The type of epilepsy
is determined by seizure origination/propagation and, if possible, the underlying cause
(Panayiotopoulos, 2005). The origination and propagation of seizures is broken down by either the
seizure starting at a focal point and propagating throughout the brain or the seizure generalizing to
one or both hemispheres with no focal point. Generally, epilepsy is divided into three basic
categories: focal epilepsy, generalized epilepsy, and unknown if generalized or focal epilepsy
(Pack, 2019). Focal epilepsy is one of the more common types of epilepsy, roughly 50% of patients
are diagnosed in this category, while 30% of patients have generalized epilepsy, and the rest are
unknown (Blume, 2010; Pack, 2019). Furthermore, epilepsy can be divided into more categories
based on the location of the seizures and how the development of epilepsy occurred, genetic or
acquired (Cole et al., 2002; Greenlund et al., 2017; Thijs et al., 2019). Each category is subdivided
into either the production of motor or non-motor seizures. During motor seizures, altered levels of
consciousness occur along with physical movements including atonic (loss of muscle strength),
tonic (stiff and tensing of muscles), clonic (jerking movements), tonic-clonic (combination of stiff
and tensing with jerks), and myoclonic (shock-like jerks). Non-motor seizures, also referred to as
absence seizures, lack the physical characteristics and only alter the level of consciousness. Based

on the different categories and subcategories, there are a plethora of different types of seizure
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disorders, but treatment options tend to over generalize to all the types of epilepsy. This is why we
are focusing on the most common type of epilepsy focal epilepsy most commonly associated with
mesial temporal lobe epilepsy. A majority of the currently available anti-seizure medications
(ASMs) only inhibit seizures and their propagation, and do not alter the pathology of the disease
(Panayiotopoulos, 2005; Talati et al., 2011). Importantly, only 43-50% of patients on ASMs are
determined to be seizure free (Xia et al., 2017). Of the patients who respond to ASMs, about 34-
40% will have seizures again within five years, 20-26% will have seizures after five years, and
only 40% will be remain seizure-free (Schiller, 2009; Schmidt, 2011). Even after the successful
suppression of seizures with ASMs, many patients must remain on the drugs for their lifetime, as
withdrawal from ASMs results in the relapse of seizures in 27% of people with epilepsy (Lossius
et al., 2008; Schmidt, 2011). In addition, ASMs have been shown to have unintended side effects
due to the non-specificity of the treatment, meaning that the ASMs are not just altering the location
of the seizures, but the entire brain is affected by the treatment (Du et al., 2019; Park & Kwon,
2008; Wang et al., 2012). The side effects include impairments with learning and memory possibly
caused by over suppressing neuronal excitability (Brodie et al., 2016; Du et al., 2019; Meador et
al., 2007; Park & Kwon, 2008). This means that people with epilepsy that are seizure-free with
ASMs can still be plagued by the side effects resulting from the ASMs (Schmidt, 2011). The 30-
40% of people with epilepsy who do not have suppressed seizure activity with ASMs are
considered to be drug-resistant (refractory) (Schiller, 2009). A treatment option for people with
refractory epilepsy after they have failed to respond to at least two ASMs is surgical resection of
the seizure focal point. Surgery can only be an option if the focal point can be determined and the
location of the focal point does not interfere with the ability of the person to communicate
(Bianchin et al., 2013; Memarian et al., 2013; Wiebe, Blume, et al., 2001). Of those who are
candidates for surgical resection, only 50% will be seizure free for their lifetime (Langfitt & Wiebe,
2002; Ozanne et al., 2016; Wiebe, Blume, et al., 2001). This indicates a great need for new
treatment options for individuals with epilepsy.

Epilepsy is not solely a disorder of seizures; it persists on a spectrum, with the focus on
seizures. Epilepsy has other harmful effects that most people do not focus on, and these include
the numerous co-morbid conditions. Roughly 26-84% of people with epilepsy have at least one
co-morbid condition including depression and Alzheimer’s disease (AD) (Naydenov et al., 2019;

Seidenberg et al., 2009). People with epilepsy have a higher likelihood, about 25%, of suicidal
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ideation and they are also at a 21% increased likelihood of mortality from falling, drowning, car
accidents, and sudden unexplained deaths (Alonso-Vanegas et al., 2013; Beghi, 2019; Shackleton
et al., 1999; Vergeer et al., 2019; Wiebe, Eliasziw, et al., 2001). Increased cognitive deficits have
been observed in people who have epilepsy with 6-64% having deficits in processing information,
attention, and learning and memory (Seidenberg et al., 2009). These comorbidities, particularly
deficits in learning and memory, remain untreated with current ASMs. Roughly 75% of people
who develop epilepsy start having seizures during their childhood (Beghi, 2019; Lopes et al., 2014).
In children with epilepsy, depending on their age, the seizures can have significant impacts on
their cognitive development (Alonso-Vanegas et al., 2013; Giovagnoli & Avanzini, 1999; Lopes
et al., 2014; Vergeer et al., 2019), making treatment that also attenuates the cognitive deficits
critical. Individuals who have refractory epilepsy or who are not seizure free after ASMs or
surgical resection are the reason new treatment options that alter the underlying pathology of

epilepsy are necessary.

Temporal Lobe Epilepsy and Status Epilepticus Pathology

The most common type of focal epilepsy is temporal lobe epilepsy (TLE), which has the
highest percentage of epileptic individuals with drug resistant (refractory) seizures, about 40-89%
(Asadi-Pooya et al., 2017; Pack, 2019; Semah et al., 1998). There are two main reasons for this
large variation in the statistics associated with TLE (Bell et al., 2014; Kwan et al., 2010; Saxena
& Li, 2017; Thijs et al., 2019). First is the inconsistent definition of refractory, which varies by
physician and region. In some cases, the diagnosis of refractory is received only if the seizures are
fully uncontrolled, and in other cases, the diagnosis is received if the seizures are partially
uncontrolled. Secondly, the rates of reporting in developing countries are low, as individuals with
epilepsy typically do not have the same access to physicians as those in developed countries (Bell
et al., 2014). This makes it difficult to determine the exact prevalence of refractory epilepsy,
although it has been estimated to be up to 80% (Bell et al., 2014; Kwan et al., 2010; Saxena & Li,
2017; Thijs et al., 2019). TLE is the most common type of focal epilepsy, with about 6 in every 10
people with a focal form of epilepsy having TLE (Kwan et al., 2010; Wiebe, 2000). TLE is
characterized by injury to the temporal lobe. Approximately 80% of TLE cases have injuries to
the internal structures of the temporal lobe, including the hippocampal region, compared to the

neocortical or lateral temporal lobe regions (Tatum, 2012). The initial injury of TLE can be
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acquired by severe head trauma, stroke, infections, or can be from the result of status epilepticus
(SE), a sustained seizure that lasts at least 5 minutes and is classified as a medical emergency
(England etal., 2012; Manno et al., 2011; Wylie et al., 2020). SE can occur in people with epilepsy,
but it occurs 50% more often in individuals who do not have epilepsy. The causes of an episode
of SE have been determined to be from infection at rates of 12-40%, change in medication at rates
of 18%, stroke at rates of 25%, trauma at rates of 5%, drugs/alcohol at rates of 13%, and unknown
at rates of 9% (Cherian & Thomas, 2009). There are roughly 150,000 new cases of SE in the United
States every year and in those cases, 40% of people with epilepsy will go on to develop TLE
(Pichler & Hocker, 2017; Santamarina et al., 2015). These data make it important to focus on
people who have TLE and those who develop TLE from an episode of SE.

TLE and SE are often most detrimental to the hippocampus, as it often sustains seizure-
induced damage. The hippocampus is highly susceptible to seizures and is linked to drug resistant
seizures (Chatzikonstantinou, 2014; Dupont & Vercueil, 2015). This could to be due to the high
density of excitatory ion channels and receptors (Wolfart & Laker, 2015) and the numerous
connections the hippocampus has to other brain regions, allowing for propagation of seizure
pathology (Chatzikonstantinou, 2014). Due to the involvement of the hippocampus in memory,
the cognitive deficits—particularly the deficits in learning and memory—are severely affected
after SE and in epilepsy (Dupont & Vercueil, 2015). Individuals with TLE are at an increased risk
for cognitive deficits with 50% having memory impairments (Hocker, 2015; Nouha et al., 2018;
Pichler & Hocker, 2017; Silva-Alves et al., 2017; Steiger & Jokeit, 2017). Individuals that have
TLE with co-morbid learning and memory deficits self-report decreases in quality of life due to
the stigmas associated with epilepsy and impairments in their ability to learn and remember
(Alonso-Vanegas et al., 2013). There is a critical need for treatments that aim to alter the seizure
pathology and alleviate comorbidities, specifically those in learning and memory. A potential
candidate mechanism for these cognitive deficits and epileptic pathology may be from the

interaction between neuronal and immune signaling in the brain.

Animal Model of SE and TLE

The animal models of epilepsy can be broken down into two major categories: genetic and
injury acquired through either physical, chemical, or electrical methods (Kandratavicius et al.,

2014; Loscher, 2011). Genetic models work to mimic the genetic mutations that have been
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observed in human epilepsy, but typically, both humans and animals are born with these mutations.
Modeling these types of epilepsy can be challenging due to the genetic differences between
humans and animals and the interference of other variants and environmental factors (Becker, 2018;
Frankel, 2009). The injury models of acquired epilepsy focus on mimicking the neuropathology
of epilepsy (Ldscher, 2011). Most frequently, these animal models focus on replicating TLE
because it is the most common type of epilepsy in humans (36% of the epileptic population)
(Lévesque et al., 2016). TLE has four main features that are used to appraise the validity of animal
models that replicate TLE. These include (1) seizure focal point localized in the limbic structures
including the hippocampus; (2) the initial injury that is typically observed; (3) a period of time
following the injury in which no seizures occur called the latent period; (4) neuropathology of
sclerosis or lesion caused by neuronal loss and gliosis predominately observed in the Cornu
Ammonis 1 region (CA1) in the hippocampus (Curia et al., 2008). The validity of TLE animal
models is determined based on how well they replicate all four aspects of TLE. The animal model
that has been extensively validated and fits all of these requirements is the rat model of pilocarpine
induced SE (Morimoto et al., 2004).

Rat studies support that a single episode of SE, lasting at least 45 minutes, is sufficient to
cause an initial injury to the hippocampus and that leads to the development of TLE and the
associated cognitive comorbidities in more than 90% of male juvenile rats (Lévesque et al., 2016;
Loscher, 2011; Nirwan et al., 2018; Serrano-Castro et al., 2012). The use of the chemoconvulsant
pilocarpine to induce SE has shown to be more advantageous over other methods. Pilocarpine
leads to a more rapid induction of SE with an intraperitoneal (i.p.) injection compared to that of
another chemoconvulsant, kainic acid (Covolan & Mello, 2000; Curia et al., 2008). The average
latent period for the development of unprovoked seizures is 14 days for pilocarpine and 3-30 days
for kainic acid, though both models can result in 100% spontaneous seizures in animals that
reached SE. This is compared to the traumatic brain injury model, where only 11% go on to
develop spontaneous seizures (Curia et al., 2008; Glushakov et al., 2016). The presence of lesions
in the hippocampus are apparent following pilocarpine induced SE (Curia et al., 2008; Lévesque
et al., 2016; Nirwan et al., 2018). Finally, the pilocarpine model also shows a similar ASMs
response when compared to humans with TLE (Chakir et al., 2006; Glien et al., 2002). In cultured
neurons, pilocarpine has been shown to produce an imbalance between the transmission of

excitatory and inhibitory neurons which results in seizure activity (Priel & Albuquerque, 2002).
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The pilocarpine model of SE and TLE has consistent pathological and behavioral data with human
TLE (Becker, 2018; Nirwan et al., 2018; Seinfeld et al., 2016). During the latent, seizure-free
period also described as the epileptogenic period, animals display neuronal loss and spine density
reductions, and this is linked to network reorganization similar to what is observed in human TLE
(Dachet et al., 2015; Lehmann et al., 2001; Pearson et al., 2014; Ravizza & Vezzani, 2006; Schartz
etal., 2016; Wong et al., 2009). Epileptogenesis is also hallmarked by gliosis. There is an increase
in astrocytic levels and number of microglia following the induction of SE and this mimics what
is observed in human TLE brain samples (Dachet et al., 2015; Ravizza & Vezzani, 2006; Schartz
et al., 2016; Shapiro et al., 2008; Vargas-Sanchez et al., 2018). Animals treated with ASMs
following pilocarpine induced SE respond at reduced levels similar to humans. Treatment with the
ASM, diazepam, is able to reduce seizure severity but can take up to three hours to stop
electrographic seizures (Curia et al., 2008; Goffin et al., 2007). The cognitive deficits that are
commonly associated with individuals who have TLE are also observed in the pilocarpine model
of SE and acquired TLE (Jessberger & Parent, 2015; Lévesque et al., 2016; A. K. Sharma et al.,
2007). We and others have found memory deficits starting 2-3 weeks post-SE in tests that include
novel object recognition (NOR), Barnes maze (BM), and Morris water maze (MWM) which
measure hippocampal-dependent recognition and spatial learning and memory (Brewster et al.,
2013; Grayson et al., 2015; Rojas et al., 2016; Schartz et al., 2018). These behavioral deficits in
learning and memory are long-lasting similar to humans with TLE (Cilio et al., 2003; Wu et al.,
2001; Zhang et al., 2010). Taken together, this evidence supports the use of the pilocarpine model
of SE and TLE as the most appropriate model to study the underlying mechanisms of TLE.

Hippocampal Dendritic Alterations in SE

Epilepsy is a disorder of seizures characterized by neuronal and dendritic alterations in
both human and animal models of SE and epilepsy (Scharfman, 2007). SE and TLE are
characterized by network remodeling, decreased spine density, neuronal loss, and dendritic
instability (Casanova et al., 2012; Dachet et al., 2015; Wong & Guo, 2013). In human and animal
models, these alterations parallel neuroinflammation, microgliosis, and astrogliosis (Brewster et
al., 2013; Dachet et al., 2015; Ravizza & Vezzani, 2006; Wyatt et al., 2017). It is likely that the
correlation between dendritic changes and glial alterations may play a role in epileptogenesis and

the development of spontaneous seizures (Dachet et al., 2015; Eyo et al., 2017; Schartz et al., 2016).
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The hippocampus is particularly susceptible to neuronal injury induced by SE due to the high
density of excitatory ion channels and receptors, as well as the numerous connections to other
brain regions (Abdelmalik et al., 2005; Golarai et al., 2001; Hasegawa et al., 2007; Morimoto et
al., 2004). These factors may contribute to the intensity and propagation of seizure activity. This
may occur by aiding in the activity of excitable neurons and inactivity of inhibitory neurons, which
could promote the seizure activity to propagate through the brain (Faria et al., 2017; McEwen,
1994; Shen et al., 2016). Decreased levels of the microtubule associated proteins 2 (Map2) and
spine density have been observed in human epilepsy (Dachet et al., 2015; M. Wong & Guo, 2013;
Ying et al., 2004). Evidence from animal models support that SE provokes dendritic structural
instability through transient loss of Map2 and reduced spine density (Ballough et al., 1995;
Brewster et al., 2013; Schartz et al., 2016; Swann et al., 2000; Wong, 2008). These changes occur
most drastically within the CAL area of the hippocampus (Medvedeva et al., 2017) and are
associated with synaptic circuitry remodeling and neuronal hyperexcitability (Feng et al., 2017;
Hong et al., 2018; Hwang et al., 2013). Together, the evidence from these studies support that SE
alters dendritic elements in experimental models of epilepsy similar to that in human epilepsy.

In TLE and SE, numerous dendritic ion channel alterations occur throughout the brain. The
two major ion channels specifically localized to the CA1 pyramidal dendrites are the voltage-gated
potassium channel, Kv4.2, and hyperpolarization-activated cyclic nucleotide-gated channel
subunit 1 (HCN1). Both Kv4.2 and HCN1 have been found to be decreased in human epilepsy
and animal models of SE (Bernard et al., 2004; Brewster et al., 2013; D’ Adamo et al., 2013; Greene
et al., 2018; Gross et al., 2016; Jung et al., 2007; Lerche et al., 2013; Poolos & Johnston, 2012;
Tang & Thompson, 2012; Wolfart & Laker, 2015). Decreases in Kv4.2 protein levels and mRNA
levels have been observed following SE (Birnbaum et al., 2004; Gross et al., 2016). In Kv4.2
knockout mice, it has been shown that the mice have deficits in spatial learning with the MWM
and Lashley maze (Lugo et al., 2012; Smith et al., 2017). These mice also develop SE and
spontaneous seizures at an increased rate compared to wild type mice (Smith et al., 2017). These
data indicate the involvement of Kv4.2 in memory and seizure threshold (Barnwell et al., 2009).
HCNZ1 channel is also mainly localized to the hippocampal CA1 distal dendrites where it works to
dampen neuronal excitability under physiological conditions (Frigerio et al., 2018; Marcelin et al.,
2012). Loss of function of the HCN1 gene is highly correlated with epilepsy development and

increased seizure susceptibility (Marini et al., 2018). Thus, the SE-induced downregulation of
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Kv4.2 and HCN1 during epileptogenesis is thought to increase the excitability of neurons and may
be associated with the later development and reoccurrence of seizures (Bernard et al., 2004;
Brewster et al., 2002, 2005; Brewster et al., 2013; Jung et al., 2007).

In addition to loss of dendritic ion channels, seizures can provoke a reduction in the levels
of synaptic proteins such as the postsynaptic density protein 95 (PSD95), a major scaffolding
protein on excitatory synapses that is highly concentrated in CA1 dendrites (Chen et al., 2006;
Vincent & Mulle, 2009; Ying et al., 2004). PSD95 has been found to have major roles in the
modulation of ion channels and signaling molecules at postsynaptic sites (Keith & El-Husseini,
2008). Reductions in PSD95 can decrease the retention of receptors at the synapse producing either
decreased excitation or increased inhibition (Chen et al., 2011; Keith & EI-Husseini, 2008). These
reductions can also indicate loss of synapses, as correlational studies support stronger synapses
have higher levels of PSD95 (Chen et al., 2011; Sheng & Kim, 2011). In contrast, overexpression
of PSD95 increases excitation and decreases inhibition. Following recognition memory tasks
including NOR and spatial memory tasks including MWM, high levels of PSD95 were found
(Soulé et al., 2008). PSD95 knockout mice showed impaired spatial memory in the MWM (Delint-
Ramirez et al., 2008). In human epilepsy, both increases and decreases have been found in PSD95,
but these observations have been from different brain regions (Wyneken et al., 2003; Ying et al.,
2004). In the hippocampus, PSD95 was found to be reduced (Wyneken et al., 2003) while in the
occipital and frontal cortex, PSD95 was found to be increased (Keith & El-Husseini, 2008; Ying
et al., 2004). In animal models of SE, decreased levels of PSD95 have been observed at one day
post-SE and continued to decrease for up to six weeks post-SE (Sun et al., 2009; Wyneken et al.,
2003). These decreases were correlated to decreased behavioral performance in MWM (Sun et al.,
2009). This body of evidence supports the idea that a reduction in the levels of PSD95 may be an
adaptive mechanism to decrease the hyperexcitability, but this decrease may contribute to the
memory deficits following SE. Although dendritic instability and its potential role in cognitive
deficits is a considerable issue in SE and epilepsy, the current ASMs do not help with this
pathology or the comorbidities. We sought to investigate the role of gliosis as a potential
underlying cause in the synaptodendritic pathology of SE and TLE.
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Gliosis and Inflammation Alterations Following SE

In human TLE, another pathological hallmark is the activation and accumulation of
glial cells, also noted as gliotic scarring. Glial cells are the most abundant type of cells in the brain
and provide support to neurons (Jakel & Dimou, 2017; Purves et al., 2001). The two key glial cells
most widely reported as altered in epilepsy are astrocytes and microglia (Patel et al., 2019).
Microglia have been simply known as the immune cells of the brain, thought of as the
“macrophages of the brain”, but their job includes much more i.e. surveilling, responding,
maintaining, and phagocytosing (Eyo & Wu, 2019; Gomes-Leal, 2019; Kettenmann et al., 2011;
Low & Ginhoux, 2018). The origination of microglia has been extensively studied (Eyo & Wu,
2019). It is known that they originate outside of the central nervous system (CNS) and migrate
into the brain during the embryonic period. In the brain, microglia can proliferate from previous
microglia or can be derived from precursor c-kit cells (Kierdorf et al., 2013). Microglia constantly
survey their microenvironments for disturbances. Upon receiving signals from pathological events,
microglia respond and release anti-/pro- inflammatory cytokines and chemokines aiding in the
attraction of other immune cells (Feng et al., 2019; Ménard et al., 2017). The pro-inflammatory
cytokines produced by microglia lead to similar results as their release by astrocytes (Fernandez-
Arjona et al., 2017; Xie et al., 2014). It has been observed that the release of cytokines including,
interleukin (IL)-1p, IL-6, tumor necrosis factor alpha (TNF-a), along with complement C3 aid in
the interaction between astrocytes and microglia, also known as crosstalk (Sheridan & Murphy,
2013). In vitro, the production of IL-6 was shown to induce the proliferation and accumulation of
microglia (Batlle et al., 2015; Streit et al., 2000). This crosstalk can induce neuroprotective roles
in astrocytes and regulate microglial motility and aid in microglial accumulation and phagocytosis
(Batlle et al., 2015; Jha et al., 2019; Lian et al., 2016).

Proliferation and accumulation of microglia, microgliosis, in the hippocampus is found in
both human and experimental models of epilepsy (Abiega et al., 2016; Dachet et al., 2015; Loewen
et al., 2016; Shapiro et al., 2008; Sierra et al., 2010, 2013; Torres-Platas et al., 2014; Zhao et al.,
2018). Inthe pilocarpine model of SE, densitometry analysis of microgliosis following SE showed
alterations in microglia starting at four hours post-SE and the highest peak of accumulation at two
to three weeks post-SE (Schartz et al., 2016; Wyatt-Johnson et al., 2017). In the kainic acid model
of SE, similar patterns are observed with the peak accumulation occurring at three days post-SE
(Feng et al., 2019). Using genetic labeling to selectively tag microglia and macrophages, Feng et
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al., (2019) showed that the SE-induced accumulation of microglia paralleled an increase in
macrophage infiltration (Feng et al., 2019). Labeling microglia with Brdu and Ki-67, both known
proliferation markers, showed a significant increase in the proliferation of microglia cells (>70%)
compared to the migration of other microglia and macrophages (Feng et al., 2019) This indicates
that proliferating microglia are a major contributor to microgliosis and the epileptic pathology.
Together, this supports that microglia are highly involved in epilepsy.

Along with microglia, astrocytes have been found to play a role in brain function.
Astrocytes are involved in the homeostasis and survival of neurons by performing a multitude of
tasks including controlling the blood brain barrier and regulating synapses (Blackburn et al., 2009).
Astrocytes have been implicated in memory function, as they can regulate synaptic transmission
and plasticity which are both important in memory formation. They also have been shown to be
important in the buildup of neuroinflammation and recruitment of microglia and macrophages
(Aronica et al., 2012). In both human epilepsy and animal models, astrocytic expression of glial
fibrillary acidic protein (GFAP) is upregulated and astrocytes undergo significant physiological
changes, including production and release of proinflammatory molecules (Aronica et al., 2012;
Vasile et al., 2017). Astrocytes are observed as swollen and increased in cell volume. The swollen
phenotype of astrocytes has been shown to indirectly enhance network excitability through
increased release of neurotransmitters (Aronica et al., 2012; Losi et al., 2012; Shapiro et al., 2008).
In vitro work has also shown that astrocytes contribute to the production of IL-1, IL-6, TNF-a,
and complement C3 (Aronica et al., 2012; Blackburn et al., 2009; Codeluppi et al., 2014; Leal et
al., 2013; Lian et al., 2016).

The production of IL-1p and TNF-a can increase blood brain barrier permeability by
recruiting peripheral macrophages into the brain as well as having indirect toxic effects on neurons
(Neniskyte et al., 2014). These inflammatory cytokines can be beneficial by attracting microglia
and allowing for aid in dealing with pathological events, but high amounts of inflammation can
produce detrimental effects (Wilcox & Vezzani, 2014). In high quantities, it has been observed
that both IL-1p and TNF-a can induce neuronal death (Kaur et al., 2014). In human and
experimental epilepsy, increases in IL-1p, TNF-a, and IL-6 are increased following seizure activity
(Paudel et al., 2018; Rana & Musto, 2018; Schartz et al., 2016; Wilcox & Vezzani, 2014; Xie et
al., 2014). 1L-6 has more recently been shown to be a key contributor in disease. The combination

of IL-6 and astrocytes has been shown to have diminishing effects on the survival of hippocampal
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neurons (Valliéres et al., 2002). IL-6 also has emerged as having a potential role in epilepsy (Batlle
et al., 2015; Baune et al., 2012; Codeluppi et al., 2014; Erta et al., 2012). People with epilepsy
have increased IL-6 levels in their cerebral spinal fluid following a seizure, indicating a
neuroprotective factor (De Luca et al., 2004; De Sarro et al., 2004; Erta et al., 2012; Minami et al.,
1991). While IL-6 knockout mice are more susceptible to chemoconvulsants and increased damage
to the hippocampus (De Luca et al., 2004; De Sarro et al., 2004; Erta et al., 2012; Minami et al.,
1991), suggesting that IL-6 release may be a neuroprotective response to seizures. We and others
have shown transient increases in inflammation occurring immediately following SE and
remaining elevated for up to three days (Schartz et al., 2016; Shapiro et al., 2008; Wilcox &
Vezzani, 2014). Although inflammation and astrocytes do have a part in epilepsy as stated, the
release of complement 3 (C3) and the accumulation of microgliosis may play a larger role.

The production of C3 by astrocytes has been shown to be important for the microglial
response to changes in neural homeostasis (Aronica et al., 2007; Lévi-Strauss & Mallat, 1987,
Lian et al., 2016). During the development of synapses, C3 has been found to play an important
role in the ability of microglial elimination of weak synapses (Paolicelli et al., 2011; Schafer et al.,
2012; Stevens et al., 2007; Tremblay et al., 2010). While C3 knockout mice display defects in
synapse elimination in the developing retinal system (Stevens et al., 2007), these knockouts also
displayed increased spatial memory in the water T-maze (WTM) compared to wild type controls
(Shietal., 2015). Elevated levels of C3 occur in human refractory epilepsies, and in animal models.
High levels of C3 correlate with seizure severity (Aronica et al., 2007; Chu et al., 2010; S. D.
Reddy et al., 2019; Schartz et al., 2018; Wyatt et al., 2017). In human focal cortical dysplasia
(FCD), a genetic epilepsy where the cerebral cortex has malformations, we found increases in the
protein levels of both C3 and iC3b, the cleavage product of C3 that acts as an opsonin for microglia
engulfment (Wyatt et al., 2017). We have shown similar increases in C3 and iC3b following
pilocarpine induced SE at 2-3 weeks that correlate with behavioral deficits in recognition and
spatial memory (Schartz et al., 2018). Taken together, this evidence supports the idea that the role
of C3 in microglial function may play an important part in the pathology of epilepsy. Altogether,
this evidence supports the importance of the maintenance of neuronal communication with glial

cells, particularly microglia.
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Neuro-lmmune Interactions in SE

Physical neuro-immune interactions involve the microglial processes in close proximity to
dendritic elements and have been reported under physiological conditions (Eyo & Wu, 2013; Hong
et al., 2016). Live imaging studies support that microglia-dendritic contacts are increased during
the addition of glutamate to brain slices, which mimics the increased neuronal excitation that is
observed during seizures (Eyo et al., 2016). In human and experimental models of epilepsy, we
and others have found interactions between microglia and dendrites (Brewster et al., 2013; Chugh
& Ekdahl, 2016; Eyo et al., 2016; Hasegawa et al., 2007; Wyatt et al., 2017). In human refractory
epilepsy, the accumulation of CD68-positive microglia co-occurs in consecutive sections with
dendritic Map2 loss (Dachet et al., 2015). Interestingly, the spatial and temporal profile of SE-
induced microgliosis significantly correlates with the peak in decline of both the immunoreactivity
of Map2 and density of spines (Brewster et al., 2013; Schartz et al., 2016, 2018). Importantly, we
previously reported that acute treatment with rapamycin attenuated SE-induced hippocampal
microgliosis and loss of Map2, Kv4.2 and HCN1. Treatment with rapamycin also recovered
recognition and spatial memory deficits following SE-induction (Brewster et al., 2013). In other
models of acquired and genetic epilepsy, a similar recovery of the neuropathology and cognitive
deficits has been described (Crino, 2019). Because rapamycin treatment works on multiple subsets
of brain cells including both neurons and microglia (Crino, 2011; Siman et al., 2015; Zeng et al.,
2009), this study suggested the possibility that one or both cell types may contribute to the SE-
induced dendritic changes. We seek to investigate if microgliosis is a contributing factor to the
loss of dendritic Map2, Kv4.2, and HCN1, as well as the accompanying cognitive deficits in

recognition and spatial memory.

Phagocytic Microglia and Neuronal Crosstalk

Most neurological disorders, including epilepsy, are highly focused on the inflammation
and the inflammatory actions of microglia, and little has been done on the other major aspect of
microglia, phagocytosis. Phagocytic microglia are recognized as the janitors of the brain; they
clean up dead and dying cells, as well as any leftover debris, but they play a more essential role in
healthy and disease states (Sierra et al., 2013). Phagocytosis is the process in which microglia

ingest and remove unwanted elements. This process occurs through a series of steps orchestrated
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by a variety of molecules and receptors which regulate chemoattraction and engulfment—known
as “find-me” and “eat-me” signals (Diagram 1) (Brown & Neher, 2014; Sierra et al., 2013; Wyatt-
Johnson & Brewster, 2019). The “find me” signals include fractalkine receptor CX3CRL1 and its

ligand CX3CL1 (Brown & Neher, 2012, 2014;
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Diagram 1: Receptors and ligands that aid in the
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activated by CSF1/Interleukin-34 (IL-34), that  gjsplayed increased severity during induction with a
regulate microglial survival, proliferation, and
phagocytic microglial properties. chemoconvulsant (Eyo et al., 2014, 2016, 2017).
Together, this suggests that microglial cells
communicate with neurons via a myriad of “eat me” and “find me” signals. The “eat me” signals
that aid in phagocytosis of the target include the opsonins Gas 6 and Protein S, as well as their
receptor Mer Tyrosine Kinase (MerTK), C3b and its receptor complement receptor 3 (CR3), and
opsonin Clg—the initiating molecule for C3 cleavage. Another receptor that mediates the

rearrangement of the microglial cytoskeleton to allow engulfment of the target is the Triggering
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receptor expressed in myeloid cells 2 (Trem2) (Brown & Neher, 2014; Sierra et al., 2013).
Microglia from Trem2 knockout mice had less PSD95 content than microglia from wild type mice
suggesting reduced engulfment of this synaptic protein (Filipello et al., 2018). Cells undergoing
apoptosis typically externalize phosphatidylserine (PS), an “eat-me” signal to the outer plasma
membrane. PS is recognized by Gas 6, Protein S, and MerTK, that initiate the remodeling of the
cytoskeleton to allow microglia to engulf and phagocytose the cell (Brown & Neher, 2012).

Under physiological conditions microglia remain in a resting morphology, termed as
ramified. When microglia remodel their cytoskeleton, they alter their phenotype from ramified to
other distinct morphologies that include, hypertrophied, bushy, amoeboid, and rod-shaped (Wyatt-
Johnson et al., 2017). Each morphology is speculated to have certain biochemical properties, but
this has largely been up for debate (Fernandez-Arjona et al., 2017). Based on the environments
surrounding each morphology, it has been speculated that each morphology serves a different
biochemical property of microglia to allow microglia to best respond to changes in their
microenvironments (Cengiz et al., 2019; Fernandez-Arjona et al., 2017; Heindl et al., 2018;
Kettenmann et al., 2011). Ramified microglia are generally observed in homeostatic environments.
Microglia in this morphology have a small cell body and numerous, highly branched processes
(Glenn et al., 1991; Sadasivan et al., 2015; Wyatt-Johnson et al., 2017). The hypertrophied
morphology displays increased diameter in microglial processes and a larger cell body; its
morphology has also been widely observed with the release of inflammatory cytokines (Guadagno
et al., 2013; Timmerman et al., 2018). The rod morphology has been more recently investigated.
This shape is characterized by the appearance of elongated cell bodies and processes. They are
also most frequently observed with their bodies parallel to dendrites (Taylor et al., 2014). Little is
known about the function of the rod morphology, but it has been shown in culture to promote the
proliferation and recruitment of other microglial cells (Tam & Ma, 2014; Taylor et al., 2014).
Although each morphology has been observed under different conditions, it is not yet known what
the morphologies may indicate in pathological conditions.

Bushy and amoeboid morphologies of microglia have been mostly observed in association
with phagocytic markers in microglia. Studies have shown that increase in CD68, a lysosomal
marker that indicates breakdown and degradation of recently engulfed matter, in microglia with

bushy and amoeboid morphologies (Dachet et al., 2015; Fernandez-Arjona et al., 2017;
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Morin-Brureau et al., 2018; Perez-Pouchoulen et al., 2015). Animals that had a selective knockout
of tuberous sclerosis 1 (TSC1) gene, which enhances the downstream mTOR pathway, in
microglia showed altered morphologies of microglia. These microglia displayed a bushy and
amoeboid morphology more frequently than ramified and they also contained higher levels of
CD68 (X. Zhao et al., 2018). Furthermore, there was a decrease in the production of inflammatory
cytokines and chemokines (X. Zhao et al., 2018). The TSC1 knockout mice also had increased
seizure activity and frequent spontaneous seizures with up to six per day starting at post-natal day
20 (H. Zhao et al., 2018). In genetic mouse models of focal cortical dysplasia with epilepsy, there
was an increase shown in ionized calcium binding adaptor molecule 1 (IBA1) positive cells
occurring in the periods of frequent and spontaneous seizures (Curatolo, 2015). When treated with
an inhibitor of mechanistic target of rapamycin (mTOR), a protein involved in the proliferation
pathway in microglia (Bockaert & Marin, 2015), this decreased microgliosis and epileptic activity
(Curatolo, 2015; Nguyen et al., 2015). This indicates that mTOR hyperactivation results in an
enhanced phagocytic phenotype of microglia (H. Zhao et al., 2018; X. Zhao et al., 2018). In
comparison to human tissue samples of people with refractory epilepsy, the regions of cortical
tissue that had high interictal spiking before surgery showed an increase in CD68 positive
microgliosis with bushy and amoeboid morphology (Dachet et al., 2015). Increased IBA1 positive
cells, major histocompatibility complex (MHC) 1l positive cells, and CD68 positive cells were
observed in temporal lobe tissue resected from people with refractory epilepsy (Morin-Brureau et
al., 2018). Taken together, these data indicate the contribution of neuron-immune crosstalk and
phagocytic microgliosis to SE and the development of epilepsy.

Recent evidence indicates that the “eat me” phagocytic signaling molecules are crucial for
the establishment and maintenance of synaptic connectivity by coordinating the microglial
removal of apoptotic neurons and unwanted synapses from early postnatal development to
adulthood in the healthy brain (Hong et al., 2016; Hong & Stevens, 2016). During the development
of synapses in the healthy brain, microglia utilize their phagocytic function by engulfing and
eliminating weak synapses in an activity-dependent manner to allow for stronger synapses to form
functional connections (Paolicelli et al., 2011; Schafer et al., 2012; Stevens et al., 2007; Tremblay
et al., 2010). Insufficient synaptic elimination has been observed in association with increases in
spine density, synaptic connectivity, and excitability in the somatosensory cortex (Chu et al., 2010;

Ma et al., 2013). The functional implications of microglia failing to eliminate synapses during
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development include altered memory function, as synapses/spines have been shown to be involved
in modulation and consolidation of memory (Giovagnoli & Avanzini, 1999; Hong & Stevens, 2016;
Vasek et al., 2016). The evidence supports that microglial failed synaptic elimination contributes
to neuronal hyperexcitability and an increase in seizure susceptibility (Chu et al., 2010; Hong et
al., 2016; Schafer et al., 2012; Shi et al., 2015; Stevens et al., 2007; Vasek et al., 2016).
Interestingly, emerging data support that phagocytic microglial signals can become dysregulated
and can contribute to the alterations of neural circuits in neurological disorders, including epilepsy
(Bachiller et al., 2018; Brewster, 2019). Recent microglia profiling using histological and
transcriptomic analysis from individuals with refractory seizures showed that microglia are highly
abundant in CR3, Trem2, and MerTK (Bottcher et al., 2019; Dachet et al., 2015; Gosselin et al.,
2017; Morin-Brureau et al., 2018; Wyatt et al., 2017). In human FCD, we also found that the
protein levels of Protein S were decreased, and that paralleled an increase in MerTK (Wyatt et al.,
2017). These data suggest a robust phagocytic phenotype in human epilepsy.

The phagocytic properties of microglia allow them to “eat” not only dead cells but also
healthy yet stressed cells if they are in proximity to the neurons (Brown & Neher, 2014). The
secretion of inflammatory molecules and the phagocytosis of stressed, healthy cells by microglia
have led to the hypothesis that microglia have an important role in many diseases (Wolf et al.,
2017). Transcriptome studies have shown a link between microglial mutations in phagocytosis,
increase in inflammation release, and the pathology of AD (Holtman et al., 2015; Bin Zhang et al.,
2013). Similar findings have been replicated in the mouse model of AD (Dong et al., 2019;
Hickman et al., 2008; Wolf et al., 2017). Studies in rodent models of AD describe that the acute
initial microglial response may be neuroprotective but a continued long-lasting response or
overresponse may potentially contribute to disease progression (Dong et al., 2019; Hickman et al.,
2008; Wolf et al., 2017). Similarly, in Parkinson’s disease and amyotrophic lateral sclerosis,
microglial response was first determined to be neuroprotective, but throughout the progression of
the disease microglial prolonged activation contributes to the loss of motor neurons (Brites & Vaz,
2014; Schapansky et al., 2015; Wolf et al., 2017). These studies support the idea that microglia are
not the issue in disease, only reacting to the situations (Gomes-Leal, 2019; Lalancette-Hébert et
al., 2007). The reactions of microglia to pathological events, including secretions of cytokines and
their response to neuronal cues, are critical but these actions can result in the priming of microglia,

potentially leading to their overreaction later on (Gomes-Leal, 2019; Neher & Cunningham, 2019).
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This is one of the theories behind why inhibition of microgliosis can be simultaneously detrimental
and beneficial and requires additional research. Another important aspect of microglia is their
heterogeneity throughout the brain. In different brain regions, microglia portray different
molecular signals and are thought to be responding to the same pathology differently (Brewster,
2019; Lietal., 2019; Ohgomori & Jinno, 2019; Stratoulias et al., 2019). These data and ideas make

it critical to understand microglial inhibition during disease pathology and particularly in epilepsy.

Microglia Motility and Response to Neuronal Cues

Microglia respond to their local microenvironment and levels of neuronal activity through
their purinergic receptors. In a normal healthy brain, microglia move in a function of re-
arrangement, with cells translocating, proliferating, and dying in small amounts. These functions
are regulated by the purinergic receptor, P2Y12R. P2Y12R on microglia aid in the ability of
microglia to sense neuronal activity and respond to adenosine triphosphate (ATP) release (Beamer
et al., 2019). Under normal conditions, active neurons and astrocytes typically release ATP, but
this is disrupted by insults to the brain that include seizures, which trigger higher releases of ATP
(Beamer et al., 2019). In knockout P2Y 12 mice, microglia have a significantly reduced ability to
re-arrange, meaning there are less cells gained through either proliferation, translocation, or lost
through cell death (Eyo et al. 2018). Consequently, microglial processes rapidly move to these
areas and structures in an activity-dependent manner (Abiega et al., 2016; Eyo et al., 2014;
Tremblay, 2011). Sepulveda-Roderiquez et al., (2019) used acute slice recordings to analyze
microglia motility and purinergic activity in the hippocampus following pilocarpine induced-SE
and electroconvulsive induced seizure (ECS). They found that the motility of microglial processes
to move in close proximity to dendrites was ATP-directed in both SE and ECS, and they found
that the ECS were enough to alter purinergic receptor function in microglia (Sepulveda-Rodriguez
et al. 2019). These data indicate that seizure activity is enough to alter microglia motility and for
microglial processes to move into close proximity to dendrites. Although the physiological impact
of microglial process in close proximity to dendrites is not definitively known, two-photon
imaging of living microglia in cortical and hippocampal networks demonstrated activity-
dependent microglia synaptic contacts were followed by the disappearance of spines (Weinhard et
al., 2018). These data suggest that the microglial contacts with dendrites may be playing a role in

controlling neuronal excitability. Therefore, it is not surprising that physical neuro-immune
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interactions have been observed in both human and experimental epilepsy. In human refractory
epilepsy, microglial processes were found in close proximity to dendrites (Wirenfeldt et al., 2009;
Wyatt et al., 2017). In experimental models, pronounced microglial interactions with hippocampal
CALl dendrites were observed during and after SE (Brewster et al., 2013; Eyo et al., 2014;
Hasegawa et al., 2007).

Studies using two-photon live imaging of in vivo and ex vivo systems demonstrated that
microglial processes move rapidly towards dendrites and axons in response to seizures, a process
that is dependent on microglial P2Y12R and CX3CR1-CX3CL1 signaling (Eyo et al., 2014, 2016,
2017). These studies reported that mice with a knockout of P2Y12R displayed higher Racine
seizure scores during induction with a chemoconvulsant similar to CX3CR1 knockout mice (Eyo
etal., 2014, 2016, 2017). In animals who have a knockout of CX3CR1, microglia have no physical
changes in morphology, however, the movement of microglial processes was decreased (Liang et
al., 2009). CX3CR1 knockout mice do not have any reduction in proliferation of microglia,
indicating that CX3CR1 is not critical in proliferation but in activity response (Eyo et al. 2018).
The question remains how the accumulation and proliferation of microglial cells alters the
dendritic pathology observed after SE.

Inhibition of Microgliosis in SE

Currently, more focus has been on determining how to reduce microgliosis in epilepsy. The
more recent focus has been on the mTOR inhibitor, rapamycin. The pathway of mTOR is found
ubiquitously throughout the brain but plays a diverse role in different cells types, including
microglia (Bockaert & Marin, 2015; Crino, 2011). In microglia, it is thought to modulate
inflammation and proliferation (Xie et al., 2014). In epilepsy, mTOR hyperactivation has been
observed in animal models as well as human refractory epilepsy (Brewster et al., 2013; Crino,
2011; Curatolo, 2015; Nguyen et al., 2015, 2019; X. Zhao et al., 2018). Several studies have shown
that the hyperactivation of mTOR in neurons and microglia has been shown to correlate with
seizure severity (Brewster et al., 2013; Nguyen et al., 2019; X. Zhao et al., 2018). In these studies,
treatment with rapamycin showed a reduction in seizure severity, recovery of learning and memory
deficits, and reduced microgliosis in the hippocampus in both rat and mouse models of epilepsy
(Brewster et al., 2013; Nguyen et al., 2015; Zhang et al., 2018; H. Zhao et al., 2018).
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While there is some controversy over this treatment, as studies have shown both
improvements (Brewster et al., 2013; Nguyen et al., 2015) and no changes (Buckmaster & Lew,
2011; Zeng et al., 2010) with rapamycin, the key to these differences is time and length of treatment.
The length of treatment with rapamycin is extremely important, as long treatment (1-3 months)
with rapamycin does not alter seizure severity in mice (Buckmaster & Lew, 2011; Zeng et al.,
2010), while short treatment (1-2 weeks) has shown reduction in severity of seizures and
microgliosis (Brewster et al., 2013; Nguyen et al., 2015).These differences could be potentially
due to the toxic effect of rapamycin that has been observed after long treatment (Fischer et al.,
2015; Tyler et al., 2011). These studies indicate the need for a more critical analysis of microglial
treatments. A pathway that has become more common as a mechanism of specifically altering
microgliosis is the colony stimulating factor 1 receptor (CSF1R) (EI-Gamal et al., 2018; Erblich

et al., 2011). With the use of computational
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(Diagram 2) (Stanley & Chitu, 2014). CSF1R
activation is done through the binding of either CSF1 ligand or interleukin 34 (IL-34) depending

on the location of microglia and period of time during development, with CSF1 involved in
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prenatal development (Easley-Neal et al., 2019; Griffiths et al., 2007; Imai & Kohsaka, 2002).
CSF1R in microglia leads to the direct downstream activation of the extracellular signal regulated
kinases (ERK) and mTOR signaling cascades which in turn promote microglial survival and
proliferation through enhancing mRNA translation (Ulland et al., 2015). Blocking CSF1R
specifically inhibits microglial proliferation, leading to a decrease in the amount of microglia in
normal brains (EImore et al., 2014, 2015; Han et al., 2017). A homozygous knockout of CSF1R in
mice has been used as a tool for understanding microglia during development, but does not allow
for long term studies as these mice live for less than three postnatal weeks (Jia Li et al., 2006). In
these mice, early development continues until the post-natal period when there are higher numbers
of neurons, enlarged ventricles are evident, and an increased number of astrocytes with almost 99%
mortality during these stages (ElI-Gamal et al., 2018; Erblich et al., 2011). Evidence from mice
with a CSF1R knockout indicates the importance of microglial CSF1R in the survival of newborn
animals. Recently, ahomozygous CSF1R mutation was found in two humans. One child presented
with ablation of microglia cells and structural malformations in the brain including the corpus
callosum which failed to develop; this led to a short life ending before 1 year of age. The other
individual, age 24, has other brain malformations and build up in calcifications in the
periventricular regions, as well as severe cognitive deficits and epilepsy (Oosterhof et al., 2019).
These data indicate the CSF1R receptor as a crucial receptor for the function and survival of
microglia in both human and experimental models.

In order to block CSF1R without permanent genetic changes, several drugs have been
developed. These drugs include BLZ945, GW2580, PLX647, PLX3397, and PLX5622. Out of the
current selection of inhibitory drugs, PLX3397 has the most positive responses with the least
modification of other brain cells (Butowski et al., 2016; Elmore et al., 2014). BLZ945 has been
shown to reduce microgliosis in multiple sclerosis, but caused increases in oligodendrocytes and
astrocytes (Beckmann et al., 2018) and GW2580 treatment took longer, 10 weeks, to show
decreases in microglia (Gerber et al. 2018). PLX3397 is an orally active and more potent inhibitor
that also blocks the precursor cells of microglia, c-kit. It was developed based on the original
PLX647 but is more specific to CSF1R receptor and inhibits the precursor cells to microglia unlike
PLX5622. PLX3397 has been further tested through clinical trials for breast cancer and
glioblastoma, compared to both PLX family drugs (Butowski et al., 2016; Dagher et al., 2015).
PLX3397 works by altering and enhancing its polarity to bind to the juxtamembrane of CSF1R.
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This ATP-binding site, which is normally bound in the autoinhibited state of the receptor, is
targeted and the drug interacts with the inhibitory loop residues, 546 (Tyr546) and 550 (Trp550),
through hydrogen bonds to prevent the ability of the receptor from exiting the inhibited state. This
interference inhibits ATP and substrate binding affecting the phosphorylation of the receptor
needed to activate the survival and proliferation signaling pathways (Diagram 2) (Butowski et al.,
2016; Tap et al., 2015). In phase I and 11 clinical trials for glioblastoma, it was found that PLX3397
is well tolerated in humans with a maximum serum concentration of 7760 ng/mL after 1000 mg/kg
dose. After seven days, levels of CSF1R were depleted, determined by IBA1 density (Butowski et
al., 2016). In animal models, rats have a maximum serum concentration of 10200 ng/mL after a
dose of 30mg/kg, while mice have a maximum serum concentration of 449000 ng/mL after a 30
mg/kg dose, indicating that rats may have a more similar bioavailability of the drug to humans
compared to mice (Butowski et al., 2016; EI-Gamal et al., 2018; Tap et al., 2015; Wesolowski et
al., 2019).

Under physiological conditions, the CSF1R inhibitor, PLX3397, has been shown to reduce
the population of microglial cells as well as improve behavioral test performance in BM and
contextual fear conditioning of naive animals both young and aged (Elmore et al., 2014, 2018; Han
etal., 2017). In these conditions, PLX3397 depleted microglial cells within seven days of treatment,
and after discontinuing PLX3397, microglial cells repopulated the brain in three days (Elmore et
al., 2014; Najafi et al., 2018). Importantly, inhibiting CSF1R activity with PLX3397 also prevents
LPS (lipopolysaccharide)-induced activation and proliferation of microglia (EImore et al., 2014).
Under pathological conditions, a 21-day treatment with PLX3397 reduced the volume of the brain
lesion due to intracerebral hemorrhage (M. Li et al., 2017) and reduced the loss of dendritic spines
in models of AD (Spangenberg et al., 2016), but led to exacerbated inflammation in models of
brain ischemia and stroke (Han et al., 2017; Jin et al., 2017; Szalay et al., 2016). This suggests that
PLX3397 works to deplete microglia under both physiological and pathological conditions.

In epilepsy, recent studies have been done to test PLX3397 and its family of drugs. One
study tested the CSF1R target with a high dose of 30 mg/kg and low dose of 3 mg/kg of PLX3397
and found a reduction in seizure frequency with the use of the high dose and a decrease in IBA1
labeled cells in both doses (Srivastava et al., 2018). When Theiler’s murine encephalomyelitis
virus is administered to mice, the mice develop brain infection and high inflammation leading to

the subsequent development of spontaneous seizures and epilepsy. In these mice, microglia were
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blocked with PLX5622 in chow prior to virus administration and the mice developed paralysis,
increased seizures, and died by 10 days post infection (Sanchez et al., 2019). Taken together, these
data support that inhibition of microgliosis is important in the epileptic pathology, but how
microglia inhibition affects the epileptic pathology in TLE remains largely unknown. Therefore,
to specifically test the role of microglia in SE-induced CA1 Map2 and dendritic ion channel
alterations and the associated cognitive deficits, we used PLX3397 to inhibit microglial CSF1R

signaling and prevent microgliosis in the rat model of SE and acquired TLE.

Hypothesis

TLE is the most common type of focal epilepsy and it affects the amygdalo-hippocampal
network. TLE can be acquired following brain injury, including events of SE. Current anti-
epileptic pharmaceutical treatments only focus on the symptoms (i.e. seizures) and are not disease
modifying. Because roughly 40-89% of people with TLE have refractory seizures, there is a critical
need for novel treatments that target the underlying mechanisms of epilepsy and its comorbidities
such as memory deficits (Hocker, 2015; Pichler & Hocker, 2017; Serrano-Castro et al., 2012;
Silva-Alves et al., 2017; Voltzenlogel et al., 2015). SE provokes dendritic structural instability
through losses of Map2, dendritic branching, and spine density, which can promote pathological
synaptic network remodeling, neuronal hyperexcitability in the hippocampus, and deficits in
learning and memory (Brewster et al., 2013; Schartz et al., 2016, 2018; Shapiro et al., 2008). We
have shown a significant spatial and temporal correlation between SE-induced Map2 loss and
microgliosis in the hippocampus (Brewster et al., 2013; Schartz et al., 2016, 2018). In addition,
pharmacological suppression of microgliosis after SE with the drug rapamycin attenuated the loss
of Map2 and numerous dendritic ion channels in the hippocampus. This suppression improved
recognition and spatial memory (Brewster et al., 2013). Based on these studies, we hypothesized
that the inhibition of microgliosis during epileptogenesis would attenuate the SE-induced
hippocampal dendritic and cognitive pathology. To test this hypothesis, we blocked microglial
activation and proliferation during the period of epileptogenesis (Schartz et al., 2016; Wyatt-
Johnson et al., 2017). Activation of CSF1R in microglia leads to the direct downstream activation
of signaling cascades that promote microglial survival and proliferation. The drug PLX3397
inhibits activation of CSF1R and stops microglial proliferation (EImore et al., 2014). Our rationale

was targeting the SE-induced microgliosis by inhibiting CSF—which is exclusively found in
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microglia/macrophages unlike mTOR/rapamycin (Bockaert & Marin, 2015)—would provide
evidence that microglial cells may underlie the hippocampal dendritic alterations and memory
deficits that develop after an episode of SE. Our approach for this project was to use the pilocarpine
model of SE in rats. Immediately after the induction of SE (post-SE day 0), the rats were given the
CSF1R inhibitor, PLX3397, at an average dose of 50mg/kg body weight per day in their food, ad
lib, for 3 consecutive weeks to prevent microglial activation and proliferation (Elmore et al., 2014;
Han et al., 2017). Rats were randomly assigned into one of four groups: control (Ctrl)+vehicle
(Veh), Ctrl+PLX3397, SE+Veh, or SE+PLX3397. These groups were blinded to the investigator

during behavioral tests and analyses as well as biochemical and histological analysis.

Specific Aims

Specific Aim #1: To determine the role of microgliosis in SE-induced hippocampal-
dependent learning and memory deficits. People with epilepsy with TLE and SE often have
comorbidities that include learning and memory deficits, which have been shown to be a factor in
reducing their quality of life (Alonso-Vanegas et al., 2013). Similar findings are observed in the
rodent models of acquired TLE (Jessberger & Parent, 2015; Lévesque et al., 2016; A. K. Sharma
et al., 2007). We and others have found memory deficits starting two to three weeks post-SE in
tests that include novel object recognition (NOR), Barnes maze (BM), and Morris water maze
(MWM) in the pilocarpine model of SE and acquired TLE (Brewster et al., 2013; Grayson et al.,
2015; Rojas et al., 2016; Schartz et al., 2018). Our working hypothesis is if SE-induced

microgliosis contributes to the hippocampal-dependent learning and memory deficits, then

inhibiting microglial proliferation will attenuate this pathophysiology. Our approach was to use
NOR to test recognition memory and BM to test hippocampal-dependent spatial learning and
memory. OF was performed to test for any potential locomotor confounds. We performed
behavioral testing starting 13 days post-SE.

Specific Aim #2. To determine the role of microgliosis in the dendritic structural pathology
of SE. We and others have found increases in microgliosis and morphological changes of microglia
alongside decreases in the dendritic stability marker, Map2, in human and experimental models of
epilepsy (Brewster et al., 2013; Dachet et al., 2015; Schartz et al., 2016; Shapiro et al., 2008; Wyatt
et al., 2017; Wyatt-Johnson et al., 2017). After epileptogenesis, it has been shown that Kv4.2 and
HCNL1 in dendrites are decreased. These channels are particularly important as they have been
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shown to play a role in neuronal excitability and learning and memory under physiological
conditions (Bernard et al., 2004; Brewster et al., 2013; Hall et al., 2015; Lugo et al., 2012; Nolan
et al., 2004). Microglia have been shown to make direct contacts with synapses, based on synaptic
activity, and prune synapses under physiological and pathological conditions (Hong et al., 2016;
Hong & Stevens, 2016; Tremblay, 2011). However, in SE, the contacts and correlation between
microglia and dendrites has yet to be classified as beneficial or detrimental. Our working
hypothesis is if SE-induced microgliosis contributes to hippocampal-dendritic structural instability,
then inhibiting microglial proliferation will attenuate the synaptodendritic pathology. Our
approach was to sacrifice the rats from Aim 1 after the behavioral assessments. Rats were perfused
and brains were removed. Brains were dissected sagittal, alternating right and left hemispheres.
One hemisphere was used for immunohistochemistry (IHC) (Expt.1) and the other for biochemical
analysis (Expt.2). IHC was used analyze the number of microglial cells and dendritic stability in
consecutive sections. We investigated dendritic instability by measuring protein levels of Kv4.2,
HCNL1, and PSD95 with western blots.

At the conclusion of this research, our expectation is to have identified PLX3397 as a
mechanism of inhibiting microgliosis to recover dendritic instability and cognitive deficits
following the induction of SE. We also expect to gain more information about the relationship
between microglia and dendrites and whether microgliosis is detrimental in this relationship.

This work will have a positive impact by identifying a novel epilepsy modifying treatment that

may prevent the comorbid memory deficits after SE.
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METHODS

Animals

Male Sprague Dawley rats (150-200grams) (Envigo) and single housed in cages (19 x 10.5
x 8 inches) upon arrival to our facilities. Rats were singled housed before and during the
experiment to account for any cage mate deaths that might occur following the induction of SE.
Rats were handled for 2-3 minutes per day by the same experimenter starting the day after arrival
until they were sacrificed. The rats were housed at ambient temperature, 22 °C, with diurnal cycles
of a 12-hour light and 12-hour dark (0700 to 1900). All rats had access to unlimited food and water.
Male rats were chosen due to their comprehensively mapped microglial, dendritic, and cognitive
profiles following pilocarpine induced-SE (Brewster et al., 2013; Eyo et al., 2017; Marcelin et al.,
2012; Schartz et al., 2016). Female rats have yet to be fully characterized and studies focused on
this characterization have shown protective effects of estrogen during SE induction (lacobas et al.,
2018; Tan & Tan, 2001). This effect could greatly impact this study due to the length of treatment,
as it would be likely that the estrous cycle will affect seizure progression and activity (J Li et al.,
2016, 2018).

Pilocarpine Induced SE

The induction of SE started with an i.p. injection of scopolamine methyl bromide (1mg/kg;
Cat# S8501-1G, Sigma-Aldrich, St. Louis, MO) to prevent systemic effects of pilocarpine on the
cholinergic system (Renner et al., 2005) (Figure 1). Thirty minutes later pilocarpine hydrochloride
(280-300mg/kg; Cat# P6503-10G, Sigma-Aldrich) was given as an i.p. injection (n = 46).
Behavioral observations of rats were recorded based on the Racine seizure severity scale (1-6)
(Table 1) for each rat (Racine, 1972). Rats that reached a 5-6 meet the criteria for severe SE (n =
28; 61%). Any rats that failed to reach a Racine level of 5-6 were marked as non-SE (n = 16; 35%)
or did not survive SE were removed from the study (n = 2; 4%). Forty-five minutes after the rat
reached the threshold for severe SE an i.p. injection of diazepam (10mg/kg; Hospira, Inc., Lake
Forest, IL) was given to stop SE. Due to the side effects of diazepam including, decreased heart
rate and hypothermic effects, all rats were placed onto heating pads for warmth (Carpenter et al.,

1977). Control rats were given scopolamine (1mg/kg) followed by an i.p. injection of 0.9% saline
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(Hudson RCI, Morrisville, NC) 30 minutes later and at about the same time as the SE rats control
rats were given an i.p. injection of diazepam (10mg/kg). All rats were continuously monitored.
Four hours following diazepam injection rats received an i.p. injection of 1.5mL of 0.9% saline
for hydration. Ensure, fruit loops, and subcutaneous (s.c.) injections of 1.5mL of 0.9% saline were
administered, as needed, during recovery (post-SE days 1-3) to help facilitate weight gain. Rats
were weighed daily between 0800-1000 throughout the entire experiment to monitor weight gain
(Ctrl+Veh, n = 13; Ctrl+PLX3397, n = 13; SE+Veh, n = 14; SE+PLX3397, n = 9; SE+PLX3397

non, n = 5; power = .997).

Table 1. Modified Racine Level Seizure Scale (Racine, 1972)

Racine Scale

Rigid posture and mouth moving
Tail clonus
Partial body clonus and head bobbing
Rearing
5 Whole body clonic seizures while retaining posture

Rearing and falling

o A BN W N P

Tonic-clonic seizure with loss of posture

Chow With PLX3397

After induction, post-SE day 0, control and SE rats were randomly distributed into either
standard rodent chow (T.2018) alone (Vehicle, Veh) or standard rodent chow with PLX3397
groups (Pexidartinib; Purity: 99.56%; Selleckchem, Pittsburgh, PA). PLX3397 was shipped
overnight to be mixed in chow at Envigo (Madison, WI). According to Envigo, PLX3397 was
mixed with chow at approximately 50mg/kg body weight per day for this study (455mg
PLX3397/kg of diet) (National Research Council (US) Subcommittee on Laboratory Animal
Nutrition, 1995). The rodent chow T.2018, from Envigo, has a diet make up of 18.6% protein, 6.2%
fat, and 3.1 kcal/g of metabolizable energy. To add the PLX3397 to the chow, the chow was first

36



processed into a fine powder then the PLX3397 was mixed into the chow with ~22% water which
acted as a pelleting agent. Next, the chow was pressed into pellets and dried at 50°C for 8-10 hours
(T. Herfel, personal communication, July 10, 2018). Based on our preliminary findings and
confirmation from Envigo, PLX3397 is generally stable during this process. PLX3397 chow was
stored at -20°C and allowed to warm to room temperature (RT) before fed to rats each day. Food
was available ad lib and was continuously added to keep the rodent chow as fresh as possible.
Thirteen controls and 14 SE animals were placed on the diet containing PLX3397 for a total of 27
rats.

Open Field (OF)

On post-SE day 13, rats were placed into training cages (11.5 x 5.75 x 6 inches) and allowed
to acclimate to the dark with a single red light for 30 minutes before the test began at 0830. The
test followed previously described protocols (Brewster et al. 2013; Schartz et al. 2018). Rats were
placed into the testing box (40 x 40 x 30 cm) for ten minutes under red light conditions. Red light
condition was used as it allowed for the of behavior to be recorded and mimics the dark cycle in
which rats are most active. The apparatus was divided into an inner zone (20 x 20 cm) in the center
20 centimeters from all sides and outer zone defined as the area touching the edge to the inner
zone. The test was video recorded from above and tracked with Any-maze video tracking system
V4.99 (Wood Dale, IL). The parameters set for Any-maze to track include total distance travelled,
average speed, time spent motionless, and time spent in the outer and inner portion of the chamber.
OF doubled as habituation for NOR (Ctrl+Veh, n = 10; Ctrl+PLX3397, n = 10; SE+Veh, n = 10;
SE+PLX3397, n = 7; power = .831).

Novel Object Recognition (NOR)

NOR testing began 24 hours after OF/habituation in the same testing box and followed a
previously described protocol (Schartz et al., 2018). On day 14, similar to OF, rats were placed
into training cages and acclimated to the dark for 30 minutes before trial 1 started. Trial 1 consist
of the familiarization phase of NOR test. Under red light condition, rats were placed into the
apparatus and were given five minutes to explore two identical objects, yellow rubber ducks, on

opposite sides of the box equal distance. Rats were then placed back into their training cages. After
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a two-hour wait in the dark trial 2 began. During trial 2, one of the objects was replaced with a
novel object, a brown rubber hamburger. The side the novel object was placed on was alternated
to counterbalance for any side preference the rats had. At the start of trial 2, rats were placed into
the box and given five minutes to explore. Videos recorded from above and saved with Any-maze
video tracking system. These videos were then analyzed by two blinded investigators for time
spent exploring each object, determined by the rat’s nose coming within two centimeters of the
object. The results from both investigators were averaged. The recognition index was determined
by time spent with the familiar object in trial 2 (FT2) subtracted by the time spent with the same
object, in the left or right position, in trial 1 (FT1), divide by total time spent exploring these two
objects [(FT1 - FT2)/(FT1 + FT2)]. NOR testing was completed in four cohorts of 9-12 rats per
cohort for a total of 40 rats tested with 10 rats per condition (Ctrl+Veh, n = 10; Ctrl+PLX3397, n
= 10; SE+Veh, n = 10; SE+PLX3397, n = 7; power = .923).

Barnes Maze (BM)

BM training days took place the day after NOR was completed. The BM apparatus was a
circular platform that measured at a diameter of 1.22m and elevation of 1.68m. The platform
contained 18 circular holes (diameter of 9.5cm) at an equal distance around the apparatus with one
hole having a removable escape box placed under it. Three different cues (square, triangle, and
cross) were placed on the three walls surrounding the platform, roughly 51 cm away from platform
edge, to aid in spatial navigation to the escape box (Gawel et al., 2019). The trials were video
recorded from above and tracked with Any-maze tracking system. Before each training/testing day,
rats were placed into training cages and brought into an adjacent dark room for 30 minutes and
acclimated to the dark. The first day of BM was habituation. During this stage rats were trained to
enter the escape box through three separate methods, separated by 15 minutes under red light
condition: (1) rats were placed directly into the escape box; (2) rats were placed next to the escape
box and gently nudged into the box; (3) rats were placed in center of platform and gently guided
to the escape box through an open tunnel. Rats remained in the escape box for two minutes, then
were moved back to their training cages until all rats had completed the training. Twenty-four
hours later the escape box was rotated 180 degrees from the habituation location. On training days
1-4, rats were tested each day for four trials/blocks, separated by 15-18 minutes, with a total of 16

blocks. The use of bright lights and an open elevated platform acted as a motivator for the rats to
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find the escape box, as these conditions are aversive to rats (Gawel et al., 2019; Pitts, 2018).
Training started with the rats placed in the center of the platform covered by an opaque start box
(10 x 5 x 7 inches) in the dark. Bright lights were turned on and the box was removed after a ten
second delay. In each trial, on days 1-4, the rats were given three minutes to find the escape box.
If the rats did not find or go into the escape box after three minutes the rats were gently guided
into the box. Rats remained in the escape box for one-minute, bright lights were turned off, and
rats were then placed back into their training cages and moved back into the adjacent dark room.
The time it took for the rats to find the escape box, the average speed, total distanced travelled,
and time spent in the escape box quadrant was recorded through Any-maze and confirmed by two
investigators blinded to groups. The results were averaged across Any-maze and the two
investigators. Any rat that did not find the escape box was recorded as maximum time for that trial
(three minutes). After each trial, the platform was cleaned with 70% ethanol, rotated 90 degrees,
and the escape box was positioned under the new hole. This was done to prevent any potential
smell confounds that could have led the rats to the escape hole (Gawel et al., 2019). On testing day
5, the escape box was removed, and all holes were covered. Rats were placed into the center of the
platform covered by an opaque start box; the box was removed after a 10 second delay under bright
light condition. Rats were allowed 90 seconds to explore. The time to the escape hole location and
time spent over the location of the escape box hole was measured through Any-maze and
confirmed by two investigators blinded to groups. The results were averaged across Any-maze and
the two investigators. Any rat that did not find the escape box was recorded as maximum time for
that trial (90 seconds). Rats were expected to spend a majority of time on top of the escape hole,
less than that would indicate decreased spatial memory. Heat maps were generated from Any-
maze software and analyzed with MATLAB R2018a (Natick, MA). Generated heat maps were
converted to a range of 0-100 with 0 indicating no time spent in location and 100 indicating most
time spent in location. The heat maps were then weighted by the number of animals in each group
and added together to generate the average heat map for each group. BM testing was completed in
four cohorts with 9-12 rats per cohort for a total of 40 rats tested with 10 rats per group (Ctrl+Veh,
n =10; Ctrl+PLX3397, n = 10; SE+Veh, n = 10; SE+PLX3397, n = 7; power = .871).
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Perfusion Through the Heart

Ice cold 1X phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCI, 4.3 mM
Na2HPO4, 1.47 mM KH2PO4, pH 7.4) was pumped through tubing connected to a needle before
the experiment began to remove any residue from the tubing. Rats were anesthetized with a lethal
dose of Beuthanasia-D (200mg/kg; active ingredients: 390mg pentobarbital sodium and 50mg
phenytoin sodium; NADA #119-807, Merck & Co. Inc, Madison, NJ). Rats were determined to be
unconscious and unresponsive with use of the pinch-response method. The pinch-response method
used a painful stimulus, the pinch, to confirm unresponsiveness of the rats (Boivin et al., 2017).
When rats were unresponsive, the rats were opened with an incision through the abdomen and
widened to the length of the diaphragm. The diaphragm as cut to allow for access to cut the rib
cage on the right and left of the midline. The rib cage was removed, and the heart was exposed. A
needle (20g) was placed into the protrusion of the left ventricle of the heart. When placed the pump
was turned on at a rate of 20ml/min, the right atrium was cut, and the rats were perfused with cold
1XPBS. This continued until liver was clear of any blood, approximately 5 minutes. After it was
cleared, the head was decapitated with a guillotine, and the brain was removed. One hemisphere
was placed into 4% paraformaldehyde (PFA) for immunohistochemistry and the other hemisphere

was sub-dissected for the hippocampus and frozen at -80°C for western blot.

Cryoprotection for Histology

After the brain was removed, one hemisphere was placed into 4% PFA for 24 hours at 4°C
for fixation, then transferred into 30% sucrose (Thermo Fisher Scientific, Rockville, IL) (diluted
in 1X PBS) at 4°C. When the brain hemisphere sank, approximately three days later, the solution
was replaced with fresh 30% sucrose. Once the brain hemisphere sank, approximately three more
days, they were cryoprotected. Brain hemispheres were removed from sucrose and dabbed with a
paper towel to remove excess sucrose from the surface of the brain hemisphere. They were placed
in dry ice for five minutes then wrapped in foil and stored at -80°C until cut. Section were sliced
on a Leica CM1860 cryostat at 20um along the dorsoventral axis at bregma coordinates: -3.00mm,
-3.48 mm, -4.08 mm, -4.36 mm, -4.92 mm, and -5.28 mm. Sections were stored in 1XPBS+0.1%

sodium azide at 4°C for immunohistochemistry.
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Immunohistochemistry (IHC)

IHC was done in free floating sections as previously described (Schartz et al., 2016; Wyatt-
Johnson etal., 2017). All sections were placed in 1LXPBS for five minutes, 3% H>0O- for 30 minutes,
and 1XPBS+3% Triton (Tx) for 20 minutes. Next, sections were incubated for one hour in immuno
buffer [5% goat serum, 0.3% bovine serum albumin (BSA), 1XPBS+0.3%Tx] at RT. Then,
sections were incubated at 4°C for 48 hours on a rotating platform with the primary antibodies
listed in Table 2. This was followed by three washes in 1XPBS+0.1%Tx. Next, sections were
incubated for one hour in biotinylated goat anti-rabbit secondary antibody (1:1000; BA-1000,
Vector Laboratories, Burlingame, CA) at RT. This was again followed by three washes in
1XPBS+0.1%Tx. Sections were placed in ABC Avidin/Biotin complex solution for 30 minutes,
washed in 1XPBS+0.1%Tx (3x5minutes), and developed using the DAB Peroxidase (HRP)
Substrate Kit, 3,3’-diaminobenzidine (SK-4100, Vector Laboratories) for two minutes. Sections
were mounted on gelatin-coated slides which acts as an adhesive to keep the sections bounded to
the slide. Once dried sections were either Nissl stained or put directly into the dehydration step.
Sections were dehydrated in alcohol at a gradient of 50%, 70%, 95%, 100% and any remaining fat
in the tissue was removed with two immersions in Xylene (X5-500, ThermoFisher Scientific) each
for three minutes. Finally, sections were cover slipped with glass covers (Global Scientific,
Mahwah, NJ) and Permount mounting media (SP15, ThermoFisher Scientific). Immunostaining
was visualized using a Leica DM500 microscope and images were captured with high a resolution
digital camera (Leica MC120 HD) with 4X, 20X, and 40X objectives using the LAS4.4 software.
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Table 2. The Rat Specific Antibodies Used for IHC and WB Experiments

Method Antibody Host Company Catalog Number Dilution
IHC IBA1 Rabbit Wako 19-19741 1:1mL
Map?2 Rabbit Cell Signaling #8707 1:1mL

wWB B-Actin Mouse Cell Signaling #3700S 1:5mL
C3 Goat MP Biomedical 855730 1:500pL

GFAP Mouse Cell Signaling #3670 1:50mL

HCN-1 Mouse NeuroMab 75-110 1:500pL

IL-6 Rabbit Abcam ab6672 1:250uL

Kv4.2 Mouse NeuroMab 75-016 1:500uL

PSD95 Mouse NeuroMab 75-028 1:15mL

Microglia Counts

Cells were counted as previously described (Long, Kalehua, Muth, Calhoun, et al., 1998;
Long, Kalehua, Muth, Hengemihle, et al., 1998; Wyatt-Johnson et al., 2017). lonized calcium-
binding adapter molecule 1 (IBA1) was used as a marker for microglia cells but due to localization
of IBA1 on monocytes, any infiltrating macrophage was also counted (Ohsawa et al., 2004).
Counts were taken from the hippocampal CAL1 region and all IBA1-positive cells within the entire
40X image were counted. The inclusion guidelines were set as 75% or more of the cell had to be
located inside the 40X image and the tissue must be intact throughout the CAL1 region. If clusters
of IBAL-positive cells were present and single cell bodies could not be distinguished that cluster
was counted as one cell. After counting the cells, the morphology of each cell counted was
determined. The IBA1-positive morphologies were divided into 5 categories: (1) ramified; (2)
hypertrophic; (3) bushy; (4) amoeboid; (5) rod. The guidelines for classification of each
morphological category, Table 3, was adopted based on previously published literature
(Kettenmann et al., 2011; Kosonowska et al., 2015; Long, Kalehua, Muth, Calhoun, et al., 1998;
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Long, Kalehua, Muth, Hengemihle, et al., 1998; Taylor et al., 2014; Torres-Platas et al., 2014;
Wyatt-Johnson et al., 2017; Ziebell et al., 2012). Three distinct, non-overlapping images in the
CAL1 region of the hippocampus were averaged and then average over three to six sections per rat.
Cell counts were performed bilaterally. Counts were performed by a single investigator blinded to
experimental groups (Ctrl+Veh, n = 13; Ctrl+PLX3397, n = 13; SE+Veh, n = 14; SE+PLX3397,
n =9; SE+PLX3397 non, n = 5; power =.990).

Table 3. The Guidelines for Morphological Classification of IBA1-Positive Cells

Category Cell Body Size Processes Physical Features
Ramified Diameter: > 50 um Fine and highly branched
Hypertrophic Diameter: 40-50 pm Thick and highly branched
Bushy Diameter: 20-25 pum Thick, dense, and short
Amoeboid Diameter: 10-15 pum Retracted
Rod Length: 10-20 pm

Width: 4-8 um Fine and short

Semi-Quantitative IHC Densitometry Analysis

The relative mean pixel intensity of the immunostaining signal was acquired using the
Image J software V1.49 (NIH) as previously described (Schartz et al., 2016). Images were inverted
and the entire image density was measured. The background—determined by any area where
signal was not located—was measured and subtracted from the image density. Any sections that
had damage in the hippocampal region were excluded. Three distinct, non-overlapping images in
the CA1 region of the hippocampus were averaged and then average over three to six sections per
rat. Densitometry analyses was performed bilaterally over the CA1 region of the hippocampus
(IBAl: Ctrl+Veh, n = 13; Ctrl+PLX3397, n = 13; SE+Veh, n = 14; SE+PLX3397, n = 9;
SE+PLX3397 non, n =5; power =.998; Map2: Ctrl+Veh, n = 10; Ctrl+PLX3397, n = 10; SE+Veh,
n = 10; SE+PLX3397, n = 7; SE+PLX3397 non, n = 3; power = .956).
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PLX3397 Non-Responder Cutoff

Non-responders to PLX3397 were determined by the rats that did not have reduced
microgliosis (numbers of IBAL-positive cells). This cutoff was determined by the separation
between the averages of the Ctrl+Veh and Ctrl+PLX3397 groups. The Ctrl+Veh average was
171.35 and the Ctrl+PLX3397 was 98.95 the ratio out of 100 was determined by dividing the
Ctrl+PLX3397 over the Ctrl+Veh indicating a 60% reduction. The 60% was then applied to the
average of the SE+Veh group (702.32) creating the cutoff for the SE+PLX3397 group at 421.39.
The group was then subdivided into SE+PLX3397 responders with any rats that had microglia
count below 421.39 and another group SE+PLX3397 non-responders with any rat over 421.39.
SE+PLX3397 non-responders were removed completely from the SE+PLX3397 group for all
analysis. The SE+PLX3397 non-responders were then analyzed separately in Figures 15-18.

Western Blot (WB)

The hippocampi were removed and stored at -80°C until homogenization. Ice cold 1XPBS
was added to each hippocampus and they were homogenized with syringes. Samples were handled
for immunoblotting according to previously published protocols (Brewster et al., 2013; Schartz et
al., 2016). First the protein concentration of each sample was determined with the Bradford Protein
Assay (Bio-Rad Laboratories, Hercules, CA). The absorbance was measured with ChroMate
manager (Awareness Technology, Inc., Palm City, FL) at a wavelength of 595nm. Hippocampal
protein samples were diluted to 1 pg/ul with 1XPBS and 4X laemmli buffer (0.25 M Tris, pH 6.8,
6% sodium dodecyl sulfate (SDS), 40% sucrose, 0.04% Bromophenol Blue, 200mM
Dithiothreitol). Samples were loaded in 10% Tris-glycine gels (buffer, 30% acrylamide, 10% SDS,
10% ammonium persulfate, 10 pl TEMED) and run through sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) in mini protean 3 cell (Cat# 525BR 010890, Bio-
Rad Laboratories). After electrophoresis, the gels containing the separated proteins were
transferred with mini trans-blot cell (Cat# 153 BR102550, Bio-Rad Laboratories) onto
polyvinylidene fluoride membranes (Cat# 88518, GE Healthcare, Chicago, IL) that act as a support
matrix for the proteins. After the transfer membranes were blocked with 5% non-fat milk or 5%
BSA diluted in 1XPBS+ 0.1%Tx at RT for one hour on a rocking platform to prevent nonspecific

binding. Membranes were incubated with primary antibodies listed in Table 2 overnight.
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Membranes were washed in 1XPBS with 0.1% Tween (3x5minutes) and incubated in HRP-linked
secondary antibodies (anti-rabbit, ab205718, or anti-mouse, ab205719, 1:2000; Abcam,
Cambridge, United Kingdom) for one hour at RT. Membranes were again washed in 1XPBS with
0.1% Tween (3x5minutes) and incubated in enhanced chemiluminescence prime detection reagent
(GE Healthcare) for five minutes to visualize the immunoreactive bands. These bands were
captured on double emulsion blue autoradiography film (BX57, MIDSCI, St. Louis, MO) and the
film was developed by hand. Films were exposed to the developer (NC9956374, Thermo Fisher
Scientific) until bands were visualizable then films were moved to fixer for two minutes and
washed in water. Films were hung to dry before analyzing. Membranes were stripped to remove
primary antibodies with stripping buffer (25 mM glycine, pH 2.0, 10% SDS) for two hours at RT
then washed in 1XPBS with 0.1% Tween. The membranes were then able to be re-blotted with
primary antibody as described above.

Densitometry Analysis for Western Blot

Each film was analyzed with ImageJ software by measuring the relative pixel density of
each immunoreactive band (Brewster et al., 2013; Schartz et al., 2018; Wyatt et al., 2017).
Background signal from each film was recorded and subtracted from each immunoreactive band.
The relative pixel density from each protein of interest was normalized to the relative pixel density
of the loading control (beta-actin) for each lane/sample. Samples were normalized within film to
the vehicle treated control samples to control for exposure differences (GFAP: Ctrl+Veh, n = 13;
Ctrl+PLX3397, n = 11; SE+Veh, n = 14; SE+PLX3397, n = 9; SE+PLX3397 non, n = 5; power
= .851; C3/iC3b: Ctrl+Veh, n = 9; Ctrl+PLX3397, n = 7; SE+Veh, n = 8; SE+PLX3397, n = 8;
power = .96; IL-6/PSD95/Kv4.2/HCN1: Ctrl+Veh, n = 13; Ctrl+PLX3397, n = 13; SE+Veh, n =
14; SE+PLX3397, n = 9; power = .80).

Statistical Analysis

All analyses were completed using GraphPad Prism Software version 8.3. Power
calculations with G*Power was used for a priori analysis to determine sample sizes with previously
collected data based on a power of 80%. A post-hoc power analysis was performed for each set of

experiments with G*Power, in order to ensure that this study was sufficiently powered. Outliers
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were determined with ROUT with the maximum desired false recovery rate set to 1%, if an outlier
was removed in one test, it was removed in all other dependent tests. All Analysis of Variance
(ANOVA) tests were chosen if the data met the conditions for the ANOVA assumptions including
normality. ANOVA test were analyzed as condition (control vs SE) and treatment (vehicle vs
PLX3397). Tukey’s multiple comparison test was chosen for all two and three-way ANOVAs
since every mean was being compared with every other mean. One-way ANOVA with Dunnett’s
multiple comparison test was chosen for the SE+PLX3397 compared to the SE+Veh and
SE+PLX3397 responders to compare the SE+Veh group and SE+PLX3397 to the non-responders,
since the SE+Veh and SE+PLX3397 had already previously been compared. Kolmogorov-
Smirnov test and Kruskal-Willis tests with Dunn’s multiple comparison were used for non-normal
data distributions. Statistical significance was set at oo < .05. The appropriate statistical analysis
tests were used for each experiment and listed below. (1) Racine scale: To compare the behavioral
response of each group to pilocarpine induction of status epilepticus with the Kolmogorov-
Smirnov test to determine the distance between both distributions of non-normal data. Student’s t-
test was used when analyzing seizure threshold levels (3 and 6) of the two groups. Non-responders:
We used Kruskal-Willis test with Dunn’s multiple comparison to determine whether the samples
originated from the same distribution for non-normal data. One-way ANOVA with Dunnett’s
multiple comparison test was used when analyzing seizure threshold levels (3 and 6) of the
SE+PLX3397 non to both the SE+Veh and SE+PLX3397 groups. (2) Weight: To compare the
weight changes across the 20 days a three-way mixed effects model (days/time vs condition vs
treatment) with Tukey’s multiple comparison test was used with the four experimental groups. (3)
OF: The behaviors recorded during OF were compared using a two-way ANOVA (condition vs
treatment) with Tukey’s multiple comparison test to determine effects of the treatment and of their
condition. The behaviors that were analyzed: average speed, total distanced travelled, time spent
motionless, and percentage of time spent in the inner zone. (4) NOR: The rat’s preference of
objects (left vs right; familiar vs novel) was compared using student’s paired t-tests. The
recognition index and time spent exploring both objects in trial 1 and trial 2 was determined using
a two-way ANOVA (condition vs treatment) with Tukey’s multiple comparison test. (5) BM: The
latency to first reach the hole, average speed, total distanced travelled, and time spent in target hole
quadrant during the 16 blocks were analyzed by a three-way ANOVA (condition vs treatment vs

training block) with Tukey’s multiple comparison test. To compare the latency to reach the target
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location and percent of time spent over the target during the probe trial, a two-way ANOVA
(condition vs treatment) was used with Tukey’s multiple comparison test. (6) IHC: For IHC
experiments, densitometry and cell counts were analyzed using a two-way ANOVA (condition vs
treatment) with Tukey’s multiple comparison test with the four experimental groups. Non-
responders: One-way ANOVA with Dunnett’s multiple comparison test was used when IHC of
the SE+PLX3397 non to both the SE+Veh and SE+PLX3397 groups. (7) Microglia morphology:
For the microglial morphological analysis, non-parametric statistics was used as the assumption
of normality was violated for an ANOVA. The Kruskal-Wallis test was chosen because it ranks
the means of the groups and does not assume normality across the groups. (8) WB: WB
densitometry was analyzed using two-way ANOVA with Tukey’s multiple comparison test with
the four experimental groups. Non-responders: One-way ANOVA with Dunnett’s multiple
comparison test was used when IHC of the SE+PLX3397 non to both the SE+Veh and
SE+PLX3397 groups.(9) Correlations: Correlational analysis were analyzed by a linear regression.
Data reported in figures were reported as means (m) * standard error of the mean (SEM). Figures

were generated using Adobe Photoshop (CS6) and Biorender.com.
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RESULTS

Group Assignment was Randomly Distributed After SE Induction

To determine the potential role of microgliosis in dendritic instability and cognitive deficits
observed after SE, we used the CSF1R inhibitor, PLX3397, to disrupt microglial survival and
proliferation. We induced SE using the chemoconvulsant, pilocarpine, and stopped the seizure
with the anticonvulsant, diazepam. Following the induction, SE animals were randomly assigned
to either standard rodent chow (Veh) or the chow with PLX3397 groups at a dose of 50mg/kg for
20 days. Ctrl animals were also randomly distributed. We tested four groups of rats: i) Ctrl+Veh,
ii) Ctrl+ PLX3397, iii) SE+Veh, and iv) SE+ PLX3397. Starting at 13 days post-SE, we performed
a series of behavioral tests including OF, NOR, and BM. Twenty days post-SE, rats were sacrificed
for analysis of microgliosis and dendritic alterations (Figure 1).

To confirm that rats were randomly and evenly distributed across both groups, we analyzed
their development of SE with a modified Racine scale listed in Table 1 (Figure 2) (Racine, 1972).
We compared the Racine scale curves during the induction of SE to confirm that the SE groups
were randomly distributed after induction into the two treatment groups, Veh and PLX3397. Due
to the non-normality of the data we used Kolmogorov-Smirnov test to determine the distribution
between each groups’ induction level. We found that there was no significant difference in Racine
scale between the SE+Veh and SE+PLX3397 [D = 0.1556, p = .6476] (Figure 2A). To further
quantify any potential difference in the development of SE, both time to Racine level 3, indicating
the beginning of seizure activity electrographically, and time to Racine level 6, indicating severe
behavioral seizure had been achieved, were analyzed with a one-way ANOVA (Sharma et al.,
2018). Time to reach a level 3 seizure was not significantly different between the SE+Veh and
SE+PLX3397 groups [t(21) = 0.2318, p = .8190] (Figure 2B), indicating all rats started seizure
activity at a similar time. We also analyzed time to reach a Racine scale level 6 severe seizure
which was the criteria for rats in this study to be determined as SE. Time to reach a Racine level 6
was not significantly different between either SE+Veh or SE+PLX3397 groups [t(21) = 0.6675, p
= .5117] (Figure 2C). Together, these data indicate that the potential effects observed by the
inhibition of CSF1R signaling was not due to severity of SE of either Veh or PLX3397 group.
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Note. A, Timeline of experiment starting with the induction of SE at 0 days followed by treatment with PLX in chow
(50 mg/kg per day) or chow alone starting immediately after SE induction, day 0 to 20 days post-SE, with behavior
[open field (OF), novel object recognition (NOR), and Barnes maze (BM)] performed starting at day 13 to day 20.

Figure 1. Experimental timeline of the induction of status epilepticus (SE) and treatment with
PLX3397.
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Note. A, Behavioral observation during the induction of SE were recorded and monitored with the Modified Racine
scale. B-C, Time to reach a Racine scale level 3 (B) and 6 (C). Analyzed by (A) Kolmogorov-Smirnov test and (B-C)
student’s t-test. Data shown as mean+=SEM, SE+Veh, n = 14; SE+PLX, n = 9.

Figure 2. Rats were randomly distributed after the induction of status epilepticus (SE) into
vehicle (Veh) or PLX3397 (PLX) treatment.
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Inhibition of CSF1R Signaling does not Attenuate SE-Induced Weight Loss

In order to monitor recovery after the induction of SE, all rats were weighed daily starting
on the day of induction (Figure 3). The initial weights of all the rats before they were randomly
assigned to each group were not significantly different from one another [F(1, 45) = 0.0508, p
=.8227]. Using a three-way ANOVA [days X condition (Ctrl vs SE) X treatment (Veh vs PLX)]
to analyze the weight change over the entire course of the experiment, we found a main effect of
days on weight change [F(20, 900) = 911.1, p <.0001], indicating that all groups changed weight
throughout the experiment. We found a main effect of condition [F(1, 45) = 23.39, p < .0001]; the
Ctrl groups weighed more throughout the experiment compared to the SE groups as the SE groups
changed weight between days one through seven (Table 4). There was no main effect of treatment
with PLX3397 [F(1, 45) = 0.0072, p = .9329]. We found a significant interaction between days
post-SE and condition [F(20, 900) = 19.41, p < .0001], where the SE groups had a lower weight
compared to the Ctrl groups throughout the experiment. An interaction was not found between
days post-SE and treatment [F(20, 900) = 3.721, p < .0001], indicating again that inhibition of
CSF1R signaling did not affect weight gain across the experiment. There was also no significant
interaction between condition and treatment [F(1, 45) = 0.05693, p = .8125], meaning that
inhibition of CSF1R signaling along with SE did not affect their weight change. The three-way
interaction between days post-SE, condition (Ctrl vs SE), and treatment (Veh vs PLX3397) was
also not significant [F(20, 900) = 1.174, p = .2692]. Taken together, these data support that all the
groups gained weight and treatment with PLX3397 in the chow did not affect weight gain.

Treatment with PLX3397 and the Induction of SE does not Alter Locomotion

Starting at 13 days post-SE, animals were put through a series of behavioral tests starting
with OF. OF testing allowed for detection of locomotion impairments or anxiety-like behaviors as
the rats explored the apparatus (Ennaceur et al., 2006; Feyissa et al., 2017) (Figure 4). The
locomotion impairments and anxiety response were analyzed with a two-way ANOVA [condition
(Ctrl vs SE) X treatment (Veh vs PLX)]. Average speed (Figure 4A) and total distanced travelled

(Figure 4B) were analyzed for detection of locomotion impairments. The anxiety-like behaviors
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Note. A, Daily weights were recorded. *p < .05 by a three-way mixed effects model with Tukey’s multiple comparison
test. Data shown as mean£SEM, Control+Vehicle (Ctrl+Veh), n = 13; Ctrl+PLX, n = 13; SE+Veh, n = 14; SE+PLX,
n=9.

Figure 3. Status epilepticus (SE) triggers acute weight loss that is not attenuated with PLX3397
(PLX) treatment.
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Table 4. Multiple Comparison Analysis of Weight Change Across Each Day

Days Ctrl+Veh vs. Ctrl+Veh vs. Ctrl+PLX vs. SE+Veh vs.
Post-Se Ctrl+PLX SE+Veh SE+PLX SE+PLX
Day 0 >.9999 9999 >.9999 >.9999
Day 1 >.9999 <.0001 <.0001 .9978
Day 2 9771 .0007 .0266 >.9999
Day 3 9744 0123 .0851 >.9999
Day 4 .9998 0211 .2385 >.9999
Day 5 >.9999 .0050 3942 >.9999
Day 6 >.9999 .0079 7454 >.9999
Day 7 >.9999 .0337 .6858 >.9999
Day 8 >.9999 1532 .7365 >.9999
Day 9 >.9999 4576 9328 >.9999
Day 10 >.9999 4303 .8857 >.9999
Day 11 >.9999 .8509 9294 >.9999
Day 12 >.9999 .8870 .8829 >.9999
Day 13 >.9999 7460 9786 >.9999
Day 14 >.9999 9923 9925 >.9999
Day 15 >.9999 9997 .9886 >.9999
Day 16 >.9999 >.9999 9972 >.9999
Day 17 >.9999 >.9999 .9998 >.9999
Day 18 >.9999 >.9999 >.9999 >.9999
Day 19 >.9999 >.9999 .9997 >.9999
Day 20 >.9999 >.9999 >.9999 >.9999
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Note. Rats were habituated to the novel object recognition testing chamber on 13 days post-SE for 10 mins and their
average speed (A), total distance travelled (B), time spent motionless (C), and percent of time spent in the inner zone
(D) were recorded. Analyzed by a two-way ANOVA with Tukey’s multiple comparison test. Data shown as
mean+SEM, Control+Vehicle (Ctrl+Veh), n = 10; Ctrl+PLX, n = 10; SE+Veh, n = 10; SE+PLX, n=7.

Figure 4. Status epilepticus (SE) or treatment with PLX3397 (PLX) does not alter locomotion
during open field (OF) test.
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that were analyzed were the time spent motionless (Figure 4C) and percentage of time spent in the
inner zone (Figure 4D). We first analyzed the average speed travelled and found that there was not
a main effect of condition [F(1, 33) = 1.054, p = .3121], indicating that SE did not alter speed
(Figure 3A). There was also no main effect of treatment [F(1, 33) = 0.3384, p = .5647], meaning
that inhibition of CSF1R signaling did not affect speed. We found no significant interaction
between the condition and treatment on the average speed the rats travelled while exploring the
apparatus [F(1, 33) = 0.0003, p = .9865]. When we analyzed total distance the rats travelled, we
found it was not altered by condition [F(1, 33) = 3.964, p = .0548]; the induction of SE did not
alter distance travelled (Figure 3B). We also found that total distance travelled was not altered by
treatment [F(1, 33) = 0.6010, p = .4437]. There was also no significant interaction between groups
[F(1, 33) = 0.7513, p = .3923]. Together, these data indicate that locomotion was not impaired by
either the induction of SE or treatment with PLX3397.

Furthermore, we analyzed behaviors that have been observed to indicate anxiety-like
response. Rats that spend more time motionless rather than exploring the apparatus can indicate a
greater anxiety response (Bangasser, 2015; Ennaceur et al., 2006; Feyissa et al., 2017). We
analyzed time spent motionless and did not find any main effect of condition [F(1, 33) = 2.339, p
=.1357], indicating that the induction of SE did not alter the time the rat spent motionless (Figure
4C). We also did not find a significant main effect of treatment with PLX3397 on their time spent
motionless F(1, 33) = 0.0237, p = .8786]. There was also no significant interaction between
condition and treatment [F(1, 33) = 0.0549, p = .8163]. We also measured the time the rats spent
in the inner zone versus the outer zone of the apparatus. A highly anxious rat would be expected
to spend significantly less time exploring the unprotected center and instead spend more time
against the walls in the outer zone compared to a normal rat (Bailey & Crawley, 2009; Bangasser,
2015; Ennaceur et al., 2006). We did not find a main effect of condition on time spent in the inner
zone [F(1, 33) = 3.964, p =.0548], indicating that the induction of SE did not alter zone preference
(Figure 4D). We also did not observe a significant main effect of condition [F(1, 33) = 0.6010, p
= .4437], meaning inhibition of CSF1R signaling did not alter the time they spent in either area.
We did not find an interaction between condition and treatment in the percent of time spent in the
inner zone versus the outer zone [F(1, 33) = 0.7513, p =.3923]. Taken together, these data indicate
the induction of SE and treatment with PLX3397 did not affect anxiety-like behaviors. These data
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from OF indicate that the changes from other behavioral tests are not due to locomotion

impairments or anxiety-like behaviors.

Inhibition of CSF1R Signaling does not Recover the SE-Induced Recognition Memory
Deficits

Previous studies following induction of SE have shown recognition and spatial memory
deficits (Brewster et al., 2013; Schartz et al., 2018, 2019). To determine if inhibition of
microgliosis through CSF1R signaling could recover the SE-induced memory deficits, we used
NOR (Figure 5) and BM (Figure 6-9) to test recognition and spatial memory, respectively.
Following habituation to the apparatus, NOR testing began at 14 days post-SE. Rats were placed
in the same apparatus for familiarization in trial 1 of NOR with two rubber ducks then removed
and placed back into the apparatus for trial 2 with one of the rubber ducks replaced with a novel
rubber hamburger (Figure 5A). During familiarization, the time the rats spent with each object was
recorded and it was anticipated that they would spend an equal time exploring both objects
(Antunes & Biala, 2012). As expected, the Ctrl+Veh group spent an equal amount of time with
both objects [t(18) = 1.599, p =.1273] (Figure 5B). We also found, unexpectedly, a side preference
in the SE+Veh [t(14) = 2.944, p = .0107], where the SE+Veh group spent more time with the left
object. When treated with an inhibitor of CSF1R pathway, the Ctrl group also spent more time
with the left object than the right object [t(16) = 5.155, p < .0001], while the SE+PLX3397 spent
an equal time with both objects [t(12) = .0228, p = .9822]. Due to the side preference, objects for
trial 2 were counterbalanced to negate for any preference (Hammond et al., 2004). In order to
determine if each group spent a similar amount of time with the objects, we measured the percent
of total time spent exploring the objects. We found a main effect of condition [F(1, 31) =19.94, p
< .0001], indicating the Ctrl rats spent more time with the objects overall compared to the SE
animals (Figure 5C). We did not find a main effect of treatment with PLX3397 [F(1, 31) = 1.369,
p = .2510], meaning that inhibition of CSF1R signaling did not affect time spent with the objects.
As expected, we did not find an interaction between condition and treatment [F(1, 31) = 2.522, p
=.1224]. This means that the Ctrl rats spent overall more time exploring the objects then the SE

rats.
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exploring each object in trial 1. D, Percentage of time spent exploring the familiar object (F) and the novel object (N)
in trial 2 is shown. E, Total time spent exploring each object during trial 2 was recorded. F, A recognition index was
calculated based on the familiar object from trial 1 and trial 2. *p < .05 by student’s t-test for the comparison between
(B) L/R and (D) F/N and (C, E, and F) two-way ANOVA with Tukey’s multiple comparison test. Data shown as
mean+SEM, Control+Vehicle (Ctrl+Veh), n = 10; Ctrl+PLX, n = 9; SE+Veh, n = 8; SE+PLX, n=7.

Figure 5. Status epilepticus (SE) results in a deficit in recognition memory which is not
recovered by PLX3397 (PLX) treatment.
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Tukey’s multiple comparison. Data shown as mean+SEM, Control+Vehicle (Ctrl+Veh), n = 10; Ctrl+PLX, n = 10;
SE+Veh, n = 10; SE+PLX,n=7.

Figure 6. Status epilepticus (SE) triggers a decline in hippocampal-dependent spatial learning in
Barnes maze (BM) that is not recovered by PLX3397 (PLX).
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light blue indicating more time spent in a location and purple indicating less. Red circle indicates target hole location
on platform. B, Percent of time spent in the quadrant with the target hole. *p < .05 by three-way ANOV A with Tukey’s
multiple comparison. Data shown as mean+SEM, Control+Vehicle (Ctrl+Veh), n = 10; Ctrl+PLX, n = 10; SE+Veh,
n=10; SE+PLX,n=7.

Figure 7. Status epilepticus (SE) triggers a decline in time spent in target quadrant in Barnes
maze (BM) that is not recovered by PLX3397 (PLX).
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Figure 8. Status epilepticus (SE) does not alter locomotion during Barnes maze (BM) and this is

not affected by PLX3397 (PLX) treatment.
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Latency to first reach target location was recorded for the probe trial. C, Percentage of time spent on the target covered
hole. *p < .05 by two-way ANOVA with Tukey’s multiple comparison. Data shown as mean+SEM, Control+Vehicle
(Ctrl+Veh), n = 10; Ctrl+PLX, n = 10; SE+Veh, n = 10; SE+PLX, n=7.

Figure 9. Status epilepticus (SE) triggers a decline in hippocampal-dependent spatial memory in
Barnes maze (BM) that is not recovered by PLX3397 (PLX) treatment.
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In order to test the rats’ recognition memory, trial 2 occurred two hours following the
familiarization trial (Figure 5D-E). When rats encounter a novel object they generally spend more
time exploring that object (Antunes & Biala, 2012; Pisula, 2009). Therefore, we expected the Ctrl
rats would spend more time with the novel object, while the SE rats will show a deficit. As
expected, the Ctrl+Veh group spent significantly more time with the novel object compared to the
familiar object [t(18) = 6.750, p <.0001], indicating that they remembered that they had previously
explored the familiar object (Figure 5D). The SE+Veh group did not spend more time with either
object [t(14) = .3224, p = .7519] signifying that the group did not remember previously spending
time with the familiar object. When treated with PLX3397, the Ctrl group spent more time with
the novel object [t(18) = 8.180, p < .0001], indicating CSF1R inhibition did not have a negative
impact on recognition memory. However, when the SE group was treated with PLX3397, they
displayed a similar behavior as the SE+Veh group and spent an equal time with both objects [t(12)
= 1.934, p = .0770]. Together, these data indicated that the inhibition of CSF1R signaling with
PLX3397 did not alter or recover recognition memory. We also analyzed the amount of time in
this trial that the rats spent with both objects and found similar results to trial 1. There was a main
effect of condition [F(1, 31) = 54.63, p < .0001], where the Ctrl groups spent significantly more
time with the objects than the SE groups (Figure 5E). There was no significant effect of treatment
[F(1,31) =0.1554, p =.6961] or an interaction between condition and treatment [F(1, 33) = 1.3830,
p =.2490]. Together these data show that the Ctrl rats spent more time with the novel object and
explored both object for longer time than the SE rats.

To further understand the differences in recognition memory, we analyzed the ability of
the animals to recognize the familiar object from trial 1 and the same familiar object in trial 2, the
recognition index. The recognition index considered the placement of the familiar object in trial 2
and compared it with the same place of the object in trial 1. This was done to negate the side
preferences observed in trial 1. As expected, we found a significant main effect of condition [F(1,
30) = 15.32, p =.0005], indicating that the Ctrl groups recognized the familiar object while the SE
groups did not (Figure 5F). There was no significant effect of treatment [F(1, 30) = 0.8812, p
=.3554], meaning that CSF1R signaling inhibition did not alter the ability of the rats to recognize
the familiar object. There was also no significant interaction between condition and treatment [F(1,
30) = 5.046, p = .0322]. These data indicate that the Ctrl groups recognized the familiar object
from trial 1 in trial 2 while the SE groups did not, and this was not affected by inhibiting CSF1R.
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Taken together, these data showed that the inhibition of CSF1R signaling with PLX3397 treatment

did not recover the recognition memory deficit.

Inhibition of CSF1R Signaling does not Recover the SE-Induced Spatial Memory Deficits

Previous studies have shown that two weeks following the induction of SE, deficits in
spatial learning and memory are observed (Brewster et al., 2013; Lugo et al., 2012; Nolan et al.,
2004; Schartz et al., 2018, 2019). To determine if the inhibition of CSF1R signaling would
attenuate the SE-induced spatial learning and memory deficits observed following SE, we used
BM. In bright light condition, rats were trained to find the escape box target hole over four training
blocks per day for four days using spatial cues on the wall around the maze (Figure 6A). Bright
light condition was used as a motivator, as rats prefer the dark and are more active in the night, for
the rats to find the escape box (Gawel et al., 2019; Pitts, 2018). The latency to first reach the target
hole for each group was recorded and compared for each block (Figure 6B). All rats regardless of
group took roughly the same amount of time to find the hole on the first block (p > .9999). Using
a three-way ANOVA [blocks X condition (Ctrl vs SE) X treatment (Veh vs PLX)], we found a
significant main effect of training blocks [F(15, 528) = 4.485, p < .0001], with the later training
blocks resulting in altered time to reach the hole. We also found a significant main effect of
condition [F(1, 528) = 410.4, p < .0001], meaning that the Ctrl groups took less time to find the
hole compared to the SE groups. There was also a main effect of treatment [F(1, 528) = 5.408, p
=.0204], indicating that inhibition of CSF1R signaling altered the performance compared to the
Veh treated groups. We did not find a significant interaction between training blocks and condition
[F(15, 528) = 1.609, p =.0671], showing that the performance of the SE groups did not alter across
training blocks. There was also no significant interaction between training blocks and treatment
[F(15, 528) = 0.4932, p = .9444], where inhibiting CSF1R signaling did not alter learning across
blocks. We also did not find a significant interaction between condition and treatment [F(1, 528)
= 3.672, p = .0559], indicating that SE rats treated with PLX3397 did not improve performance
over the SE+Veh group. We found no three-way interaction between training blocks, condition,
and treatment [F(15, 528) = 0.4095, p = 0.9765]. Taken together, this means that the induction of
SE produced a deficit in spatial learning compared to the Ctrl groups. This deficit was not

recovered by the inhibition of CSF1R signaling the resulting suppression of microgliosis.
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We also analyzed the time that the animals spend near the target hole with a spatial pattern
of time spent in a location via a heat map (Figure 7A) and time spent in target hole quadrant (Figure
7B). The heat maps were averaged over each training day (four training blocks) for each group.
The heat maps indicate more time spent in location (light blue) to less time spent (purple) and the
location of the target hole escape box (red circle) (Figure 6A). We observed that the Ctrl groups
spent more time over and around the hole compared to the SE groups. We analyzed the percent of
time the rats spend in the target hole quadrant and found a significant main effect of training blocks
[F(1, 576) = 2.303, p = .0035], indicating that the groups altered their time spent in the quadrant
over the training blocks (Figure 7B). We also found a main effect of condition [F(1, 576) = 168.2,
p <.0001], indicating that the Ctrl groups spend more time in the target quadrant compared to SE
groups. We did not find a main effect of treatment [F(1, 528) = 0.0004, p = .9846], indicating that
time spent in the quadrant was not altered by CSF1R signaling inhibition. We found no interaction
between training blocks and condition [F(15, 576) = 0.8028, p =. 6751], meaning time spent in
the quadrant did not alter across training blocks due to the induction of SE. Similar findings were
found between training blocks and treatment [F(15, 576) = 1.063, p = .3887]. We also did not find
an interaction between condition and treatment [F(1, 576) = 0.2791, p = .2791], indicating that
CSF1R inhibition did not alter the SE group’s time spent in the target quadrant. We did not find a
significant three-way interaction between training blocks, condition, and treatment [F(15, 576) =
1.155, p =.8435]. These data indicate that the SE rats spent less time in the target quadrant location
compared to the Ctrl rats. This was not altered by inhibition of CSF1R signaling.

To determine if any of these changes were from potential locomotion variations on the BM
platform, we used a three-way ANOVA [blocks X condition (Ctrl vs SE) X treatment (Veh vs
PLX)] and analyzed the average speed (Figure 8A) and total distance travelled (Figure 8B). We
found a main effect of average speed over the training blocks [F(15, 528) = 1.860, p = .0248], the
average speed changed over training blocks as the animals were repeatedly placed on the platform
over the 16 blocks (Figure 8A). We did not find a significant main effect of condition [F(1, 528)
=2.066, p =.1512], indicating that SE induction did not alter speed. There was also no significant
effect of treatment [F(1, 528) = 2.508, p =.1138]. We did not find a significant interaction between
training blocks and condition [F(15, 528) = 0.9409, p = .5181] or training blocks and treatment
[F(15, 528) = 0.9813, p = .4735]. There was no significant interaction between condition and
treatment [F(1, 528) = 3.487, p = .0624], indicating that the SE group was not altered by inhibition
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of the CSF1R signaling. We also did not find a significant three-way interaction between training
blocks, condition, and treatments [F(15, 528) = 0.6899, p = .7956]. These data indicate that rats
travelled faster towards the end of the training blocks compared to the beginning, but SE induction
and CSF1R signaling inhibition did not alter the average speed. We also analyzed the distance
travelled and did not find a main effect of training blocks [F(15, 528) = 1.642, p = .0590],
indicating that distanced travelled did not vary over the training blocks (Figure 8B). However, we
found a main effect of distanced travelled on condition [F(1, 528) = 30.97, p < .0001], showing
that the SE rats travelled more than the Ctrl rats, as the Ctrl rats found the hole faster than the SE
animals. However, we did not find a main effect of treatment [F(1, 528) = 0.3047, p = .5812],
indicating that inhibition of CSF1R signaling did not affect the distance travelled. We found no
significant interaction between training blocks and condition [F(15, 528) = 0.6057, p =. 8712] or
training blocks and treatment [F(15, 528) = 0.9817, p = .4731]. This implies that neither SE
induction nor inhibition of CSF1R signaling affected the change in distance travelled over training
blocks. We did find a significant main effect of condition and treatment [F(1, 528) = 10.94, p
= .0010], indicating that SE induction with inhibition of CSF1R signaling did alter distance
travelled. There was no significant three-way interaction between training blocks, condition, and
treatments [F(15, 528) = 1.155, p = .3040]. These data indicate that SE groups travelled further
compared to the Ctrl groups, as it took the SE rats longer to find hole. Taken together, these data
indicate that locomotion was not impaired by either condition or treatment. Furthermore, we
observed that the SE rats travelled more distance while searching for the hole and in total spent
less time in the target quadrant when searching for the escape hole. This evidence suggests the
possibility that SE rats may not be relying in spatial learning of the cues to navigate to find the
target hole and instead searching each time.

Twenty-four hours after the last day of training, the probe trial was performed. The probe
trial was used to test the rats” memory of the target hole location without the escape box present
(Gawel et al., 2019). We analyzed their memory of the target hole by the time spent in each location
(Figure 9A), latency to the target (Figure 9B), and percent of time spent on the target (Figure 9C).
The average heat maps for each group were shown for the probe trial with lighter blue visible over
the target hole location in the Ctrl groups (Figure 9A). We found a main effect of condition on the
latency to find the target during the probe trial [F(1, 33) = 80.47, p < .0001], implying that SE
groups took more time to find the target location or did not find the target (Figure 9B). However,
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there was no effect of treatment [F(1, 33) = 3.186, p = .0835] on the latency to find the target hole.
This indicates that the inhibition of CSF1R signaling did not alter time to find the target location.
There was an interaction between condition and treatment [F(1, 33) = 4.229, p = .0477], showing
that the SE group treated with the PLX3397 took longer to find the target location. Analyzing the
time spent over the target locations, we found that there was a main effect of condition on time
spent over the target location [F(1, 33) = 11.74, p = .0017], where SE groups spent less time on
the target location (Figure 9C). There was no main effect of treatment [F(1, 33) = 3.186, p =
0.0835], indicating that inhibition of CSF1R signaling alter the time the rats spent over the target
location. We also did not find an interaction between condition and treatment [F(1, 33) = 0.0005,
p =0.9815]. Together, these data demonstrate that the Ctrl groups were able to remember the target
location compared to the SE groups. This was not affected by inhibiting the CSF1R signaling
pathway with PLX3397.

Inhibition of CSF1R Signaling Attenuated the SE-Induced Microgliosis

The SE-induced microgliosis is a hallmark of epileptogenesis and has been thoroughly
characterized in experimental models of epilepsy (Abiega et al., 2016; Brewster et al., 2013;
Schartz et al., 2016; Shapiro et al., 2008; Sierra et al., 2010; Wyatt-Johnson et al., 2017). We
determined the extent to which the inhibition of CSF1R signaling with PLX3397 reduced
microgliosis through histological analysis. We investigated IBA1 immunoreactivity in the CAl
region of the hippocampus (Figure 10A) through both densitometry of the immunoreactive signal
(Figure 10B) and cell counts (Figure 10C). First, we examined the ability of PLX3397 to reduce
the density and number of microglia. We found using a student’s t-test that inhibition of CSF1R
signaling with PLX3397 reduced both the density of microgliosis and the number of microglia by
60% in Ctrl rats [t(24) = 3.868, p = .0007; t(24) = 8.148, p < .0001]. We used the reduction from
the Ctrls to create a cutoff for the SE+PLX3397 group based on the average number in the SE+Veh
group. We analyzed the densitometry of IBAL in the CAL region of the hippocampus with a two-
way ANOVA. We found a main effect of both condition [F(1, 45) = 4.526, p = .0389], indicating
that SE groups had higher levels of microgliosis (Figure 10B). We also found a main effect of
treatment [F(1, 45) = 11.21, p = .0017], implying that groups treated with inhibition of CSF1R
signaling had decreased levels of microgliosis. However, we found no interaction between
condition and treatment [F(1, 45) = 3.898, p = .0545]. The Ctrl+Veh group had a decreased density
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Note. A, Representative IBAL (brown) and Nissl-stained cellular nuclei (blue) immunostain with 4x images shown on
top, 20x images are shown of the hippocampus below, and a corresponding 40x image of the CA1 region of the
hippocampus at the bottom. B, Densitometry analysis of IBA1 immunostain in the CAL region of the hippocampus.
C, Cell counts for the number of IBA1 positive cells per mm? in the CAL1 region of the hippocampus. *p < .05 by two-
way ANOVA with Tukey’s multiple comparison. Data shown as mean+SEM, Control+Vehicle (Ctrl+Veh), n = 13;
Ctrl+PLX, n = 13; SE+Veh, n = 14; SE+PLX, n = 9.

Figure 10. Status epilepticus (SE) induced hippocampal microgliosis is attenuated by PLX3397
(PLX) treatment.
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of microglia compared to SE+Veh group (p = .0175). There was no difference between the
Ctrl+PLX3397 group and the SE+PLX3397 group (p = .9996). We also found that PLX3397
treatment reduced the density of microglia in the SE group compared to the SE+Veh group (p
=.0041).

In order to fully determine the extent to which we reduced microgliosis, we performed cell
counts and found a main effect of condition [F(1, 45) = 43.22, p < .0001], where SE groups had
higher number of IBA1 positive microglia (Figure 10C). We also found a main effect of treatment
[F(1, 45) = 23.30, p <.0001], showing that inhibition of CSF1R signaling reduced the number of
IBAL positive microglia. Unlike with densitometry, with a more precise measure of IBA1 cell
counts, we found a significant interaction between condition and treatment [F(1, 45) = 11.96, p
=.0012], indicating that inhibition of CSF1R signaling was able to decrease the microgliosis in
both the Ctrl and SE groups. The Ctrl+Veh group had a reduced number of microglia compared to
SE+Veh group (p < .0001). There was no difference between the Ctrl+PLX3397 group and the
SE+PLX3397 group (p = .1740). We also found that inhibition of CSF1R signaling reduced the
density of microglia in the SE group (p < .0001). These data indicate that in both the Ctrl and SE
groups in inhibiting CSF1R signaling with PLX3397 resulted in a 60% microglial reduction in the
hippocampus.

It is thought that each morphological phenotype of microglia may have a specific
biochemical property (Cengiz et al., 2019; Neher & Cunningham, 2019). Although their exact
properties are not definitively known, we sought to determine if PLX3397 could be altering the
morphology of the remaining microglia thereby suggesting a potential change in function. In order
to understand the extent to which the inhibition of CSF1R signaling altered microglial
morphological phenotypes, we investigated the percentage of total microglia in each
morphological category for each group (Figure 11). We organized the IBA1-labeled microglia into
five distinct categories: ramified, hypertrophic, bushy, amoeboid, and rod morphologies (Figure
11A). Due to the non-normally distributed data, the different microglial morphologies were

analyzed with Kruskal-Wallis test with Dunn’s multiple comparisons.
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Note. A, Representative images of the IBA1-labeled (brown) microglia morphology. B, Morphological breakdown
of each group, right to left, Control+Vehicle (Ctrl+Veh), Ctrl+PLX, SE+Veh, and SE+PLX, as 1-ramified, 2-
hypertrophied, 3-bushy, 4-amoeboid, and 5-rod IBAL positive cells. *p < .05 by Kruskal-Wallis test with Dunn’s
multiple comparison. Data shown as mean+SEM, Ctrl+Veh, n = 13; Ctrl+PLX, n = 13; SE+Veh, n = 14; SE+PLX, n
=0.

Figure 11. Status epilepticus (SE) induced hippocampal microglial morphology is altered by
PLX3397 (PLX) treatment
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In the Ctrl+Veh group there was a significant difference among the microglial
morphologies [H(5, 65) = 51.07, p <.0001] (Figure 11B). The Ctrl+Veh group had more microglia
with a ramified morphology compared to the other four morphologies (Table 5). The
Ctrl+PLX3397 group was also significantly different among all the morphologies [H(5, 65) =
45.41, p < .0001]. The Ctrl+PLX3397 group had more ramified and hypertrophic microglial
morphologies compared to the bushy, amoeboid, and rod (Table 5). The SE+Veh group was also
significantly different across all the morphologies [H(5, 65) = 53.34, p <.0001]. With the SE+Veh
group having more bushy and amoeboid microglial morphologies compared to ramified and
hypertrophic (Table 5). The SE+PLX also had significantly different morphological phenotypes
[H(5, 50) = 13.88, p = .0077]. The only significant difference found was an increase in microglia
with bushy morphology compared to the ramified morphology (Table 5). The total number of
microglia in each morphology can be viewed in Table 6. Taken together, the Ctrl+Veh group had
increased microglia with ramified shapes while the inhibition of CSF1R signaling increased the
number of hypertrophic microglia in the Ctrl+PLX group. The SE+Veh group had more microglia
with bushy and amoeboid morphologies while CSF1R inhibition reduced these and had a more
evenly distributed morphological phenotype across all five morphological categories. Together
these findings suggest that the remaining microglia have distinct morphological phenotypes

following inhibition of CSF1R signaling potentially resulting in different functions.

Inhibition of CSF1R Signaling Attenuated the SE-Induced Astrocytic Protein Levels

To further understand the effects of CSF1R-mediated suppression of microgliosis we
analyzed molecules associated with the crosstalk between microglia and astrocytes, such as C3,
IC3b, and IL-6. Astrocytes are labeled with antibodies against GFAP, which is a protein specific
to astrocytes. C3/iC3b, is a complement protein that can be produced by astrocytes in response to
microglial signals (Lian et al., 2016; Schartz et al., 2018; Wyatt-Johnson & Brewster, 2019)
(Figure 12A). Microglia and astrocytes both produce 1L-6 with the largest production coming from
astrocytes, which aids in microglial response (Batlle et al., 2015; Streit et al., 2000). The increase
in astrocytic response, inflammation, and complement activation following the induction of SE
has been widely observed (De Sarro et al., 2004; Minami et al., 1991; Schartz et al., 2018; Shapiro
et al., 2008). In order to understand the effects of inhibition of microgliosis on astrocytes, C3 and

IC3b, and inflammatory response of 1L-6, we used western blotting to analyze protein expression
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Table 5. Dunn’s Multiple Comparison Test for Microglial Morphology for Each Group

Morphology Ctrl+Veh Ctrl+PLX SE+Veh SE+PLX
1vs. 2 0.0098 >0.9999 0.4936 0.1035
1vs. 3 <0.0001 0.1336 <0.0001 0.0128
1lvs. 4 <0.0001 0.0016 <0.0001 0.3705
1vs.5 <0.0001 0.0001 0.0096 >0.9999
2vs. 3 0.4022 0.0034 0.0001 >0.9999
2vs. 4 0.0906 <0.0001 0.0043 >0.9999
2vs. 5 0.0906 <0.0001 >0.9999 0.7443
3vs. 4 >0.9999 >0.9999 >0.9999 >0.9999
3vs.5 >0.9999 0.5524 0.0233 0.1467
4vs. 5 >0.9999 >0.9999 0.2891 >0.9999

Table 6. Microglial Morphological Breakdown of Each Group

Ctrl+Veh Ctrl+PLX SE+Veh SE+PLX
Total Number 171 99 702 264
Ramified 155 37 1 28
Hypertrophic 16 51 60 69
Bushy 1 9 299 91
Amoeboid 0 1 242 57
Rod 0 0 100 20
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Note. A, Diagram of GFAP labeled astrocytes crosstalk with microglia to releasing C3 to be cleaved to iC3b and IL-
6. B, Representative western blot of (top to bottom) GFAP, C3, iC3b, and IL-6 and corresponding f-actin. C-F, Mean
pixel intensity of GFAP (C), C3 (D), iC3b (E), and IL-6 (F). *p < .05 by two-way ANOVA with Tukey’s multiple
comparison. Data shown as mean£SEM, Control+Vehicle (Ctrl+Veh), n = 9-12; Ctrl+PLX, n = 7-13; SE+Veh, n = 8-
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Figure 12. Status epilepticus (SE) induced astrogliosis is attenuated with PLX3397 (PLX)
treatment.
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in the hippocampus (Figure 12). We analyzed the densitometry of the WB with a two-way
ANOVA. As expected, there was a main effect of condition on protein levels of GFAP in the
hippocampus [F(1, 41) = 9.921, p = .0030], indicating that there was an increase in protein level
of GFAP in the SE groups compared to the Ctrl groups (Figure 12C). There was also a main effect
of treatment [F(1, 41) = 4.211, p = .0466], showing that inhibition of CSF1R signaling altered the
level of GFAP protein. We did not find a significant interaction between condition and treatment
[F(1, 41) = 3.360, p = .0741]. The Ctrl+Veh group had significantly reduced levels of GFAP
protein compared to SE+Veh group (p = .0031). The inhibition of CSF1R signaling did not alter
protein levels when comparing the Ctrl+Veh and Ctrl+PLX3397 groups (p = .9986).
Ctrl+PLX3397 had similar levels of GFAP protein levels compared to the SE+PLX3397 (p
= .8130). The inhibition of CSF1R signaling also reduced the protein level of GFAP in the SE
groups (p =.0427). These data show that GFAP was increased after SE-induction but inhibition of
CSF1R signaling with PLX3397 reduced the SE-induced increased protein levels.

There was a main effect of condition on protein levels of C3 [F(1, 27) = 9.333, p =.0050],
indicating that there was an increase in protein level of C3 in the SE groups (Figure 12D). There
was not a main effect of treatment [F(1, 27) = 01.254, p = .2726], demonstrating that inhibition of
the CSF1R pathway did not alter the amount of C3 protein. We also did not find a significant
interaction between condition and treatment [F(1, 27) = 1.1083, p =.3072]. The Ctrl+Veh group
had less C3 protein level compared to the SE+Veh group (p =.0240). The treatment with PLX3397
did not alter protein levels in the Ctrl groups (p > .9999). There was no change between
Ctrl+PLX3397 and SE+PLX3397 protein levels (p = .5375). The treatment with PLX3397 also
did not reduce the protein level of C3 in the SE groups (p = .4121). This indicated that C3 was
increased after SE-induction, but those increased levels were not reduced by inhibition of CSF1R
signaling. We then analyzed the specific band of C3, iC3b, an “eat me” signal which acts to aid in
microglial engulfment of the target cell for phagocytosis (Brown & Neher, 2012; Schafer et al.,
2012). There was a main effect of condition on protein levels of iC3b in the hippocampus [F(1,
27) = 14.44, p = .0008], indicating that there was an increase in protein level of iC3b in the SE
groups (Figure 12E). There was not a main effect of treatment [F(1, 27) = 0.8435, p = .3665]. We
did not find a significant interaction between condition and treatment [F(1, 27) = 1.180, p =.2870].
The Ctrl+Veh group had less iC3b protein level compared to SE+Veh group (p =.0057). Inhibition
of CSF1R signaling did not alter protein levels in the Ctrl groups (p =.9994). There was no change
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between Ctrl+PLX3397 and SE+PLX3397 protein levels (p = .2840). Inhibition of CSF1R
signaling also did not reduce the protein level of iC3b in the SE groups (p = .4767). These data
imply that iC3b levels were increased following SE-induction but inhibition of CSF1R signaling
with PLX3397 does not alter the protein levels of complement C3 and its cleavage product iC3b.

We analyzed the levels of the inflammatory cytokine IL-6, a cytokine that aids in
interaction between microglia and astrocytes (Streit et al., 2000). We found there was no main
effect of condition on the protein levels of IL-6 in the hippocampus [F(1, 39) = 3.321, p =.0761]
(Figure 12F). There was also no main effect of treatment [F(1, 39) = 0.0598, p =.8081], indicating
that inhibition of CSF1R signaling did not alter levels of IL-6 protein. We did not find a significant
interaction between condition and treatment [F(1, 27) = 0.8853, p =.3525]. The Ctrl+Veh group
had no change in protein level compared to SE+Veh group (p = .1975). The inhibition of CSF1R
signaling did not alter protein levels in the Ctrl groups (p = .8374). There was no change between
Ctrl+PLX3397 and SE+PLX3397 protein levels (p = .9303). Inhibition of CSF1R signaling also
did not reduce the protein level of IL-6 in the SE groups (p =.9599). This indicated that IL-6 levels
were not increased at 20 days post-SE and inhibition of CSF1R signaling did not alter those levels.
Taken together, inhibition of CSF1R signaling with PLX3397 treatment reduced astrocytic

response but did not alter C3 activation or IL-6.

Inhibition of CSF1R Signaling Attenuated the SE-Induced Dendritic Microtubule Decrease

Microglia make direct contacts with synapses and can prune them under physiological and
pathological conditions (Hong et al., 2016; Hong & Stevens, 2016; Tremblay, 2011). In both
human and experimental epilepsy, microgliosis is found in regions of dendritic instability
(Brewster et al., 2013; Dachet et al., 2015; Gross et al., 2016; Schartz et al., 2016; Shapiro et al.,
2008; Wyatt et al., 2017). After epileptogenesis, it has been shown that levels of dendritic structural
protein Map2 and PSD95 are decreased, alongside Kv4.2 and HCN1 and correlate with high
density of microglial cells. Therefore, we determined if inhibiting microgliosis could attenuate the
SE-induced hippocampal dendritic structural alterations. We used IHC to determine levels of
Map2 (Figure 13) and WB to measure levels of dendritic ion channels, Kv4.2 and HCN1, as well
as post synaptic density marker, PSD95 (Figure 14). We analyzed the densitometry of the IHC and
WB with a two-way ANOVA. As expected, there was a main effect of condition on Map2 density
in the CA1 region of the hippocampus [F(1, 33) =5.224, p =.0288], indicating that SE decreased
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Note. A, Representative Map2 (brown) immunostain with 20x images shown on top and the corresponding 40x image
of the CAL region of the hippocampus shown below. B, Densitometry analysis of Map2 in the CA1 region of the
hippocampus. C, Correlational analysis between the densitometry of Map2 and IBA1 in the CA1l region of the
hippocampus. *p < .05 by (B) two-way ANOVA with Tukey’s multiple comparison and (C) linear regression. Data
shown as mean+SEM, Control+Vehicle (Ctrl+Veh), n = 10; Ctrl+PLX, n = 10; SE+Veh, n = 10; SE+PLX, n=7.

Figure 13. Status epilepticus (SE) triggers decline in hippocampal Map2 signal that is recovered
by PLX3397 (PLX) treatment.
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Note. A, Diagram of the location of PSD95 (red), Kv4.2 (purple), and HCN1 (blue) on a neuron. B, Representative
western blot of PSD95, Kv4.2, and HCN1, and corresponding B-actin. C-E, Mean pixel intensity of PSD95 (C), Kv4.2
(D), and HCNL1 (E). *p < .05 by two-way ANOVA with Tukey’s multiple comparison. Data shown as mean+SEM,
Control+Vehicle (Ctrl+Veh), n = 11-13; Ctrl+PLX, n = 12-13; SE+Veh, n = 12-14; SE+PLX, n = 9.

Figure 14. Status epilepticus (SE) triggers decline in dendritic markers in the CA1 region of the
hippocampus that is not altered by PLX3397 (PLX) treatment
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density of Map2 (Figure 13B). There was not a main effect of treatment [F(1, 27) = 0.6311, p
.4326]. We did find a significant interaction between condition and treatment [F(1, 33) = 10.41,

©

=.0028]. The Ctrl+Veh group had higher levels of Map2 density compared to SE+Veh group (p
.0014). The inhibition of CSF1R signaling did not alter Map2 density levels in the Ctrl groups
(p =.2873). Ctrl+PLX3397 showed no change in density of Map2 compared to the SE+PLX3397
(p = .9200). The inhibition of CSF1R signaling increased the density of Map2 following SE-

induction (p = .0489). Together, these show that Map2 density was decreased after SE-induction
but inhibition of microgliosis through the CSF1R signaling attenuated this Map2 loss. Previously,
we reported a significant correlation between spatial and temporal profile of IBAl-labeled
microglia and Map2 (Schartz et al., 2016, 2018). Therefore, we measured the correlation in this
study and found similar results. IBAL density was negatively correlated with Map2 density [R?
=.1248, F(1, 35) = 4.989, p = .0320] (Figure 13C), indicating that as IBA1 levels were increased,
Map2 levels were decreased.

We measured PSD95, Kv4.2, and HCN1 which are typically located on the proximal ends
of the CA1 pyramidal neurons (Figure 14A) (Birnbaum et al., 2004; Marcelin et al., 2012). There
was no main effect of condition on protein levels of PSD95 in the hippocampus [F(1, 40) = 3.709,
p = .0612], indicating that there was no change in levels of PSD95 in the Ctrl and SE groups
(Figure 14C). There was also no main effect of treatment [F(1, 40) =0.0861, p =.7708]. We found
a significant interaction between condition and treatment [F(1, 40) = 5.028, p = .0306]. The
Ctrl+Veh group had less PSD95 protein level compared to the SE+Veh group (p = .0213).
Inhibition of CSF1R signaling did not alter protein levels in the Ctrl groups (p = .4962). There was
no change between Ctrl+PLX3397 and SE+PLX3397 protein levels (p =.9963). The inhibition of
CSF1R signaling also did not reduce the protein level of PSD95 in the SE groups (p = .3142).
Together, these show that PSD95 was decreased after SE-induction, but this was not altered by
inhibition of CSF1R signaling.

There was no main effect of condition on protein levels of Kv4.2 in the hippocampus [F(1,
45) = 2.358, p =.1317], indicating that there was no change in protein level of Kv4.2 in the Ctrl
and SE groups (Figure 14D). There was also no main effect of treatment [F(1, 45) = 0.8918, p

.3500]. We found a significant interaction between condition and treatment [F(1, 45) = 4.225, p
.0457]. The Ctrl+Veh group had less Kv4.2 protein level compared to SE+Veh group (p =.0459).
The inhibition of CSF1R signaling with PLX3397 did not alter protein levels in the Ctrl groups (p
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.8840). There was no change between Ctrl+PLX3397 and SE+PLX3397 protein levels (p
.9854). The inhibition of CSF1R signaling with PLX3397 also did not reduce the protein level
of Kv4.2 in the SE groups (p = .1902). This indicates that Kv4.2 was decreased after SE-induction

but was not altered by inhibition of CSF1R signaling.

When we analyzed HCN1, we found no overall changes. There was no main effect of
condition on levels of HCN1 [F(1, 43) = 0.1182, p =.7327], demonstrating that there was no
change in protein level of HCN1 in the Ctrl and SE groups (Figure 14E). There was also no main
effect of treatment [F(1, 43) = 0.0236, p = .8786]. We found a significant interaction between
condition and treatment [F(1, 43) = 5.532, p =.0233]. The Ctrl+Veh group did not have altered
level of HCN1 compared to SE+Veh group (p =.2087). The inhibition of CSF1R signaling with
PLX3397 did not alter protein levels in the Ctrl groups (p = .2660). There was no change between
Ctrl+PLX3397 and SE+PLX3397 protein levels (p = .5267). The inhibition of CSF1R signaling
with PLX3397 also did not reduce the protein level of HCNL1 in the SE groups (p = .4487),
indicating that HCN1 was not altered by SE-induction or inhibition of CSF1R signaling. Together,
these showed that the SE-induced reduction of PSD95 and Kv4.2 were not recovered by inhibition
of CSF1R signaling with PLX3397 but were also not decreased from Ctrl by PLX3397 treatment.

Inhibition of CSF1R Produced a Group of Non-Responders that had no Variation in
Weight Change

Few studies have indicated the existence of animals who do not have a reduction in
microgliosis following PLX3397 treatment (Spangenberg et al., 2016; Y. Tang et al., 2018), but
during our analysis, we found a subset of rats who did not have a reduction in microgliosis at the
dose we used in this study. The PLX3397 treated non-responders (Non) were categorized by the
rats whose microglia count was higher than the 60% reduction from average number of microglia
in the SE+Veh group (Figure 15-18). In order to understand why these non-responders had
developed, we analyzed the Racine level and weight changes to determine if SE severity or weight
gain had an effect on the drug treatment. We measured the Racine scale with the Kruskal-Wallis
test with Dunn’s multiple comparison due to the non-normally distributed data. We found that
there was a significant difference in Racine scale levels across the three groups the SE+Veh,
SE+PLX3397, and SE+PLX3397 Non [H(3, 150) = 11,98, p = .0025] (Figure 15A). The
SE+PLX3397 Non group was significantly different from both the SE+Veh (p =.0116) and
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Note. A, Behavioral observation were recorded with the Racine scale. B-C, Time to reach a Racine scale level 3 seizure
(B) and 6 SE (C). *p < .05 by (A) Kolmogorov-Smirnov test and (B) one-way ANOVA with Dunnett’s test. Data
shown as mean+SEM, SE+Vehicle (Veh), n = 14; SE+PLX Responders (Res; R), n = 9; SE+PLX Non-responders
(Non; N), n =5,

Figure 15. Status epilepticus (SE) induced rats treated with PLX3397 (PLX) that did not have a
60% reduction microgliosis displayed no changes in Racine scale level.
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Note. A, Daily weights were recorded. B, The amount of PLX consumed based on an average rat consumption and
weight. *p < 0.05 by a two-way ANOVA with Dunnett’s test. Data shown as mean+SEM, SE+Vehicle (Veh), n = 14;
SE+PLX Responders (Res; R), n = 9; SE+PLX Non-responders (Non; N), n = 5.

Figure 16. Status epilepticus (SE) induced rats treated with PLX3397 (PLX) that did not have a
60% reduction microgliosis displayed no changes in weight.
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Note. A, Densitometry analysis of IBA1 immunostain in the CA1 region of the hippocampus. B, Number of IBA1
positive cells per mm? in the CAL1 region of the hippocampus. C-G, Morphological breakdown of each group as
ramified (C), hypertrophied (D), bushy (E), amoeboid (F), and rod-shaped (G) IBAL positive cells. H, Microglial
morphological breakdown of SE+PLX Non group is shown as a pie chart. *p < .05 by Kruskal-Wallis test with Dunn’s
test. Data shown as mean+SEM, SE+Vehicle (Veh), n = 14; SE+PLX Responders (R), n =9; SE+PLX Non-responders
(N), n=5.

Figure 17. Status epilepticus (SE) induced rats treated with PLX3397 (PLX) that did not have a
60% reduction in the hippocampal microgliosis displayed increased IBAL1 levels and altered
morphology.
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Note. A, Representative western blots are shown for GFAP and the loading control B-actin. B, Mean pixel intensity of
GFAP. C, Densitometry analysis of Map2 in the CA1 region of the hippocampus. *p < .05 by one-way ANOVA with

Dunnett’s test. Data shown as mean+SEM, SE+Vehicle (Veh), n = 14; SE+PLX Responders (R), n = 7-9; SE+PLX
Non-responders (N), n = 3-4.

Figure 18. Status epilepticus (SE) induced rats treated with PLX3397 (PLX) that did not have a
60% reduction microgliosis still had a reduction in astrocytic protein level GFAP in the CAl
region of the hippocampus.

82



SE+PLX3397 groups (p =.0028). This indicates that the seizure score levels changed across time
at a different rate in the non-responders group compared to the other two groups. To further analyze
this potential difference, we used a one-way ANOVA to determine if there were any alterations in
time to reach a Racine level 3 (Figure 15B) or 6 (Figure 15C). We found no significant effect
between the groups of time to reach a level 3 [F(2, 25) = 0.1228, p =.8850] or a level 6 [F(2, 25)
=0.2018, p =.8186]. Taken together, these data indicate that seizure Racine score was likely not
a reason for the non-responder group.

Next, we analyzed the weight change throughout the entire experiment. We also used
weight along with the average consumption rate for rats and determined the dose each rat
theoretically received throughout the experiment. This was done to determine if dose ranges could
be responsible for the non-responder group (National Research Council (US) Subcommittee on
Laboratory Animal Nutrition, 1995). We measured weight changes and consumption with a two-
way ANOVA with Dunnett’s test. When we analyzed the weight changes, we found there was a
significant main effect of days post-SE [F(20, 525) = 82.81, p <.0001], which was expected as
the animals gained weight over time (Figure 16A). There was no main effect of treatment on
weight gain [F(2, 525) = 0.5100, p = .6008]. The non-responders also showed no significant
interaction between days post-SE and treatment on weight change [F(40, 525) =0.1679, p >.9999].
These data indicated that weight gain was likely not a reason for the non-responder group. We also
calculated the dose based on rat weight and estimated average consumption and found a significant
main effect of days [F(20, 525) = 41.40, p < .0001], indicating the dose changes similar to the
weight (Figure 16B). There was no main effect of treatment [F(1, 525) = 0.7064, p =.4014] nor
a significant interaction between days post-SE and treatment [F(20, 525) = 0.4160, p = .9882].
The potential dose range of 35-65mg/kg consumed each day by the rats in both groups was likely
not the cause of the non-responders.

Inhibition of PLX3397 Produced a Group of Non-Responders that had Increased
Microgliosis
To understand the changes that occurred in the animals who did not respond to CSF1R
signaling inhibition, we analyzed the properties of microgliosis. These properties included density
and number of microglia and morphology of non-responders with a one-way ANOVA compared
to the Veh treated SE and the SE+PLX3397 responder groups. The one-way ANOVA revealed an
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increase in the density of IBA1 positive cells in the CAL region of the hippocampus [F(2, 24) =
4.807, p = .0176] (Figure 17A). Dunnett’s multiple comparison test showed that the non-
responders had no change in the density of IBA1 compared to SE+Veh (p = .4581). However, the
non-responders had increased density of IBA1 compared to PLX3397 responders (p = .0195).
When we further analyzed the amount of IBA1 levels by counting the number of positive cells in
the CAL region of the hippocampus we found similar results. The one-way ANOVA showed an
increase in the number of IBAL positive cells [F(2, 24) = 20.40, p < .0001] (Figure 17B).
Comparisons indicated that the non-responders had a higher amount of microglia compared to the
Veh treated SE group (p = .0033). The non-responders also had a higher amount and density of
microgliosis compared to the PLX3397 responder group (p <.0001).

We then analyzed the morphologies of the remaining microglia in the non-responders and
compared them to the Veh group and the PLX3397 responder group. Due to the non-normally
distributed data we used Kruskal-Wallis test with Dunn’s multiple comparison. There was no
significant across the groups in the ramified morphology [H(3,28) = 4.056, p = .1316] (Figure
17C). The comparisons also showed no change in the non-responder group to the SE+Veh (p
> .9999) and PLX3397 responder groups (p = .1818). Analyzing the hypertrophic morphology,
there was a significant change across the groups [H(3,28) = 11.38, p = .0034F(2, 25) = 5.448, p
=.0109] (Figure 17D). The comparisons revealed that the non-responder’s amount of hypertrophic
microglia was not different from the SE+Veh group (p = .1560). However, there was a decrease
between the non-responders group compared to PLX3397 responder group (p = .0019).

The Kruskal-Wallis test was not significant among the bushy microglia [H(3,28) = 5.253,
p =.0723] (Figure 17E). The comparisons of the non-responders to both the SE+Veh (p = .0642)
and PLX3397 responder groups (p =.7509) revealed no significant change. However, there was a
significant change across the amoeboid morphology [H(3,28) = 11.60, p = .0030] (Figure 17F).
The comparisons revealed the non-responders had increases in the amoeboid morphology
compared to SE+Veh (p =.0456). This increase was also observed in the comparison between the
non-responders to PLX3397 responders (p = .0013).

There was no significant change among the groups in the rod morphology [H(3,28) = 3.598,
p = .1654] (Figure 17G). Similarly, the multiple comparisons revealed no change in the non-
responders compared to the SE+Veh (p >.9999) or PLX3397 responders (p = .3029). These data
indicated that inhibition of CSF1R signaling with PLX3397 altered the amoeboid morphology.
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The morphological average percentage of total microglia of the non-responders was shown as a
pie chart (Figure 17H). The percentage and total number of microglia in the PLX3397 non-
responders are listed in Table 7. Together these data indicate that PLX3397 treatment had an effect
in reducing microgliosis as well as in altering the morphology of remaining microglia.

Table 7. Microglial Morphological Breakdown of the PLX3397 Non-Responders

Ramified Hypertrophic Bushy Amoeboid Rod Total
Percentage 0% 0.04% 32% 56% 12% 100%
Number 0 1 374 663 137 1174

Inhibition of PLX3397 Produced a Group of Non-Responders that had no Recovered
GFAP or Map2 Levels

We wanted to understand the effects of CSF1R signaling inhibition in the non-responders.
To determine these effects, we analyzed the two proteins that were recovered by inhibition of
CSF1R signaling with PLX3397 in the SE condition. Therefore, we analyzed the protein levels of
GFAP (Figure 18B) and density of Map2 (Figure 18C) in the non-responders. The one-way
ANOVA showed no significant change in protein level of GFAP [F(2, 24) = 3.148, p = .0611]
(Figure 17B). Likewise, the multiple comparisons revealed that the non-responders had no change
in the levels compared to SE+Veh (p =.1055) or the PLX3397 responders (p =.9117). These data
indicate that non-responders had no effect on the levels of GFAP protein. The analysis from the
one-way ANOVA of the densitometry of Map2 in the CAL region of the hippocampus revealed a
significant change [F(2, 18) = 3.772, p = .0428] (Figure 18C). Dunnett’s multiple comparisons
test showed that the non-responders had no change in the density compared to SE+Veh (p =.3911)
or the PLX3397 responders (p = .4536). These data indicate that non-responders had no effect on
the SE-induced dendritic instability. Together, the proteins shown to be altered with the treatment
of the CSF1R inhibitor showed no changes when the microgliosis was no reduced. This suggests
that the reduction in microgliosis was the driving factor in the recovery we observed, making it
unlikely that the PLX3397 had direct effects on other cell types. Further investigation is required
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to understand the remaining population of microglia and how inhibition of CSF1R signaling

pathway alters the biochemical properties of these microglia.
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DISCUSSION

To identify a disease modifying treatment to cure seizures and cognitive decline in
epilepsy is the goal of our research and an utmost concern in epilepsy (Alonso-Vanegas et al.,
2013; Demin et al., 2018; Paudel et al., 2018; Vergeer et al., 2019). This is because current ASMs
do not alleviate intellectual disabilities in epilepsy, or the associated neuropathology (Brodie et al.,
2016; Du et al., 2019; Park & Kwon, 2008; Schmidt, 2011; Thijs et al., 2019; Xia et al., 2017).
There is critical need for a novel therapeutic treatment that alters the neuropathology of epilepsy
and the associated cognitive deficits. The aims of this study were to determine if inhibition of
microgliosis through CSF1R signaling during epileptogenesis could (1) attenuate the cognitive
deficits, specifically those in recognition memory and spatial learning and memory and (2) recover
dendritic structural stability of hippocampal CA1 neurons. We found (A) CSF1R inhibition did
not recover SE-induced weight loss (Figure 2); (B) CSF1R inhibition did not recover the SE-
induced recognition or spatial memory (NOR and BM) deficits (Figure 4-8); (C) CSF1R inhibition
reduced the density and number of microglia and altered the morphology of the remaining
microglia (Figure 9-10); (D) Map2 immunostaining protein levels were recovered with inhibition
of microgliosis (Figure 12); (E) a set of rats—non-responders—emerged in the SE group treated
with PLX3397 that had higher microgliosis with altered morphology and no recovery of Map2
(Figure 14-17). To our knowledge, this is the first study to show that PLX3397-mediated inhibition
of CSF1R signaling reduced microgliosis by 60% in the hippocampus but did not recover
recognition or spatial memory deficits or fully recover dendritic stability in the hippocampal CA1
region following pilocarpine induced SE.

The report that SE results in memory deficits, specifically those in recognition and spatial
memory have been widely replicated in the epilepsy literature (Brewster et al., 2013; Pearson et
al., 2014; Schartz et al., 2018, 2019). Studies have shown that injury to the hippocampus is
sufficient to produce a deficit in both recognition and spatial memory (Broadbent et al., 2004;
Holley et al., 2018; Sakaguchi & Sakurai, 2020; Z. Tang et al., 2019). Rats that underwent direct
injury to the hippocampus performed worse in the NOR task when compared to the non-injured
control rats at one, two, three, and four weeks following the injury, but recovered by eight weeks
(Broadbent et al., 2010; Cohen & Stackman, 2015). Similar to current literature, our Veh treated
SE group displayed cognitive impairments in both NOR and BM at two to three weeks post-SE
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compared to the Ctrl group. The Veh treated Ctrls were able to recognize the familiar object and
were able to navigate to the escape box faster than the Veh treated SE group. However, when
analyzing time spent with the objects, we found the SE rats spent significantly less time exploring
the objects compared to the controls. Previous studies have shown that normally behaving rats do
not experience object fear (Ennaceur et al., 2009). Therefore, one possibility for our observations
is that the SE rats may be avoiding the objects due to fear or anxiety of the objects. Although this
needs to be investigated in future studies. Taken together, our findings further support that SE
promotes cognitive decline that is evident when rats are subjected to NOR and BM tests.

Recognition and spatial memory deficits following SE have been observed to accompany
hippocampal injury, including dendritic instability and gliosis (Brewster et al., 2013; Schartz et al.,
2018). Dendritic instability has been measured in the CAL region of the hippocampus with
specifically localized ion channels and proteins involved in the structural regulation of
microtubules along dendrites (Ballough et al., 1995; Marcelin et al., 2012). The loss of Map2,
PSD95, and decline of the ion channels Kv4.2 and HCN1 have been linked to increased seizure
susceptibility in epilepsy (Brewster et al., 2005, 2013; Jung et al., 2007; Lugo et al., 2012; Schartz
et al., 2016, 2018). In this experiment we observed decreases in Map2, PSD95, and Kv4.2 in our
Veh treated SE group compared to our Veh treated Ctrl group, aligning with current literature.
However, we did not observe alterations in HCN1 protein levels in the hippocampus. This could
be due to the method of detection, as using whole hippocampal homogenates can dilute the effects
of a specific region of the hippocampus, which for this study was the CALl region where HCN1
channels are located. We also did not use synaptosomal preparations which most studies used to
measure proteins in low concentrations, similar to HCN1.

The amassing of gliosis and inflammation, including the accumulation of astrogliosis and
microgliosis, has been considered a hallmark characterization of temporal lobe epilepsy and has
been widely observed throughout the epilepsy literature (Brewster et al., 2013; Dachet et al., 2015;
Nirwan et al., 2018; Wirenfeldt et al., 2009; Wyatt-Johnson et al., 2017). Following SE, astrocytes
have been shown to be increased at similar timepoints to microgliosis and may also contribute to
the CA1 dendritic damage (Brewster et al., 2013; Ravizza & Vezzani, 2006; Schartz et al., 2016;
Shapiro et al., 2008). We observed similar results with increases in microgliosis in our Veh treated
SE group compared to the Ctrl group. This increase also parallels increases in morphological

phenotypes of bushy and amoeboid microglia in the Veh treated SE group compared to the
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ramified phenotype observed in the Ctrl rats. We also found increased protein level of GFAP in
the Veh treated SE group compared to Ctrl, indicating an increase in astrogliosis. Furthermore, to
analyze how we may be modulating this crosstalk between microglia and astrocytes, we measured
complement C3 and IL-6, known to be produced by astrocytes and modulate microglia response
(Lian et al., 2016). Activation of complement C3 has also been shown previously in correlation
with memory decline and deficits (Hernandez et al., 2017; Shi et al., 2015) and we previously have
shown an increase in C3 correlates with memory deficits following SE (Schartz et al., 2018). We
found that C3 was significantly increased in our Veh treated SE group compared to the Veh treated
Ctrl group, similar to our previously findings. We did not, however, find changes in IL-6 protein
levels between the SE and Ctrl groups. IL-6 levels are transient and are altered immediately
following seizure activity (Rana & Musto, 2018; Schartz et al., 2016; Vezzani et al., 2019).
Because latency to last seizure was not determined, our high variance and non-significance could
be accounted for by this potential non-uniform latency. Taken together, these data showed that our
epileptic group compared to the Ctrl group was able to replicate current pathological findings
following SE.

An increasing body of evidence implicates microglia as a crucial response during
epileptogenesis (Abiega et al., 2016; Benson et al., 2015; Bottcher et al., 2019; Brewster, 2019;
Eyo etal., 2016, 2017; Hiragi et al., 2018), although their response in epilepsy, whether beneficial
or detrimental, remains largely under debate. Studies that have altered the mTOR pathway
following SE have shown to attenuate memory deficits, recovery dendritic instability, and reduce
microgliosis (Brewster et al., 2013; Curatolo, 2015; Mazumder et al., 2017). These studies have
specifically focused on the inhibition of mTOR through the reduction of microgliosis, as mTOR
in microglia leads to the survival and proliferation of the cell. Although studies have shown that
microglial specific mTOR hyperactivation produced a similar phenotype observed in SE animals
(Xie et al., 2014; X. Zhao et al., 2018), the exact role of microgliosis remains largely unstudied.
For this reason, we evaluated the inhibition of the SE-induced microgliosis through a specific
receptor found exclusively on microglia in the brain, CSF1R, with the drug PLX3397 (Butowski
et al., 2016; Elmore et al., 2014). The CSF1R signaling pathway allows us to further block
upstream from mTOR upstream as well as other signaling molecules to inhibit survival,
proliferation, motility, and differentiation (Butowski et al., 2016). The use of drugs targeting the

CSF1R pathway have allowed researchers to study the contribution of microgliosis to the
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pathophysiology of neurological disorders by blocking the ability of microglia to survive and
proliferate.

The use of pharmacological and genetic techniques to manipulate microgliosis implicates
microglia as an essential player in the modulation of memory (Dupont & Vercueil, 2015; Neher &
Cunningham, 2019; Wyatt-Johnson & Brewster, 2019). However, inhibiting CSF1R signaling
following SE in our study did not attenuate hippocampal-dependent recognition or spatial memory
deficits (Figure 4-8). The effects of microglial inhibition with a CSF1R inhibitor have been
evaluated in several neurological disorders (Acharya et al., 2016; EImore et al., 2018; Spangenberg
et al., 2016). Recent studies have shown that elimination of microglia with a CSF1R inhibitor
improved recognition memory with NOR following cranial irradiation (Acharya et al., 2016),
improved spatial memory in Morris water maze in aged animals (Elmore et al., 2018), and
improved memory in contextual fear condition in a model of AD (Spangenberg et al., 2016). These
studies support that inhibition of microgliosis with a CSF1R inhibitor can modulate memory.
However, this was not what we observed in our model of epilepsy. This could be due to the nature
of epilepsy, where there are spontaneous recurrent seizures producing and exacerbating brain
injury. The behavioral performance was measured once spontaneous seizures were evident in the
pilocarpine model of SE (Becker, 2018). Since we did not measure seizure frequency or intensity
it is possible the inhibition of microgliosis had no effect on the seizures, as previously studies have
shown (Brewster et al., 2013; Hiragi et al., 2018). Furthermore, studies have shown a high
correlation between memory deficits and seizure frequency with no correlation to the
neuropathology (Mazarati, 2008; Zhou et al., 2007), thereby, suggesting that microgliosis may
have no impact on behavior but rather seizure severity is the critical factor in behavior. The
neuropathological analysis was also only performed in the CAL region of the hippocampus. When
visually observing other regions of the brain we noticed no apparent reduction in the levels of
microgliosis in the amygdala or thalamus. Because the thalamus serves as the sensory relay station
of the brain it can modulate learning and memory processes (Torrico & Munakomi, 2020), and
therefore play a role in the rats’ behaviors in NOR and BM tests. We speculate that the non-
reduction of microgliosis in the thalamus as well as in other regions of the brain, such as the
amygdala, may contribute to the observation that the SE rats treated with SE+PLX3397 did not
show improved memory. Together this suggests that PLX3397-mediated inhibition of CSF1R
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signaling and the resulting 60% suppression of microgliosis in the CA1 region of the hippocampus
is not sufficient to recover or attenuate SE-induced deficits in recognition or spatial memory.

The PLX3397-mediated inhibition of CSF1R signaling reduced the number of IBA1-
positive microglial cells by 60% in the CAL region of the hippocampus in both our Ctrl and SE
groups (Figure 7), similar to current literature (Elmore et al., 2014; Srivastava et al., 2018).
PLX3397 treatment resulted in a 60% reduction of the CA1 hippocampal microgliosis under non-
pathological and pathological conditions. However, we did not fully deplete microgliosis, as we
still had 40% of microglia remaining in the CAL region of the hippocampus and had a subset of
SE rats that did not have reduced microgliosis. In a model of AD, treatment with a CSF1R inhibitor
reduced microgliosis by 80% in the hippocampus, cortex, and thalamus (Spangenberg et al., 2016),
while in healthy aging mice, the reduction in numbers of microglia were close to 99% in the
hippocampus, cortex, and thalamus (EImore et al., 2014; Najafi et al., 2018). Based on our findings
and current literature, CSF1R inhibition is effective at reducing the number of microglial cells in
non-pathological states but is not entirety efficient in disease states including AD, Parkinson’s
disease, ischemia, and epilepsy (Schapansky et al., 2015; Spangenberg et al., 2016; Srivastava et
al., 2018; Y. Tang et al., 2018). The repeating injury of spontaneous seizures in epilepsy could be
a contributing factor driving the lack of apparent effect of PLX3397 in reducing microgliosis in
the hippocampus (Reddy & Kuruba, 2013). Together, these data suggest that in pathological states
inhibition of CSF1R signaling with PLX3397 is not sufficient to suppress microgliosis throughout
the brain. It is possible that activation of other signaling cascades within microglial cells may
bypass CSF1R signaling to control their survival and proliferation. It is known if under injury
microglia display a complex heterogeneous phenotype of receptors and proteins (Fumagalli et al.,
2018). This makes it difficult to determine the exact compensatory mechanism that may be at play.
In order to determine this mechanism, we would need a pharmacological or genetic tool that only
allowed for specific receptors or proteins to be expressed on microglia at a time. If this existed, we
could go through each receptor and determine which receptor or protein may be altered.

However, a caveat to the reduction of microgliosis in the lack of multiple markers to
measure the exact microgliosis. The use of one marker, IBAL, for all microglia analysis could
mean that CSF1R is just altering that specific protein (IBA) and not the entire microglia. However,
other studies have shown inhibition with CSF1R was successful in reducing IBAL levels alongside
levels of CX3CR1 and TMEM119, both of which are expressed by microglia (Elmore et al., 2014;
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Spangenberg et al., 2016; Y. Tang et al., 2018). Another limitation of this study is that we were
unable to measure the extent at which CSF1R signaling was inhibited by PLX3397. Microglial
counts were used as a proxy to measure CSF1R inhibition. This was due to lack of tools available
to evaluate CSF1R activation and signaling. It is also possible that the animals’ weight gain over
the course of the experiment may have altered the efficacy of the drug as the dose per day was not
measured by individual weight but by an average of the three weeks. Given this information the
rats should still have had a dose between 30mg/kg and 77 mg/kg in which 30mg/kg has still be
shown as an effective dose based on previous studies and our preliminary data (Tang et al. 2018;
Srivastava et al. 2018).

We are the first study to determine the morphological phenotypes of microglia following
PLX3397-mediated inhibition of CSF1R signaling. The remaining microglia displayed altered
morphologies with more hypertrophic microglia in the Ctrl and SE treated groups and the non-
responders had increased numbers of amoeboid microglia. Current literature suggests that
bushy/amoeboid microglia may be reactive and may have a highly phagocytic phenotype
characterized by high levels of phagocytic lysosomal markers (Brown & Neher, 2012; Fumagalli
et al., 2018; Janda et al., 2018). In contrast, hypertrophic microglia may be closely related to the
production of inflammatory cytokines (Fernandez-Arjona et al., 2017; Kaur et al., 2014). Without
functional or biochemical characterization of these microglia we are unable to draw a conclusion
of whether these changes are beneficial or detrimental to the neuropathology or pathophysiology.

To further understand our findings, we analyzed astrocytes and C3 which are highly
involved with microglial responses. Studies have shown that astrocytes along with their production
1987). Therefore, we sought to determine if the inhibition of microgliosis impacted this
relationship. We found that SE-induced increases in GFAP protein levels were reduced by
inhibition of the CSF1R signaling even without reduction in microgliosis. However, there was no
change in GFAP protein levels in the Ctrl groups, indicating that the CSF1R signaling was only
being modulated in microglia. The findings that altering CSF1R signaling in microglia reduced
astrocytic levels supports the idea that these two cells depend on one another to respond to
pathological events (Jha et al., 2019). Reduced astrocytic levels in the non-responders further
support that we have altered these microglial cells through the CSF1R inhibition, as we would

have expected the levels in the non-responders to be similar to that of the SE+Veh group. However,
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exact extent these cells have been altered still requires further investigating. Together, through the
inhibition of a single receptor, CSF1R, we were able to alter microglia and effect their relationship
with astrocytes. We also sought to determine if a major crosstalk protein, C3, between microglia
and astrocytes may be responsible for this altered relationship. C3 has been found to be involved
in the regulation of the astrocytic-microglial relationship and reduction in C3 levels have been
found to recover cognitive deficits in the mouse model of AD (Lian et al., 2016; Luchena et al.,
2018). We found inhibition of CSF1R signaling did not alter protein levels of C3 in the SE group,
indicating that we did not suppress C3 activation with microgliosis inhibition or the subsequent
reduction in astrocytic levels. Based on our finding and recent studies suggesting that microglia
may not modulate memory (Elmore et al., 2014; Neher & Cunningham, 2019; Spangenberg et al.,
2016) and decreases in C3 resulting in improved memory outcomes (Carpanini et al., 2019;
Morgan, 2018; Shi et al., 2015), our results suggest that the increased levels of C3 may be a
potential reason to the recognition and spatial memory deficits observed with the inhibition of
CSF1R signaling. Future studies are needed to further evaluate the contribution of C3 to the
cognitive deficits following SE.

Cognitive deficits that occur in correlation with SE and epilepsy are often associated with
microgliosis and dendritic alterations (Bernard et al., 2004; Brewster et al., 2013; Hall et al., 2015;
Holley et al., 2018). Previous studies showed that reduction of microgliosis with rapamycin,
attenuated cognitive deficits and dendritic loss in the hippocampus (Brewster et al., 2013; Curatolo,
2015; Nguyen et al., 2015). However, rapamycin inhibits mTOR in both neurons and microglia
(Bockaert & Marin, 2015). Here we decreased microgliosis through the inhibition of CSF1R
signaling and found a partial recovery of Map2 immunostaining in the CA1 hippocampus with no
effect on the SE-induced Kv4.1 change, and cognitive defects. Even though we found a recovery
in Map2 in the CAL region of the hippocampus, this may not be sufficient to modulate memory in
this context.

Several factors may contribute to the different outcomes following rapamycin treatment
versus PLX3397 treatment, including length of treatment, dose, and administration route. In this
study our length of treatment, 20 days, was chosen based on multiple factors including average
length of treatment in current PLX3397 literature (EImore et al., 2018; Spangenberg et al., 2016;
Srivastava et al., 2018) as well as the goal of suppressing microgliosis through all events

(inflammation, cell loss, and the accumulation of microgliosis) that occurs during epileptogenesis.
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However, the studies performed with rapamycin showed discrepancies depending on the length of
treatment. Treatment with rapamycin for one to two weeks during epileptogenesis showed a
reduction in seizure severity, recovery of learning and memory deficits, and reduced microgliosis
in the hippocampus in both rat and mouse models of epilepsy (Zhang et al. 2018; H. Zhao, Zhu,
and Huang 2018; Nguyen et al. 2015; Brewster et al. 2013). However, treatment with rapamycin
for over one month does not alter seizure severity or the pathology in mice (Buckmaster and Lew
2011; Zeng et al. 2010). Additional studies are required to determine if inhibiting microgliosis at
specific times points may be more effective treatment. Treatment with rapamycin required a dose
range between 6-10mg/kg given every other day while PLX3397 requires a dose between
30mg/kg-70mg/kg given every day. Treatment with PLX3397 also takes three days to begin
reducing microgliosis while rapamycin treatment reduced mTOR signal within 24 hours (Butowski
et al., 2016; Elmore et al., 2014; Eshleman et al., 2002; Y. Tang et al., 2018). Furthermore,
treatment with rapamycin was given as i.p. injections while PLX3397 was given in orally in chow.
PLX3397 does not dissolve in solution for i.p. injections without the use of other chemicals, while
gastrointestinal absorption has been found to be effective and can reduce stress caused by daily
injections (Deutsch-Feldman et al., 2015; Elmore et al., 2014; Y. Tang et al., 2018). However,
with PLX3397 treatment in food, we were unable to specifically dose the food each day and instead
ended with a range of doses given.

In conclusion, our findings suggest PLX3397-mediated inhibition of CSF1R signaling
reduced microgliosis by 60% in the CA1 region of the hippocampus but did not recover recognition
or spatial memory deficits or fully recover dendritic stability following pilocarpine induced SE.
We also found microglial morphological alterations caused by inhibition of the CSF1R signaling
pathway although the specific biochemical or functional changes to microglial cells are not known.
This suggests that further investigation is required to determine the disadvantage or advantage of
inhibiting microgliosis with PLX3397. Based on our findings we can conclude that microgliosis
controlled through the CSF1R signaling pathway may not be contributing factor to the dendritic
phenotypes associated with hippocampal CAL region injury following pilocarpine induced SE.
Our findings do not support that PLX3397 may be an efficient treatment for the dendritic pathology

or memory deficits that are seen during epileptogenesis in cases of acquired epilepsy.
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