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ABSTRACT

Epilepsy is a neurological disorder characterized by spontaneous recurrent seizures
(SRS) that affects over 65 million people worldwide, making it one of the most common
neurological disorder globally. Etiology for epilepsy is unknown, however, gene mutation
and exposure to neurotoxins or head trauma can cause seizures predisposing brain to
epilepsy. In an acquired experimental models of temporal lobe epilepsy (TLE),
epileptogenesis occurs soon after the induction of status epilepticus. We show herein,
through the characterization of a mouse kainate model, the classical features of
epileptogenesis such as development of SRS and epileptiform spiking patterns to
understand neuronal hyper-excitability, and immunohistochemistry (IHC) on brain
sections to investigate the mechanisms of neuroinflammation caused by reactive gliosis,
synaptic reorganization, and neurodegeneration. These parameters served as a readout for
interventional studies in the rat KA model of TLE.
An inducible nitric oxide synthase (iNOS) and Src family kinase (SFK) mutually regulate
each other’s expression and promote neuroinflammation and neurodegeneration.
Therefore, we tested the disease modifying properties of 1400W, an iNOS inhibitor, and
Saracatinib (SAR), SFK inhibitor, in our rat model. The results conclusively demonstrated
that both 1400W and SAR significantly reduced spike frequency and SRS in 4-6 month of
continuous EEG studies when compared to the vehicle-treated group. IHC on brain sections
and Western blot results revealed reduced gliosis, serum albumin and neurodegeneration
and enhanced Kir4.1 channel levels after 1400W treatment. In addition, SAR decreased
translocation of Fyn and PKC9 into the nucleus with diminished expression of TNFa, IL-

1B and iNOS mRNA; serum IL-6, IL-12, TNFa, IL-1pB levels; and nitro-oxidative stress



markers 4-HNE, gp91°"*, 3-NT and iNOS in the hippocampus suggesting the role of Fyn
as an upstream mediator of neuroinflammation in epileptogenesis. IHC results further
revealed a significant reduction in Fyn and PKCS immunopositive reactive glia and
neurons and neurodegeneration in the brain after SAR treatment. In the vehicle treated
group, Fyn and PKC$ levels were persistently upregulated during post-SE suggesting that
Fyn-PKC3 drives neuroinflammation during epileptogenesis. Collectively, these findings
reveal that iNOS and SFK/Fyn are principal mediators of neuroinflammation during

epileptogenesis, and are potential therapeutic targets to prevent/treat epilepsy.



CHAPTER1

GENERAL INTRODUCTION

Thesis Layout and Organization

The alternative format was chosen for this thesis which include manuscripts that have
either been published, or are being prepared for submission. This thesis contains general
introduction, four research items and conclusion that briefly summarizes the overall research
goals, findings, discussion and future directions for each project. Chapter 1 provides an
overview on epilepsy and its epidemiology, etiology and pathophysiology focusing mainly on
the role of neuronal and glial source of inflammation and the inflammatory mediators involved.
This chapter also introduces to antiepileptic and antiepileptogenic agents and different animal
models of epilepsy. Background and literature review I and II introduces to the general role of
nitric oxide and nitric oxide synthase and Fyn kinase and their signaling during normal
physiological and pathological conditions. The structure, function and pharmacological
properties of therapeutic intervention compounds are also illustrated briefly under this section.
Chapter II describes the effectiveness of repeated low dose method in inducing immediate
epileptogenesis. The finding was based on behavioral convulsive seizures and electrographic
non-convulsive seizures, as evident from the long-term (18 weeks) continuous video-EEG
recordings. Chapter III demonstrates the impact of immediate epileptogenesis on C57BL/6J
mouse, the strain that is resistant to kainate-induced neurotoxicity. It also describes the impact
of mild and severe SE, and spontaneous convulsive/non-convulsive seizures on the structure
and function of the hippocampus, entorhinal cortex, and amygdala at various time-points.
Chapter IV and V describes the disease modifying properties of intervention

compounds/pharmacological inhibitors and gene manipulation (from Fyn” and Fyn"" mice



studies) in modifying epileptogenesis in mice and rat models of temporal lobe epilepsy. The
references from each chapter are listed at the end of the chapter.

All the experimental data and results described by the author in this thesis were
performed during the course of his Ph.D. study at Iowa State University, Department of

Biomedical Scienes, under the guidance of Dr. Thimmasettappa Thippeswamy.

Introduction to Epilepsy

Epilepsy is the fourth most common neurological disorder in humans and animals
worldwide (Beghi, 2016; Bernstein et al., 2010; De Risio et al., 2015; Kirkley et al., 2014;
Pakozdy et al., 2014; Vos et al., 2015). It is a chronic and debilitating disorder that affects both
men and women of all ages (Vos et al., 2015). The lifetime prevalence of active epilepsy
worldwide is ~2% (>65 million people). According to a report from the Centers for Disease
Control and Prevention, it is estimated that ~10% of Americans experience a seizure during
their lifetime and that ~3% of them develop epilepsy by the time they are 80 years of age. In
the United States alone, about 150,000 new cases of epilepsy are reported annually (Austin et
al., 2012; Hesdorffer et al., 2011; Hesdorffer & Begley, 2013; Koh et al., 2014). Epilepsy
affects nearly 3.2 million Americans, and its management, including caregiver expenses, costs
an estimated $15.5 billion annually (Bernstein et al., 2010). Apart from the direct impact of
epilepsy on the economy, the epilepsy disorder spectrum has a huge secondary impact on
physical, psychological, and social issues (Austin et al., 2012; Krumholz et al., 2015).
Although more than 30 antiseizure or antiepileptic drugs (ASDs/AEDs) are available to treat
epilepsy, > 50% of people with epilepsy (PWE) experiencing their first seizure do not become

seizure-free with the first ASD/AED therapy. Moreover, about 17% of PWE require



combination therapy (Krumbholz et al., 2015; Kwan & Brodie, 2000). Whether the first seizure
is appropriately treated or not, or the second seizure is treated, current AEDs do not
reduce/prevent the long-term probability of seizure freedom and comorbidity. Furthermore,
about one-third of PWE are refractory to the current AEDs (Kwan et al., 2011; Musicco et al.,
1997). Although AEDs control seizures in the other two-thirds of PWE, they do not cure or
modify the disease process in temporal lobe epilepsy (TLE) (Kwan et al., 2011). TLE is the
most common type among all epilepsies with cognitive dysfunction as a prevailing
comorbidity (Pearson et al., 2015; Rzezak et al., 2016; Thompson et al., 2016). The majority
of AEDs (including 47 failed drugs in human trials) that are not very effective, or do not cure
the disease, are ion channel-targeted drugs (Temkin et al., 2001; Sharma et al., 2017; Varvel
et al., 2015). This suggests the need for the development of drugs that target alternative
pathways to cure/modify the disease. To achieve this, a better understanding of the mechanisms

of epileptogenesis in animal models is required.

Status Epilepticus

Status epilepticus (SE) is a life-threatning condition which is defined as the continuous
seizurogenic activity when the inhibitory mechanisms fail to terminate seizures and/or
initiation of the mechanisms that cause prolonged seizures leading to the long-term
consequences (Sharma et al., 2017; Trinka et al., 2015). These adverse events can cause long-
term structural, molecular and functional changes in the brain leading to the spontaneous

recurrent seizures (SRS) as shown in figure 1.
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Figure 1. The pathophysiological basis of epileptogenesis. Following SE, long-term adverse events
take place in the brain (also known as a period of epileptogenesis) that lasts from weeks to months
leading to the development of epilepsy characterized by spontaneous recurrent seizures. Neuronal
injury and neuroinflammation plays an important role in the overall pathogenesis of epilepsy.

Several studies have documented the impact of the severity of initial SE on
epileptogenesis and epilepsy in the long term (Loscher, 2002; Mikati, 2004; Pitkanen et al.,
2002; Sharma et al., 2018b; White et al., 2010). Studies have shown that the severity of SE
determines epileptogeneis. Convulsive status epilepticus (CSE) that is experimentally induced
in rodents by neurotoxins such as kainate (KA) or pilocarpine or diisopropylfluorophosphate,
an organophosphate, causes irreversible brain damage if not adequately treated immediately
(Brandt et al., 2016; Furtado et al., 2012; Iyer et al., 2015; Puttachary et al., 2016a; Sharma et
al., 2017). The duration and severity of SE determines the outcome of epileptogenesis.
Traditionally, it has been accepted that the duration of convulsive seizures during SE is
sufficient to cause long-term brain injury/damage to enable the brain to generate spontaneous
seizures—that is, “an enduring epilepticus” (Gastaut, 1983). The initial duration of SE for

humans was 60 min, which was then reduced to 30 min. This duration is now widely accepted



for studies that investigate the long-term consequences of SE—that is, epileptogenesis and
epilepsy (Dodson et al., 1993). Seizures normally self-terminate by activating the inhibitory
mechanism; however, if this mechanism fails it can lead to prolonged seizures (i.e., SE), which
may then require administration of intervention drugs to terminate SE (Manno, 2011). In
chemoconvulsant animal models, it has been known that a minimum of 10 min of convulsive
SE is sufficient to cause brain injury and to induce TLE (Nairismagi et al., 2004; Puttachary et
al., 2015b).

The majority of chemoconvulsant-induced SE in rats and mice will develop progressive
epilepsy, which is generally characterized by reactive gliosis, neurodegeneration, spontaneous
recurrent seizures, and cognitive deficits (Buckmaster, 2004; Rattka et al., 2013; Robel et al.,
2015; Sharma et al., 2018a; Sutula, 2004; White et al., 2010; Williams et al. 2009). SE
induction by chemoconvulsants in mice and rats revealed a huge variation in latency to
convulsive SE onset, duration of CS, and mortality. A refined method of inducing SE with
repeated low dose (RLD) of kainate, 5 mg/kg, administered at 30 min intervals via the
intraperitoneal route, has shown to reduce inconsistency in SE severity across different strains
(Glien et al., 2001; Hellier et al., 1998; Rao et al., 2006). Moreover, the RLD method of kainate
administration revealed that the surgical procedure for intracranial electrode implantation
reduces the threshold for CS onset. About 40% less kainate was required to induce convulsive
SE in the telemetry animals when compared to the non-telemetry animals (Puttachary et al.,
2015b and 2016a; Sharma et al., 2018b). The SE induction by either SHD or RLD of kainate
(i.p.) will lead to the development of epilepsy in the majority of animals. However, the
frequency of spontaneous convulsive (tonic—clonic) seizures significantly varies between

models. For example, the RLD method in both rats and mice induced epilepsy and the



C57BL/6J mice had almost the same numbers of spontaneous CS as the rats during the first
4 weeks, but the frequency of seizures reduced after 4-6 weeks in the mice (Puttachary et al.,
2015b). Interestingly, in a 4-month continuous video-EEG study from the C57BL/6J mouse
kainate model, irrespective of initial severity of SE (severe or mild SE), high numbers of
electrographic non-convulsive seizures (NCS) were detected on EEG, which persisted during
entire length of the study (Puttachary et al. 2015b). However, the frequency of spontaneous
convulsive seizures (CS), a readout for the classification of the severity of disease, was related
to the initial severity of SE in both rats and mice (Bortel et al., 2010; Klitgaard et al., 2002;
Puttachary et al., 2015b and 2016b). Therefore, it is imperative to review and refine the
methods of induction and quantification of severity of SE (the type and duration of seizures)
to understand its impact on the disease progression and, importantly, to determine disease

modifying effects of drugs in experimental models of TLE.

The hallmarks of epileptogenesis

Epileptogenesis is the process that follows immediately after status epilepticus
characterized by a series of molecular and cellular changes in the brain (Chang and
Lowenstein, 2003; Walker et al., 2002; Williams et al., 2009) that continues to occur even after
the development of epilepsy (Loscher, 2015; Pitkanen et al., 2015). Many studies have
provided the evidence that the frequency of SRS continues to increase after the first
unprovoked seizure suggesting that epileptogenesis can be a long and perpetual process
(Dudek and Staley, 2011 and 2012). The fundamental understanding of epileptogenesis comes
from in vivo and in vitro models of acquired epilepsies, primarily focused on focal stroke, post-

traumatic and organotypic hippocampal slice culture models exposed to convulsant conditions,



however, the translational significance of these models is difficult to discern (Heinemann and
Staley, 2014; Pitkanen et al., 2015).

Traditionally, epileptogenesis was limited to the ‘latent period’, the duration between
the brain insult and the onset of spontaneous recurrent seizures. As per the new guidelines of
ILAE, epileptogenesis extends from the time of first brain insult, such as SE, with a
consequence of structural (cellular and molecular) and functional changes in the brain, leading
to a decreased seizure threshold for onset of spontaneous recurrent seizures, which continue to
progress thereafter (Hellier at al., 1998; Kadam et al., 2010; Pitkanen & Engel, 2014; Pitkanen
et al., 2015; Williams et al., 2009). The process of epileptogenesis follows immediately after
SE, and the brain changes continue to progress beyond the first couple of spontaneous seizures.
Several studies have shown that epileptogenesis could start as soon as the SE begins
(Bumanglag & Sloviter, 2008; Loscher & Brandt, 2010; Sloviter, 2008). The hyperexcitability
of neurons, manifested by epileptiform spiking, occurring during SE triggers a series of
overlapping molecular and cellular changes in the brain (Aronica et al., 2017; Barker-Haliski
et al., 2017; Klee et al., 2017). In the rat and mouse kainate models, though the behavioral
seizures stop after diazepam treatment, the electrographic seizures continue to persist for
several hours (Puttachary et al., 2016a). This could be due to the residual effects of kainate in
the brain. Therefore, the initial epileptiform activity during the post-SE period could be due to
the direct effects of kainate receptors’ activation. The hyperexcited neurons modify the internal
and external milieu as a result of altered membrane potential for exchange of ions, which
ultimately sensitizes the glial cells (Vezzani et al., 2007 and 2011). The intrinsic changes that
occur in neurons during SE, and thereafter, determine the fate of the neurons and the brain as

a whole (Varvel et al., 2015). The altered neurons’ intrinsic properties and their subsequent



communication with glial cells can trigger either a compensatory survival mechanism or
neurodegeneration. In a recent in vivo 2-photon live imaging study, it was shown that the
microglia, the resident macrophages of the brain, become activated as early as 30 min
following an insult to the brain. The microglia migrate to the synaptic terminals and engage in
dendritic pruning to limit the damage (Parkhurst et al., 2013; Szalay et al., 2016). In addition,
microglia initially tend to support neuronal survival by producing trophic agents (Vezzani et
al., 2011). The astrocytes, being close to the synaptic terminals and the blood vessels, tend to
support neurons by uptaking the extra synaptic glutamate and potassium, and by transporting
glucose from blood vessels to the neurons (David et al., 2009; Murphy et al., 2017; Puttachary
et al., 2016a; Vezzani et al., 2011). It is also suggested that astrocytes, in concurrence with
endothelial cells and pericytes, regulate blood-brain barrier (BBB) function, which is
compromised during SE (Puttachary et al., 2016a). If these compensatory mechanisms fail,
miscommunication between neurons and glia can turn the normal brain into an epileptic brain.
Therefore, identification of inflammatory molecules that play a critical role in such
miscommunication could be a potential therapeutic target for epileptogenesis (Thippeswamy

et al., 2006).

Role of inflammation in epilepsy

An injury to the brain can elicit production of inflammatory mediators in the blood and
tissues that can activate innate and adaptive immune system. The stimulation of innate immune
system is generally due to the glial and neuronal activation after the injury or SE (Banks et al.,
2010; Vezzani et al., 2011). The consequences of SE are reactive gliosis, excessive production

of reactive oxygen/nitrogen species and proinflammatory cytokines and chemokines, increased



epileptiform spiking, neurodegeneration, excessive neurogenesis (with aberrant migration of
neuroblasts and inappropriate integration), and spontaneous CS with or without mossy fiber
sprouting (Bertram, 2013; Buckmaster, 2010; Goldberg & Coulter, 2013; Ryan et al., 2014;
Sharma et al., 2017; Vezzani et al., 2011). These are some of the well known hallmark features

of epileptogenesis that play an important role in regulating neuroinflammation as shown in

figure 2.
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Figure 2. (a) Common features of epileptogenesis that occur soon after SE. (b) An example of
epileptiform spikes on EEG from an epileptic brain is compared with a normal brain. (¢) IHC images
from the hippocampus (i—vi and ix—x) and the dentate gyrus (vii, viii). The astrocytes [green in (i) and
(i1)] and microglia [red in (iii) and (iv), and green in (ix) and (x)] become reactive (ii, iv, X) in an
epileptic brain. Reactive gliosis causes production of proinflammatory cytokines, chemokines, and
reactive oxygen/nitrogen species to induce neurodegeneration [FJB1 NeuN (vi)]. Red-labeled cells are
NeuN" in panels v, vi, ix, and x. Yellow in (v) and (vi) represents FIB1 cells. Epileptic brain showed
increased production of neuroblasts (pink-labeled cells) in the subgranular zone of the dentate gyrus
(white arrows in viii) in contrast to the control brain (vii). Further details on these parameters and the
quantified data can be found in Puttachary, Sharma, Thippeswamy, et al., 2016, and Puttachary,
Sharma, Verma, et al., 2016. Scale bar, all 100 mm. Adopted and modified from Sharma et al., 2018
(288).
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1. Inflammatory mediators: An overview of their role in epileptogenesis

Inflammation in the central nervous system (CNS) can cause BBB damage by inducing
inflammation through immune cell activation in the brain, serum albumin extravasation and
infiltration of leukocytes from the blood (Banks et al., 2000; Puttachary et al., 2016a). The
conditions like stroke, traumatic brain injury, cerebral infections, hypoxic ischemia etc.
compromises BBB integrity and are also known to induce epileptogenesis by driving systemic
inflammation through cytokine involvement (Vezzani et al., 2011; Wheless et al., 2007). For
instance, the activation of tumor necrosis factor alpha (TNFa) in the immune cells by
lipopolysaccharide (LPS) caused barrier dysfunction by disrupting tight junctions and
modified the transendothelial transport system effecting the normal physiology of the
cerebrovasculature (Kuperberg and Wadgaonkar, 2017). In other models, administration of
kainate in rats caused severe SE which led to the loss of BBB integrity as shown by serum
albumin extravasation, and its increased uptake by astrocytes and neurons in the brain
(Puttachary et al., 2016a). These events activate astrocytes and immune cells such a microglia
that release enormous amounts of proinflammatory cytokines such as interleukin (IL) IL-1p,
IL-2, IL-6, IL-12, TNFa etc. causing neuronal excitotoxicity by increasing calcium influx
through N-methyl-D-aspartate (NMDA) receptor activation (Rana and Musto, 2018; Wilson
et al., 2002). The activation of NMDA receptors, caused by excessive glutamate accumulation,
and increased calcium influx stimulates phospholipase A2 production from the intracellular
stores releasing arachidonic acid that gets converted into prostaglandins in the presence of
cyclooxygenases. The released prostaglandins, after binding to its receptors (EP1 and EP2),
increases intracellular calcium production and mediates cAMP activation leading to excessive

neuronal hyperexcitability resulting in chronic epileptic conditions (Lalitha et al., 2018).
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The activation of glial cells and hyperexcitation of neurons cause enhanced production
of interleukins, interferons, growth factors, chemokines, TNFa, cyclooxygenases, nitric oxide,
prostaglandins, adhesion molecules and HMGB1 complement activation (Rana and Musto,
2018; Vezzani et al., 2011 and 2013). The release of such molecules cause further loss of BBB
integrity generating seizures of high severity (Rana and Musto, 2018; Sanchez-Munoz et al.,
2008; Vezzani et al., 2011; Yarlagadda et al., 2009;). Moreover, the release of aforementioned
factors also cause the activation of transcriptional and non transcriptional events in glia and
neurons modulating ion channels’ release of excitatory and inhibitory neurotransmitters such
as glutamate and GABA hence worsening neuroinflammation (Rana and Musto, 2018; Vezzani
et al., 2013). The clinical studies from the patients suffering from focal cortical dysplasia,
Hashimoto’s encephalopathy, Rasmussen encephalitis, systemic lupus erythematosus, Crohn’s
and other autoimmine diseases have also shown the stimulation of immune regulation in these
patients suggesting an important role of immune system activation in different forms of

epilepsies (Bien et al., 2007; Dalmau et al., 2008; Rasmussen et al., 1958).

2. Seizure: A consequence or cause of inflammation?

The reports from multiple animal and human studies have shown that the inflammation
can be a cause as well as a consequence of epilepsy (Choi et al., 2009; Vezzani et al., 2011 and
2013). Numerous studies on experimental models of TLE have demonstrated that chronic
seizures during SE causes increased production of proinflammatory cytokines and later,
generation of SRS leading to altered neuronal hyperexcitability and the maintenance of
seizure-induced neuropathology (Balosso et al., 2005; Samland et al., 2003). The cytokines

such as chemokines, a chemoattractant molecules, guide the migration of leukocytes from the
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blood to the site of injury in the brain across the cerebrovasculature (Wilson et al., 2010).
Under normal conditions, these molecules regulate physiological functions such as microglial
motility, membrane ruffling, axonal guidance, maintenance of synaptic plasticity, angiogenesis
and neurogenesis (Semple et al., 2010). But under pathological conditions, when they are
highly upregulated, cause infectious, inflammatory and neurodegenerative diseases (Murdoch
and Finn, 2000). The clinical studies on the refractory epileptic patients have shown that the
excessive production of chemokines cause damage to the cerebrovasculature allowing
leukocyte migration and infiltration into the brain parenchyma compromising BBB integrity
(Fabene et al., 2008; Librizzi et al., 2010; Ravizza et al., 2008). IHC and other studies on the
rodent models of epileptogenesis have demonstrated the upregulation of inflammatory
mediators, reactive gliosis, markers of oxidative and nitrosative stress and neurodegeneration
in the hippocampus and other regions of the brain in various cell populations (Puttachary,
2015a and 2016a and 2016b). The findings from these studies have shown that the immune
cells such as microglia becomes activated as early as 4h post-SE with the upregulation of
molecules like Fyn and PKC3 in the brain and proinflammatory cytokines in the serum in
infected animals (Sharma et al., 2018a). Some of these early events are followed by an
upregulation of arachidonic acid, COX-2, inducible nitric oxide synthase, prostaglandins,
series of complement cascade proteins and oxidative stress markers such as 4-HNE, gp91Phox
and 3-NT in glial cells and neurons (Aronica et al., 2007; Rozovsky et al., 1994).

Oxidative stress and mitochondrial dysfunction have long been recognized as key
mechanisms involved in several neurological disorders. An emerging evidence confirms that
oxidative stress manifests as a consequence of the first seizure insult, which turns out later to

become a major cause of epileptogenesis (Liang and Patel, 2006). During brain injury, a
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significant increase in neuronal glucose uptake and metabolism takes place (de Graaf et al.,
2004; Liang and Patel, 2006) followed by an increase in the cerebral blood flow to cope up
with the glucose hypermetabolism that results in lactate accumulation, therefore overwhelming
the normal glycolysis and tricarboxylic acid cycle. The recurrent seizures results in
overproduction of mitochondrial superoxide radicals in rodent models (Puttachary et al.,
2015a) that gets converted to hydroxyl radical via Fenton and Haber-Weiss reaction. The
hydroxyl radical in the presence of Cu®" and Fe?" ions readily oxidizes proteins, lipids, and
DNA resulting in altered protein function, membrane permeability, and gene expression,
respectively. These events increase neuronal excitability and decrease seizure threshold.
Several lines of evidence showing the link between oxidative stress and the mitochondrial
dysfunction, due to seizures, have been observed in human patients and rodent models of TLE.
For example, changes in the mitochondrial membrane potential and increased nicotinamide
adenine dinucleotide phosphate (NADPH) levels, (Kann et al., 2005), inactivation of
mitochondrial aconitase levels after SE, reduction of mitochondrial N-acetyl aspartate (a
metabolite synthesized from aspartate and acetylcoenzyme) (Helms et al., 2006), dysfunctional
electron transport chain complexes (1, 3, and 4) (Chuang et al., 2004), rise in mitochondrial
H>0O» production, lipid peroxidation (increased malondialdehyde and thiobarbituric acid) and
mitochondrial DNA damage following a seizure (Cini and Moretti, 1995; Dexter et al., 1989;
Pizzol et al., 2000). The above data from animal and human models suggest that the process
of epileptogenesis, after SE, is a continuous process of inflammation development and
progression that gets worse over time, as evident from the human and animal chronic epilepsy
studies supporting the notion that inflammation can be the cause of seizures (Vezzani et al.,

2011).
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Another question that also arises is whether seizure is the cause of inflammation or not
is a chicken-egg-chicken situation. Several lines of evidence confirms that brain inflammation
promotes neuronal excitability (Vezzani et al., 2011). Studies from the experimental models
have shown the activation of proinflammatory mediators such as TNFa and IL-1 and the role
of complementary proteins in seizure generation and exacerbation (Xiong et al., 2003). Other
lines of evidence includes occurrence of seizures during fever, also known as febrile seizures.
Elevated inflammation in the neurons of the hypothalamus modulate systemic inflammatory
response by recruiting inflammatory mediators such as cytokines and prostaglandins from the
system (Berg et al., 1998; Zetterstrom et al., 1998). This further regulates and increases the
production of proinflammatory cytokines, TNFa and IL-1p, within the brain during fever and
reduces the threshold for seizures by generating more of such cytokines (Gatti et al., 2002).
Furthermore, the activation of TLR4 receptors, after LPS or HMGBI1 binding, have also been
shown to cause seizures following inflammation. TLR4 activates MYD88-TRAF6 complex
and phosphorylates MAP kinase resulting in NFkB translocation to the nucleus stimulating
transcription of proinflammatory genes causing hyperexcitation and inflammation (Lalitha et
al., 2018). An increased transcription of these inflammatory mediators activate their receptors
on the glial cells leading to a vicious cycle of seizures and inflammation (Lalitha et al., 2018;

Vezzani et al., 2011).

3. Oxidative stress and temporal lobe epilepsy
An insult to the brain (such as the first seizure) causes excitotoxicity,
neuroinflammation and production of reactive oxygen/nitrogen species (ROS/RNS). ROS and

RNS produced during status epilepticus negatively overwhelms the mitochondrial natural



15

antioxidant defense mechanism. This leads to mitochondrial dysfunction and damage to the
mitochondrial DNA. This in turn affects synthesis of various enzyme complexes involved in
electron transport chain. The resultant effects that occur during epileptogenesis include lipid
peroxidation, reactive gliosis, hippocampal neurodegeneration, reorganization of neural
networks and hypersynchronicity. These factors predispose the brain to spontaneous recurrent

seizures, which ultimately establishes into temporal lobe epilepsy (Puttachary et al., 2015a).

3.1 Free radicals of oxygen and nitrogen species

Under normal physiological conditions, ROS and/or RNS levels are fairly well
controlled to perform important functions such as autophagy, chemical signaling, cell division,
and mitogen activated protein kinase signaling and apoptosis (Mao and Franke, 2013). Due to
a highly reactive nature of these molecules, the ROS and/or RNS are tightly regulated. The
mitochondrial dysfunction due to excessive generation of ROS and RNS is a continuous
process during epileptogenesis which is normally associated with neurodegeneration (Patel,
2004).

The free radicals contain one or more unpaired electrons in their outermost shell which
confers them for being chemically reactive. They are generated either by a loss or a gain of an
electron during homolytic cleavage (Cardenas-Rodrigues at al., 2013; Lobo et al., 2010). The
resultant effect of this cleavage is the formation of free radicals which may or may not carry
an electric charge. Due to the presence of an excess electron or a lack of electron in their
outermost orbits, these radicals behave as a strong oxidizing or reducing agents. Free radicals
are highly unstable reactive species which can initiate a chain reaction by pulling electrons

from the nearby molecular fragments to form stable bonds. As a result of this, the
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morphological and functional changes take place in proteins and lipids that can impact cellular
and mitochondrial DNA. This results in cross-linking of base pairs causing gene mutations and

generation of free radicals. The free radicals of oxygen and nitrogen species include hydroxyl
radical (OH"), superoxide anion (Oy"), hydrogen peroxide (H20,), alkoxy radical (RO), peroxy

radical (ROO), hypochlorite (C10°), nitric oxide radical (NO-), peroxynitrite radical (ONOO"),
nitroxyl anion HNO, nitrosonium cation (NO"), higher oxides of nitrogen (N2O3, NO2-), and
S-nitrosothiols (RSNO) (Cheeseman, 1993; Puttachary et al., 2015a). The production of these

radicals within the cell in excessive amounts lead to oxidative stress.

3.2 Free radical production and oxidative stress

An oxidative stress generally refers to a biochemical state where ROS or RNS
production is upregulated resulting in damage to the cell membrane, proteins, enzymes, and
DNA components within the nucleus and the mitochondria (Cardenas-Rodriguez, 2013).
Majority of RNS are generated from the interactions between nitric oxide (NO) and molecular
oxygen. NO is a second messenger/signaling molecule, which can also act as a free radical due
to the presence of an unpaired electron in its outermost orbit (6 valence electrons from oxygen
and 5 from nitrogen) (Puttachary et al., 2015a). NO is produced from the substrate L-arginine,
with the help of a co-factor NADPH and molecular oxygen, and enzyme nitric oxide synthase
(NOS). There are three major isoforms of NOS: (a) neuronal NOS (nNOS) produced by
neurons, (b) endothelial NOS (eNOS) expressed mainly in endothelial cells, and (c) inducible
NOS (iNOS) expressed in immune cells, astrocytes and also in neurons. The roles performed
by NO varies based on its synthesis from NOS and the tissue it is synthesized in (Alderton et

al., 2001; Knowles and Moncada, 1994). The physiological concentrations of NO produced by
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nNOS regulate calcium dependent protein modification (S-nitrosylation), energy metabolism
(through cytochrome C oxidase), synaptic plasticity, and neuroprotection. The NO produced
by eNOS plays an important role in calcium dependent cyclic guanosine monophosphate
(cGMP) mediated vasodilation and helps in maintaining a vascular tone of the cerebral blood
vessels. The NO by iNOS is important for immune response or killing pathogens by generating
free radicals (Cosgrave et al., 2010; Thippeswamy et al., 2005 and 2006). However, excessive

amount of NO produced by iNOS-mediated mechanism is harmful to the host cells.
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Figure 3. Biochemical reactions of ROS/RNS production and their mitigation by endogenous
antioxidants. Components in blue represent nonenzymatic antioxidants; green represents oxidative and
antioxidant enzymes; and small red explosion sign represents generation of free radicals. NOX is the
key enzymatic source of ROS. It reduces oxygen to superoxide anion and hydrogen peroxide. O,- forms
H,0O, which is the most reactive radical among its group that is produced via Fenton reaction. OH- leads
to lipid peroxidation by producing harmful metabolites such as MDA and 4-HNE leading to
mitochondrial dysfunction and cell death. It also produces HOCI- and PhO- which are extremely toxic
oxidants that disrupt tight junctions and increase paracellular permeability. H>O, is eliminated by CAT,
in peroxisomes, and GPx (location varies). At rapid rates, superoxide anions compete with NO which
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results in the formation of highly reactive molecule called peroxynitrite (ONOO- ), in cytoplasm,
leading to increased ROS production, oxidation of DNA, RNA, and proteins, ion channel dysfunction,
and loss of bioactive NO-. Peroxynitrite inactivates Mn-SOD, thereby increasing the flux of superoxide
anions available to react with NO. SOD catalyzes the reduction of superoxide anions into H>O, in
mitochondria in the presence of enzymes GPx and CAT; H,O» gets converted into water and oxygen.
Antioxidant enzymes such as GPx oxidize GSH to GSSG and GSHred recycles GSH back from GSSG.
NADPH gets reduced to NADP by GSHred. GSH/GSSG is a commonly used biomarker of oxidative
stress in biological systems. However, GPx also catalyzes H,O, into H>O by using reduced TRXred.
Antioxidant defense against toxic oxygen intermediates comprises an intricate network which is heavily
influenced by nutrition (vitamins A, E, and C and fatty acids). CGS plays an important role in
glutathione metabolism and acts as an antioxidant in glial cells such as astrocytes. Extracellular
oxidized cysteine is reduced to cysteine by thioredoxin reductase or glutathione that helps to maintain
the steady state balance between antioxidants and ROS. ROS, reactive oxygen species; NADPH,
nicotinamide adenine dinucleotide phosphate; NOX, NADPH oxidase; SOD, superoxide dismutase
(Cu/Zn—copper/zinc, Mn—manganese); CAT, catalase; O, -, superoxide anion; H>O,, hydrogen
peroxide; NO, nitric oxide; ONOO—, peroxynitrite; HOCI, hypochlorous acid; PhO- , phenoxy radical,;
OH- , hydroxyl radical; GSH, glutathione; GSSG, oxidized glutathione; TRXox/red, thioredoxin
reduced and oxidized; TRXred, thioredoxin reductase; GSHred, glutathione reductase; GPx,
glutathione peroxidase; CGS, cystine/glutamate antiporter system. Adopted and modified from
Puttachary et al., 2015 (251).

Generation of free radicals under normal and pathological conditions within a cell is
shown in Figure 2. In the cytoplasmic membrane, NADPH oxidase reduces molecular oxygen
into superoxide anion (O2"). These superoxides can also be generated by the action of molecular
oxygen on xanthine oxidase during the production of uric acid. These superoxides are
converted into H>O» in the presence of superoxide dismutase (SOD). H>O> is a lipophilic
molecule, which crosses lipid membranes into peroxisomes where it is finally eliminated by
catalase (CAT) releasing H>O and O (Bae et al., 2011; Puttachary et al., 2015a). However, if
the antioxidant action of SOD or CAT is impaired, the reaction of superoxide with H>O; yields
toxic OH radical in the presence of Fe** (called Fenton and Haber-Weiss reaction). These OH
radicals can also be generated by the action of superoxides on hypochlorite (C107) (Bradman
et al.,, 2011; Puttachary et al., 2015a). The hypochlorite (C10") is formed by the action of

chloride (CI') on H202, a reaction catalyzed by peroxidases. The OH radical is a harmful free
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radical of oxygen which has a short half-life but remains highly reactive. Further, the hydroxyl
radical can also react with NO to form peroxynitrate (ONOO"), a powerful oxidizing agent that
causes lipid peroxidation, tyrosine nitration, and cytotoxicity (Halliwell et al., 1999). Other
molecules such as NADPH oxidase and cyclooxygenase-2 (COX-2) also plays an important
role in the production of free radicals and oxidative stress. At basal levels, NADPH oxidase
plays a role in learning and memory consolidation (Aguiar et al., 2012; Infanger et al., 2006).
However, under pathological conditions such as TLE, NADPH oxidase overproduces
superoxide ions to initiate neuroinflammation and neurodegeneration (Gao et al., 2003; Sorce
et al., 2012).

In addition to NADPH oxidase, the COX-2 also upregulates ROS by producing
prostaglandins (specifically, F2 and H) (Madrigal et al., 20065 Puttachary et al., 2015a). It has
been shown that prostaglandins stimulate astrocytes to produce proinflammatory cytokines
initiating signaling mechanisms leading to neuronal death (Bezzi et al., 1998; Puttachary et al.,
2015a). COX-2 is also responsible for generating number of inflammatory responses in the
immue cells such as neutrophils (Ricciotti and Fitzgerald, 2011; Puttachary et al., 2015a).
Clinical and animal studies have shown that COX-2 inhibition prevents lipid peroxidation by
downregulating prostaglandin synthesis, and therefore can be a potential therapeutic target in

the treatment of epilepsy (Madrigal et al., 2006; Serrano et al., 2011).

Antiepileptic and entiepileptogenic agents, and animal models of epilepsy
The vast majority of currently available anticonvulsant drugs have been, presumably,
thoroughly screened using a battery of preclinical high-throughput tests. The most common

methods used are acute seiure mouse/rat models such as maximal electroshock seizures (MES)
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and pentylenetetrazole (PTZ) and electrophysiology of brain slices, and in recent years, the
zebra fish model has been proposed (Baraban, 2013; Loscher, 2010; Rowley & White, 2010;
White, 2002). The test drug of interest is administered either before inducing seizures or
coadministered with chemoconvulsants to understand the therapeutic effect of the drug in
controlling seizures. Indeed, this approach is useful for screening test compounds intended for
the discovery of anticonvulsive drugs, but the outcome does not reveal whether the chosen
compound would be useful as a potential antiepileptogenic and/or antiepileptic agent.
Therefore it is important to screen any potential antiepileptic or antiepileptogenic test drug in
relevant and highly reproducible preclinical/animal models of epilepsy to further advance it as
a therapeutic agent.

The rat kainate chronic model of TLE is the most appropriate model for testing disease-
modifying agents post-SE. Unlike certain mouse models, the rat kainate model has several
advantages for studying epileptogenesis. The early epileptogenic hallmarks (the “disease
promoters”), such as reactive gliosis, proinflammatory cytokine production, and
neurodegeneration, are consistent, and spontaneous CSs are progressive in nature in the rat
model, in contrast to the mouse model, especially with respect to frequency of CSs (Bertram
et al., 1990; Jorgensen et al., 1993; Puttachary et al., 2016a; Rao et al., 2006; Vezzani et al.,
2011; Williams et al., 2007 and 2009). Moreover, rats are easier to perform complicated
procedures such as surgeries for electrode implantation, serial blood draws and also gives large
sample volumes. The physiology of rat is closer to the humans (with 90% genome similarity)
which helps to understand the complex physiological interactions in humans more accurately
(Ellenbroek and Youn, 2016; Lannaccone and Jacob, 2009). Most of the genes responsible for

human diseases are also present in the rats making them the most suitable model to study
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neurodegenerative disorders. Moreover, rats have metabolic and physiological similarities,
superior behavior modeling (rich behavior profile) and also technical advantages over mice
making them a perfect model for mimicking human diseases. Rats are also more reliable in
terms of drug efficacy and safety studies, that’s why rats are preferred over mice for drug
testing due to numerous pre-clinical and translational failures in mice. This might be due to the
difference of response in their nervous and endocrine systems. For example, neurotransmitter
receptor for serotonin (5-HT6) mRNA are higher in rats compared to mice. It is involved in
reward, cognition, motor functioning and emotional regulation and also plays an important role
in neuropsychiatric disorders. Pharmacological agonists/antagonists of 5-HT6 may not work
well in mice but may work well in rats making them more suitable model for neurodegenerative
disorder research (Ellenbroek and Youn, 2016).

It is also important to note that in some mouse models, even though the initial SE is
severe and prolonged, the development of epilepsy may be compromised and may not manifest
the classical features of epileptogenesis, such as progressive increase in the frequency of
spontaneous CSs. For example, the SE induced by repeated low doses of kainate (i.p.) in a
C57BL/6J mouse model produced severe SE, and continuous video electroencephalography
(EEG) confirmed that they developed epilepsy in less than 5 days (Puttachary et al., 2015b;
Sharma et al., 2017). A similar rapid epileptogenesis has been reported in the mouse
pilocarpine model (Mazzuferi et al., 2012). The spontaneous CSs persist for about 4 to 6 weeks,
but they become infrequent thereafter. However, electrographic nonconvulsive seizures
(NCSs) persist for a longer period, up to 4 months post-SE (Puttachary et al., 2015b).
Intrahippocampal kainate administration in the mouse model also produced similar results with

respect to infrequent CS, but frequent electrographic NCS (Klee et al., 2017) and widespread
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granule cell dispersion have been reported (Hester & Danzer, 2014; Murphy & Danzer, 2011;
Suzuki et al., 2005). This could be due to the direct impact of intrahippocampal injection of
kainate. It is also important to note that the kainate-induced SE via the intraperitoneal route in
transgenic mice, bred on C57 genetic background (e.g., eGFP expressing mice), caused
inconsistent epileptogenesis resulting in ~5 spontaneous CSs in the first month, and the CSs
were completely absent in subsequent months (Sharma et al., 2017). However, as in the
C57BL/6J mice, large numbers of electrographic NCSs persisted in transgenic mice in a 4-
month continuous video EEG study. Therefore, mouse kainate (i.p.) models are not suitable
for chronic studies if the experimental objective is to determine the effects of a disease modifier
on the frequency of CSs. However, they can be useful to assess the impact of drugs on
epileptiform spikes and/or electrographic NCSs in the absence of a CS paradigm. Therefore,
in such scenarios, one could consider NCS and spike trains as variables, instead of CS, to
compare between control and drug-treated groups. To mimic human TLE for translational
purposes, a rat kainate model is more suitable in terms of the progressive nature of the disease
because the frequency of spontaneous CSs increases consistently over time in rats in contrast
to mouse kainate models (Sharma et al., 2017).

In a recent review article by Loscher et al., the impact of inter- and intrastrain
differences in rats and mice for epilepsy research has been thoroughly discussed (Loscher et
al., 2017). According to this review, the following variables should be controlled to achieve
reproducibility and rigor, and to minimize experimental bias in epilepsy research. These are
environmental (housing, enrichment, food, water, and litter size); experimental (seizure
frequency and duration, and seizure threshold); biological (age and sex); and genetic (genetic

background and gene manipulation). He also highlighted the relevance of strain-specific
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differences in mice and rats and their implications in determining the choice of experimental
models of seizure/epilepsy. The vast variation in seizure susceptibility in animal models is due
to the diversity of their outbred genetic backgrounds. However, the C57BL/6J inbred mice
response to chemoconvulsants such as kainate also varies between batches of mice and the
source (Chaix et al., 2007; Bryant et al., 2008; Loscher et al., 2017; Sharma et al., 2018b).

In rats, the route of kainate administration, use of anesthesia while administering the
kainate, and the strain used in the experiments also impact SE and epileptogenesis (Golden et
al., 1995; Sharma et al., 2008). With respect to sensitivity and variability of response to a single
dose of kainate by subcutaneous route, the Fischer-344 (F-344) rats are reported as a reliable
strain (Golden et al., 1995; Sharma et al., 2008). In the adult male F-344 rats study, a single
dose of kainate at 9 mg/kg (s.c.) induced SE in 93%, of which 95% survived and 80%
developed epilepsy (Sharma et al., 2008). In another long-term study in F-344 rats, the kainate
(3 mg/kg) was administered repeatedly at 1-hr intervals for 4 hr to induce SE (Rao et al., 2006).
In this F-344 rat model, the duration and severity of seizures increased from the third to fourth
month, and the average number of seizures was 2.57 to 2.63 per hour. Therefore, F-344 rats
may be appropriate to model the extreme severe spectrum of the disease.

The diazepam is commonly used to terminate behavioral seizures. It is well
documented that diazepam indeed controls behavioral seizures, but it has little or no impact on
electrographic events if the SE is severe (Apland et al., 2014; Goodkin et al., 2008; Qashu et
al., 2009). However, diazepam does suppress epileptiform activity in animals with mild SE.
Diazepam has been known to reduce neurodegeneration after prolonged SE, but not in the
hippocampus during epileptogenesis (Apland et al., 2014; Qashu et al., 2009). However,

diazepam administration minimizes mortality to some extent and controls variability in the
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duration of behavioral SE between animals (Puttachary et al., 2014, 2015b and 2016a).

The animal models have greatly improved our understanding of epilepsy which has
proven to be very helpful in screening the novel candidate compounds for the treatment of
epileptogenesis and epilepsy. However, there is still a growing concern about the efficacy of
the new AEDs which hasn’t improved in the recent years, especially in the case of refractory
epilepsy (Loscher, 2010). It is important to note that some of these drugs that have been tested
works well in the humans, against nonconvulsive seizures, but doesn’t work well with animal
models of PTZ, and other similar models. So it is important to understand the mechanism of
AEDs action and right models should be chosen in order to predict right efficacy of AEDs

against different kinds of seizure/epilepsies (Loscher, 2010).

Role of glial cells and neurons in CNS

The most important cells in the central nervous system are microglia, macroglia and
neurons. The macroglia, of neuroecodermal origin, includes astrocytes, radial glia, ependymal
cells and oligodendrocytes in the CNS and schwann cells, satellite cells and enteric glial cells
in the peripheral nervous system (PNS) (Allen and Barres, 2009; Bezzi and Volterra, 2001;
Walz, 1989). Neurons are the most important cells of the brain that functions by releasing
signaling molecules called neurotransmitters, which requires calcium release during the action
potential. The most basic functions of neurons include acquiring information through
neurotransmitters, integrating the received information and communicating it between the
cells/target cells such as other neurons, glial cells, muscle or gland cells etc (Allen and Barres,
2009; Bezzi and Volterra, 2001). The glial cells help to deliver all the necessary ingredients

required for the proper functioning of the neurons and also provide protection. They maintain
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normal and balanced homeostasis within the CNS by clearing out the pathogens and dead
neurons from the system (Bezzi and Volterra, 2001). Glial cells such as astrocytes play an
important role in maintaining the integrity of BBB by providing nutritional support, such as
glucose and amino acids, to neurons from the blood vessels and surrounding tissues (Prat et
al., 2001). Neuroglia, also called an information system of CNS, provide structural and
metabolic support (Allen and Barres, 2009; Bezzi and Volterra, 2001; Walz, 1989), protection
and nutrition to the neurons (Allen and Barres, 2009). They also help to keep ion balance in
the extracellular space in control and play an important role in the maintenance of synaptic
plasticity (Bezzi and Volterra, 2001; Walz, 1989). Glial cells cannot propagate action potential
on their own, they release gliotransmitters which have receptors either on the other glial cells
or on neurons to regulate neuronal function with the help of calcium release. Although neurons
are the main cells in the brain that have the capability to control all the necessary functions of
other organ systems in the body, they still need to communicate and interact with glial cells
for this purpose. The glial cells in turn helps protect neurons by providing the structural,
metabolic, functional and pathogenic support (Fields and Stevens-Graham, 2002). In the
peripheral nervous system, glial cells are responsible for myelination, repair, regeneration and
survival of peripheral axons by secreting growth promoting factors such as neurotrophins,
transforming growth factor beta 1 and glial cell-line derived neurotrophic factor (Madduri and
Gander, 2010; Pfrieger, 2009; Toy and Namgung, 2013; Zuchero and Barres, 2015). During
pathological conditions, neuron-glia miscommunication occurs that causes modulation in the
functional activity of glial cells generating release of proinflammatory molecules resulting in

neuroinflammation and/or neurodegeneration. Therefore, it is extremely important to have
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thorough understanding of neuronal-glia communication in order to fully understand their role

during pathological conditions.

1. Role of microglia in pathophysiological conditions

Microglia are the resident immune cells, derived from the mesenchymal origin, that
plays a crucial role in immune surveillance of the CNS. First discovered by Rio Hortega
between 1919 and 1921, the macrophage like phagocytic properties revolutionized their role
in CNS research. Their origin in CNS has been a topic of debate for a while and so far, only
two theories have been proposed linked to their origin. First theory proclaims that they are
derived from primitive and infiltrating myeloid cells during the first week of embryonic
development in the yolk sac and according to the second theory, they populate the brain from
the circulating monocytes during the postnatal period (Andjelkovic et al., 1998; Lisboa et al.,
2016). Microglia have various subpopulation forms in the CNS based on their morphology and
activation. These subtypes include M0, M2a, M2b, M2¢, M2d and M1 (Franco and Fernancez-
Suarez, 2015). M2 microglia, also known as ramified microglia, have anti-inflammatory
properties, play a significant role in the maintenance of CNS homeostasis and plasticity,
synaptic pruning, clearing of dying cells, removal of pathogens through phagocytosis, neural
development, attenuation of inflammatory response, regulating neurotransmitter release,
neurogenesis, release of neurotrophic factors, tissue/synaptic remodeling, healing and repair.
On the other hand, M1 microglia, activated state amoeboid or rod-shaped, generally play a role
in the regulation of inflammation by secreting proinflammatory cytokines and chemokines,
BBB permeabilization, oxidative damage, neuronal death and recruitment, differentiation and

activation of Th1 and Th17 cells (Dheen et al., 2007; Streit et al., 2004; Streit et al., 2014).



27

An inflammation activates body’s innate immune system that fights infection by
recruiting immune cells at the site of infection. Microglia are continuously scanning and
surveilling our CNS microenvironment for the presence of any foreign pathogens and are the
first cells to get activated in response to any kind of neuronal injury or infection (Nimmerjahn
etal., 2005). Under some circumstances such as infection, these immune cells get overactivated
and cause neurological problems associated with Alzheimer’s, Huntington’s, Parkinson’s
disease, Multiple Sclerosis and Epilepsy. During these conditions, microglia regulate
enormous leukocyte infiltration in the CNS (Almolda et al., 2015), release excessive
proinflammatory cytokines such as TNFa, IL-1f, IL-2, IL-6, IL-12 and chemokines CCL2,
CCL20, monocyte chemoattractant protein-1 (MCP-1) and eotaxin, increase release of iNOS
to generate NO causing protein nitrosylation, stimulates production and release of reactive
oxygen and nitrogen species (Franco and Fernandez-Suarez, 2015), activates complementary
system and stimulates COX-2 to produce prostaglandins. Microglia also causes increased
levels of RANTES, which is responsible for T cell migration during infection (Chhor et al.,
2013). In C57BL/6J mice Theiler’s virus model of encephalitis, Kaufer et al. (2018) recently
demonstrated that induction of seizures caused increased expression of chemokine receptors,
CCR2, in monocytes and CX3CR1 in microglia. This caused enhanced myeloid cell
accumulation in the hippocampus of the wild type animals which resulted in neurodegeneration
while in CCR27/" knockouts, neurodegeneration was reduced but this did not prevent
occurrence of spontaneous recurrent seizures after the viral infection (Kaufer et al., 2018). The
transcription of proinflammatory genes occur rapidly in the microglia following
aforementioned events. All these functional changes in microglia, during inflammation, cause

abnormal neuronal signaling which results in hyperexcitation and therefore neurodegeneration.
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Numerous reports have discussed the activation of survival mechanisms that occurs
concomitantly with neurodegenerative mechanisms (Buckmaster and Dudek, 1997; Vezzani et
al., 2011). These mechanisms however depends upon several factors such as severity of the
insult, time of glial activation, region of the brain involved, time and duration of insult and
recruitment and activation of intercellular signaling molecules (Foresti et al, 2011). This
regulated activation of microglia secretes certain growth factors such as brain- and glial cell
derived neurotrophic factors and anti-inflammatory cytokines (IL-10 and IL-4) to attenuate
infection, facilitate neuronal survival and maintain cellular homeostasis (Glezer et al., 2007;

Napoli and Neumann, 2010).

2. Role of astrocytes in pathophysiological conditions

Astrocytes, first identified by Virchow in 1846 as a glue filling the interstitial fluid (Cui
et al., 2012), are star-shaped cells in the CNS that play a significant role in the maintenance of
the ionic balance, integration of the BBB, regulation of synaptogenesis and neurogenesis,
immune modulation, provision of metabolic support to neurons/energy metabolsim, regulation
of glutamate and potassium levels in the cell and in extracellular space, maintenance of gap
junctions and production of anti-oxidants such as glutathione by regulating glutathione-
cysteine antiporter system (Coulter and Steinhauser, 2015). Astrocytes are the most abundant
type of glia cells in the brain and their concentration varies from species to species. They play
a significant role in regulating neuronal functions. For example, they help to meet metabolic
demands of the neurons by supplying nutrients from the blood vessels with the help of
astrocytic end feets (Cui et al., 2012). Moreover, they also make ‘tripartite synapses’ with the

pre- and post-synaptic neurons to regulate integration of synaptic function by means of
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neurotransmitters and gliotransmitter release at these synapses, through calcium dependent
mechanisms, controling electrophysiological excitability of the nerve cells (Cui et al., 2012).
Most of this activity is controlled by astrocyte mediated glutamate release in the hippocampus,
thalamus and olfactory bulb which governs synaptic plasticity in neurons by activating
ionotropic (such as NMDA) and metabotropic glutamate receptors releasing calcium (Bezzi et
al. 1998). Numerous studies employing molecular genetic approaches targeting calcium, using
glutamate antagonists and IP3R2 knockout transgenic mice, have highlighted the importance
of calcium-mediated glutamate gliotransmission in astrocytes regulating neuronal functions.
Apart from glutamate, other astrocytic neuroactive molecules known to regulate neuronal
functions are p-serine, GABA and adenosine triphosphate. p-serine impacts synaptic activity
through the induction of LTD and LTP in the prefrontal cortex (Fossat et al., 2011; Panatier et
al., 2006). Astrocytic GABA synthesizing enzymes such as GAD67 and GABA-T has been
shown to play an important role during development (Lake, 1992; Ochi et al., 1993). Astrocytic
GABA also mediates tonic inhibition through Bestl ion channels in cerebellum and CAl of
hippocampus (Lee et al., 2010; Yoon et al., 2011). Moreover, astrocytic GABA receptors
inhibits proinflammatory molecules such as TNFa through calcium dependent manner and
transport of GABA through GABA transporters in calcium-independent manner (Lee et al.,
2010). Adenosine triphosphate (ATP) has been shown to regulate calcium release and glial-
neuronal communication via the activation of purinergic receptors on neurons (Zhang et al.,
2003). An active metabolite of ATP, adenosine, plays an anti-inflammatory role by activating
Al receptors and inhibiting glutamate release, as has been shown in various animal models. It
also plays a significant role in sleep homeostasis, synaptic plasticity and memory formation

(Hasko et al., 2008; Panatier et al., 2006).
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Besides playing a crucial role in regulating neuronal functions under normal
physiological conditions, astrocytes also play an important role during pathological conditions
in the CNS. Like microglia, these cells change their morphology in response to a change in
their microenvironment and becomes reactive during inflammation (Cui et al., 2012; Pekny
and Pekna, 2016). The morphological and pathognomonic features of reactive astrocytes
include hypertrophic cell body, increased cell density at the inflammation site, short and thick
processes, release of proinflammatory factors, increased expression of GFAP and vimentin,
reduced potassium buffering (downregulation of potassium channels), reduced glutamate
uptake/change in glutamate homeostasis (impaired glutamate transporters), excitotoxicity,
oxidative stress and glial scar formation (Eddleston and Mucke, 1993; Sofronview et al., 1999).
Like microglia, reactive astrocytes are also known to play a neuroprotective role during
neurodegenerative conditions depending on the region, time, duration and severity of the insult.
For example, ablation of reactive astrocytes was shown to cause neurodegeneration and
increased neuroinflammation in the brain of adult transgenic mice (Sofronview et al., 1999).
Other studies have demonstrated its role in neural and oligodendrocitic repair and protection
from inflammation in traumatic brain injury models in transgenic mice (Sofronview, 2010).
To date, most of the studies on astrocytes in the animal models of inflammation have primarily
confirmed their role in regulating inflammation rather than as neuroprotective agents (Allaman
et al., 2011; Chung et al., 2010; Vezzani et al., 2011).

The contribution of reactive astrocytes to neurodegenerative diseases involves
alterations in astrocytic functions which includes several molecules and signaling pathways.
Some of them include changes in potassium buffering, glutamate uptake from the extracellular

space, modulation of aquaporins and adenosine activity, disturbance in gap junctions,
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dysfunctional glutamate-glutamine cycle and cystine-glutamate antiporter system and
mutations in potassium channel genes (Coulter and Steinhauser, 2015; de Lanerolle et al.,
2010; Eddleston and Mucke, 1993; Eng and Ghirnikar, 1994). Several studies have
documented the role of reactive astrocytes in exacerbating BBB integrity in TLE models. The
damage to BBB during SE causes leukocyte infiltration in the CNS and extravasation of serum
albumin in astrocytes (Puttachary et al. 2016a). The serum albumin binds to TGF[ receptors
to phosphorylate AlkS mediated SMAD2/3 complex and p-38 MAPK which translocates to
the nucleus to transcribe proinflammatory genes promoting TGFf and IL-6 production
(Milikovsky et al., 2017).

Extravasation of serum albumin can impair potassium buffering and glutamate
reuptake in astrocytes by downregulating Kir4.1 potassium channels and glutamate
transporters resulting in increased extracellular K™ and glutamate concentration causing
hyperexcitability (Steinhauser et al., 2016). Excessive glutamate in the extracellular space can
cause dysfunctional cystine/glutamate antiporter system (CGS). CGS is an important anti-
oxidant system in the astrocytes that plays a protective role during oxidative stress by
importing oxidized cystine into the cell in exchange for glutamate. CGS regulates movement
of both the amino acids in and out of the cell, depending on the cellular requirements. This
system has been described in few experimental models such as in human fetal lung fibroblasts
by Bannai and Kitamura and in rat hepatoma cell line by Makowske and Christensen (Bannai,
1986; Lewerenz et al., 2013). CGS plays an important role in the regulation of immune system,
resistance against anti-cancer drugs, cancer prevention/protection against carcinogenesis,
maintenance of cellular redox homeostasis and modulation of memory and behaviour. The

intracellular concentration of cystine is generally lower, exists in a reduced form, in the cell
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while that of glutamate is higher (Lewerenz et al., 2013). Cystine is an important substrate for
the production of glutathione. Inside the cell, oxidized cystine is reduced to form glutathione
with the help of enzyme thioredoxin reductase 1 (Lewerenz et al., 2013; Mandal et al., 2010).
During pathological conditions, dysfunctional CGS can result in oxidative stress in the cell due
to its inability to maintain balance between anti-oxidant (such as glutathione) and oxidants
which are generated as a result of glutamate excitotoxicity. When the levels of ROS and
calcium reaches maximum, Bid (member of Bcl-2 family) translocates to the mitochondria.
This mitochondria-Bid complex activates apoptosis inducing factor (AIF) which translocates
into the nucleus resulting in the production of caspases causing cell death (Landshamer et al.,
2008; Lewerenz et al., 2013). During inhibition of CGS, the glutathione levels decline. After
an optimum level of glutathione depletion has reached, ROS production starts increasing. They
do not cause cell death immediately but instead facilitate the activation of several signalling
pathways that ultimately culminates into cell death. Several studies have reported that
neuroprotective compounds that generally do not show beneficial effects during the chronic
stages of the disease, when administered at early time-points (when ROS concentration is
gradually increasing post insult), can have favourable outcomes (Lewerenz et al., 2013; Maher
and Schubert, 2000). Studies have shown that an increase in CGS in conditions like brain
tumours and multiple sclerosis could primarily be due to an increased glutamate accumulation
and release (Chung et al., 2005; Pampliega et al., 2011). This rise in extracellular glutamate
was a result of excitatory amino acid transporters (EAATSs) downregulation that balance CGS
mediated glutamate release. Therefore, inhibition of CGS, specifically targeting glutamate,
may play an important role for treating CNS disorders by balancing excessive glutamate

release (from CGS) into the extracellular space and their uptake by EAATs. The drugs that
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protect from glutamate excitotoxicity acts mainly through this mechanism of action and inhibit
excitotoxic effects of CGS by increasing glutathione synthesis and modulating glutamate
release (Lewerenz et al., 2013).

The gap junction coupling between neurons and astrocytes is a mode of intercellular
communication where the exchange of small molecules such a nutrients, ions and amino acids
take place between the cells (Steinhauser et al., 2016). Although the role of gap junction
dysregulation in epilepsy is still controversial, some studies have demonstrated anti-epileptic
role of these junctions during astrocytic coupling. According to the spatial buffering concept,
astrocytes pass excessive K' ions between their networks reducing K concentration in
extracellular space. Furthermore, studies on Cx307/ mice (a gap junction protein) and brain
slice experiments on these mice showed increased neuronal depolarization and reduced seizure
threshold with disturbances in potassium and glutamate clearance in astrocytes. This caused
abnormal neuronal synchronization and increased epileptic activity suggesting anti-epileptic
role of gap junctional proteins in some epilepsy models (Steinhauser et al., 2016; Wallraff et
al., 2006).

The role of other molecules such as aquaporins and gliotransmitters like calcium,
glutamate and ATP have also been widely explored in the pathogenesis of epilepsy and in other
neurodegenerative conditions. Mutations in aquaporin 4 disrupts regulation of fluid osmolarity
and potassium homeostasis (Schwartzkroin et al., 1998); disruption of glutamate-glutamine
cycle results in unstable glutamate and GABA levels that causes imbalance between excitation
and inhibition (Otis and Jahr, 1998; Steinhauser et al., 2016); rise in intracellular calcium levels
cause increased proinflammatory molecules such a cytokines and prostaglandins (Bezzi and

Volterra, 2001); ATP metabolizes to form adenosine, which has anti-convulsive effects but
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can also be proconvulsive, if it binds to purinergic receptors such as P2X as have been shown

in various animal models (Dunwiddie and Masino, 2001; Schubert et al., 1986).

Background and Literature Review — 1

Nitric Oxide: An overview

Nitric oxide (NO) is a gaseous signaling molecule which is formed by the action of L-
arginine on heme-containing enzyme nitric oxide synthase, in the presence of NADPH and
molecular oxygen, and release NADP and citrulline as by-products (Benarroch, 2011; Dawson
and Dawson, 1996; Nelson et al., 2003; Rodeberg et al., 1995). It is a diatomic free radical

small lipid soluble molecule which can diffuse easily between the cell membranes.
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Figure 4. Formation of nitric oxide from the substrate L-arginine and nitric oxide synthase enzyme in
the presence of cofactor NADPH and molecular oxygen.

Since it is not stored and easily degradable, NO reacts and is utilized quickly with a short half-
life in the circulation. It plays an important role in the dilation of blood vessels, maintenance
of synaptic plasticity, wound healing, regulation of blood flow, electrolyte homeostasis,
vascular relaxation, synthesis of DNA repair enzymes, leukocyte adhesion, platelet
aggregation, cognition and neural protection and neurotransmission (Rosselli et al., 1998;
Tousoulis et al., 2012). Its cell-specific expression, type of NOS isoform activated, time,
duration and severity of insult determines whether NO will regulate neuroprotective or

neurotoxic effects (Benarroch, 2011). NO generally mediate most of its activities through
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guanylyl cyclase activation. During normal conditions, soluble guanylyl cyclase displays anti-
inflammatory effects by preventing gliosis (Brown, 2010). NO synthesizing enzyme, iNOS,
plays a protective role in the regulation of blood pressure by inhibiting endothelin-1 (Lind et
al., 2017). NO can also promote neuroprotection by stimulating CREB phosphorylation,
activating antiapoptotic Akt pathway involved in neuromodulation and synaptic plasticity,
inhibiting caspase-3 activation, heme oxygenase 1, histone deacetylase 2 and NFkB and
regulating post-translational protein modification such as S-nitrosylation by modulating
NMDA receptor induced calcium influx (Benarroch, 2011). Under pathophysiological
conditions, excessive NO can cause DNA damage, affect protein synthesis, increase lipid
peroxidation and nitrosylation of proteins and inactivate body’s anti-oxidant system causing
inhibiton of mitochondrial respiration resulting in oxidative stress (Puttachary et al., 2015a;
Nelson et al., 2003). NO regulates its mechanism of action through intracellular guanylyl
cyclase (GC) signaling (Nelson et al., 2003). The binding of NO to soluble GC catalyses the
production of a second messenger, cyclic guanosine-3’,5’-monophosphate cyclic (cGMP),
which activates downstream effectors like protein kinases (protein kinase G), transcription
factors (CREB) and cyclic nucleotide gated channels to arbitrate cellular effects and modulate
gene expression through activation of MAP kinase and AP-1 (Lamas et al, 2007). For instance,
in smooth muscle cells, NO regulated signaling causes inhibition of calcium channels which
results in muscle relaxation and vessel dilation. Moreover, NO-GC-cGMP activation also plays
an important role in treating erectile dyfunction problems, during peristalsis, neural blood
vessels innervation, inhibition of platelet aggregation (Nelson et al., 2003), phosphorylation of
various proteins, gating of cation channels, regulation of phosphodiesterases and activation of

ADP-ribosylation factor responsible for neurotransmitter release (Dawson, 1992).
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Nitric oxide synthases (NOSs)

NOS catalyzes the conversion of L-arginine into NO in the presence of molecular
oxygen and NADPH to release NADP and citrulline (Benarroch, 2011; Dawson and Dawson,
1996; Rodeberg et al., 1995). NOS utilizes cofactors such as flavins like FMN and FAD and
biopterin for its activation to produce NO and citrulline as byproducts (Andrew and Mayer,
1999; Dawson, 1992; Mayer and Andrew, 1998). It is generally present in two forms,
constitutive and inducible. The constituve forms include nNOS and eNOS while inducible
forms include iNOS. A fourth isoform has also been reported called mitochondrial nNOS
(Bates et al., 1995), but it is not clear whether this isoform is an independent isoform or is a
post-translational modification of nNOS. Although, all the three isoforms differ in their cellular
specificity, activation and functions, the one thing that makes them identical is their carboxy
reductase and amino oxygenase domain in their structure (Andrew and Mayer, 1999; Mayer
and Andrew, 1998).

nNOS is abundantly concentrated around the post-synaptic membranes and in the
cytoplasm of the neuronal cells (Brown, 2010; Cherian et al., 2006) of the central nervous
system. It is mainly found in cerebral cortex, hippocampus, olfactory bulb, striatum, thalamus,
hypothalamus, dorsal root ganglion and some blood vessels (Benarroch, 2011). In the brain,
nNOS is generally activated by calcium-CamKII complex which involves the employment of
NMDA receptors. This NMDA mediated calcium-CamKII regulated NO activation plays an
important role in learning and memory via CREB activation in the hippocampus, (Andrew and
Mayer, 1999; Mayer and Andrew, 1998) in the maintenance of synaptic plasticity (Kato et al.,
2005), regulation of NMDA receptor function in the development of motor neuron dendrites,

chemical transmission, cell protection and anti-apoptosis (Benarroch, 2011).
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eNOS is found in the endothelium and is mainly involved in regulating blood flow in
the cerebral vasculature and in the aggregation of platelets (Andrew and Mayer, 1999; Cherian
et al., 2006; Moncada et al., 1991). It is abundantly found in vascular endothelium, pyramidal
cells of hippocampus and granule cells of the dentate gyrus (Benarroch, 2011). Like nNOS, it
is Ca?* dependent which gets activated in response to a physical stimuli such as sheer stress
(Andrew and Mayer, 1999; Mayer and Andrew, 1998; Moncada et al., 1991). The primary
regulator of eNOS’s expression is CREB which governs its activites like vasodilation and
inhibition of platelet aggregation (Benarroch, 2011).

iNOS, an inducible form of NOS, is not constitutively expressed under normal
conditions. It is mainly upregulated in the immune cells such as microglia and macrophage and
also in astrocytes when exposed to endotoxins and proinflammatory cytokines like IL-1, TNFa
and IFNy. iNOS mechanism of action is governed under the control of expression regulators
such as NFkB, interferon regulatory factor-1 and hypoxia-inducible factor 1 (Benarroch, 2011;
Kato et al., 2005; Meyer & Andrew, 1998; Nomura and Kitamura, 1993) which regulate
functions like cellular toxicity and apoptosis (Benarroch, 2011). Since iNOS is Ca®"
independent, it can therefore remain permanently activated and kill pathogens such as virus
and bacteria even at smaller amounts. Nonetheless, iNOS can cause neuroinflammation and
severe damage in the system, if overly expressed during this activation period (Xie and Nathan,
1994) as shown in various CNS and PNS models. However, there are some reports which have
described the protective role of iNOS during pathological conditions. For example,
experiments with infact rat models have shown that inhibiting iNOS caused increased cortical
hypoperfusion and ischemic neuronal injury (Lind et al., 2017). Inhibiting iNOS has also been

shown to cause increased atherosclerotic plaque formation (Brunner et al., 2015) while
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decrease in atherosclerosis was linked to increased iNOS expression (Chan et al., 2016). Other
reports on iNOS deficieny and iNOS™" knockout models demonstrated high rates of mortality
in mice with sepsis (Cobb et al., 1999), increased kidney problems exhibiting high rates of
apoptotis in kidney tubules (Miyajima et al., 2001) and enhanced inflammation in the intestines
of the INOS"/" mice in comparison to wild types (McCafferty et al., 1997) suggesting important

role of iNOS in both central and peripheral nervous system.

Nitric oxide during pathological conditions

NO can have both neuroprotective and neurotoxic effects on the brain depending on
the concentration, type of NOS involved, region of the brain and the time of its release. An
excessive NO production causes generation of inflammatory signals which results in excessive
S-nitrosylation and/or nitrotyrosylation of proteins and formation of reactive species such as
peroxynitites (Benarroch, 2011). Accumulation of these events, over time, can result in
neurodegenerative conditions such as Alzheimer’s diseas, Parkinson’s, Huntington’s and
Epilepsy. During such conditions, NO forms a highly reactive molecule called peroxynitrite
(ONOQO) in the presence of superoxides released by mitochondria and xanthine oxidase.
ONOO" also gets metabolizes into hydroxyl free radicals and nitrogen dioxide causing lipid
peroxidation. The release of such oxidative stressors inhibit mitochondrial respiration,
superoxide dismutase (SOD) and catalase disturbing the balance between oxidants and anti-
oxidants. This alteres calcium homeostasis, modulates programmed cell death mechanisms
and causes synaptic damage ensuing neurotoxicity and ultimately cell death (Dawson, 1992;
Puttachary et al., 2015a; Yuste et al., 2015). Under physiological conditions, harmful

peroxynitrites are reduced by SOD and anti-oxidant glutathione (GSH) that helps to keep cell
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under stable homeostatic conditions. The shift of L-arginine/NO pathway towards the
formation of free NO, that reacts with molecular oxygen and GSH to form S-nitrosoglutathione
(GSNO), serves as a short term storage system for the release and transport of NO under
physiological conditions (Andrew and Mayer, 1999; Gordge et al., 1996). The cleavage of
GSNO releases free NO and oxidized glutathione (GSSG). Therefore, whether this cleavage
and release of GSSG results in oxidative stress or is a defense mechanism against infection is
yet not clear (Mayer and Andrew, 1998).

S-nitrosylation, a post-translational modification of proteins where NO reacts with
oxygen to form nitrosonium ion and interacts with thiols to form S-nitrosothiol (Benarroch,
2011), can occur simultaneously to cause oxidative and nitrosative stress that can activate
apoptotic factors in the mitochondria stimulating cell death and proinflammatory signaling
pathways. This effects proteins like glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
Hsp90, parkin and complex I and IV that play a role in cellular metabolism, transcription,
regular apoptosis, protein folding, mitophagy and cell survival (Benarroch, 2011). During these
events, iNOS produces increased amounts of NO and concurrently triggers calcium dependent
increase of nNOS resulting in calcium overload in the cell via NMDA receptor activation
leading to excitotoxicity (Benarroch, 2011; Zhou and Zhu, 2009).

Several transcription factors, regulating the transcription of iNOS and inflammatory
genes, are activated in the nucleus after NFkB translocation which binds to kB elements on
iNOS promoter (Yuste et al., 2015). The NFkB mediated production of iNOS causes increased
NO synthesis and ONOO- production in the glial cells followed by COX-2 production and
prostaglandin synthesis. The binding of prostaglandins to prostanoid receptors, EP1 and EP2,

on neurons activate these receptors stimulating intracellular calcium levels and activates
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second messenger cAMP resulting in hyperexcitability, neuronal injury and inflammation
(Lalitha, 2018). Increased intracellular calcium levels also increases enzymatic activity of
phospholipaseA2 generating more prostaglandins through the action of COX-2 on arachidonic
acid. TNFo and IL-1f are the key inflammatory cytokines in the brain. During inflammation,
IL-1B is activated via NMDA receptor activity enhancing calcium release through Src family
kinase activation (Viviani et al., 2003). Fyn, a member of Src family kinase, regulates iNOS
expression via ERK phosphorylation as has been demonstrated in LPS-stimulated astrocytic
cultures (Ko et al., 2018). The binding of IL-1p to IL-1p receptors activates MYD88-TRAF6
complex stimulating MAP kinase signaling pathway (Lalitha et al., 2018) resulting in NFkB
nuclear translocation. In the nucleus, NFkB associates with p300 which is an acetyltransferase
coactivator that causes acetylation of p65 subunit of NFkB at residue K310. This is important
to achieve the transcriptional activity of NFkB for the transcription of inflammatory genes and
iNOS (Ghasemi and Fatemi, 2014). iNOS can also activate COX-2 increasing the generation
of ROS through NADPH oxidase dependent mechanism (Lind et al., 2017). Increased levels
of NO also modulates glutamate and potassium buffering in the astrocytes by downregulating
its channels and transporters through unknown mechanisms. As a consequence of this,
potassium and glucose levels rise in the extracellular space causing hyperexcitability

(Puttachary et al., 2016a).

Nitric oxide and epilepsy
The effects of NO are largely mediated either through the activation of soluble guanylyl
cyclase and/or nitrosylation of cytosolic and membrane proteins. For example, S-nitrosylation

modulates NMDA receptor activity (Lei et al., 1992; Manzoni et al., 1992) and limits excessive
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Ca”' influx to protect neurons. However, the role of NO as a protective or toxic molecule
depends on the time and the source of NO production following an insult and, most
importantly, the isoform of NO synthase (NOS) involved. The substrate for NO production is
one of the essential amino acids, arginine, which is also a limiting factor for NO
production/regulation. Three major isoforms of NOS catalyze the formation of NO. Based on
the abundance of NOSs in various cell types, NOSs are classified as neuronal NOS (nNOS),
inducible NOS (iNOS), and endothelial NOS (eNOS). Pharmacological inhibitors have been
used to target these enzymes to regulate the levels of NO in various in vitro and in vivo models
with conflicting outcomes (Thippeswamy et al., 2006). Several studies have also highlighted
the controversial pathophysiological roles of NO in the peripheral and central nervous systems
(Chung et al., 2005; Cosgrave et al., 2008; Moncada & Erusalimsky, 2002; Puttachary et al.,
2016a; Thippeswamy et al., 2006). These conflicting outcomes could be due to inappropriate
use of NOS inhibitors with respect to selectivity, dose and time of treatment (pre or post insult),
solvents used as vehicle and the method of reconstitution, and route/method of administration
(Kato et al., 2005; Kovacs et al., 2009). NO has been shown to have both anticonvulsive (Sardo
& Ferraro, 2007) and proconvulsive actions (De Sarro & De Sarro, 1993), which seems to
depend on the species and the types of chemoconvulsants employed in the study (Cosgrave et
al., 2008). All three NOS isoforms are expressed during epilepsy, but at different stages of
seizures or epileptogenesis. For example, eNOS is upregulated in a rodent model of SE within
3 to 24 hr of intracranial injection of kainate (Chuang et al., 2007), while nNOS and iNOS are
upregulated in the mouse model of electrically induced SE (Catania et al., 2003). In the rat
kainate model, nNOS and iNOS are upregulated in less than 3 days post SE and persist for a

longer duration (Cosgrave et al., 2008; Vezzani et al., 2011).
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nNOS in SE and epileptogenesis

It is challenging to develop a single drug to act on multiple targets without having any
adverse effects. All drugs have off-targets to a variable proportion, which causes side effects
accordingly. It is customary to weigh the benefits of a drug against side effects in a given
situation. A drug that targets an event or molecules during SE may not be effective during the
post-SE period if the target molecule of interest is not expressed in a significant amount during
epileptogenesis. For example, the nNOS-mediated NO production was thought to play an
important role during SE. The brain slice experiments have demonstrated the neuronal source
of endogenous NO as a key promoter for initiating seizure-like events in the hippocampal
formation and entorhinal cortex (Kovacs et al., 2009). Beamer et al. (2012) tested the
hypothesis in the mouse kainate model with the nNOS-specific inhibitor L-NPA, which has
149- and 3158-fold greater selectivity over eNOS and iNOS, respectively (Beamer et al., 2012;
Zhang et al., 1997). Initially they tested the anticonvulsive effect of nNOS inhibition in mice
by treating with L-NPA (20 mg/kg, i.p.) 30 min prior to the induction of SE with kainate.
Kainate is a glutamate analogue that causes seizures with a hippocampal focus and is widely
used to develop models of TLE in rodents (Ben-Ari & Cossart, 2000). L-NPA pretreatment
significantly reduced the severity and duration of CSs, gamma EEG power, and epileptiform
spike rate during SE and also during the first 7 days post SE (Beamer et al., 2012). Moreover,
the histology of brain sections revealed a significant reduction of c-Fos, a cellular marker of
neuronal hyperexcitability, in dentate granule cells at 2 hr post SE (Beamer et al., 2012). These
results suggest that nNOS also facilitates seizure generation during SE. Reactive gliosis,
neurodegeneration, and neurogenesis are the most commonly recognized features of

epileptogenesis (Parent & Lowenstein, 2002; Puttachary et al., 2016a; Vezzani et al., 2011).
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To get a better understanding of these, IHC was performed on brain sections collected at 3
days post SE from the L-NPA experiments. A significant reduction in hippocampal
microgliosis and astrogliosis was observed in the L-NPA—pretreated group compared with the
vehicle control group, since the initial SE severity was compromised in the L-NPA—pretreated
animals (Beamer et al., 2012). However, neurodegeneration and neurogenesis were not
significantly changed at 3 days post SE. It was suggested that C57BL/6J mice are resistant to
kainate-induced neurodegeneration (Schauwecker, 2012; Schauwecker & Steward, 1997).
However, we have demonstrated neurodegeneration in C57BL/6J mice using Fluoro-Jade B
and NeuN costaining in the hippocampal formation, entorhinal cortex, and amygdala at 7 days
post SE (Puttachary et al., 2016b). Likewise, gliosis (both astrogliosis and microgliosis)
reached its maximum at 7 days post SE, but decreased at later time points, in contrast to the rat
kainate model of TLE (Puttachary et al., 2016a). These are important differences between the
C57BL/6J mouse kainate model and the rat kainate model. In cross-bred mice and rats, we
observed reactive gliosis and neurodegeneration as early as 24 hr post SE (personal
observation, unpublished work), and in the rats they persisted throughout the period of
epileptogenesis and also during the chronic phase (Puttachary et al., 2016a). Interestingly,
neurogenesis persistently increased in C57BL/6J mice during epileptogenesis (at 7 days post
SE), perhaps to compensate for the ongoing neurodegeneration (Puttachary et al., 2016b). It is
also interesting to note that SE increases activity-dependent synaptogenesis in the outer and
middle molecular layers of the dentate gyrus in the early stage of epileptogenesis, observed at
72 hr post SE in C57BL/6J mice, which was suppressed in the L-NPA—treated group (Beamer
et al., 2012). The suppressed gliosis and neo-synaptogenesis at 3 days post SE in the LNPA—

treated group were not due to the direct effects of nNOS inhibition but, instead, were due to
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compromised initial severity of SE owing to the pretreatment approach. The results from
pretreatment experiments of test drugs provide proof-of-concept for their antiseizure efficacy
and confirm that the decreased severity of seizures during SE dampens the events of
epileptogenesis. A similar conclusion can be drawn from gene knockout or transgenic mice
experiments. Therefore, to confirm the antiepileptogenic or antiepileptic effects of a
pharmacological agent or gene of interest from the translational aspect, intervention strategies
during the post-SE period are appropriate for investigating disease-modifying agents in
epilepsy.

Other inhibitors such as 7-nitroindazole (7-NI), a selective inhibitor if nNOS (Moore
et al,, 1993), has nociceptive actions and have been shown to be protective against
neurodegenerative conditions such as Parkinson’s disease (Schulz et al., 1995). However, some
studies have argued on its nNOS selective role and have rather primarily focused on its non-
NOS roles (Andrew and Mayer, 1999; Mayer and Andrew, 1998). Additional nNOS inhibitors
include isothiourea derivaties such as AMITU and amidine derivative ARL 17477 (Shearer et
al., 1997). Athough most of the compounds from these groups target nNOS activity, some
reports have argued their stronger action towards NADPH-depenent O, production than on
nNOS directly. Moreover, in number of experiments on the cultured brain slices and in in vivo
studies, these compounds have failed to show complete nNOS inhibition and inadequate
pharmacokinetic profile (Andrew and Mayer, 1999). Therefore, there is an urgent need to
explore strong, potent and isoform-selective NOS inhibitors, yet with low toxicity, as a
promising agent for disease modification in epilepsy and for similar neurodegenerative

conditions.
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iNOS and NOS inhibitors in epileptogenesis

Some of the earlier NOS inhibitors that were discovered to study the role of NO in
biological systems were NY-methyl-L-arginine, NS-nitro-L-arginine, L-Thiocitrulline etc.
Although most of these compounds inhibited NOS with high affinity and potency, they did not
reveal much information on the isoform selectivity of NOS. Moreover, these compounds were
also not strong enough to prevent the generation of oxygen free radicals after their inhibiton
(Andrew and Mayer, 1999). Therefore, the complex role of NOS in epilepsy and similar
neurological conditions owes to cell-specific expression of its three different isoforms
expressed at various stages of epileptogenesis. As mentioned earlier, the neuronal source of
NO produced by nNOS-mediated mechanism promotes seizures. Both in vitro and in vivo
studies have confirmed a proconvulsive role of NO in acute models (Beamer et al., 2012;
Kovacs et al., 2009). IHC of the brain sections at 3 days post-SE in the rat kainate model of
TLE showed a significant increase in nNOS levels in neurons and iNOS (iNOS/NOS2) in
microglia (Cosgrave et al., 2008). Because we knew from our previous work that L-NPA
pretreatment reduces SE severity and epileptiform spikes, we further tested whether post-
treatment would have a similar beneficial effect or not. Surprisingly, we observed a marginal
increase, rather than the anticipated significant decrease, in epileptiform spike rate and gliosis
at 24 hr and 72 hr post SE between the vehicle and L-NPA—treated groups. This may suggest
a beneficial role of nNOS during the early stages of epileptogenesis in contrast to its
proconvulsive role during acute seizure onset (i.e., SE). It has been shown that a transient
increase in nNOS, following insult to the brain, protects neurons by S-nitrosylation of the
NR2B subunit of NMDAR to control excessive calcium influx (Campelo et al., 2012; Gidday

et al., 1999). Because we did not observe expected modifications in early epileptogenesis by
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inhibiting nNOS with L-NPA, we focused our investigation on the role of inducible nitric oxide
synthse in epileptogenesis.

The increased levels of iNOS in the brain have not only been reported in various rodent
models of TLE but also in other neurodegenerative disease models such as Parkinson’s and
Alzheimer’s (Park et al., 2001; Puttachary et al., 2016a; Rehni et al., 2009). In vitro and in vivo
studies have shown the upregulation of iNOS in glial cells after 4 h, reaching peak at 24 h,
following LPS treatment. NO levels were significantly higher at 72 h after the initial insult
(Nomura and Kitamure, 1993). Moreover, studies on mixed culture models demonstrated the
role of iNOS in regulating neuronal cell death as early as 3 d post insult via calcium-CaMKII
mediated mechanisms (Dawson and Dawson, 1996). In a recent study by Puttachary et al.,
(2016a) on the in vivo rat model of TLE, we demonstrated the neuropathological role of iNOS
in regulating gliosis, neurodegeneration and in the maintenance of epileptiform activity and
CS by using iNOS inhibitor, 1400W (Puttachary et al., 2016a). Similar studies have also
demonstrated the role of iNOS in conditions like stroke and traumatic and ischaemic brain
injury using pharmacological inhibitors of iNOS suggesting its potential role in
neurodegenerative diseases (Armengou et al., 2003; Beamer, 2012; Jafarian-Tehrani et al.,
2005).

1400W indeed significantly suppressed kainate-induced epileptiform spikes in the
brain slices (Puttachary et al., 2016a). 1400W is a slow, tight binding, and highly selective
pharmacological inhibitor of iNOS with a Kd value of 7 nM. It is > 5000-fold and > 200-fold
selective for iNOS than eNOS and nNOS, respectively (Alderton at al., 2001; Garvey et al.,
1997; Jafarian-Tehrani et al., 2005; Parmentier et al., 1999). It is biologically active in vivo

and has no pulmonary or cardiovascular side effects, and the physiological activities mediated
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by eNOS and nNOS are not compromised at the optimum dose of 20 mg/kg (Eissa and Huston,
2003; Garvey et al., 1997). 1400W is BBB permeable and has shown to suppress abnormal
levels of NO metabolites in rodents (Crowell et al., 2003; Garvey et al., 1997; Parmentier et
al., 1999). It is 100 times more potent than other iNOS inhibitors (ED50~ 0.3 mg) in reducing
delayed vascular injury in the rat lipopolysaccharride model (Garvey et al., 1997). 1400W’s
mechanism of action involves targeting the binding site of L-arginine on NOS functional
group. 1400W has amidine moiety which is a structural analogue of L-arginine’s guanidine
moiety. 1400W competes for L-arginine’s binding site on iNOS’s L-arginine’s guanidine
moiety on its functional group. The binding of 1400W on iNOS inhibits iNOS activation
preventing NO synthesis (Garvey et al., 1997). iNOS-1400W binding is irreversible and can
have a prolonged effect on its target (Alderton et al., 2001; Garvey et al., 1997). This may
explain the reason why long-term neuroprotective effects of 1400W were observed in the rat
kainate model even six months after the initial dosing of 1400W post-SE (Puttachary et al.,
2016a).

Importantly, studies have shown that rats tolerated a dose of 120 mg/day for a 7-day
period when 1400W was administered as intravenous infusion; however, it was lethal at 50
mg/ kg when given as a single intravenous bolus (Garvey et al., 1997). As discussed earlier,
this is an important finding considering the reported controversial roles of NO in brain
pathology (Chung et al., 2005; Dawson & Dawson, 1998; Dawson & Snyder, 1994; Moncada
& Erusalimsky, 2002; Thippeswamy et al., 2006). The treatment with 1400W, at 20 mg/kg,
effectively ameliorated brain pathology and suppressed seizures by > 90% in the rat kainate
model of chronic epilepsy in a 6-month continuous video EEG study (Puttachary et al., 2016a).

In traumatic brain injury (TBI) and stroke models, it reduced brain injury by decreasing
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glutamate release (Jafarian-Tehrani et al., 2005; Parmentier et al., 1999; 2005). 1400W also
protected BBB integrity, which is compromised soon after SE (Boje, 1996; Puttachary et al.,
2016a). Serum albumin (SA) is considered as a biomarker for BBB leakage (Frigerio et al.,
2012). Increased SA and glutamate levels induce reactive astrogliosis that cause
hyperexcitability of neurons and, hence, seizures (Boje, 1996; Frigerio et al., 2012; Weissberg
et al., 2015). Our previous studies from the rat and mouse epilepsy models have shown
increased serum albumin and glial fibrillary acidic protein (GFAP) levels in the hippocampus
at 7 days post SE, and 1400W treatment reduced their levels (Puttachary et al., 2016a). 1400W
also reversed SE-induced suppression of Kir 4.1 and GLT1 levels, perhaps by reducing reactive
gliosis, which could also be due to decreased levels of glutamate and SA (Puttachary et al.,
2016a). Overall, these changes attenuated neuronal excitability, which was evident from a
significant reduction in the epileptiform spike rate and seizures in the rat kainate model
(Puttachary et al., 2016a). 1400W reduced neurodegeneration, as indicated by a reduction in
the FJB positive neurons, both at 7 days and at 6 months post SE (Puttachary et al., 2016a).
These findings provide evidence for the long-term neuroprotective role of 1400W and its
disease-modifying properties in epilepsy.

1400W is commercially available as a pure (>99%) water-soluble compound. It has
been tested in healthy human volunteers, patients with heart failure (Dover et al., 2006; Sharma
et al.,, 2017), and liver cirrhosis (Ferguson et al., 2006). There were no adverse effects of
1400W in humans, and no toxicity has been reported. It effectively suppressed inflammatory
mediators in human cartilage derived from osteoarthritic patients and in a rat neuropathic pain
model (Jarvinen et al., 2008; Makuch et al., 2013). Other iNOS inhibitors such as L-NILTA

(referred to as SC-51 in the literature), VAS203 (Sharma et al., 2017) and KD7040 are in
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clinical trials for asthmatic humans (and healthy volunteers), TBI patients and neuropathic
pain, respectively (Hansel et al., 2003). Collectively, these studies strongly support the
therapeutic potential of iNOS inhibitors, and 1400W in particular, as a promising drug for

disease modification not only in epilepsy but also for various other disorders.

Background and Literature Review — 11

Fyn Kinase: Overview

Fyn kinase is a member of Src family kinase (SFK) which belongs to the non-receptor
tyrosine kinase family of proteins. There are nine members in this group with similar structural
features and amino acid sequence homology. The members in SrcA subfamily includes Fyn,
Src, Yes and Fgr, SrcB subfamily includes Lck, Blk, Hck and Lyn and Frk forming its own
subfamily (Thomas and Brugge, 1997). An alternate isoforms of Src (two neuron-specific
isoform) and Fyn (T cell-specific isoform) have also been identified (Thomas and Brugge,
1997). Fyn kinase has 3 splice variant forms. Of these, two active forms are T and B. T is
normally expressed in hematopoietic cells and B is ubiquitously expressed in the brain
(Nygaard et al., 2014). These spliced isoforms differ in their amino acid sequence and
functional properties (Lee et al., 2016). Src, Fyn and Yes are ubiquitously found in most of the
tissues. Lyn, Fgr, Hck and Blk is mostly found in brain, B-cells and myeloid cells. Lck is
expressed in T-cells and natural killer cells; Frk in the primary epithelial cells and Yrk is
expressed only in the chickens (Thomas and Brugge, 1997). The Src family protein kinases
have 3 Src homology (SH) domains (SH4, SH3 and SH2), one unique region, a catalytic or
kinase domain and a regulatory tail. SH4 domain is responsible for regulating signals involved

in lipid modification and palmitylation by cysteine (Resh, 1993), unique domain regulates
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protein-protein interactions and SH3 and SH2 domains play an important role in regulating
catalytic activities of SFKs. SH3 is a proline-rich domain which controls enzyme’s catalytic
and recruitment activities through strong inter- and intramolecular interactions between the
enzyme and the target protein (Cohen et al., 1995). SH2, binds strongly to phosphotyrosine
residues, also regulates the catalytic activities of the enzyme along with its localization
properties (Cance et al., 1994). The catalytic or kinase domain is responsible for the majority
of the enzyme’s activities and gets phosphorylated/autophosphorylated at specific sites to get
activated (Boggon and Eck, 2004). The difference in the activity/inactivity of SFK depends on
the type of domain activated and/or phosphorylated (Boggon and Eck, 2004). For instance,
SFKs are generally inactive when found in the closed loop form with C-terminal tyrosine
residue phosphorylation at site 527 (Y527) during strong intramolecular interactions between
SH2 and SH3 domains (Pawson 1997; Xu et al., 1997). The activation and inactivation of SFKs
is controlled by several key signaling molecules and factors such as protein tyrosine
phosphatases, C-terminal Src kinase (Csk) activity, Csk homologous kinase (Chk),
displacement of intramolecular interactions and mutational activation, for example mutations
or deletions of Y527, striatal enriched tyrosine phosphatase (STEP) and Shp2 (Frame, 2002;
Thomas and Brugge, 1997). When tyrosine residue of kinase domain at site 416 (Y416) gets
autophosphorylated, Y527 gets dephosphorylated, displaces from SH2 domain and becomes
inactive, the enzyme forms an open loop structure. The changes in these events cause enzyme
activation resulting in signaling of key events and majority of enzyme’s kinase activity (Frame,
2002). For example, SFK member Src acts as a substrate for focal adhesion kinase, serves as a
docking site for various proteins and phosphorylates adaptor molecules and other tyrosine

kinases. Phosphorylation and activation of these molecules initiate pathways causing initiation
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of translation and metabolism that regulates cellular activities such as motility, cell
proliferation, survival, adhesion etc. through PI3/Akt, Ras-MAPK and STAT3 pathways.
SFKs can also be activated by several receptors such a receptor tyrosine kinase (platelet-
derived growth factor), integrin receptors by binding of ligands either to SH2 or SH3 domain
of the enzyme and G-protein coupled receptors (B-adrenergic) (Martin, 2001). The activation
through GPCR cascades (Gq) activate NMDA receptors through protein kinase C and cell
adhesion kinase-B related mechanisms, whereas Gs-coupled cascade activates SFK by
inhibiting RACK1 through PKA mediated mechanisms. Other receptors that increase SFK
acitivities are EphB and cytokine receptors (Salter and Kalia, 2004). These receptor and non-
receptor mediated events cause activation of downstream signaling pathways and proteins that
play an important role in various CNS and non-CNS functions such as synaptic plasticity,
synaptic density, myelination, cell migration, cell differentiation, platelet function, T-cell
signaling, memory formation, cytoskeleton formation, apoptosis, long term potentiation, cell
growth and gene transcription (Thomas and Brugge, 1997). The diverse role of these kinases

is due to their ability to couple with different receptors and numerous cellular targets.

Role of Fyn kinase in glial cells and neurons

Fyn has been shown to be involved in the activation of several molecules and signaling
pathways in various cells. For instance, in mast cells, Fyn interacts with FceRI receptors
causing PKCd mediated degranulation, production of arachidonic acid and transcription and
activation of proinflammatory cytokines through JNK and NFkB pathways (Furumoto et al.,
2005). In adipocytes, it has has been shown to be involved in conditions like obesity and

inflammation through GPRC5B association (Kim et al., 2012). In T cells, it plays a crucial role
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in regulating T cell receptor signal transduction and proliferation and TCR mediated
lymphocyte activation and secretion (Appleby et al., 1992; Cooke et al., 1991). Due to its tissue
specificity and multidimensional role as both effector and regulator of various

receptors/protein interactions, herein we will discuss its role in glial cells and neurons.

1. Role of Fyn kinase in microglia and astrocytes

The role of Fyn kinase in glial cells has not been widely explored. Under normal
physiological conditions, glial cells are anti-inflammatory and play neuroprotective roles to
support neurons and the surrounding cellular microenvironemnt (as discussed earlier). During
pathological conditions, these cells secrete pro-inflammatory molecules such as cytokines and
chemokines in response to inflammation. For instance, Panicker et al. (2015) recently
demonstrated that Fyn kinase gets activated in microglia in response to inflammogens TNFa
and LPS in the Prakinson’s disease model. They further showed that Fyn activation
phosphorylated PKCo at Y311 resulting in MAP kinase activation and NFkB translocation into
the nucleus (Panicker et al., 2015). NF-kB is responsible for regulating the transcription of
more than 150 genes. NF-kB, after translocating into the nucleus, binds to the promoter region
of the DNA thus transcribing inflammatory genes such as iNOS, IL-1f, IL-6, TNF-a etc.
during inflammation (Lawrence, 2009; Liu et al., 2017). The nuclear translocation of Fyn
negatively modulates the transcription of anti-oxidant genes. During stress, nuclear factor
erythroid 2-related factor 2 (Nrf2) dissociates with KEAP1 complex and translocates into the
nucleus to bind anti-oxidant response element activating an anti-oxidant defense system
(Deshmukh et al., 2017; Kaspar and Jaiswal, 2011). Under extreme stressful conditions, Fyn

also translocates to the nucleus either via GSK-3p activation or through direct translocation,
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and phosphorylates Nrf2 at tyrosine 568. This exports Nrf2 from the nucleus into the cytoplasm
where it undergoes proteosomal degradation. This causes dysregulation of anti-oxidant system
therefore increasing inflammation (Kaspar and Jaiswal, 2011).

Recently, we demonstrated the role of Fyn as an upstream reglulator of

neuroinflammation in a mice kainate model of TLE. Experiments with Fyn**

(wild type) and
Fyn™ (knockouts) mice were performed to examine the expression of Fyn, PKC$ and other
downstream regulators of inflammation in the hippocampus at different time points (4h, 24h
and 7d) post-SE. Most of the oxidative stressors and proinflammatory markers were
upregulated in the wild type mice and knocking out Fyn gene reversed their levels, reduced
Fyn and PKCS nuclear translocation and neurodegeneration (Sharma et al., 2018a). The
inhibition of SFK, using pharmacological inhibitor Saracatinib, also alleviated Fyn and PKCd
nuclear translocation at early and late time-points as observed through nuclear fractionation
studies. THC results also revealed reduced levels of Fyn, PKCS, 4-HNE and gp91P"°* in reactive
microglia and neurodegeneration in CA3 and CA1 regions of hippocampus after saracatinib
treatment suggesting the role of Fyn in epileptogenesis (chapter 5).

The role of Fyn in neurons and other cells have been widely explored but its role in
glial cells such as astrocytes needs further investigation. In an experiment performed by Chun
et al., (2004), Fyn mRNA expression was measured in neurons and astrocytes in different
regions of the brain at various time-points using quantitative in situ hybridization in kainate
induced seizures and enthorhinal cortex lesion models. They showed increased Fyn mRNA
expression in reactive astrocytes which paralles with increased neurodegeneration in CA3 and

CAL region of the hippocampus. In DG, where the neurons were not damaged, lower levels of

Fyn immunopositive reactive astrocytes were observed and higher Fyn expression in the
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dentate granular neurons (Chun et al., 2004). Recently, in our rat model of TLE, we showed
enhanced Fyn levels in reactive astrocytes in CA3 and CA1 region of hippocampus at 7 day
and 4 month post-SE. Fyn immunopositive reactive astrocytes were also increased in DG, ENT
and AMG at 4 month post-SE with higher number of FJB positive cells in these regions
(chapter 5). Other studies, in concurrent to ours, have also shown early Fyn upregulation, and
GFAP activation within 12 h of kainate administration. In these studies, Fyn was also observed
in reactive glial cells at later time-points suggesting the role of Fyn in the subsequent stages of
gliosis (Morgan et al., 1993; Sharma et al., 2018a). In Alzheimer’s, an upregulation of spliced
FynT isoform in reactive astrocytes, associated with neurofibriallry tangles and neuronal
dysfunction, was observed in astrocytic cell cultures and mixed neuron-astrocyte culture
models (Lee et al., 2016). The results from these and other studies provide stronger lines of
evidence that upregulation of Fyn in reactive glial cells favor neuroinflammation and

neurodegeneration.

2. Role of SFKs/Fyn kinase in Neurons

In neurons, Fyn plays an important role in modulating various ion channel activities of
GABA and NMDA receptors. Reports have shown that Fyn has a modulatory effect on
GABAA receptors, by acting on B2 and B3 subunits, and Fyn deletion alters GABA levels in
the brain. The experiments on mice with genetic deletion of Fyn demonstrated that GABAA
agonists had no effect on the behavioral and functional activities of these mice compared to
the wild type (Boehm et al., 2004). Fyn also phoshphorylates y2 subunit of GABAAx receptor
at sites Tyr 365/7 which plays a role in enhancing synaptic inhibition. Experiments have shown

that knocking out Fyn gene reduced the intensity of y2 phosphorylation, but did not completely
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inhibit it, indicating the role of other SFKs such as Src in modulating GABA4 activity (Jurd et
al., 2010). The modulation of GABAA activity by Fyn not only plays a role in maintaining the
inhibitory tone of these receptors but also in memory regulation. SFK, especially Fyn,
phosphorylates Y365 and Y367 subunit of y2 of GABAA receptors which dissociates AP2-
clathrin complex with y2 subunit. This complex promotes endocytosis of GABAAa receptors
and inhibits synaptic transmission. Dissociation of this complex with y2 promotes
downregulation of AP2 binding, inhibition of GABAA endocytosis and increases inhibitory
synaptic transmission thus helping in the formation of spatial memory (Ohnishi et al., 2011).
Several SFKs, PKC and CaMKII are also known to phosphorylate NMDA receptors.
Fyn phosphorylates NR2A and NR2B subunits of NMDA receptors, primarily NR2B at
tyrosine residue site 1472 (Y 1472) in forebrain synapses (Sala and Sheng, 1999). These events
are associated with taste learning in insular cortex of the mice, long-term potentiation (LTP)
induction in DG, CAl of hippocampus and amygdala, regulation of endocytosis and fear-
related learning in amygdala (Nakazawa et al., 2001; Ohnishi et al., 2011). SFK (Src and Fyn)
mediated NMDAR NR2A activation on site Y1325 regulates depression-like behavior which
involves DARP-32 site T34 phosphorylation by protein kinase A, after DIR stimulation.
Moreover, SFK (Lyn) mediated phosphorylation of NR2B at site Y876 regulates AMPA
receptor endocytosis via BRAG2-Arf6 mediated mechanism causing induction of long-term
depression (LTD) (Ohnishi et al., 2011). Tyrosine phosphorylation of NMDA receptor is
crucial for the maintenance of various cellular activities such as LTP and LTD for learning and
memory, activation of cell signaling, regulation of developmental events, neurotransmitter
release and modulation of ion channels (Kojima et al., 1998). The importance of Fyn in

regulating multiple brain functions have consistently been demonstrated through numerous
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gene knockout and knockdown studies. Mutations in Fyn gene in mice caused defective LTP
and impaired spatial learning with defective hippocampal development (Grant et al., 1992).
Other studies on hippocampal slices from Fyn-deficient mice showed less sensitivity towards
ethanol mediated tyrosine phosphorylation of NMDA receptors which indicates that Fyn
regulates biochemical, behavioral and physiological response to ethanol (Miyakawa et al.,
1997). Similar experiments on Fyn deficient mice also demonstrated impaired myelination,
lack of the presence of myelin-associated glycoproteins (Umemori et al., 1994), impairment of
v2 phosphorylation of GABAAx and tyrosine phosphorylation of NR2B compared to wild types
(Jurd et al., 2010; Sala and Sheng, 1999).

Apart from playing a key role in various CNS functions, the role of neuronal SFKs/Fyn
has been widely explored during pathological conditions. Under these conditions, increased
expression of SFK is generally associated with various neurodegenerative disorders, cancers
and lymphomas (Sen and Johnson, 2011). The SFKs, especially Fyn and Src, forms a complex
with PSD-95, a post-synaptic density protein and a member of MAGUK scaffolding protein,
(Sala and Sheng, 1999) and phosphorylates NMDA receptors. Fyn is known to modulate about
fifteen post synaptic density proteins (Chun et al., 2004). PSD-95 has three PDZ domains, one
SH3 domain and a guanylate kinase domain (Murciano-Calles et al., 2014). PDZ2 domain
interacts with NR2B subunit of NMDA receptors through C-terminal tail while PDZ3 binds to
Fyn through its SH3 domain. Fyn phosphorylates Tau, and PSD-95 recruits Fyn-Tau complex
to NMDA receptors and phosphorylates NR2B subunits at Y1472 thereby enhancing calcium
influx, through NMDAR and L-type voltage-gated calcium channels (L-VGCC), into the cell.
This causes enhanced glutamatergic currents leading to excessive SFK activation resulting in

NMDA receptor trafficking at the post synaptic membrane causing excitotoxicity, spine
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retraction and network dysfunction (Kalia and Salter, 2004; Nygaard et al., 2014). These events
and Src/Fyn-PSD95-NR2A/2B complex activates proline-rich tyrosine kinase 2 either through
PKC or calcium-calmodulin dependent mechanisms further enhancing Src/Fyn activity,
NMDA receptor phosphorylation and/or L-VGCC causing calcium overload and subsequently
cell death (Hou et al., 2002).

In Alzheimer’s disease, amyloid B (Ap) monomers forms AP oligomers. The molecular
mechanism of how Fyn-Tau-Amyloid toxic triad is formed and regulated was briefly described
by Haass et al., (2010). Fyn and Tau play an important role in maintaining the cytoskeletal
structure of the cell. Fyn and Tau are normally localized in the dendrtites and axons of the cell.
The Fyn-Tau-PSD-95 mediated NR2B phosphorylation of NMDA receptor results in
excitotoxicity by stimulating toxic effects of AP oligomers (Haass and Mandelkow, 2010).
These oligomers bind to membrane PrP¢ proteins where it forms complex with mGluRS and
Fyn. This complex causes tau hyperphosphorylation, microtubule disintegration, tau
aggregation and finally formation of neurofibrilliary tangles, a hallmark feature of Alzheimer’s
disease (Brody and Strittmatter, 2018). Tau cleavage and phosphorylation can also occur
through Fyn-independent but NMDA and TNF receptor dependent mechanisms involving
molecules like calpain, GSK-38, caspase-3 and ASK1 (Avila et al., 2012; Larson et al., 2012).

Hou et al., (2003), through the rat model of transient brain ischemia, demonstrated that
inhibition of PSD-95 suppressed tyrosine phosphorylation of NR2A subunit of NMDA
receptor and Src and Fyn interaction with the receptor subunit in the hippocampus of the brain
of postischemic Sprague dawley rats. The same group further showed that the inhibition of
NMDA receptors by ketamine and L-VGCC by nifedipine inhibits similar events in those rats

(Hou et al., 2003). Recently, in our rat kinate model of TLE, we detected high levels of Fyn
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and PKC$ in the neurons of hippocampus, thalamus, ENT and amygdala in the vehicle-treated
group at 7d, which persisted even after 4 months of post-SE. Post-treatment with SFK inhibitor,
Saracatinib, reduced the levels of Fyn and PKCd in these neurons at both the time-points
(chapter 5). To date, not many studies were conducted describing the role of Fyn in the
thalamus and ENT neurons, but some reports have briefly stated the role of these neurons in
the development of thalamic networks and the regulation of behavior and formation of
contextual memories in ENT (Yagi, 1994). Earlier experiments with transgenic mice
expressing mutant and native Fyn showed that mutant Fyn mice were highly susceptible to
seizures with higher mortality rates while animals with native Fyn, unlike mutant Fyn,
displayed enhanced tyrosine phosphorylation of NR2B and Src kinase and increased amygdala
kindling after the stimulus. Moreover, Cain et al. (1995) also demonstrated that Fyn is required
for the induction of amygdalar kindling but not in the maintenance of kindling (Cain et al.,
1995). Tyrosine phosphorylation of NR2A and NR2B is essential for the development of SE,
therefore, in KA model of epilepsy on Long-Evans hooded rats, researchers have demonstrated
that animals that develop SE exhibited higher rates of NR2A and NR2B tyrosine
phosphorylation while those that did not develop SE exhibited diminished tyrosine
phosphorylation (Moussa et al., 2001).

Since Fyn plays a significant role in regulating normal physiological functions in CNS,
studies have shown that disruption or targeted deletion of Fyn is associated with the
developmental and structural defects, especially in the hippocampus, affecting cognition due
to the alterations in the factors controlling long-term potentiation and long-term depression
(Kojima et al., 1998) therefore validating an important role of Fyn in the regulation of

neurological functions both during normal and pathological conditions.
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Src family kinase inhibitors

So far, over twenty SFK inhibitors have been identified. Of these, most widely explored
ones are Dasatinib, PP2, PP1, SU6656, Quercetin, Bosutinib and Saracatinib. These inhibitors
not only inhibit SFKs but also other molecules such as c-Abl, EGFR, EphB4, c-Raf, PDGFR,
p38a and B, ALK, BRAF, S6, Sirtuin, PKC etc. Saracatinib, PP2, PP1 and SU6656 inhibits
Fyn. Dasatinib, currently in phase 4 of clinical trials, has high inhibition potency towards Src,
Abl and c-Kit with IC50 of 0.8 nM, 0.6 nM and 37 nM as has been shown in various cell-free
assay experiments (O’Hare et al., 2005; Shah et al., 2006). Growth inhibition assays on BA/F3,
T cell lines, HUVEC, DU145 and PC3 cell lines revealed its antiproliferative action against
mouse BA/F3 cells expressing Ber-Abl M351T and T3151 mutants (Li et al., 2012) and anti-
cytotoxic action against F486S, E255K, G250E, Q252H, Y253H and E359V mutants (Ren et
al., 2013). Furthermore, Dasatinib was also shown to inhibit anti-CD3 and anti-CD28-induced
T cell proliferation (Das et al., 2006), induce antiangiogenic activity in HUVEC co-cultured
with vascular smooth muscle cells (Radi et al., 2012), inhibits human DU145 and PC3 cell
adhesion and reduced pSrc-416 and phosphorylated FAK Y576/Y577 levels (Getlik et al.,
2009).

PP1 and PP2 are potent and selective inhibitors of Lck and Fyn. They also inhibit
EGFR, Kit, p97 and Syk (Hanke et al., 1996; Tatton et al., 2003). Functional, cytotoxic and
proliferation assays of PP2 on human T cells, K562, KU812 and 8701-BC cells have revealed
its inhibitory and antiproliferative activity against adhesion kinase and tyrosine
phosphorylation of SFKs (Fedorov et al., 2007. Similar assays of PP1 on jurkat and mouse
NIH/3T3 cells revealed its inhibition of MLR stimulated IL-2 production in jurkat cells

(Arnold et al., 2000) and v-Src phosphorylation in mouse NIH/3T3 cells (Apsel et al., 2008).
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SU6656 is a multi-targeted inhibitor of Src, Fyn, Lyn and Yes (Blake et al., 2000).
Bosutinib is a dual inhibitor of Src/Abl and Quercetin is a multitargeted inhibitor of Sirtuins,
PKC and PI3Ky (Boschelli et al., 2001). Functional assays with SU6656 on Sf9 insect cells,
functional and cytotoxicity assays with Quercetin on RBL-1, human HeLa cells, HT22,
Bhuman BV2, jurkat T cells and other cell lines, and growth inhibition assays with Bosutinib
on human and animal cell lines confirmed their anti-SFK, anti-oxidative and anti-cancer
properties (Nguyen et al., 2014; Shi et al., 2014).

Although most of these SFK inhibitors moderately managed to inhibit the activity of a
few SFKs at a given time, none of them were efficient enough to inhibit the activity of a wide
range of enzymes with high potency. More importantly, off target effects of SFK inhibitors is
another major problem, especially during the clinical trials. Therefore, there is an urgent need
to identify novel candidate compounds for SFK inhibition with higher efficacy, potency and
less off target side effects. Saracatinib is SFK inhibitor which inhibits most important and
ubiquitous members of SFK such as Src, Lck, Fyn and Lyn with high potency and efficacy. It
also inhibits c-Yes and EGFR (Chang et al., 2008; Green et al., 2009). Currently, it is in phase
IIb of clinical trials against breast cancer (Sharma et al., 2018a) and has also been successfully
tested against several forms of other cancers such as lung, bone, colorectal, skin and gastric
(Dulsat et al., 2009). Its half-life in human plasma is 40 hours and no reports of toxicity have
been reported in the patients at 2 and 5 mg/kg/day over the period of nine months in the human
clinical trials (Nygaard et al., 2015). In other clinical studies, dose administered at 250 mg
daily orally for 14 days with plasma peak concentration and terminal elimination half-life of 6
hours and 40 hours, was also rendered safe (Dulsat et al., 2009). Another phase I study

conducted on healthy volunteers with different doses from 2.5 mg to 1000 mg revealed that
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saracatinib was safer even at higher doses of 1000 mg, although not recommended in some
cases. A very few of these patients, who were given 1000 mg, showed only mild adverse effects
such as nausea, vomiting, headache, rashes and flu-like symptoms (Dulsat et al., 2009; Lockton
et al., 2005). The safety profile of saracatinib was also tested in patients with different types of
cancers with daily doses of 50 mg, 125 mg and 175 mg for 28 days. No side effects of
saracatinib were reported in these patients (Dulsat et al., 2009) suggesting saracatinib is well
tolerated and is safe even at higher doses.

Saracatinib (AZD0530) is an anilinoquinazoline compound which is now in phase III
of clinical trials for Alzheimer’s disease and cancer (Cummings et al., 2018). Saracatinib mode
of action is primarily based on the ATP dependent mechanism. SFKs has an ATP binding
moiety, where ATP molecule binds, that sits deep inside the hydrophobic and ribose pocket of
the enzyme. ATP strongly binds to the enzyme with the help of two strong hydrogen bonds at
Met341 and Tyr340. The most important and unique property of SFKs that makes them an
excellent target for quinazoline compounds is ‘gatekeeping’. SFKs have the ‘gatekeeper’
molecules that sits at the entrance of their pocket sites. This unique feature of the enzyme
makes them even more selective for the compounds entering into their deep pockets. Due to
the presence of C5 group position on the saracatinib, SFKs allow saracatinib to enter and bind
to the enzyme’s deep ribose pocket making strong dual hydrophobic interactions with ATP
molecule and enzyme itself forming a powerful enzyme-inhibitor complex (Hannequin et al.,
2006; Sharma et al, 2018a). The growth inhibition assays on various cancer cell lines and in
Alzheimer’s model have demonstrated saracatinib’s strong inhibitory properties (Chang et al.,
2008; Green et al., 2009). Recently we investigated inhibitory role of saracatinib in our rat

kainate model of TLE. We observed that saracatinib treatment, after kainate administration,
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reduced the number of spontaneous convulsive seizures and spike frequency in one month
study (Sharma et al., 2018a). Further studies, from similar work, also revealed the short (7 day)
and long-term (4 month) neuroprotective effects of saracatinib in a rat model of TLE. Its post-
treatment not only reduced SRS and spike frequency during 4 month of post-SE, but also
reduced reactive gliosis, oxidative stress, protein nitrosylation, neurodegeneration and Fyn and
PKCd immunoreactivity in microglia, astrocytes and neurons at both early and late time-points
in DG, CA3, CAl, thalamus, ENT and amygdala (chapter 5). Furthermore, saracatinib also
reduced Fyn and PKCS nuclear translocation which prevented increased transcription of
proinfammatory genes in the hippocampus (chapter 5).

Although being specific target for Src, Lck, Fyn and Lyn, saracatinib also targets c-
YES, Abl and EGFR to a lesser extent. It also has an inhibitory action on other kinases such
as platelet-derived growth factor receptor tyrosine kinase o and B (PDFGRa and B), cyclin-
dependent kinase 2 (CDK2), Fms-like tyrosine kinase 1 and 4 (Flt-1 and 4), c-terminal Src
kinase (Csk), fibrobast growth factor receptor tyrosine kinase (FGFR1) and aurora kinase-3
(AUR-3) (Green et al., 2009). Saracatinib treatment has also been show to cause cell cycle
arrest and Akt blocade. It modulates the activity of Fgr, Blk, c-kit, ephrin receptor tyrosine
kinase and kinase insert domain-containing receptor (KDR) (Green et al., 2009). The growth
inhibition assays on various cell lines such as HT1080, DU145, PC3, PZ-HPV7, CTV-1 and
BV-173 have demonstrated its strong inhibitory action against protein kinases, cancerous cell
proliferation and invasion, EGF-induced cell scattering, tyrosine phosphorylation of Y419,
paxillin phosphorylation, cell cycle arrest and cell migration (Chang et al., 2008; Green et al.,

2009; Purnell et al., 2009).
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Abstract

The C57BL/6J mouse as a model of seizure/epilepsy is challenging due to high
mortality and huge variability in response to kainate. We have recently demonstrated that
repeated administration of a low dose of kainate by intraperitoneal route can induce severe
status epilepticus (SE) with 94% survival rate. In the present study, based on continuous video-
EEG recording for 4-18 weeks from epidurally implanted electrodes on the cortex, we
demonstrate that this method also induces immediate epileptogenesis (<1-5 days post-SE).
This finding was based on identification of two types of spontaneous recurrent seizures;
behavioral convulsive seizures (CS) and electrographic nonconvulsive seizures (NCS). The
identification of the spontaneous CS, stage 3-5 types, was based on the behaviors (video) that
were associated with the EEG characteristics (stage 3-5 epileptiform spikes), the power
spectrum, and the activity counts. The electrographic NCS identification was based on the
stage 1-2 epileptiform spike clusters on the EEG and their associated power spectrum. Severe
SE induced immediate epileptogenesis in all the mice. The maximum numbers of spontaneous
CS were observed during the first 4-6 weeks of the SE and they decreased thereafter. Mild SE
also induced immediate epileptogenesis in some mice but the CS were less frequent. In both
the severe and the mild SE groups, the spontaneous electrographic NCS persisted throughout
the 18 week observation period, and therefore this could serve as a chronic model for complex
seizures. However, unlike rat kainate models, the C57BL/6J mouse kainate model is a unique
regressive CS model of epilepsy. Further studies are required to understand the mechanism of

recovery from spontaneous CS in this model, which could reveal novel therapeutic targets for

epilepsy.
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Introduction

Temporal lobe epilepsy (TLE) is the most common form of human epilepsy [1]. To
understand the pathogenesis of human TLE, rodent models of epilepsy have been developed
and characterized. A variety of methods have been tried in rodent models to induce status
epilepticus (SE) and epileptogenesis [2—4]. Hitherto, rat models (for example [5-8]) and some
mouse models (for example [9, 10]) of TLE are well characterized and extensively studied.
Several weeks after the induction of SE in these models, intermittent or continuous video-EEG
recordings have provided convincing evidence for the onset of spontaneous recurrent seizures,
SRS (for example [11-13]).

Kainate is one of the most common drug used to induce SE in rodents (reviewed by
[14— 18]). Although several mouse models of epileptogenesis have been developed [19, 20],
the C57BL/6J strain posed several challenges such as high mortality, inconsistent seizure
response and resistance to kainate-induced neurotoxicity by the intraperitoneal (i.p.) route at a
dose <30 mg/kg [21-24]. In the previous studies, a single dose of kainate by the i.p. route in
these mice had failed to produce consistent severe SE without high mortality [25, 26].
Recently, we have addressed these issues in the C57BL/6J mice by administering kainate in
repeated low doses (5 mg/kg i.p., at 30 min intervals), until they reach the stage-5 seizures
[27].

In order to overcome the kainate-resistance to neurotoxicity in the C57BL/6] strain, by
the i.p. or the subcutaneous (s.c.) route, kainate administration via the intra-hippocampal (for
example [28, 29]), the intra-striatal [30] and the intra-amygdalar (for example [31]) routes were
employed. It was known that severity of SE is the most important factor to induce

epileptogenesis [32, 33]. Since the repeated low dose of kainate administration via the i.p. route
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could induce severe SE in the C57BL/6J mice with least mortality [27], we hypothesized that
this approach could also induce epileptogenesis. To test this hypothesis, we induced mild to
severe SE with kainate by intraperitoneal route in the C57BL/6J mice using the same method
as described in our recent publication [27]. In the present study, after the induction of SE, the
mice were subjected to continuous video-EEG monitoring for 4-18 weeks. Like in other
models of epilepsy (for example [32, 33]), the frequency of spontaneous convulsive seizures
(CS) directly correlated with the severity of the SE in the C57BL/6J mice. In addition, we
present unexpected and interesting findings from this study: i) immediate epileptogenesis
occurred in both the severe and the mild SE groups ii) the frequency of spontaneous CS
increased with the severity of the SE but they decreased after 4—6 weeks iii) irrespective of the
severity of the SE, the spontaneous electrographic nonconvulsive seizures (NCS) persisted

throughout the observation period. These findings are presented and discussed in this study.

Materials and Methods

Animal source and ethical approval

The experiments were performed using the C57BL/6J male mice of 6—7 weeks old.
They were purchased from the Jackson Laboratory, ME, USA and maintained in the
Laboratory of Animal Resources at lowa State University (ISU). The mice were housed under
controlled environmental conditions (19°C—23°C, 12 hour light: 12 hour dark), with ad libitum
access to food and water. All experiments were performed according to the approved protocol
by the Institutional Animal Care and Use Committee, ISU, USA (protocol no. 10-12-7446-

MR). All surgeries were performed under isoflurane anesthesia and all efforts were made to
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minimize discomfort throughout the duration of the experimentation. All mice were euthanized

with an overdose of pentobarbital sodium (100 mg/kg, i.p.) at the end of the experiments.

Terminologies. Duration of the entire SE, established SE, criteria for mild and severe
SE classification, and the latent period.

Depending on the number of injections of kainate given, the overall duration of the
entire SE varied from 3—6 hours. During this period of SE, all the mice had continuous
epileptiform activity on EEG and the mice experienced continuous stage-1 and -2 (Racine scale
1 and 2) type behavioral seizures for greater than 10 minutes prior to the onset of stage 3 or 5
seizures (Racine scale 3 or 5). Once the mice reached stage 3 or 5 seizures, the behavioral and
electrographic seizures fluctuated between stage 1 to stage-3 or -5 (Racine scale 3 or 5) for
greater than 10 minutes. Overall, the SE in the present study met the criteria set by the
International League Against Epilepsy [34, 35] i.e., SE was a continuous seizure activity that
lasted for more than 10 minutes and also the different types of seizures (stage 1-5) were
recurring at very short intervals (< 1 minute) during the established SE (Fig 1).

The “established SE” in the present study is the duration between the first onset of
stage-3 or stage-5 seizure during the SE and the diazepam treatment, which is typically 2 hours

(Fig 1, and also Illustrated by Tse et al., [27]).
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Fig 1. A (itoiv) and B (i to iv) are the representative EEG traces obtained during mild and severe
SE, respectively, in this study. The behavioral scoring (Racine scale stages from 1 to 5) for these mice
during the 2 hours established SE (v) and the duration of each stage was quantified (vi). The upward
open arrows indicate the injections given [kainate (5 mg/kg)- first two arrows in A (i), and first four
arrows in B (i); diazepam and dextrose at the other end of the trace]. The first episode of stage-3 seizure
in the mild SE group (A, after the second dose of kainate) or the stage 5 in the severe SE group (B, after
the fourth dose of kainate) is shown on the EEG traces (i and ii). The expanded EEG trace from the
very end of the established SE, prior to the diazepam treatment, is shown in the panel (ii). A further
expanded EEG traces are also shown in panels (iii) and (iv). The first stage 3 (in mild group) or the
stage 5 (in the severe group) marked the beginning of the 2 hours established SE. During the 2 hour
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period, the mouse [panel A, (v)] had stage 2 seizures continuously for first 30 minutes with a second
episode of stage-3 seizure half-way through and changed to the stage-1 seizure. Beyond this point, the
remaining 90 minutes, the mouse (panel A) had continuous seizures ranging from stage-1 to stage-3.
The exact amount of time spent at each stage is given in the panel (vi), likewise for the mouse in the
severe SE group (panel B). During the 2 hour period, the mouse (panel B) had a brief stage-1 seizures
followed by continuous stage 2—5 seizures during the remaining period of 2 hours (v). The exact amount
of time the mouse spent at each stage is given in the panel vi.

To classify mice under the “mild SE”, the first stage-3 seizure and for the “severe SE”,
the first stage-5 seizure were considered as the starting points for the 2hour established SE.
The end point for both groups was when the diazepam was administered. During the 2 hours
established SE, in the mild group the seizures fluctuated between the stage-1 to stage-3, while
in the severe group between stage-1 (most often stage-2) to stage-5. The other criterion
considered was that the mice under “severe SE” group should have had experienced a
minimum of continuous 10 minutes of stage 3—5 seizures in addition to continuous stage 1-2
seizures for a long period (often > 40 minutes). The “mild SE” group mice should have had
experienced stage-3 seizures intermittently for less than 10 min but continuous stage-1 or -2
seizures often greater than 40 minutes (for example, Fig 1).

The latent period is the period between the diazepam treatment and the first occurrence
of spontaneous behavioral CS (“motor seizure latent period”) or the first onset of spontaneous
electrographic NCS (“electrographic seizure latent period”). The period beyond the first
spontaneous electrographic NCS was considered as the epileptic phase.

The “activity counts”, in the present study, refers to the counts that were generated due
to locomotor activity. These behaviors were detected by the radiotransmitter and relayed to the
computer as “activity counts/minute”. Higher the counts, greater the locomotor activity. The

increased activity counts generated due to behavioral CS were associated with high amplitude

and high frequency epileptiform spikes on the EEG and increased gamma power. The



99

distinguishing feature of activity counts associated with normal behavior was the lack of EEG
power in the gamma band. The activity counts due to exploratory or grooming behavior lacked
high frequency and high amplitude epileptiform spike clusters on EEG. Further details on
artifact spikes and epileptiform spikes, and activity counts in C57BL/6J mouse using epidural

electrode technique has been published recently [27].

Surgery, telemetry device implantation, SE induction with kainate and video-EEG
monitoring

Twenty three mice were implanted with the telemetry device (Physiotel Multiplus
ETA-F20, Data Science International, MN, USA), subcutaneously, 10 days prior to the
induction of SE with kainate. The two electrodes were inserted into the burr holes bilaterally,
2.5 mm caudal to the bregma and 2.0 mm lateral to the midline, to record EEG from each
hemisphere. The electrodes were positioned in contact with the dura mater over the surface of
the cortex. The detailed surgical procedure for implanting the electrodes and the
radiotransmitter has been described in our previous publications [27, 36].

The mouse cages were randomly allotted to the PhysioTel RPC receiver pads that
transmit the data from the telemetry devices to Windows PC via the data exchange matrix. We
used the Dataquest ART software to acquire real-time data at a sampling frequency of 1000
Hertz (Hz) and the NeuroScore software (DSI, MN, USA) to analyze the EEG recordings. The
data acquired from the telemetry device included the EEG, the activity counts/minute and the
mouse body temperature. The video-EEG recording was started soon after the surgery to
acquire baseline EEG from each mouse that consisted of day and night cycles. The video was

recorded at 25 frames/sec.
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Nineteen out of 23 mice received kainate (Abcam, USA), which was prepared fresh in
sterile distilled water at a concentration of 2 mg/ml. The remaining four mice received equal
volumes of sterile distilled water, instead of kainate. These mice served as control. A repeated
low dose of kainate at 5 mg/kg per injection was given i.p. at 30 minutes intervals. This method
was useful to titrate the mice to achieve either mild or severe SE. The stages in the SE were
identified and recorded according to the modified Racine scale (stage-1 to -5) [27]. Nine mice
were titrated to achieve severe SE with a duration of >10 minutes of continuous stage 3-5
seizures during the 2 hours established SE. The 2 hour duration of the established SE started
from the first onset of the stage-5 seizure to the time point when the mice were administered
with diazepam (10 mg/kg, i.p.). The remaining 10 mice were titrated to achieve mild SE for a
duration of <10 minutes of intermittent stage-3 seizures during the 2 hours established SE. In
both mild and severe groups, all mice experienced continuous stagel-2 seizures for greater
than 10 minutes. During the induction of SE, the behavior of the mice was video-EEG recorded
and, simultaneously, two personnel directly scored the behavioral seizures based on the
modified Racine scale [37], in 5 minutes epochs [27, 36]. The behavioral seizures during the
SE were also further scored from the “standalone videos” by two other personnel who were
blind to the experiments. The average score was used to calculate cumulative seizure severity
score (CSSS) for the behavioral seizures.

The behavioral SE was terminated with diazepam, and immediately all the mice
received dextrose normal saline (1 ml, s.c). From our experience, we knew that the mice with
severe SE will lose their bodyweight (about 5%) in the first 2-3d of post-SE. To overcome this,

dextrose normal saline injection were continued once a day and soft food pellets were provided
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until the mice regained their body weight (usually by third day). After the diazepam
administration, the video-EEG recording was continued for 418 weeks.

The four (out of 23) mice that received sterile distilled water instead of kainate were
also treated with diazepam and dextrose normal saline. Four injections of distilled water were
given at 30 min intervals to match with the vast majority of the mice that received kainate in
multiple injections. The diazepam was given 2 hours after the last dose of distilled water. These
mice were also video-EEG monitored continuously for 4 weeks to investigate whether the
surgeryinduced trauma, and the implanted electrodes, also induce epileptogenesis or
spontaneous spike-wave discharges or epileptiform spiking as reported for the rat models [38—

40].

CSSS index calculation to determine severity of the SE- based on the behavioral and the
EEG characteristics during the SE

Four research assistants, who were unaware of the treatment groups, analyzed the
video-EEG for severity of the SE and determined behavioral and electrographic CSSS indices.
The details of the behavioral seizures at different stages, on Racine scale, during the SE in the
C57BL/6J, induced by kainate, have been published [27, 36]. The duration between the first
onset of the stage-5 seizure (severe SE group) or the stage-3 seizure (mild SE group) and the
diazepam treatment was 2 hours. It is important to note that during the 2 hours of established
SE, the seizures recurred continuously between stage-1 and stage-3 or -5. Behavioral CSSS (in
minutes) for each mouse was calculated based on the exact amount of time the mouse spent at
each stage of a convulsive seizure between stage-3 and stage-5 (total of all three stages from 3

to 5 in minutes for the severe group, stage-3 only in the mild group) during the 2 hour period.
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It is also important to note that the duration of continuous stage-1 and -2 seizures, which was
often greater than 40 min in both severe and mild groups, was not considered to calculate CSSS
index. The electrographic CSSS was calculated for both the groups based on the exact duration
of stage >3 epileptiform spikes on the EEG (total of all three stages from 3 to 5 in minutes for
the severe group, stage-3 only in the mild group). The EEG characteristics were always
correlated with the behavioral seizures (but certain behaviors during an episode were not
always associated with the epileptiform spiking during the SE), spectral density characteristics
and the activity counts [27]. To determine the SE as mild or severe, both the behavioral and

the electrographic CSSS indices were considered.

Identification and quantification of spontaneous CS based on the realtime integrated
video-EEG-power band characteristics and the activity counts

We have previously described the procedure for EEG quantification during kainate-
induced SE in the C57BL/6J mice [27]. In our previous short term study, a minimum of 24
hours baseline EEG was recorded from each mouse before administering the kainate. In the
present long term study, we considered 10 days of continuous baseline recording which
included day and night cycle, sleep and awake state, and resting and exploratory activities. The
video-EEG recording was continued during and after the kainate treatment for up to 4-18
weeks. All the post-kainate responses were normalized against the baseline from the same
mouse [8, 9, 27, 36]. The EEG raw signal in 10 seconds epochs, after manually excluding the
artifacts, was subjected to Fast Fourier Transformation (FFT) to derive power bands (power
spectral density). The EEG signal component containing various frequencies were split into
individual power bands corresponding to the delta (5, 0.5-4 Hz), the theta (6, 4-8 Hz), the

alpha (o, 8-12 Hz), the sigma (S, 12—16 Hz), the beta (B, 16-24 Hz) and the gamma (y, 24-80
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Hz) [27, 36]. The power in different spectra changed depending on the stage of a seizure within
an episode and the power in some bands increased as a seizure progressed from stage-1 to -5.
The baseline power for all the spectral bands were <5 mV?>. To differentiate the epileptiform
spikes from the normal baseline spikes or from the spikes due to electrical or mechanical
artefacts, we considered individual spike characteristics such as amplitude, duration,
frequency, inter-spike intervals and the activity counts (per minute) during this period. The
spike amplitude threshold for the baseline was 100uV. The epileptiform spikes were detected
using the NeuroScore software by setting the following parameters; amplitude threshold
between 150 and 1500V with the individual spike duration 15 and 500ms, inter-spike interval
80 and 5000ms, and the spike train join interval was 100 and 5000ms within an episode (Table
1).

Table 1. The epileptiform spike characteristics for the spontaneous behavioral CS and the
electrographic NCS and during the post-SE period in the CS7BL/6J mice.

Seizure stages Length of episode (sec) Spike Amplitude (uV) Inter-spike interval (ms) Spike frequency/ min(within an episode)
Stage-1 inter-ictal spikes  300-1500 200-300 1000-4000 15-60

Stage-2 inter-ictal spikes  300-1500 400-1500 2000-5000 12-30

Stage-1 episode 10-15 200-300 200-500 120-300

Stage-2 episode 20-40 400-1500 800-1200 48-72

Stage-3 episode 20-50 500-1500 100-300 180-600

Stage-4 episode 30-60 500-1500 100-300 180-600

Stage-5 episode 40-120 500-3000 80-300 180-720

The spikes/min column represents a minimum and a maximum number of spikes/min in an episode.
The detailed explanation for the epileptiform spikes on the EEG that were associated with the behavior
during the SE, and artifacts, are given elsewhere [27].

After detecting seizure episodes using the NeuroScore software, the EEG recordings
were manually verified and all the recurrent spontaneous CS types were checked against the
real-time videos, the spectral bands and the activity counts. The artifacts such as exploratory
behavior and electrical interference were detected based on the individual spike characteristics,

the power spectrum, and the activity counts [27].
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Identification and quantification of spontaneous electrographic NCS based on the EEG
and the power band characteristics

The spontaneous electrographic NCS episodes included the stage-1 and -2 type
epileptiform spike clusters along with their respective pre-, post- and inter-ictal spikes. The
stage-1 electrographic NCS episode included the stage-1 epileptiform spikes along with its
associated stage-1 pre- and post-ictal spikes. Similarly, the stage-2 electrographic NCS episode
included the stage-2 epileptiform spikes with its associated stage-2 pre- and post-ictal spikes.
The duration of some of the spontaneous electrographic NCS episodes, usually the stage-2
type, were as long as 30 minutes with an inter-spike interval of 2-5s (frequency 0.2-0.4 Hz,
Table 1), but we set a minimum of 12 seconds duration with a frequency >0.8 Hz to consider
it as an electrographic NCS episode.

The numbers of spontaneous CS (stage -3,-4 and -5) and the spontaneous electrographic
NCS episodes (stage-1 and -2) were plotted as group data for the duration of first 4 weeks, 5—
8 weeks, 9—12 weeks and 13-18 weeks for both the severe and the mild SE groups. The
spontaneous convulsive seizures occurred during the first four weeks after the SE, in both the
severe and the mild SE groups, are also presented at 24 hour epochs to demonstrate mouse-to-
mouse variability. The Mann-Whitney test was used to compare between the behavioral and
the electrographic convulsive seizure severity score, and to compare between the total numbers
of spontaneous seizures at different time points. The Kruskal-Wallis test was used to compare

the seizures within the groups across different time points.
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Results

The CSSS index to determine severity of the SE
As previously noted, there was no correlation between the CSSS index and the amount
of kainate administered to achieve the SE [27]. All the mice in this study had continuous
behavioral and electrographic stage 1-2 seizures for a minimum of 10 minutes prior to the
onset of first stage-3 or -5 seizures and during the 2 hours established SE. After the onset of
stage-3 or -5 behavioral seizures, the vast majority of the mice had continuous seizures that
fluctuated between the stage-1 and the stage-3 in the mild group and between the stage-1 or 2
and the stage-5 in the severe group (for example, Fig 1). The severe SE group mice always had
the stage-5 behavioral seizures that were characterized by generalized tonic clonic convulsions
with lateral recumbence or jumping and/or wild running followed by generalized convulsions.
The mild SE group mice always had the stage-3 behavioral seizures consisting of rearing with
facial automatisms and forelimb clonus but never experienced generalized convulsions i.e. the
stage-5 seizure. The video demonstrating the stage-3 to -5 in the C57BL/6J mouse has been
published by our group [27]. In the vast majority of the mice, in both groups, the stage-1 and -
2 seizures persisted continuously for >40 minutes (for example, Fig 1). The representative EEG
trace and behavioral seizures score, during the 2 hour established SE, from the mouse that had

severe or mild SE is demonstrated in Fig 1.
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Fig 2. Behavioral and electrographic CSSS indices comparison between the severe and the mild
SE groups during the 2 hours established SE. The CSSS indices for both behavioral and
electrographic seizures were significantly higher in the severe SE group, when compared to the mild
SE group (**p = 0.0047, electrographic CSSS; **p =0.0011, behavioral CSSS; n =9, Mann-Whitney
test). There was almost 50% difference between the electrographic and the behavioral CSSS indices in
both groups (*p = 0.037 for the mild group, **p = 0.0023 for the severe group, Mann-Whitney test).

The severe SE group mice that experienced stage-3 to -5 behavioral seizures had an
average of 20 behavioral CSSS index and 10 electrographic CSSS index, while the mild SE
group mice had only the stage-3 behavioral seizures intermittently for a period <10 minutes,
and their CSSS indices were well below the severe SE group (Fig 2). The CSSS indices for
both the behavioral stage >3 seizures and their associated EEG seizures were significantly
higher in the severe SE group when compared to the mild SE group (p = 0.0047 for the
electrographic CSSS and p = 0.0011 for the behavioral CSSS, the Mann-Whitney test; n = 9
each). Interestingly, there was about 50% difference between the behavioral and the

electrographic CSSS values in both groups (Fig 2).

Both severe and mild SE induce immediate epileptogenesis
In this study, the period between the diazepam treatment and the first onset of

spontaneous behavioral CS was considered as the “motor seizure latent period” while, the first
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onset of electrographic NCS was considered as the “electrographic seizure latent period” [8].
Interestingly, as in the rat kainate models of epileptogenesis/epilepsy described in the literature
[8, 12, 17, 41], there was no well-defined prolonged ‘motor seizure latent period’ for the
C57BL6/J mice, in both groups, in this study. The first electrographic NCS was observed at
138 + 66 minutes in the mild group and at 78+ 60 minutes in the severe group after the
diazepam treatment. There was no significant difference between the groups. The motor
seizure latent periods for the mild and severe groups were 7+3.8 (n = 8, one being an outlier,
33 days) and 1.84+0.47 days (n =9, mean =SEM)), respectively, and there was also no significant
difference between the groups. Out of 9 epileptic mice under the severe SE group, one mouse

had no motor seizure latent period, 4 mice had 1d, and 2 mice each had 2 and 4 days (Fig 3).
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Fig 3. The frequency of spontaneous behavioral CS occurrence during the first 4 weeks of post-
SE in the severe SE group. The 2 hour established SE profile, and the total numbers of spontaneous
CS episodes/day during the first 4 weeks of post-SE are given for each mouse. All mice in the severe
group had continuous stage-1 or 2 seizures for >40 min during the 2 hours established SE. There is no
correlation between the amount of kainate received and the motor seizure latent period, and the numbers
of spontaneous CS episodes. eCSSS = electrographic CSSS index (in min); bCSSS = behavioral CSSS
index (in min)
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In the mild SE group, out of 10 mice one mouse showed neither a behavioral CS nor an
electrographic NCS throughout the 18 weeks period. Another mouse (Fig 4, M#15) in this
group had only the electrographic NCS throughout the 18 weeks but no behavioral CS were
observed. The motor seizure latent period in the mild SE group varied from 1 to 10 days (Fig
4) with an exception of 33 days in one mouse (M#16). In both mild and severe SE groups,

spontaneous electrographic NCS always occurred prior to the behavioral CS.
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Fig 4. The frequency of spontaneous behavioral CS occurrence during the first 4 weeks of post-
SE in the mild SE group. The 2 hour established SE profile, and the total numbers of spontaneous
behavioral CS are given for each mouse. All mice in the mild group also had continuous stage-1 or 2
seizures for > 40 min during the 2 hours established SE (an example is shown in Fig 1). As in the severe
SE group, there was no correlation between the amount of kainate given and the motor seizure latent
period, and the number of CS episodes. Two mice did not become epileptic during first 4 weeks. eCSSS
= electrographic CSSS index (in min); bCSSS = behavioral CSSS index (in min).

All the spontaneous behavioral CS, evident from the real-time videos, were always associated
with the EEG and the power spectral characteristics, and the activity counts (Fig 5SB—5F). The

mice that became epileptic had the stage-3 to -5 types of spontaneous behavioral CS (Fig 5B—
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5F) and/or the stage-1 to -2 types of spontaneous electrographic NCS (Fig 5A). In all the 5
types of spontaneous behavioral CS episodes, identified in this study, there was an increase in
the gamma, theta and delta powers. These were due to the stage-3 spikes and/or the stage-5

spikes that were associated with wild running or jumping behavior. These behaviors were
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Fig 5. Types of spontaneous electrographic NCS (A) and behavioral CS episodes (B-F) observed
during the first 4 weeks. (A) The stage-2 type of spontaneous electrographic NCS ending with the
HFT spikes had no behavioral correlates. Five types of spontaneous behavioral CS were identified. (B)
the stage-3 type ending with the HFT spikes (C) the stage-3 to -4 type episode ending with the HFT
spikes, (D-F) the stage-5 episodes preceded by the stage-3 and -4 type spikes with wild running (D) or
without wild running and/or ending with lateral recumbence/rigidity (F), which is characterized by low
amplitude spikes on the EEG compared to the baseline. (E) The stage-5 episode was preceded by the
stage-3 and -4 types followed by several jumps and may end with lateral recumbence/rigidity. In all the
spontaneous CS types, the stage-3 component increases the gamma power while, the increase in the
activity counts corresponds to the movements due to seizures during this period. The gamma power
decreases in the stage-5 except during jumping and wild running, which also coincides with the
increased activity counts.

detected by the radiotransmitter and displayed on the screen as the “activity counts/minute”
that is shown at the bottom of each episode (Fig 5). These were also correlated with the
behavioral CS, as evident from the video, and increased the gamma power on the EEG. All of

these parameters were used to confirm spontaneous behavioral CS episodes. However, the
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stage-4 behavioral CS (repeated rearing and falling) sometimes lacked activity counts when
there was a limited movement (Fig 5C). The gamma power decreased during the stage-5 spikes
when it was associated with the lateral recumbence or rigidity/restricted movement that
coincided with the decreased activity counts (for example in Fig 5F). This pattern was also
observed during the post-ictal depression (Fig 5B—5F). We could clearly distinguish the
increased activity counts and the gamma power due to movement artifacts from the real seizure

activity [27].

The spontaneous behavioral CS episodes decreased after the 4 weeks of SE but the
spontaneous electrographic NCS continued to exist during the 18 weeks observation
period

We quantified the spontaneous behavioral CS (stage 3—5) and the spontaneous
electrographic NCS (stage 1-2) from both the severe and the mild SE groups. An example of
an EEG trace from a mouse at 7d post-SE (Fig 6A) illustrates the stage 3—5 type spontaneous
seizures that occurred in less than 3 minutes after the stage 1-2 electrographic NCS. This was
the EEG pattern seen in all the epileptic mice in both groups during the first week. After the
first week, the types of behavioral CS shown in the Fig 5 were most commonly observed in
both groups. The EEG characteristics (Fig 6B) during the spontaneous behavioral CS were
similar to the pattern observed during the SE. The spontaneous recurrent electrographic NCS
were identified based on the stage-1 and stage-2 epileptiform spike characteristics on the EEG
(Fig 6B) and increased power in the theta and delta bands, which were also similar to the EEG
features identified during the SE in the present study and in earlier studies from C57BL/6J
mouse kainate model [27, 36]. The spontaneous electrographic NCS, presented as stage-2

clusters, contained “high frequency trigger” (HFT) spikes during the first 4 weeks (an example
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is shown in Fig 5A). However, the HFT spikes were rarely found in stage-2 clusters during the
5-18 weeks post-SE (for example Fig 6C, the EEG trace from 32 day post-SE is shown). A

random analyses of three weeks video-EEG recordings revealed that about 80% of the
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Fig 6. The EEG features of the spontaneous electrographic NCS and behavioral CS. A. A 20min
EEG trace from the mouse at 7d post-SE. A pattern of the stage-1 and the stage-2 type NCS episodes
(with no behavioral correlates unlike during the SE) preceded the stage 3—5 behavioral CS episodes.
After 4 weeks, the stage 3—5 episodes were reduced, however the stage-1 and -2 continued to persist.
B. The spike characteristics during the post-SE period. The HFT spikes reduced after the 4 weeks in all
types of seizures in both the mild and severe SE groups. An example of an electrographic NCS on its
own (without progressing to stage 3—5 seizure) is also shown in the panel C- a 20min trace showing
spontaneous electrographic NCS of stage 2 type spiking at 32 day post-SE (from the severe SE group).
Such electrographic NCS episodes persisted throughout the 18 weeks in the severe and the mild groups.

electrographic NCS were associated with behavioral phenotypes (observed from high
resolution “standalone videos” rather than from the videos that were integrated with the EEG
files). The remaining 20% of NCS episodes were the stage-2 with HFT spikes which lacked

behavioral correlates. The HFT pattern observed in the C57BL/6J mouse has been described

elsewhere [27].
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During the first 4 week period, all the mice in the severe SE group were epileptic and
had 27 £3 episodes of spontaneous behavioral CS (stage >3). In the mild SE group, except
three mice the rest had 4+1 behavioral CS during this period (Fig 7; p = 0.0004, severe SE
versus mild SE group, Mann-Whitney test). After 4 weeks, the number of spontaneous
behavioral CS significantly decreased in the severe group (Fig 7; p = 0.0026, 0—4 week versus

the rest of the time intervals for up to 18 weeks; Kruskal-Wallis test). And there were no

(] Mild SE Il Severe SE
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-
(=}

No. of SRS episodes
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CS NCS cs NCS cS NCS cs NCS

0-4 weeks 58 weeks 9-12 weeks 13-18 weeks

Fig 7. Comparison of the spontaneous behavioral CS and the spontaneous electrographic NCS
occurrence in the severe and mild SE groups from 0-18 weeks. There was a significant increase in
the number of behavioral CS episodes during the first 4 weeks in the severe SE group when compared
to the mild SE group (***p = 0.0004, Mann-Whitney test, n = 9 each). The spontaneous CS in the
severe group significantly reduced during 5—8 weeks or 9—12 weeks or 13—18 weeks when compared
to 0—4 weeks (p = 0.0026, Kruskal-Wallis test). However, there was no significant difference in the
spontaneous behavioral CS in the mild group across different time points. Further, spontaneous
electrographic NCS episodes did not significantly change between the two groups at any time point and
continued to exist throughout the 18 weeks period.

significant differences in the numbers of spontaneous behavioral CS between the severe and
the mild groups during the 5-18 weeks period (Fig 7). Interestingly, there were also no
significant differences in the numbers of the spontaneous electrographic NCS episodes
between the severe and the mild groups throughout the 18 week period, including the first four

weeks of post-SE (Fig 7). During the 18 week post-SE period, the mice in both the severe and
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the mild SE groups had ~20 spontaneous electrographic NCS type episodes per day/night
cycle. None of the four control mice that were monitored continuously for 4 weeks or the
baseline EEG recordings from the 19 mice for 10 days (before the induction of SE) from the
experimental groups had any epileptiform spikes either in isolation or in clusters. None of the
mice from the control or the severe SE or the mild SE group had infection at the site of the
electrodes or at the site of the radiotransmitter. There was no evidence of damage to the brain
by the implanted electrodes. The mice body temperature, detected by the radiotransmitters in

real-time, was also constant throughout the course of the experiment.

Discussion

The results of this study demonstrate that both severe and mild SE in C57BL/6J mice
induce epileptogenesis soon after the SE. Severe SE increases the numbers of spontaneous
behavioral CS during the first 4 weeks but they decrease thereafter. Mild SE also induces
epileptogenesis but the numbers of spontaneous CS in the first 4 weeks were fewer than those
found in the severe group. In both the severe and the mild SE groups, the spontaneous
electrographic NCS continue to exist during the 18 weeks observation period. In both groups,
all the spontaneous behavioral CS (stage 3—5) were associated with: characteristic EEG
patterns (high frequency and high amplitude epileptiform spike clusters), the increased gamma,
theta and delta powers in the power spectrum, and the increased activity counts. Considering
the large numbers of spontaneous electrographic NCS occurred during the 18 weeks
continuous study, a random observation of three weeks recordings revealed that about 80% of
the electrographic NCS were associated with behavioral phenotypes in both groups. The
remaining NCS episodes contained the stage-2 HFT pattern (for example, Fig 5A) which

lacked behavioral correlates. The spontaneous electrographic NCS (EEG) patterns quantified
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were similar to the EEG patterns observed during the SE in the present study, and also to our
previous studies from C57BL/6J mouse model [27, 36]. The NCS were also characterized by

the increase in power in delta and theta bands.

Severity of the SE, determined by the EEG and the behavioral characteristics, and its
impact on latent periods, epileptogenesis and chronic epileptic period

The results from this study were based on continuous video-EEG recording from
epidurally implanted electrodes on the surface of the cortex 10 days prior to the induction of
SE. To our knowledge, there is little or no evidence of continuous (24/7) integrated video-EEG
recording from C57BL/6J mice for a longer duration. Early epileptogenesis, less than a week
after the SE, is also reported in the rat pilocarpine model [33, 42, 43, 44]. A similar observation
was also made from the rat electroconvulsant model [7] and the pilocarpine mouse model of
epilepsy [19]. These findings, except the study from Jung et al [44], were also based on
continuous video-EEG monitoring, challenge the notion of “prolonged motor seizure latent
period” after the induction of SE in rodent models.

In this study, there were no significant differences in the latency to the first onset of
spontaneous electrographic NCS and behavioral CS between the mild and SE groups. And the
NCS always occurred prior to the CS in both groups, which is in agreement with the other
models of TLE [33, 43]. The effects of duration and severity of SE on latent period,
epileptogenesis and chronic epileptic phase has been adequately addressed in rodent models of
epilepsy [19, 32, 33, 43, 45]. It has been proposed that the duration of the latent period, whether
for NCS or CS, depends on the duration of behavioral SE and the method of termination of SE

in rodent models [43, 45]. In a pilocarpine rat model in which the behavioral seizures were
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terminated by diazepam and ketamine, no significant differences were found in latency to the
onset of spontaneous NCS or CS between the rats that had 30 minutes or 120 minutes SE [33].
In another pilocarpine rat model study in which SE was terminated by administering high dose
of diazepam (20 mg/kg), it has been reported that the longer duration of SE progressively
delays spontaneous seizure onset [45]. However, in the pilocarpine mouse (the NMRI strain)
[19] and the rat model used by Klitgaard et al [32] and Bortel et al [33], about 30 minutes of
SE was sufficient to induce epileptogenesis. It must be emphasized that in the present study all
the mice had established SE for 2 hours that included seizures of various stages ranging from
stage 1 to stage 3 or 5 (for example, Fig 1). It is important to note that in the present study we
have considered the exact duration of the behavioral CS stage >3 and their associated EEG
seizure duration to calculate the severity index (CSSS indices) for each mouse. The behavioral
CSSS index was 50% higher than the electrographic CSSS index for the SE in both groups
suggesting that the behavioral CS, during the SE, originated from the brain are due to a
widespread effects of kainate. Since only two epidural electrodes were used in this study, it
would require a multi electrode system to record electrical activity from different parts of the
brain to understand exaggerated locomotor behaviors caused by kainate during SE.
Interestingly, the behavioral SE was not terminated in some rat kainate models of TLE
[3, 7, 17]. And in one such study, the first spontaneous electrographic NCS was recorded in
less than 24 hours in 5 out of 9 rats [9]. In the present study, electrographic NCS occurred in
both mild and severe groups in less than 2 hours after terminating the behavioral SE with
diazepam. A recent study reveals that the domoic acid, an analogue of kainate, has a beta half-
life of about 5 hours in rodents [46], which may suggest that very early NCS could be due to

the residual effects of kainate in this study. However, the occurrence of first spontaneous CS
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in this study were unlikely due to the residual effects of kainate since they occurred during 24—
36 hours after the last dose of kainate, the earliest time point observed in 2 out of 18 mice. The
spontaneous CS observed in this study were also not due to surgery-induced trauma to the brain
(the electrodes were placed epidurally on the surface of the cortex and the brains were always
checked for electrodes-induced trauma after euthanasia) or infection or due to increased body
temperature. In a rat kainate model of TLE, it has been reported that both hippocampal leads
and the dural EEG lead show qualitatively similar activation throughout the recording period
for all kainate-treated rats in that study [8]. This supports that the EEG signals originated from
epidurally placed electrodes on the surface of the cortex in our experiments represents overall
brain electrical activity during the SE and post-SE periods. Our previous studies from the
C57BL/6J mouse kainate model using a similar technique, epidural electrodes on the surface
of the cortex, demonstrated a correlation between the EEG changes and the changes occurring
in the hippocampus bilaterally, for example increased Fos activation and reactive gliosis, and
their modulation by an intervention drug during and after the SE [36].

The frequency of spontaneous behavioral CS was higher in the severe group than the
mild group (both groups had received a similar range doses of kainate), implying that the
severity of the SE influences the frequency of spontaneous CS. A similar findings were
reported from the rat pilocarpine model by Bortel et al [33]. In contrast, the pilocarpine rat
model study from Klitgaard et al [32], based on intermittent EEG recording, reported that the

prolonged behavioral SE decreases the seizure frequency.
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The route of administration of kainate to induce epileptogenesis: intraperitoneal versus
other routes

Inducing severe SE using kainate via the intraperitoneal route in C57BL/6J mice had
been a challenge due to high mortality and inconsistency in their seizure response to a single
dose of kainate [25, 26]. We have recently addressed these important issues by repeated
administration of a low dose of kainate via the i.p. route [27]. The previous studies from
systemic administration of kainate via the i.p. or the s.c. route in the C57BL/6J mouse have
demonstrated resistance to kainate-induced neurotoxicity at a dose less than 30 mg/kg [25, 26,
47-50]. In order to overcome the resistance and to induce severe SE, in view of achieving
epileptogenesis in C57BL/6J mice, focal injections of kainate by the intra-hippocampal [10,
28, 51-54] or the intra-amygdalar [55] route has been successfully attempted. A similar method
of unilateral intra-hippocampal kainate injection in the guinea pig induced focal epilepsy [S6—
57]. The focal injection methods also induced early epileptogenesis by 3—5 days post-SE in
mice [51-53, 55, 58], and 2—-3 weeks to several months in the other studies [10, 28, 51-53, 55,
58]. Two studies [10, 55] have recorded EEG, but not video, continuously for 2—4 weeks, while
the other studies recorded both video and EEG, but only intermittently [28, 51-53, 55, 58].
The choice of timings for intermittent recordings in these studies were based on the reported
“motor seizure latent period of 2—3 weeks for the Swiss mice” [for example, 59]. The intranasal
route for kainate administration has also been tried in the C57BL/6J mice to overcome the
kainate resistance with limited success [60]. The focal injections of kainate although produce
severe SE and spontaneous recurrent seizures, these techniques are labor intensive, technically
demanding and expensive. Moreover, the focal administration of kainate is done under general

anesthesia, which could add further variables to the experiments during the SE, and also the
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technique could damage the brain [61-63]. The i.p. route for administering kainate to induce
SE is convenient and cost effective for non-telemetric studies. The systemic injection of
kainate causes widespread neuronal loss in different parts of the brain in rats and in some
mouse strains [64— 67]. Since C57BL/6J mice are resistant to the direct effects of kainate—
induced neurotoxicity, a further investigation is required to understand whether the severity of
the SE, induced by kainate, cause a widespread neuronal loss, in these models, as reported for

the rat kainate models (for example [3, 68]).

Spontaneous behavioral CS decline after 4 weeks of the SE and the electrographic NCS
continue to persist beyond 4 weeks

The most interesting and surprising result from this study is that the spontaneous
behavioral CS decrease after 4 weeks of the SE. Unlike the rat models of kainate-induced
acquired epilepsy and post-stroke epilepsy models [12, 69, 70] or rat pilocarpine models [32,
33] which are progressive, the C57BL/6J mouse kainate model is a regressive type. However,
the spontaneous electrographic NCS continued to exist throughout the 18 weeks and their
numbers did not change over time in both the severe and the mild SE groups, which suggest
that these could serve as a chronic model for complex seizures. There were no differences in
the numbers of electrographic NCS between the mild and severe SE groups at any time points
in the 18 weeks continuous study (Fig 7). In contrast, in the rat pilocarpine model the NCS
were 20% higher in severe SE compared to the mild SE rats in the 17-day continuous video-
EEG study [33]. However, the frequency of convulsive seizures was higher in the severe SE
rats in pilocarpine model, and they were progressive in both mild and severe SE groups [33].

In the present study, the behavioral CS frequency was also higher in the severe SE group when
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compared with the mild SE group but they decreased after 4 weeks in both groups (Fig 7). The
reasons for the decrease/ complete absence of spontaneous behavioral CS, in some mice,
require further investigation. Identification of compensatory mechanism/s of recovery from
behavioral epileptic phase could reveal a potential therapeutic targets for epilepsy. Our ongoing
intensive video-EEG analysis from 4 weeks onwards in these mice revealed an important
pattern in their EEG traces. The stage-2 type electrographic NCS during the late post-SE period
(>4 weeks) more often lacked the HFT spikes, which were usually present during the first 4
weeks (for example, Fig 5SA). We have recently described the importance of the HFT spikes in
transition from stage-2 to stage-3, i.e., from nonconvulsive to convulsive seizure during the SE
[27]. Perhaps, the absence or low numbers of HFT spikes on the EEG in some NCS clusters
during the 5-18 weeks period could be one of the several reasons for decreased spontaneous
behavioral CS during this period. The spontaneous electrographic NCS containing stage-2
spikes and the duration of such episodes observed in this study were similar to the EEG pattern
described for the rat kainate model [71]. Also this pattern had the features of cortical EEG
reported from the guinea pig kainate model [56], mouse kainate model [54], mouse model for
absence seizures [72] and to some extent the EEG patterns corresponding to grade 2/3 seizures
observed in the rat TBI model [73]. However, future studies of direct recording from the
hippocampus, the entorhinal cortex and the amygdala are required to confirm the source of
electrographic NCS and behavioral CS as demonstrated in other TLE models [10, 13, 31, 33,
56, 57].

In conclusion, the C57BL/6J mouse kainate model of epilepsy described in this study
is useful to screen drugs for a short term course for behavioral CS. This model is also useful

as a chronic complex seizure model to test long term effects of drugs on spontaneous
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electrographic NCS. Because of immediate epileptogenesis in the C57BL/6J mouse model, it
provides an early window of opportunity for intervention and reduces the duration of
experiments. In contrast to rat models, the mouse model also reduces the amount of drugs.
Since some of the transgenic mice are also bred on C57BL/6J genetic background, this model

is useful as a critical wild-type control for transgenic mice studies in epilepsy research.
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Abstract

We have recently demonstrated immediate epileptogenesis in the C57BL/6J mouse, the
strain that is resistant to kainate-induced neurotoxicity. By using a repeated low dose of
kainate, we produced mild and severe status epilepticus (SE) models. In the present study, we
demonstrate the impact of mild and severe SE, and spontaneous convulsive/nonconvulsive
seizures (CS/NCS) on structure and function of the hippocampus, entorhinal cortex, and
amygdala at 7, 14 and 28 day post-SE. Immunohistochemistry (IHC) of brain sections
confirmed reactive astrogliosis and microgliosis, neurodegeneration, and increased
neurogenesis in both groups. The epileptiform spike rate was higher in the severe group during
first 12 days, but they decreased thereafter. Morris water maze test confirmed cognitive deficit
in both mild and severe groups at 12d post-SE. However, MRI and THC at 18 weeks did not
reveal any changes in the hippocampus. These findings suggest that in C57BL/6J mice,
immediate spontaneous CS could be responsible for early brain pathology or vice versa,
however, the persistent spontaneous NCS for a longterm had no impact on the brain structure

in both groups.

Introduction

The C57BL/6J mouse is genetically resistant to kainate-induced acute neurotoxicity (1-
4), which limited the opportunity for researchers to use this strain of mouse as a model of
chronic epilepsy. The C57BL/6J mouse also serves as a background strain in the production of
certain transgenic mice used in epilepsy research. Therefore, C57BL/6 wild-type mice would
be the most appropriate critical control for such studies. The C57BL/6J strain, as an acute
model of status epilepticus (SE), also had several disadvantages such as high mortality rate and

a huge variability in seizure response to chemoconvulsants, especially for kainate (4-7). We
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have recently addressed these important issues in the C57BL/6J mice by administering
repeated low dose of kainate (5 mg/kg, i.p. at 30 minutes intervals) until they reached stage-3
or -5 seizures (8, 9). This method yielded consistently mild (stage-3) or severe (stage-5) SE in
greater than 92 percent of the mice and the SE could last for about 2 hours with less than 7
percent mortality rate (9). Importantly, irrespective of mild or severe SE, this method of
inducing SE with kainate also caused immediate epileptogenesis in the C57BL/6J mice (8).
The conventional histological methods such as cresyl violet, hematoxylin and eosin,
and fluoro-jade B (FJB) staining of brain sections at early time points (less than or equal to 7
day post-SE), induced by kainate, in the C57BL/6J mouse models produced mixed results with
respect to neurodegeneration in the epileptic foci of the brain (2-4, 6, 7). Perhaps, these
observations led to a belief that these mice are unlikely to develop epilepsy due to lack of a
significant number of neuronal cell loss in the epileptic foci of the brain, unlike in the rat
kainate models (10-13). In addition to hippocampal neurodegeneration, subtle changes in the
neuronal population in the hilus and the subgranular zone of the dentate gyrus, reactive gliosis
in the hippocampus and in other epileptic foci, and neurogenesis and aberrant migration of
neuroblasts, could all contribute to epileptogenesis (14-20). The other reason for the dearth of
reports on immediate epileptogenesis in C57BL/6J mice is inadequate seizure monitoring (21-
25). Using continuous (24/7) remote video-EEG telemetry system, we have recently
demonstrated that repeated low dose of kainate injection method induces consistent mild or
severe SE (9), and immediate epileptogenesis in the C57BL/6J mice (8). The unique feature of
this model is that the maximum numbers (27 plus or minus 4) of spontaneous convulsive
seizures (CS) were observed during the first 4-6 weeks of the SE, in the severe SE group, and

they decreased thereafter to less than 5 seizures/month for up to 18 weeks (the maximum
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recording period) (8). The mild SE also induced immediate epileptogenesis but the numbers of
spontaneous CS were less than 5 episodes during the first 4 weeks of the SE and 1 or 2
seizure/month was observed during the remaining recording period. Interestingly, the numbers
of spontaneous electrographic NCS were about 20 per day/night cycle in both the severe and
the mild SE groups throughout the 18 weeks period (8). Based on these observations, our
hypotheses were that i) the severity of the SE will induce hyperexcitability of neurons
(increased spike rate), reactive gliosis and neurodegeneration in the epileptic foci of the brain,
and will also increase neurogenesis in the dentate gyrus to cause spontaneous CS and NCS
during the first 4 weeks ii) these changes in the hippocampus will lead to cognitive dysfunction
during this period, and iii) these changes will begin to decrease by 4 weeks to promote recovery
from spontaneous CS. In this study, we tested these hypotheses to understand some of the
plausible neurobiological reasons for spontaneous CS and recovery. We compared the
elements of epileptogenesis such as EEG correlates, reactive astrogliosis and microgliosis
(using glial fibrillary acidic protein (GFAP) and ionized calcium binding adaptor molecule 1
(IBA1), neurodegeneration (FJB + neuronal nuclear antibody, NeuN) and doublecortin (DCX)
immunostaining (to label neuroblasts, an indicator of neurogenesis) at 7, 14 and 28 days post-
SE. In addition, the impact of immediate epileptogenesis on their cognitive function was
assessed using the Morris water maze test. At 18 weeks, the mice were subjected to MRI prior
to euthanasia and the brains were processed for histology. The findings from these studies are

presented and discussed.
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Materials and Methods

Animal source and ethics statement

The C57BL/6J male mice, 7-8 weeks old, were purchased from the Jackson Laboratory,
ME, USA and maintained under controlled environmental conditions (19°C — 23°C, 12h light:
12h dark), with ad libitum access to food and water in the Laboratory of Animal Resources at
ISU. All experiments were carried out in accordance with the Institutional Animal Care and
Use Committee, ISU, USA (protocol no. 10-12-7446-MR). The surgery was performed under
isoflurane anesthesia and aseptic conditions. Appropriate postoperative care was undertaken

to minimize pain and discomfort to animals.

Chemicals and reagents

Kainate (Abcam, USA) was prepared fresh in sterile distilled water at a concentration
of 2mg/ml. For perfuse fixation we used: phosphate buffered saline (PBS, all chemicals from
Sigma, USA), sodium sulfide perfusate solution in deionized water (48.3 mM sodium sulfide
nonhydrate, Sigma, USA; 87mM sodium phosphate monobasic monohydrate, Fisher
Chemicals, USA), and 4 percent paraformaldehyde (PFA, Acros Organics, NJ, USA). The
primary antibodies and concentration used were as follows: NeuN (1:400, rabbit, EMD
Millipore, USA); IBA1 (1:500, goat, Abcam, USA); GFAP (1:400, mouse, Sigma, USA); DCX
(1:500, goat, Santa Cruz, USA). Appropriate secondary antibodies tagged with fluorescent
dyes (CY3 1:300 or FITC, 1:100) or biotinylated antibodies (1:500) or 4’, 6-diamidino-2-
phenylindole (DAPI at 0.0001 percent) (all from Jackson ImmunoResearch Laboratories,
USA) were used. The chemicals used for preparing the diluting solution in phosphate buffer

saline (PBS) for antibodies (0.1 percent Triton X-100, 2.5 percent donkey serum and 0.25
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percent sodium azide) were purchased from Sigma, USA. The fluorochrome conjugates of

streptavidin were diluted in PBS alone.

Mild and severe SE induction with kainate and the experimental groups

We used 70 male mice in this study. Six mice received no drug and they served as
control for all time points for immunohistochemistry (IHC) and another 16 mice were used as
control for Morris water maze. Further 8 mice were implanted with radiotelemetric device for
continuous (24/7) video-EEG recording for 18 weeks, and for MRI, after the induction of SE
with kainate. Four mice were used for sham surgery for MRI study. The remaining 36 mice,
including the mice that were implanted with the radiotransmitter, were administered a low dose
of kainate (Smg/kg, i.p.) which was repeated at 30 minutes intervals to induce mild or severe
SE as described previously (8, 9). The seizures during the SE were classified as nonconvulsive
seizures (NCS; Racine scale/stage-1 and -2) or CS (Racine scale/stage 3-5). The behavioral
seizure quantification during the SE, video-EEG recording procedures, and EEG analyses to
detect spontaneous behavioral CS and electrographic NCS have been described in our recent
publication (8).

All the mice that received kainate, irrespective of the dose, had continuous stage 1 or 2
seizures (NCS) for greater than 40 minutes. Since C57BL/6J mice response to KA is highly
variable, we titrated each mouse with repeated low doses for the development of mild or severe
seizures (9). Our previous studies from the C57BL/6J mice have shown that there was no
correlation between the doses of KA and the severity of the SE or epileptogenesis or frequency
of spontaneous recurrent CS (8, 9). To classify them as mild or severe SE group, we considered

total duration of the CS stages during the 2h established SE (8, 9). All those mice that
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experienced stage-3 seizures (rearing and forelimb clonus) for less than 10 minutes were
considered as the mild SE group. These mice never reached stage 4 or 5 seizure. The severe
SE group had several episodes of stage 3-5 seizures (rearing and continuous forelimb clonus,
repeated rearing and falling, tonic clonic seizures including wild running and jumping) for
greater than10 minutes (8). The behavior of all animals during the period of SE was video
recorded and further verified to score offline for the severity of the SE by two more personnel
who were unaware of the experimental groups. The telemetry mice were video-EEG recorded
continuously for up to 18 weeks to identify the spontaneous CS and electrographic NCS as
described previously (8). These experiments were done in parallel with the mild and severe SE
group mice that were not implanted with the radiotransmitter. The telemetry mice and four
surgery control (sham) mice were euthanized at 18 week, after acquiring MRI images, by
perfusion fixation with sodium sulfide and paraformaldehyde under terminal anesthesia with
an overdose of pentobarbital sodium (100 mg/kg, i.p.). The remaining mice were euthanized
similarly at 7, 14 and 28 days post-SE. During the course of the experiments, the mice were

subjected to Morris water maze to investigate the impact of seizures on their cognitive function.

1. Cortical EEG acquisition with continuous video EEG monitoring and analysis
The mice were implanted with a telemetric radiotransmitter (Physiotel and Multiplus
ETA-F20, Data Science International (DSI), MN, USA), subcutaneously, 8—10 days before the
induction of SE with KA. The electrodes were placed bilaterally on the cortical dura mater
through the burr holes (2.5 mm caudal to Bregma and 2 mm lateral to the midline) as described
previously (8, 9). The EEG acquisition (Dataquest ART) and analysis were carried out using

NeuroScore (DSI) software. The post-SE EEG signals were normalized with the baseline EEG
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from the same mouse. The epileptiform spikes, the normal baseline spikes, and the spikes due
to electrical or mechanical artifacts were distinguished based on individual spike
characteristics such as amplitude, duration, frequency, and inter-spike intervals (9). We have
previously described different types of epileptiform spikes and CS in this model (8). The raw
EEG signal, after manually excluding artifacts, was split into 10 s epochs for fast-fourier
transformation (FFT) to generate power bands. The spontaneous recurrent CS were identified
based on the EEG, power spectral characteristics, and video recordings for behavior (8). The
mean plus/minus standard error values were pooled from 10 s epochs for spike counts, the
average spike frequency per day was calculated for the first four weeks of post-SE, and the
values were compared between the mild and the severe groups using two-way analysis of

variance (ANOVA).

Morris Water Maze test and quantification
1. Fixed platform cue learning in Morris water maze

We used Morris water maze to evaluate the hippocampal dependent spatial learning
and reference memory (27, 28) for mice that had mild or severe SE to test the effects of seizures
on spatial navigation. The apparatus consisted of a galvanized stock tank of 1.15 meters in
diameter filled with clear tap water maintained at room temperature before starting the tests.
A clear circular plexi glass cylinder with a diameter of 11.2 cm was used as a platform. Two
identical cues were used in this study: one cue was positioned directly above the platform zone
(referred as “right cue”) and the second cue was positioned in the zone without platform
(referred as “false cue”). Both cues were placed constantly at the same place throughout all the

trials. Both cues were raised 15 cm above the water level to maintain visibility for the



136

swimming mice. A non-toxic white colored tempera paint was used to make water opaque to
mask the platform during the submerged trials. When the platform was submerged, it was 1
cm below the water level, sufficient for mice to stand and raise above the water level. The mice
were trained or tested at a fixed time during the day. Five trials were conducted per day during
training and each mouse had at least a 30-45 min gap between trials in a single day. The mice
had the same starting position for each trial during the training period or submerged trials and
later, the starting position was randomized for the subsequent trials on that day. A single probe
trial was performed keeping a constant starting position for all mice. The mice were constantly
monitored during the experiments. The video acquisition and analysis were performed using
Any-Maze software (Stoelting Company, USA). For those mice which were unable to identify

the platform within a minute were gently placed on the platform for 30 seconds after each test.

2. Training

The three groups of mice, 16 mice from the control group and 6 mice each from the
mild and the severe SE groups, were trained for 5 days in Morris water maze. The training was
started at 7d post-SE (day 1) to test the effects of seizures on learning and memory. On day 1,
the mice were trained to identify the exposed platform (0.5 cm) above the water level. Five
trials, each trial lasting for one minute, were performed per mouse on day 1. “The right and the
false cues” were presented at the same position at all times in the clear and transparent water
during the training period. These zones (true and false platform zone) had a diameter equivalent
to the diameter of the plexi glass platform was considered for time spent during average of
Iminute trials (Figure 11C). The training was repeated on day 2 (i.e., 8d post-SE) but with the

platform was submerged under the clear water. From day 3 to 5 (i.e., 9-11d post-SE), the mice
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were trained similarly but in the opaque water to identify the submerged platform, as did on
the day 2 training. The right and the false cues were maintained at the same position as in day
1 and 2 training. We chose 8 random starting points (such as east, west, north, south, northeast,
north-west, south-east, south-west) around the periphery of the tank during the training period

as did on the day 1.

3. Probe trial

A single probe trial of one minute/mouse was performed on day 6 (12d post-SE) in
opaque water. The platform was removed but the right and false cues were left at the same
position. A random starting position was selected for the mice for the probe trial too, and they
were allowed to swim for one minute to identify the right or false cues. The amount of time
spent (in seconds) during the one minute probe in the “right cue zone or true platform zone”
and the “false cue zone or false platform zone” were calculated for each moue. Any-Maze mice
tracking software was used to calculate the time spent by each mice (in seconds) at the right
cue or false cue zones during training periods (average values of all trials conducted per day)
or during single probe trial. Since we chose random starting points for training and probe trials,
we did not consider the path efficiency parameter in this study. Prior to the second probe trial
on day 20 post-SE, the mice were re-trained on day 19 in the submerged platform (1 trial in
clear water and 4 trials in opaque water). The results were recorded and quantified as we did

for the previous trials.
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MRI and quantification

T2-weighted MRI scans of coronal and horizontal planes were acquired from the sham
control and epileptic mice, at 18 weeks post-SE, under isoflurane anesthesia using a small bore
MRI system (Varian Unity/Inova 4.7. T, Varian Inc. CA) at the University of lowa. The slice
thickness (spacing) for imaging was 300 microns and had a depth of 16 bit. The images were
analyzed using image-J (29). The ratio of area in pixels outlining both hippocampi with their
respective cortex were determined for each sections to analyze the volume changes. The ratio
of the area of the hippocampi to the cortex was determined for each coronal section of the MRI
image of a mouse. An average ratio of the hippocampi to the cortex for each mouse was
determined. The changes in the average ratios between the control mice, the mild SE and the

severe SE groups were compared using Mann-Whitney test.

Tissue processing for histology and IHC

The brains were collected soon after perfuse fixation, post-fixed with 4 percent PFA
for 4h at 4°C, and were gelatin-embedded as described previously (30, 31). The coronal
sections (15um) were cut on a cryostat (Cryostar NX70, ThermoScientific, MA, USA), and
thawmounted sequentially onto chrome-alum-gelatin coated slides in such a way that each
slide had four sections, 450um apart, to represent the hippocampus, entorhinal cortex and
amygdala from rostral to caudal aspect. This method of sampling for rat hippocampus has been
described previously (32). A modified version of tissue sampling for mouse brain, to obtain
sections at 225um intervals, and slide selection for quantification after immunostaining are

illustrated in the Figure 1.
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Figure 1. The method to sample the coronal brain sections, at 225 micrometer intervals, to
represent the hippocampus from rostral to caudal for cell quantification. The 15um serial sections
(starting from rostral most part of the hippocampus- approximately at -1.1.8mm from Bregma, about
120 sections per mouse brain) were thaw mounted onto 30 slides sequentially in four rows starting from
slide 1 to 30, as shown in the schematic diagram. The first 30 sections were placed on the first row of
each slide serially followed by the 2nd, the 3rd and the 4th row. This method of sampling yielded
sections on a single slide, separated by 450pum apart between sections, with a representative regions of
the hippocampus, the entorhinal cortex and the amygdala from rostral to caudal. For example 1st and
31st sections, on the slide 1 are 450 micrometer apart represent the anterior region, the 61st section on
the same slide represents the middle region, and the 91st section represents the posterior region of the
hippocampus. A panel of photomicrographs of histology sections stained with cresyl violet and their
approximate location from the Bregma is given on the left side of the images. For immunostaining, at
least two slides (for example, slide 1 and 16) were selected in such a way that the gap between the
corresponding sections on each slide is about 225 micrometers. For example, the distance between the
31st section on the slide number 1 and the 46th section on the slide number 16 is 225 micrometers. The
immunopositive cell counts were carried out on all 8 sections bilaterally from two slides per animal and
the average number of immuno-positive cells were calculated per animal. Scale bars, all 100 microns.

The brain sections for NeuN, GFAP, IBA1 and DCX were processed for double or
triple IHC as described previously (31). Omission of primary antibody step served as a negative

control for all antibodies, while morphology of neurons and their known location or glial cells
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morphology served as internal positive controls (e.g. profusely branched astrocytes
irrespective of their reactive or normal state for GFAP; pyramidal neurons in CA regions of
the hippocampus and granule cells of the dentate gyrus for NeuN). Following overnight
incubation with the primary antibodies at 40 C, the sections were washed with PBS and treated
with appropriate secondary antibodies (biotinylated or CY3/FITC conjugated) for 1h at room
temperature. After further washes, the sections that were incubated with the biotinylated anti-
species and later treated with streptavidin-CY3 (1:300 for CY3 and 1:100 for FITC, Vector
Laboratories, USA) for 1h, washed thoroughly in PBS, rinsed in distilled water to prevent salt
crystal deposits on sections, and cover-slipped with vectashield-with DAPI® (Vector
Laboratories, USA). The sections were viewed under the Zeiss inverted microscope (Axiovert
200) and photographed with Hamamatsu digital camera (Model C-10600-10B) using HCImage
live (version 4.1.2.) software. For cell quantification, photographs were taken at 20x
magnification (10x for Figures) keeping exposure time constant for all images.

In order to identify degenerating neurons in the hippocampus, the entorhinal cortex,
and the amygdala the brain sections were processed for NeuN and FJB double staining. The
sections were first stained for NeuN antibody as described above. Later, these sections were
processed for FJB staining using a modified protocol from previously published method (11,
33-35). The sections on the slides were rehydrated sequentially in descending grades of ethanol
starting with 100 percent for 3 min, followed by a 1 min each in 70 percent ethanol and distilled
water. The slides were then transferred to 0.06 percent potassium permanganate solution for
10 min with slow shaking. After rinsing with distilled water for 1 min, the slides were
transferred to 0.004 percent FIB (Histo-Chem Inc., AR) in 0.1 percent acetic acid for 30 min

with slow shaking in dark. The sections were later rinsed three times in distilled water and air
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dried in dark for 4h. Later the sections were dehydrated in ascending grades of alcohol, cleared
in xylene, and mounted with distyrene plasticizer xylene (DPX, Electron Microscopy Sciences,

PA) or acrytol (Surgipath, Leica biosystems, IL) mounting medium.

1. Immunopositive cell quantification

Procedure for cell counting has been described in our previous publications (30, 31,
36). ImagelJ software (29) was used to measure the counting area (square microns) and the
person counting cells was blind to the experimental groups. The cell counting area from each
section was kept constant for all the experimental groups and controls. Bilateral counts were
made from a minimum of eight sections per animal as described previously (30-32). The NeuN
was used to mark neurons and the average number of neurons expressing FJB in each region
was calculated. Microglia (IB1A), astrocyte (GFAP), and neuroblast (doublecortin (DCX)) cell
markers were counterstained with DAPI and only those cells positive for cell marker and with
a visible nucleus were counted from CA regions of the hippocampus, the dentate gyrus, the
entorhinal cortex and the amygdala. The normal and reactive glial cells were distinguished

based on their morphology.

Statistics

The average (mean plus/minus standard error) numbers of immuno-positive cells from
8 sections from 2 slides containing anterior, middle and posterior regions of the brain were
calculated for each mouse within the group. To derive statistical differences (p less than 0.05)
between the groups, Mann-Whitney test was applied. Likewise we compared the group

performance in Morris water maze, and volumetric parameter from MRI images.
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Results

The epileptiform spike rate and the frequency of spontaneous CS increase with the
severity of SE during the first two weeks after the SE

As described previously, the behavioral cumulative seizure severity index during the
SE was used to classify the mice as the mild or the severe SE group (8, 9). Our previous studies
have demonstrated that both mild and severe SE induce immediate epileptogenesis, however
the only difference was that the severe group experienced more numbers of spontaneous
recurrent CS during the first four weeks of the SE (8). We further extended this study to
quantify and compare the epileptiform spiking during the first four weeks between the two
groups. Following termination of the behavioral SE with diazepam, no behavioral seizures
were observed during the first 18 hours, however the electrographic NCS and epileptiform
spiking continued to persist (Figure 2).
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Figure 2. Representative EEG traces from a severe group mouse after terminating the behavioral
SE with diazepam, and during the first 14 days of post-SE period. Each EEG trace in panel A
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represents 20min of duration. The panels in B represent the expanded 2 min EEG traces shown in the
boxes in A. The black bars below the EEG traces in B is further expanded as Ssecond traces in C. The
SE was terminated by diazepam 2h after the onset of stage 3 (mild) or stage 5 (severe) seizure and
dextrose normal saline injection was given thereafter. Although behavioral seizures stopped,
epileptiform spikes continued to occur. These spikes organized into distinct patterns during
epileptogenesis before developing into spontaneous recurrent convulsive seizures by 7d (stage-3) and
by 14d (stage-5). The electrographic events during epileptogenesis include: (i) a transient decrease in
the amplitude of epileptiform spiking soon after the diazepam injection (seen in trace ‘a’) (ii) initiation
of newly formed epileptiform spike trains (seen in the trace ‘b”) (iii) progression of spike trains into
spikes clustering (seen in the traces ‘c’ and ‘d’) leading to evolution of spontaneous recurrent NCS (as
seen in the trace NCS stage-1 in ‘e’ and NCS stage-2 in ‘f”). (iv) first spontaneous recurrent CS (stage
3, seen in the trace ‘g’) occurred on day 7, and (v) after several episodes of stage 3 CS, a first
spontaneous recurrent CS stage-5-5 developed (as seen in the trace ‘h’).

The spontaneous behavioral CS and electrographic NCS, and interictal epileptiform
spikes were present throughout the 28 days in all the mice irrespective of the severity of SE.
There were about 16 plus or minus 3 (Mean plus or minus SEM) spontaneous CS in 4 weeks
in the severe group and about 4 plus or minus 1 in the mild group. The spike frequency per
minute (spike rate) was significantly higher in the severe group during the first 12 days post-
SE when compared to the mild group (Figure 3, p=0.0007, Two-way ANOVA, F=11.89 with
1-140 degrees of freedom). However, after the day 12 the spike frequency was less than 5

spikes/minute in both groups.



144

Number of
CS episodes
© = N W S

(=23
o
1

ﬁﬂgﬂﬁﬁgﬁéﬁm‘i&iﬁaijiﬁa.m.iﬁi

c ! et

£ L e 25

E 401 : o F

: ’ LR L
- [ ! & Mild SE group ©21s

g 211 —\ T T 7T : § 210

3 20 i * Severe SE group § ?E-_n 5

g i 0

$ 151 y Mild SE Severe SE
= 1

3 :

o 10 ‘B

g :

g 51 :

< e G e e ~ Y

7 14 21 28
A days

Figure 3. Comparison of the average epileptiform spike frequency in 1 day epochs during the
first four weeks after the SE in the mild and the severe groups. A. The severe SE group had a higher
spike frequency during the first 12 days and reached to the same level as the mild group thereafter
(p=0.0007, Two-way ANOVA, F=11.89 with 1-140 degrees of freedom, n=4). A bar graph above
shows the number of CS episodes/day in mild (n=4) and severe (n=4) SE groups. B. An inset bar graph
showing a significant difference between the amount of kainate received by the mild and the severe SE
groups (p=0.0.001, n=16 each, Mann-Whitney test) to achieve stage 3 or stage 5 seizures, respectively,
during the SE. On an average, the mild SE group mice required 3 doses of Smg/kg to achieve stage less
than or equal to 3 seizures, while the severe group required 4-5 doses to achieve stage-5 seizures.

Electrographic features of epileptogenesis: Characteristics of post-diazepam EEG, pre-,
post-, inter-ictal spikes, and NCS clusters during the first two weeks of post-SE

In the mild or the severe SE group, after diazepam administration, the behavioral
seizures stopped. The electrographic seizures persisted although the amplitude of the
epileptiform spikes reduced briefly (Figure 2B, a) during the first 20-30 minutes and reached
the basal level by 16h (Figure 2A). We classified the non-convulsive interictal spikes and or
episodes, and convulsive episodes based on the individual spike characteristics observed
during the SE (8, 9). After the first 3h post SE, the high amplitude epileptiform spikes

(predominantly stage-2 spikes) began to appear in trains lasting for 15-30 minutes with an
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interspike intervals of 0.3-3 seconds (0.3-3 hertz, Hz, Figure 2B, a). The stage-2 spike trains
started clustering by 6 hours (Figure 2B, c). Thereafter, stage-1 epileptiform spiking (0.2 -0.6
Hz) emerged along with stage-2 spike activity (Figure 2B, d). Later, stage-1 started to appear
independently as “a string of pearls” referred to as stage-1 non-convulsive episodes (Figure
2B, e). The spiking pattern subsequently developed into a high amplitude stage-2 non-
convulsive episodes with an increase in their duration (15-25s episode duration, Figure 2B, f).
By 7d post-SE nonconvulsive episodes gradually evolved to culminate in stage-3 CS episode
(Figure 2B, g). By 14d post-SE, several stage-3 convulsive episodes occurred before the stage-

5 CS episode (Figure 2B, h).

Impact of epileptiform spiking and spontaneous CS on brain pathology at 7, 14 and 28
day post-SE

We quantified reactive gliosis to investigate time-dependent effects of the mild and the
severe SE in the hippocampus, entorhinal cortex, and amygdala at 7, 14, and 28 days. Reactive
astroglia and microglia were identified based on IHC using GFAP and IBAT1 as cell markers
for astroglia and microglia cells, respectively. The reactive astrocytes were characterized by

thick cytoplasmic processes with intense GFAP staining (Figure 4). We have previously
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Figure 4. Reactive astrogliosis in the severe and the mild SE groups at 7d, 14d and 28d time points
in CA3 region of the hippocampus. A. 10x magnified photomicrographs showing GFAP positive
astrocytes (green; DAPI for nucleus, blue). Representative magnified images of normal (boxed in the
panel 3Ai, marked as Y) and reactive astrocytes (boxed in the panel 3Av, marked as Z) are shown
separately (Y and Z). Scale bars, all 100 microns. B. The reactive astrocytes in and around the stratum
pyramidale were counted from CA regions of the hippocampus and the dentate gyrus at all three time
points. There were significantly higher numbers of reactive astrocytes in the severe SE group at 7d and
14d post-SE when compared to the mild SE and the control groups (n=4 each, *p=0.029 control vs 7d
mild, *p=0.029 control vs 7d severe, *p=0.028 mild vs severe 7d groups, *p=0.0294 mild vs severe
14d groups, Mann-Whitney test). There was significant reduction in reactive astrogliosis in the severe
group from 7d to 28d time points (*p less than 0.05, severe 7d vs 14d and 7d vs 28d, 14d vs. 28d,
Mann-Whitney test). The reactive astrogliosis was reduced at 28 day post-SE, but were significantly
higher in both groups when compared with the control (*p=0.0286, control vs. mild 28d, and control
vs, severe 28d, Mann-Whitney test).

shown that both reactive astrogliosis and microgliosis occurs as early as three days post-SE in
the C57BL/6J mouse kainate model (31). The reactive astrogliosis and microgliosis were found
in and around the cornu ammonis-3 (CA3) region of the hippocampus at 3d post-SE (31). In

the present study, a similar pattern but more diffused reactive astrogliosis was observed in all
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CA regions of the hippocampus, the hilus and the molecular layers of the dentate gyrus at all
the time points (Figures 4). There was a significant increase in reactive astrogliosis in both the
mild and the severe SE groups at 7 day when compared to the control in CA1, CA3 and dentate
gyrus (Figure 4B, p less than 0.05, Mann-Whitney test). Further, severe SE group had
significantly higher numbers of reactive astroglia cells at both 7d and 14d time points when
compared to the mild SE group (Figure 4B, p less than 0.05, Mann-Whitney test). Likewise,
reactive astrogliosis was also observed in the entorhinal cortex and the amygdala (Figure 5; p
less than 0.05, Mann-Whitney test, n=5).

A. Control Mild SE Severe SE
GFAP + DAPI Entorhinal cortex Amygdala Entorhinal cortex

AmIdaIa

i)
#

Amygdala

100
- 804
£
s 8 604 [ control
3
g.? 40 4 3 mild SE
3 ® 20 Bl Severe SE
o H
control 7d 14d 28d 7d 14d 28d

B.
Amygdala Entorhinal cortex

Figure 5. Reactive astrogliosis in the entorhinal cortex and the amygdala of the severe and the
mild SE groups at 7d, 14d and 28d post-SE time points. A. 10x magnified photomicrographs
showing GFAP positive astrocytes (green; DAPI for nucleus, blue). B. Cell quantification. The reactive
astroglia significantly increased in both the mild and severe groups when compared to the naive controls
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at all the time points (p less than 0.05, Mann-Whitney test, n=5 each). The severe SE group had
significantly higher reactive astroglia compared to the mild SE group at all time points, however a
siginificant reduction in their numbers was observed at 14d and 28d time points when compared to 7d
post SE (p less than 0.05, Mann-Whitney test). Magnified images of astrocytes shown in # (normal)
and ## (reactive astrocyte). Scale bars, all 100 microns.

The reactive microglia cells were also quantified based on their morphology. They were
hypertrophic and had a few thick but short cytoplasmic processes resembling pseudopodia and
often amoeboid with several nuclei (Figures 6A and B) (37, 38). The reactive microglial cells
were concentrated in and around the pyramidal cell layers in the CA3 and CA1 regions more
frequently in the severe group than in the mild group at 7d post-SE (Figures 6A and B). In the
severe SE group, the microglial cells were large and contained several nuclei suggesting their
phagocytic nature, and their processes were frequently found to surround the NeuN positive

cells (Figure 6B, iii, Z).
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Figure 6. Reactive microgliosis and neurodegeneration in the hippocampus in the mild and the
severe SE groups at 7d, 14d and 28d time points. A. 10x magnified photomicrographs showing IBA1
positive microglial cells containing nucleus. The reactive microglial cells were concentrated more in
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and around the stratum pyramidale at 7d in the severe group (iv). A magnified images of normal (boxed
in 1) and labeled as Y) and reactive microglia (boxed in iv and labeled as Z) are shown in the panel Y
and Z, respectively. The slides containing adjacent brain sections were processed for NeuN+FJB
immunostaining to reveal neurodegeneration. At 7d post-SE in the severe SE group, the NeuN+FJB
positive neurons were concentrated in the CA3 region (v) wher the reactive microglial cells were also
present (iv), and these changes were moderate at 14d and 28d. In the mild SE group, reactive
microgliosis and neurodegeneration were mild at 7d post-SE and they decreased further later on (ii and
iii; vi and vii; xi and xii). B. The photomicrographs presented in B are from CA1 region- taken from
the same sections as in the panel A from 7d post-SE group. The CA1 hippocampus too showed
hypertrophied phagocytic reactive microglia (green cells in iii; the red cells are NeuN positive) in the
severe SE group. The boxed area in (iii) is enlarged to show the morphology of reactive microglia cells
that contain several nuclei (panel Z) when compared to the normal microglia from the control (i, the
boxed area is enlarged- panel Y). Reactive microglia cells frequently wrapped the NeuN positive
neurons (red, indicated by an open arrow in the panel Z). The parallel sections were also double stained
for IBA1 and GFAP to understand the relationship between microglia and astrocytes at the site of
neurodegeneration. The GFAP positive reactive astrocytes (green, iv to vi, and W) were frequently
observed in close proximity with the reactive microglia cells (pink, iv to vi, and W) with no NeuN
positive cells around suggesting the neuronal loss in that area. Those neurons undergoing degenerative
changes were stained for FJB and NeuN (yellow stained cells in the panel vii to ix). The healthy neurons
were stained by NeuN only. Those cells that stained for both FJB and NeuN were counted from CA1
and CA3 region of the hippocampus. Scale bar, all 100 microns. C-E. Cell quantification. There were
significantly higher microglia cell counts in both the mild and the severe SE groups at 7d post-SE when
compared to the control group (*p=0.017 control vs mild 7d, ***p=0.0006 control vs severe 7d,
*p=0.0.38 mild vs severe 7d groups, Mann-Whitney test, n=5 each). The reactive microgliosis
significantly reduced at 14 and 28d time points in the severe groups when compared to the 7d time
point (**p=0.0028 severe 7d vs 14d and severe 7d vs 28d, Mann-Whitney test). There were
significantly higher numbers of FIB positive cells in both CA1 and CA3 regions at 7, 14 and 28d post-
SE in the severe groups when compared to the controls. There was a significant difference between
controls and 28d mild group at CA1 and CA3 regions (*p=0.0286, Mann-Whitney test). However, there
was a significant reduction in the number of FIB positive cells in the severe SE group at 14 and 28d
time points when compared to 7d time point at CA1 and CA3 regions (*p=0.0286, severe 7d vs 14d or
28d, Mann-Whitney test, n=4 each).

The number of NeuN positive cells were fewer around the vicinity of the reactive
microglial cells at 7d post-SE (Figure 6B, Z). The reactive astrocytes were also frequently
found in the stratum pyramidale where the neurons were missing (Figure 6B, W, Z). The
reactive microglia counts were also higher in the severe SE group than in the mild SE group at

7d, but not at 14d time point (Figure 6C, p less than 0.05, Mann-Whitney test). A similar pattern
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of increased reactive microgliosis at 7d post-SE was also observed in the entorhinal cortex and
the amygdala (as shown in Figure 7).

Overall, the reactive astroglia and microglia cell counts significantly reduced in both
the severe and the mild groups after 7d time points in the hippocampus (p< less than 0.05,
Mann-Whitney test, n=5), the entorhinal cortex (p less than 0.05, Mann-Whitney test, n=5) and
the amygdala (p less than 0.05, Mann-Whitney test, n=5). However, when compared to the
control, there was a persistent increase in reactive astrogliosis at all three time points and in all
three brain regions, while the reactive microglial cell counts reached the basal level by 28d

post-SE (Figures 6C and 7B).
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Figure 7. Reactive microgliosis in the entorhinal cortex and the amygdala of the severe and the
mild SE groups at 7d, 14d and 28d time points. A. 10x magnified photomicrographs showing IB1A
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positive microglia (red; DAPI for nucleus, blue). B. Cell quantification. The reactive microglia
significantly increased when compared to the naive controls at all the time points (p less than 0.05,
Mann-Whitney test, n=5 each). The severe SE group had significantly higher reactive microglia
compared to the mild SE group at all time points while a siginificant reduction was observed at 14d and
28d time points when compared to the 7d post-SE groups (p less than 0.05, Mann-Whitney test).
Magnified images of microglia shown in # (normal) and ## (reactive microglia). Scale bars all 100
microns.

At 7 day post-SE the reactive microglial cells continued to dominate the CA3 and CA1
regions of the hippocampus (Figures 6A and B), the entorhinal cortex and the amygdala (Figure
7A). This observation, coupled with increased brain electrical activity (Figure 2 and 3) at this
time point, prompted us to investigate whether neurodegeneration occurred during this period.
FJB+NeuN staining revealed significant neurodegenerative changes in the same areas where
there were a large numbers of reactive microglial cells. A large numbers of FJB positive cells
were found in the hippocampus, the entorhinal cortex and the amygdala at 7 and 14 days in
both the severe and the mild groups when compared to the control (Figures 6 and 8). However,
at 28d their number declined in both groups, in all three regions, when compared to the 7d
post-SE (Figures 6D and E, 8) which were similar to the patterns observed in reactive microglia

and astroglia cell counts (Figures 4B and 6C).
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Figure 8. Neurodegeneration in the entorhinal cortex and the amygdala of the severe and the mild
SE groups at 7d, 14d and 28d time points. A. 10x magnified photomicrographs showing FJB and
NeuN positive cells (yellow; Green- FIB, red- NeuN, DAPI for nucleus, blue). B. Cell quantification.
The number of FJB positive cells significantly increased when compared to the naive controls at all the
time points except 28d time point in amygdala (p less than 0.05, Mann-Whitney test, n=5 each). The
severe SE group had significantly higher FJB positive cells when compared to the mild SE group at all
time points while a siginificant reduction in their number was observed at 14d and 28d time points
when compared to the 7d post-SE groups (p less than 0.05, Mann-Whitney test). Magnified images of
neurons shown in # (normal) and ## (FJB positive neurons). Scale bars all 100 microns.

Having observed dramatic changes in reactive microglia and astrocytes, and
neurodegeneration at 7 and 14 days, and recovery, to some extent, by 28 days in all three brain
regions, we focused our investigation on the dentate gyrus. At 7d post-SE, we observed

reactive astrogliosis in the hilus with thick (GFAP positive) astrocytic processes penetrating
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through the dentate granule cells in both the mild and the severe groups (Figures 9A and 10A).
The NeuN immunostaining revealed a significant reduction in the number of hilar neurons in
both the mild and the severe SE groups at 7d post-SE when compared to the control group
(Figure 9B). The NeuN+FJB double staining of the adjacent sections revealed that a large
numbers of hilar neurons were FJB positive in both the mild and the severe groups suggesting
an increase in neurodegeneration in the hilus of the dentate gyrus (Figure 9C; p=0.0286, Mann-
Whitney test). At 14 and 28 days their numbers were reduced, the similar trend as for the

reactive gliosis (data not shown).
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Figure 9. Neurodegeneration and reactive astrogliosis in the hilus of the dentate gyrus at 7d post-
SE in the severe and the mild SE groups. A. 10x photomicrographs (i-iii) from 7d post-SE brain
sections labeled for astrocytes (GFAP, bright green), neurons (NeuN, bright red/pink) and nucleus
(DAPI labeled in blue). These images were further magnified in the panel iv-vi to show the subgranular
zone and the cells in the hilus. The thick processes of the reactive astrocytes passing through the dentate
granular cells were observed in both the groups. The white arrows in the panel v-vi (A) point to the
subgranular zone are the DAPI positive cells that did not stain for NeuN or GFAP suggested that these
cells were neither neurons nor astrocytes. These cells were DCX positive neuroblasts (shown in the
Figure 10A). The NeuN and FJB double stained neurons in the hilus are shown in the panel vii-ix. Scale
bar, all 100 microns. B-C. Cell quantification. There was a significant reduction in the NeuN positive
cells in the hilus region in the severe SE groups when compared to the control or mild SE group when
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compared to severe SE. C. The graph showing an increase in co-localization of NeuN and FJB positive
cells in the hilus in the mild SE and the severe SE groups when compared to the control.

Interestingly, in both the mild and the severe groups we found a large numbers of DAPI
positive cells that were neither positive for NeuN nor for GFAP in the subgranular zone (SGZ)
of the dentate gyrus (Figure 9A). Based on our previous observation in the rat kainate model
(32), we predicted that these cells could be neuroblasts. A double cortin (DCX)
immunostaining was done to confirm this (Figure 10A). When compared with the control, the
cell counts revealed a significant increase in the number of DCX positive cells in the SGZ at
all the time points in both the mild (except at 28d) and the severe SE groups (Figure 10B). In
the granule cell layer too, the DCX positive cells were higher at 7d and 14d when compared to
the control in both the mild and the severe groups. In the hilus, such increase was found at 7d
in the severe group only (Figure 10B). However, by 18 weeks, MRI revealed no significant
changes in the ration of volume of the hippocampus to the rest of the volume of the brain in

the severe and the mild groups or when compared to the control group (Figures 10C and D).
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Figure 10. Neurogenesis at 7d, 14d and 28d post-SE in the severe and the mild SE groups and
MRI at 18 week post-SE. A. The photomicrographs of the brain sections immunolabeled for astrocytes
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(GFAP, green) and doublecortin (DCX, pink/red), and counterstained with DAPI (blue). A further
magnified images from ii) and iii), indicated by large orange arrows, to demonstrate DCX positive cells
in the hilus, subgranular and granular zones. The panel iv) to vii) represent DCX staining in the dentate
gyrus from the mild (iv, v) and the severe (vi-vii) at 14 and 28d post-SE. Scale bar, all 100 microns. B.
Cell quantification. There was an overall increase in the DCX positive cells in the subgranular and the
dentate granule cell layer, and the hilus in both the severe and the mild SE groups when compared to
controls at all the time points (except at 28d time points and in the subgranular zone at 28d in the mild
group) (*p less than 0.05, Mann-Whitney test, n=5). At 7d post-SE there was a significant increase in
the DCX positive cells in the subgranular zone which were neither NeuN nor GFAP positive as shown
in the Figure 9A. An increase in the DCX positive cells (indicated by white arrows in 7d post-SE group)
in the granule cell layer suggest their migration from the subgranular zone, and also in hilus in the
severe and the mild SE groups than the control (A- indicated by white arrows) (*p less than 0.05, Mann-
Whitney test, n=5). There was an overall decreasing trend in DCX positive cells at 28d time point
compared to other time points in all three regions of the dentate gyrus. C-D. The MRI images of the
control, mild and severe SE groups at 18 week did not show any morphological or volumetric changes
in the hippocampus. 1mm scale bar for all images in C.

Further, cresyl violet staining of brain sections of mice that had persistent electrographic NCS
for 18 weeks (evident from continuous video-EEG recording) did not reveal significant

differences in morphological changes between the groups (data not shown).

Impact of epileptiform spiking, spontaneous CS and electrographic NCS, and brain
pathology on hippocampal dependent discriminatory learning and memory

The Morris water maze test was performed to investigate the effects of the severity of
seizures on discriminatory learning and memory. Considering the impact of the seizures on the
hippocampus with respect to reactive gliosis, neurodegeneration, and neurogenesis, it was
anticipated that the cognitive function could have been compromised in the epileptic mice. The
mice were tested between 7-20 days post-SE, the period during which maximum pathology
was observed. There were no differences between the control and the mild SE group with

respect to the amount of time required to find the exposed platform on the day 7 (Figure 11A).
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Figure 11. The impact of seizure severity, epileptiform spikes, reactive gliosis, neurodegeneration
and neurogenesis on discriminatory learning behavior during the 7-20 days post-SE. The
hippocampal dependent spatial learning was tested using the Morris Water Maze. A. The training was
started for all three groups at 7th d post-SE to identify the exposed platform (5 trials). There were no
differences between the control and the mild SE group in time spent to find the exposed platform. The
severe SE group spent significantly more time at the false platform zone (incorrect learning) when
compared to the mild SE and the control groups (n=16 for control, and 6 each for the severe and mild
group; *p=0.026 for the control and *p=0.029 for the mild group, Mann-Whitney test). B. During the
submerged platform trails (5 trials/animal each day for 4 days) from day 8 to 11 post-SE, the severe SE
group continued to spend more time to find the submerged platform than the mild and the control groups
(p=0.0018, Mann-Whitney test). Later, the single probe trial performed on the 12th day revealed that
both the mild SE group spent a significant amount of time at the false zone than the control group (p
less than 0.05, Mann-Whitney test). The severe group had further reinforced their incorrect learning
behavior by spending more time at the false zone when compared with the control and the mild group
(p=0.0018, Mann-Whitney test). On the day 19d, a brief re-training (5 trials) was given to all the three
groups to find the submerged platform and a single probe trial was performed on the day 20. At 19d
and 20d tests, there was a significant reduction in the time spent in the false platform zone in the severe
group when compared to the earlier time points (p=0.002, Mann-Whitney test) suggesting an
improvement in their discriminatory learning behavior. There was a small but significant increase in
time spent in the false platform between the control and the mild SE mice (p=0.036, Mann-Whitney
test) also suggesting a decline in their discriminatory learning behavior. C. The tracks of representative
mice from each group travelled during the probe trail is presented.
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However, the mild SE group mice spent more time at the false zone during the probe trails on
day 12 and 20 post-SE suggesting the loss of memory. An interesting observation on the day
7 (training/learning trials) was that the severe SE group mice had a tendency to learn
incorrectly i.e. they learned to choose the false zone instead of the exposed platform in contrast
to the control and the mild SE groups. The incorrect learning was further reinforced during the
submerged platform trials (day 8-11 post-SE) and the probe trial at 12d post-SE. However,
after a gap of 7 days there was an improvement in the correct learning (i.e. choosing the true
platform zone) after a short training in the submerged platform trials in the severe group (p less
than 0.05, Mann-Whitney test). The tracks of representative mice from each group travelled

during the probe trail is presented in Figure 11C.

Discussion

In the present study we demonstrate the effects of initial seizure severity during the SE
and subsequent epileptiform spiking activity, in the C57BL/6J mouse kainate model, on the
neurobiological changes in the hippocampus, the entorhinal cortex, and the amygdala during
the early stage of epilepsy. The EEG recording and the IHC of brain sections from the mild
and the severe SE groups revealed increased spiking activity with distinct pattern of EEG
footprints of epileptogenesis, increased reactive astrogliosis and microgliosis, increased
neurodegeneration and a concomitant increase in neurogenesis at 7 and 14 days post-SE. Most
of these changes were reduced at 28 day post-SE. These early changes caused a significant
reduction in the water maze performance in both groups indicating a cognitive decline during
the early epileptic phase. Our findings from this study also seems to suggest that increased
neurogenesis between 7-14 days and decreased reactive gliosis and neurodegeneration by 28

day may be responsible for reducing spontaneous CS after 4 weeks in the C57BL/6J mouse
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model of epilepsy. However at a longer time point (18 weeks post-SE), neither MRI nor
histology (data not shown) showed any gross changes in the brain between the groups
suggesting that a different mechanism exists for the persistent spontaneous NCS that were
observed in both the mild and the severe SE groups (8). The C57BL/6J mice are resistant to
kainateinduced toxicity via the i.p. route (1, 2). Moreover their response to a single high dose
of kainate was highly variable between different batches of mice and between different
suppliers (8, 9, 39, 40). Also, an increased mortality rate was reported with a single high dose
of kainate (normally greater than 20 mg/kg, i.p.) (2, 5, 6, 41). To overcome variability in
seizure response to kainate and to reduce mortality rate, we demonstrated an alternate method
of repeated low dose of kainate (Smg/kg, i.p.) given at 30 minutes intervals (9). This method
is useful to titrate mice to a varying degree of severity based on the Racine scale (26). This
method induced immediate epileptogenesis irrespective of the severity of seizures during the
SE (8). We also further demonstrated a method of quantifying severity of the SE (cumulative
seizure severity indices) based on real-time behavioral seizures and their corresponding EEG
characteristics (8, 9). In the present study, we compared the long term effects of severe and
mild SE on the brain electrical activity, pathology and the functional outcome. The studies
from McKhann et al (3) and Yang et al (4), using repeated dose of kainate at different
concentrations and intervals in the C57BL/6J mouse model, also reported increased seizure
severity and decreased variability in seizure response. Since these were short term studies, the
long term impact of severity of SE on epileptogenesis and neurobiological changes in the brain
were not reported. In our studies, in addition to quantifying behavioral and electrographic SE,
we further quantified the EEG for epileptiform spike rate with EEG patterns of epileptogenesis

during the first four weeks (Figure 2 and 3) and spontaneous CS and electrographic NCS for
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18 weeks post-SE (8). The epileptiform spikes detected during the post-SE period resembled
inter ictal spikes and periodic epileptiform discharges as described for the C57BL/6J mouse
kainate model (25, 31) and the rat kainate model (42). Further, it has been demonstrated that
the inter ictal spike frequency could be a strong predictor of chronic epilepsy (43). A similar
observation was made from our present and the previous studies from the C57BL/6J mouse
chronic model of complex seizures (8).

SE causes neuroinflammation as a delayed effect (8, 44-49). SE disrupts the blood-
brain-barrier (BBB) irrespective of severity of seizures (4, 50-53). The loss of BBB integrity
causes infiltration of leukocytes and serum albumin in the extracellular space and increases
GFAP content in astrocytes which results in reactive gliosis in the hippocampus and other brain
regions (31, 45, 51, 52, 54). Until recently it was unclear whether the reactive astrogliosis in
the epileptic foci was a cause or a consequence of epileptiform spiking activity (15-17, 20, 55,
56). We had demonstrated reactive astrogliosis in the hippocampus in the C57BL/6J mouse
kainate model at 3 day post-SE (31). In the present study, the reactive astrogliosis and
neurodegeneration persisted for up to 28 days, and reactive microgliosis for up to 14 days after
the SE in the hippocampus, the entorhinal cortex, and the amygdala. Continuous video-EEG
monitoring after inducing the SE revealed maximum number of spontaneous CS during the
first 4 weeks when compared to the rest of the 18 weeks study (8). A recent study from a mouse
model has shown that a deletion of integrin-betal causes widespread reactive astrogliosis and
SRS during the first six weeks of postnatal life (57). Several other studies also support the view
that reactive astrocytes contribute to epileptogenesis and SRS (15, 17, 20, 56). The astrocytes
under a physiological condition prevent hyperexcitability of neurons by re-uptake of

extracellular glutamate and ions at the synaptic terminal, which is compromised in reactive
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glial cells (58-62). By 28 day post-SE in the present study, there was a reduction in the reactive
astrogliosis that also coincided with the reduction in the spontaneous CS suggesting possible
role for reactive astrocytes in hyperexcitability of neurons and SRS at earlier time points.

The reactive microglial cells were also increased in the hippocampus during the first 2
week of the SE in this study. At day 3 of post-SE in the C57BL/6J mice we had shown that the
stratum pyramidale of the CA regions were invaded by reactive microglial cells with no
evidence of neurodegenerative changes (31). At 7 day post-SE in the present study, a similar
pattern of the reactive microglial cells invading the stratum pyramidale was evident in the CA3
region of the hippocampus (Figure 6A, iv), and the microglial cells were hypertrophic, which
coincided with the neurodegenerative changes observed in the similar area of the hippocampus
(Figure 6A, v). It has been shown that the downstream of SE-induced reactive gliosis increases
the production of pro-inflammatory cytokines, chemokines and inducible nitric oxide (NO)
synthase (30, 46, 63-65). In an organophosphate model of SE, an increased NO metabolites
levels by 4-8 folds and a concomitant decreased ATP levels by 34-60 percent were reported in
the hippocampus, and these levels persisted for up to 3 days post-SE (66, 67). These factors
seems to exacerbate hyperexcitability of neurons during early epileptogenesis which was
evident from the increased spiking activity on the EEG in the present study (Figure 2).
Excessive amounts of reactive oxygen and nitrogen species, hyperexcitability of neurons and
reactive gliosis are all known to cause neurodegeneration (8, 66-70). In the present study, we
have demonstrated increased neurodegeneration in the hippocampus and the hilus of the
dentate gyrus, the entorhinal cortex and the amygdala during the first few weeks of the SE

(Figures 6 and 8).
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The unique feature of the C57BL/6J mouse kainate model of epilepsy is that the
frequency of spontaneous CS decreases after 4 weeks but the electrographic NCS persist
beyond this period for up to 18 weeks (8). Other studies have also reported the impact of the
severity of SE on hippocampal neurogenesis, aberrant migration of neuroblasts, and SRS in
the Swiss mouse kainate, and the rat electroconvulsive and kainate models (4, 71-76). In the
present study, both mild and severe SE increased reactive gliosis, neurodegeneration and DCX
positive neuroblasts in the subgranular cell layer, the hilus and the dentate granule cell layer at
7 and 14 days post-SE. These changes were also coincided with an increase in the frequency
of epileptiform spiking and spontaneous CS during this period (Figure 2). At 28d post-SE,
these neurobiological changes were significantly reduced (Figure 10) and also the spontaneous
CS (8). The role of enhanced neurogenesis during early post-SE is controversial whether it
exacerbate or mitigate spontaneous seizures (14, 36, 47, 77). A recent study demonstrated a
direct link between aberrant hippocampal neurogenesis, epilepsy and cognitive decline (78).
In the nerve agent (soman) induced SE rat model, diazepam and valproic acid treatment
increased neurogenesis and reduced spontaneous seizures (47). In the rat pilocarpine model
with severe SE, an increased neurogenesis was reported in the hippocampus at 3 and 7 day
post-SE (76), which supports our current findings (Figure 10). Triple immunostaining of brain
sections at 7 day post-SE for GFAP, NeuN and DAPI indicated that a subpopulation of SGZ
cells were neither GFAP nor NeuN positive (Figure 9A), which were indeed the neuroblasts
stained for DCX (Figure 10A). The DCX positive cells were also found in the hilus and dentate
granule cell layers. It has been reported that the newborn dentate granule cells synchronize
with the host dentate granule cell layer (79, 80). However, aberrant migration of neuroblasts

could lead to epileptogenesis (76, 78). Whether the DCX positive cells in the hilus assuming
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that they originated from the subgranular zone (14, 81, 82), or they migrated from the medial
ganglionic eminence (83, 84) needs further investigation.

The neurobiological evidence of hippocampal reactive gliosis and neurodegeneration
resulting from the seizures, or vice versa, whether mild or severe, are most likely to have an
impact on hippocampus mediated learning and memory tasks. Seizures are known to affect
cognitive function (78, 85-87). In the present study, both mild and severe groups showed a
significant impairment in learning and memory during the first 1-3 weeks post-SE. This
coincided with increased reactive gliosis, neurodegeneration and epileptiform spiking.
Epileptiform spiking is known to cause cognitive impairment (88-91). In the present study,
although the epileptiform spiking on the EEG persisted for a longer period, the cognitive
impairment was more pronounced during the first two weeks of the SE. We did not test the
cognitive function beyond 28 days in the present study since the spontaneous seizures were
reduced after 4 weeks post-SE (8).

In summary, we were able to detect the neurobiological changes such as gliosis and
neurodegeneration in early epileptic phase in C57BL/6J mice that were correlated with the
increased spike frequency on the EEG and cognitive dysfunction. A recovery from
spontaneous CS, but not from spontaneous electrographic NCS, in this unique regressive
mouse model of epilepsy also coincided with a reduction in gliosis, neurodegeneration,
decreased spike rate at 28 day post-SE, which was preceded by an increased neurogenesis at 7
and 14 day post-SE. Since, these neurobiological changes occurs in less than four weeks of
SE, the C57BL/6J mouse kainate model provides an earliest opportunity to test the effect of
intervention drugs while, reducing the cost and duration of experiments when compared to rat

models of epilepsy.
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Abstract

Status epilepticus (SE) initiates epileptogenesis to transform normal brain to epileptic
state which is characterized by spontaneous recurrent seizures (SRS). Prior to SRS, progressive
changes occur in the brain soon after SE, for example, loss of blood-brain barrier (BBB)
integrity, neuronal hyper-excitability (epileptiform spiking), neuroinflammation [reactive
gliosis, high levels of reactive oxygen/nitrogen species (ROS/RNS)], neurodegeneration and
synaptic re-organization. Our hypothesis was that modification of early epileptogenic events
will alter the course of disease development and its progression.We tested the hypothesis in
the rat kainate model of chronic epilepsy using a novel disease modifying drug, 1400W, a
highly selective inhibitor of inducible nitric oxide synthase (iNOS/NOS-II). In an in vitro
mouse brain slice model, using a multi-electrode array system, co-application of 1400W with
kainate significantly suppressed kainate-induced epileptiform spiking. In the rats, in vivo, 4 h
after the induction of SE with kainate, 1400W (20 mg/kg, i.p.) was administered twice daily
for three days to target early events of epileptogenesis. The rats were subjected to continuous
(24/7) video-EEG monitoring, remotely, for six months from epidurally implanted cortical
electrodes. The 1400W treatment significantly reduced the epileptiform spike rate during the
first 12—74 h post-SE, which resulted in >90% reduction in SRS in long-term during the six
month period when compared to the vehicle-treated control group (257 + 113 versus 19 + 10
episodes). Immunohistochemistry (IHC) of brain sections at seven days and six months
revealed a significant reduction in; reactive astrogliosis and microgliosis (M1 type),
extravascular serum albumin (a marker for BBB leakage) and neurodegeneration in the
hippocampus, amygdala and entorhinal cortex in the 1400W-treated rats when compared to the

vehicle control. In the seven day group, hippocampal Western blots revealed downregulation
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of inwardly-rectifying potassium (Kir 4.1) channels and glutamate transporter-1 (GLT-1)
levels in the vehicle group, and 1400W treatment partially reversed Kir 4.1 levels, however,
GLT-1 levels were unaffected. In the six month group, a significant reduction in mossy fiber
staining intensity in the inner molecular layer of the dentate gyrus was observed in the 1400W-
treated group. Overall these findings demonstrate that 1400W, by reducing the epileptiform
spike rate during the first three days of post-insult, potentially modifies epileptogenesis and

the severity of chronic epilepsy in the rat kainate model of TLE.

Introduction

The status epilepticus (SE) due to exposure to chemoconvulsants or environmental
toxins or head trauma initiates a series of overlapping changes in the brain. Chemoconvulsants
cross blood—brain barrier (BBB) with ease and bind to the receptors on the neurons and in
some glial cells, for example, kainate (KA) binds to the KA and the AMPA receptors (Ben-
Ari, 2012; Ben-Ari and Cossart, 2000; Zhang and Zhu, 2012). This results in hyper-excitability
of neurons, measured by changes in the electrical activity, and altered glial cell behavior such
as modification of astrocytic end-feet at the BBB and loss of its function (Heinemann et al.,
2012; Marchi and Lerner-Natoli, 2013; Tomkins et al., 2011; van Vliet et al., 2007).
Compromised selective permeability of BBB causes infiltration of leukocytes and
extravasation of serum albumin in the brain parenchyma to initiate reactive gliosis (Marchi et
al., 2015; van Vliet et al., 2007; Weissberg et al., 2015) and downregulation of glutamate
transporter and potassium channels in astrocytes (David et al., 2009; Takaki et al., 2013; Wang
etal., 2003). The activated microglia, especially M 1-type, and astrocytes are known to produce

proinflammatory cytokines and inducible nitric oxide synthase (iNOS/NOS-II) (Cherry et al.,



175

2014; Chhor et al., 2013; Hirai et al., 2013; Hu et al., 2013; Kigerl et al., 2009; Liu et al., 2016;
Zhao et al., 2015). These glial changes will ultimately increase the production of reactive
oxygen and nitrogen species (ROS/RNS) to cause neurodegeneration (Tang and Le, 2015).
The microglia become chronically activated due to neuronal death which in turn exacerbate
hyperexcitability and neurodegeneration, thus establishing a potential self-perpetuating vicious
cycle to maintain low seizure threshold to increase the probability of developing into an
established epileptic state (Loane et al., 2013; Lull and Block, 2010; Papageorgiou et al., 2014;
Waldbaum and Patel, 2009). The neurodegenerative changes coupled with persistent reactive
glia produce pro-inflammatory cytokines, for example, interleukin-1 beta (IL-1), and iNOS-
mediated NO continue to excite neurons during the post-SE period i.e. the period of
epileptogenesis (Kaushik et al., 2013; Kim et al., 2006; Vezzani et al., 2012). These factors
persistently sensitize neurons to lower seizure threshold (Vezzani et al., 2012; Vezzani and
Baram, 2007). Therefore, our hypothesis is that the drug that targets glial cells to reduce some
of these factors during the early post-SE period could modify epileptogenesis to impact long-
term suppression of spontaneous recurrent seizures (SRS).

The current antiepileptic drugs (AEDs) target neurons to suppress hyperexcitability by
modulating ion channels at the pre- and/or postsynaptic terminals or the extra-synaptic
membranes (Galanopoulou et al., 2013; Meldrum and Rogawski, 2007; Rogawski and Loscher,
2004). However, 1/3 of the people with epilepsy are refractory to the current AEDs (Kwan and
Brodie, 2000; Kwan et al., 2011; Treiman, 2010). Therefore, the drugs that target sensitizers
of neurons mediated by glia could be therapeutically useful to modify the processes of
epileptogenesis and to retard/halt the progression of the disease. We tested this idea in the

established rat model of temporal lobe epilepsy (TLE) induced by a conventional neurotoxin,



176

KA. KA-induced SE initiates neuroinflammation and neurodegeneration as early as 24 h
(Drexel et al., 2012; Noe et al., 2013; Ryan et al., 2014; Ravizza et al., 2005; Vezzani et al.,
2000). In the rat KA model of TLE, iNOS and IL-1p mRNA expression levels were
significantly increased at 2 h post-SE and persisted for several weeks thereafter (De Simoni et
al., 2000). In another rat KA study, it was shown that NO production peaks at 8 h post-SE in
the hippocampus and the increased levels persisted for up to 6 weeks (Ryan et al., 2014). We
have also previously demonstrated a significant increase in iNOS mRNA at 3 h and protein
synthesis in microglial cells at 3 day post-SE in the rat KA model (Cosgrave et al., 2008).
These findings suggest that upregulation of RNS and pro-inflammatory cytokines during early
epileptogenesis could be a potential target for modification. Therefore, we treated the rats with
a highly specific iNOS inhibitor, 1400W, at 12 h intervals for 3 days starting 2 h after
administering diazepam to stop behavioral seizures. The 1400W is a slow, tight binding and
highly selective pharmacological inhibitor of iNOS with a Kd value of 7 nM. It is N5000 and
N200 fold selective for iNOS versus endothelial NOS (eNOS) and neuronal NOS (nNOS),
respectively (Garvey et al., 1997; Jafarian-Tehrani et al., 2005; Parmentier et al., 1999;
Staunton et al., 2013). The 1400W is biologically active in vivo and it has no pulmonary or
cardiovascular side effects, and the physiological activities mediated by eNOS and nNOS are
not compromised at the optimal dose (Boer et al., 2000; Pigott et al., 2013). We present the
results from six months continuous (24/7) video-EEG surveillance, and the mechanistic
pathway mediated by 1400W in disease modification in epilepsy. The 1400W treatment
significantly reduced the epileptiform spike rate during the first 12-74 h post-SE, which caused
>90% reduction in the number of SRS and prolonged the inter-seizure intervals in long-term

during the six month continuous video-EEG study. Furthermore, 1400W treatment attenuated
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BBB impairment by reducing the serum albumin levels in the brain parenchyma, suppressed
reactive gliosis, neurodegeneration and mossy fiber sprouting. It partially ameliorated the
downregulation of astrocytic inwardly-rectifying potassium (Kir 4.1) channels in the
hippocampus. These results are discussed in the context of a plausible anti-epileptogenic

properties of 1400W and disease modification in epilepsy.

Materials and Methods

Animal source and ethics statement

We used young adult male Sprague Dawley rats (Charles River, USA) for in vivo and
7-8 weeks old C57BL/6J male mice (Jackson labs, USA) for brain slice experiments. These
animals were maintained at Laboratory of Animal Resources, lowa State University (LAR,
ISU), with ad libitum access to food and water under controlled environmental conditions (19
°C-23 °C, 12 h light:12 h dark). All experiments were carried out in accordance with the
Institutional Animal Care and Use Committee, ISU (protocol numbers: 10-12-7446-MR, 9-15-
8090-MR). The surgery was performed under aseptic conditions under general anesthesia
(isoflurane) and, later appropriate postoperative care was given to minimize pain and

discomfort to the animals.

Chemicals and reagents

KA (Abcam, USA) was prepared fresh in sterile distilled water at a concentration of 5
mg/ml. The 1400W (Tocris bioscience, USA) was dissolved in sterile distilled water (DW) at
a concentration of 20 mg/ml. The chemicals for phosphate buffered saline (PBS) were
purchased from Sigma, USA. Sodium sulfide perfusate ingredients (48.3 mM sodium sulfide

nonahydrate 87 mM sodium phosphate monobasic monohydrate) were bought from Sigma and
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Fisher Scientific, USA. Flurojade-B (FJB) was purchased from Histochem Inc. USA.

Paraformaldehyde (PFA) was purchased from Acros Organics, NJ, USA.

Brain slice electrophysiology using multi-electrode arrays to investigate the effects of KA
and 1400W

Under terminal general anesthesia, four C57BL/6J mice were decapitated to remove
the brain for multi-electrode array (MEA) electrophysiology to test the effects of 1400W on
KA-induced neuronal hyperexcitability before it was tested in in vivo in rats. Fresh coronal
sections of 400 um thickness were cut using a vibratome (series 1000, TPI, MO, USA) using
chilled (2-5 °C) sucrose slicing solution (26 mM NaHCO3, 1 mM KCl, 9 mM MgCI2, 1 mM
CaCl2, 248 mM sucrose and 10 mM D-glucose (Le Duigou et al., 2008). Later these sections
were transferred to recording solution (124 mM NacCl, 4.5 mM KCI, 1 mM NaH2PO4, 26 mM
NaHCO3, 2 mM CaCl2, 2 mM MgCl2, 10 mM glucose with an osmolarity of 300 mosmol per
liter) at 32—35 °C. The slices were constantly exposed to carbogen (95% O and 5% CO») when
they were in slicing or recording solution. The recording chamber included an integrated planar
MEA chamber (60-MEAS500 series, Multichannel systems, USA). The data acquisition
components included MEA1060 amplifiers, desktop computer with MC Rack software
(Multichannel systems, MCS GmbH, USA). Using suction, the brain slices were carefully
positioned on the 60 electrodes in the MEA chamber to encompass dentate granule cell layers,
the hilus of the dentate gyrus, and cornu ammonis (CA) regions of the hippocampus (CA1,
CA3, and CA4). The slices were incubated in the recording solution at 35 °C for 10—-15 min in
the MEA bath chamber. The position of electrodes on the hippocampus and dentate gyrus

regions during each recording, and for each slice, was photographed. We used two fresh brain
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slices per mouse (8 slices from four mice). The baseline recording was set at an amplitude of
<25 pV. The threshold for spontaneous spikes was set at an amplitude of 35 pV for KA and
KA + 1400W applications to determine changes in epileptiform spike frequency. The baseline
spiking was recorded initially and later, the drugs prepared in the recording solution were
perfused over the slices in the MEA bath chamber. After a 2 min of initial baseline recording,
the slices were exposed to KA (1 uM) for 2 min and later KA perfusion was continued along
with 1400W (5 uM) for a further 2 min. The recordings were later analyzed using MC Rack
software to quantify the epileptiform spike frequency per second (Hertz, Hz) to compare
baseline spiking with KA or KA with 1400W. These results were compared using paired

Student t-tests.

Seven day post-SE in vivo experiments: SE induction with KA and treatment with
diazepam and 1400W

We used 40 rats for this experiment to investigate the impact of 1400W on the early
stage of epileptogenesis. Twenty rats served as naive controls for all time points for
immunohistochemistry (IHC) and Western blots. The remaining twenty rats were administered
with KA to induce SE. We followed a refined repeated-low-dose method of KA administration
to; 1) titrate animals according to the development of behavioral SE, ii) to minimize mortality
due to KA-induced SE, iii) to achieve a fair consistency in seizure severity during SE, and iv)
to minimize animal-to-animal and group-to-group variabilities in neurodegeneration and SRS
frequency (Beamer et al., 2012; Glien et al., 2001; Hellier et al., 1998; Puttachary et al.,
2015a,b; Tse et al., 2014). The rats were initially treated with a low dose of KA at 5 mg/kg via

intraperitoneal (i.p.) route and a second dose was given 30 min later. After the first two doses
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of KA, the dose of KA was set at 2.5 mg/kg at 30 min intervals to reduce mortality. KA
injection was stopped once the rats reached stage-5 seizure (starting point of “2 h established
SE”) and 2 h later behavioral seizures were terminated by administering diazepam (10 mg/kg,
1.p., the end point of “2 h established SE”) to keep the duration of SE constant between animals.
After terminating behavioral SE, all rats received supportive fluid therapy (1 ml Ringers lactate
subcutaneous route for the next 3 days) and were later randomized into two groups. In this
study, the duration of the established SE was 2 h. During the 2 h established SE, the behavioral
seizures were scored live based on modified Racine scale, by direct observations and also
verified later from remote videos by two experimenters, as described previously (Beamer et
al., 2012; Cosgrave et al., 2008; Puttachary et al., 2015a, b; Tse et al., 2014). Seizures were
classified as non-convulsive seizures (stage-1 and -2 on Racine scale) or convulsive seizures
(stages 3—5 on Racine scale) (Racine, 1972), and the exact duration of each stage of seizure
was scored and expressed in minutes. During the 2 h of established SE, the rats had continuous
seizures ranging from stage-1 to stage-5. After administering diazepam, the rats were divided
into two groups based on similar convulsive seizure severity scores and the total amount of
KA they had received. The groups were code numbered to keep the experimenters blinded to
the treatment. Two hours after administering diazepam, one group of rats received six
injections of 1400W (20 mg/kg, i.p.) or vehicle (equal volume of sterile DW) at 12 h intervals.
The animals were euthanized at 7 day post-SE. Some animals were perfuse fixed with 4% PFA

in PBS for IHC or without PFA for Western blotting.

BBB integrity experiment
To understand the effects of KA and 1400W on BBB integrity, rats (n = 15) were

administered with 25 ul of 4% hydroxy-stilbamidine (Fluro-Gold, Colorado, USA, Molecular
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Weight 472.54) intraperitoneally 2 h prior to the induction of SE with KA (Molecular Weight,
213.23) or vehicle. Five rats without KA served as control, five rats each were treated with a
single dose of 1400W (20 mg/kg, i.m., Molecular Weight 250.17) or its vehicle 1 h prior to the
induction of SE as described above. Two hours after the onset of the first stage-5 seizure, the
rats were deeply anaesthetized and perfuse fixed with 4% PFA. The brains were processed for

histology to assess BBB integrity.

Telemetry device implantation, induction of SE by KA, intervention by 1400W, and
continuous long-term video-EEG monitoring for 6 months

Twenty one male rats were used for this study. Five rats were used as sham controls.
The remaining 16 rats were implanted with radio-transmitter (Physiotel and Multiplus CTA-
F40, Data Science International, DSI, MN, USA) subcutaneously, 10 days before the induction
of SE with KA. The electrode leads were placed bilaterally on the cortical dura mater through
the burr holes (4 mm caudal to Bregma and 3 mm lateral to the midline) as described previously
for mice (Beamer et al., 2012; Puttachary et al., 2015a, b; Tse et al., 2014). The video-EEG
acquisition was started immediately, after the rats recovered from anesthesia, using Dataquest
ART 4.3.2 and later the offline analyses were carried out using NeuroScore 3.2.0 (DSI)
software. The implanted radiotransmitter had a built-in thermal module that relayed body
temperature in real-time. The rats were regularly monitored for their bodyweight, body
temperature and their overall activity. Nails were trimmed as required if the skin at the surgery
site or transmitter site was found scratched. We acquired ~260 h of baseline EEG data, which
included at least 10 day—night cycles, to normalize the post-SE EEG signal from the same
animal. SE was induced with KA as described above. Two hours after behavioral SE was

terminated with diazepam, the rats were randomly grouped and treated with 1400W or vehicle,
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as described in Section 2.4, and subjected to continuous (24 h per day and 7 days a week)
video-EEG monitoring for six months. At the end of the study, the animals were euthanized
by terminal anesthesia using pentobarbital sodium (100 mg/kg, i.p.), perfuse fixed, and the

brains were processed for histology and IHC.

EEG analyses

The EEG recordings were analyzed to determine the numbers of SRS during the six
months continuous study, and the average spike frequency (per min) per day was determined
for the first 4 weeks of post-SE and expressed as standard error mean (+SEM) values. The
EEG signals from post-SE were normalized to the baseline EEG from the same animal to
observe epileptiform spiking/seizures. The normal baseline spikes, epileptiform spikes and
clusters, and the spikes arising from electrical or mechanical artifacts were distinguished based
on the video and the individual spike characteristics on EEG (spike amplitude, duration,
frequency, and inter-spike intervals) as described previously for mice (Puttachary et al., 2015a,
b; Tse et al., 2014) and rats (Williams et al., 2009; White et al., 2010). The raw EEG signal
was subjected to fast-Fourier transformation (FFT) to generate power bands, after manually
excluding artifacts. The epileptiform spiking, power spectral characteristics, and real-time
behavioral video recordings were used to identify SRS. The spike frequency across 4 weeks
from the experimental groups was compared using a two-way analysis of variance (ANOVA).

The numbers of SRS were compared using Mann— Whitney tests.

Tissue processing for histology and IHC, and cell quantification
The procedures for perfusion fixation of rodent brains, gelatin-embedding, cryo-

sectioning to obtain coronal sections (15 pm), immunostaining, imaging and immunopositive
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cell counting has been described in our previous papers (Puttachary et al., 2016; Beamer et al.,
2012; Cosgrave et al., 2009, 2010; Thippeswamy et al., 2007). The primary antibodies for IHC
were incubated overnight at 4°C immediately after 1 h blocking step with 10% normal donkey
serum to prevent nonspecific antibody binding. The primary antibodies used were; neuronal
nuclear antibody (NeuN, 1:400, rabbit, EMD Millipore, USA), Ionized calcium binding
adaptor molecule-1 (IBA1, 1:500, goat, Abcam, USA), Glial fibrillary acidic protein (GFAP,
1:400, mouse, Sigma, USA), 3-nitrotyrosine (3-NT, 1:250, rabbit, Millipore, USA), Kir 4.1
(1:250, rabbit, Alomone labs, Jerusalem, Israel), anti-serum albumin (SA, 1:250, chicken,
Sigma, USA), anti-glial glutamate transporter-1 (GLT-1, 1:500, Millipore, USA). A
combination of several secondary antibodies (all from Jackson Laboratories, USA) conjugated
with fluorescent dyes (CY3 1:300 or FITC, 1:100) or biotin (1:500) or 4',6-diamidino-2-
phenylindole (DAPI at 0.0001%) were used for double or triple staining. The primary
antibodies were diluted in solution (0.1% Triton X-100, 2.5% donkey serum and 0.25% sodium
azide, Sigma, USA) and streptavidin conjugates (CY3 or FITC) were diluted in PBS alone.
The brain sections without primary antibodies treatment served as negative control. All
primary antibodies were titrated by serial dilution to derive optimum concentration and a
limited neutralizing antibodies step was included to confirm antibody specificity. The
normal/resting and reactive glial cells were distinguished based on their morphology. In order
to identify degenerating neurons in the hippocampus, the entorhinal cortex, and the amygdala
in the brain sections, we used the modified method of NeuN and FJB double staining as
described in the literature (Schmued and Hopkins, 2000; Puttachary et al., 2016; Todorovic et
al., 2012). The immunopositive cells with visible nuclei (DAPI stained) were counted

bilaterally from eight sections per animal containing anterior, middle and posterior regions of
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the hippocampus. We used ImageJ software (Schneider et al., 2012) to determine the counting
area (square microns) from each section that was kept constant for all the experimental groups.
The counting was carried out by research staff and students who were blind to the experimental
groups. The rats from six month study were perfuse fixed with sodium sulfide and 4% PFA at
the end of the study for Timm's staining as described in the literature (Buckmaster et al., 2002;
Danscher, 1981; Rao et al., 2006; Shetty et al., 2005). ImagelJ software was used to determine
the grey scale intensity of mossy fiber staining (silver staining) in the inner molecular layer of
the dentate gyrus. The pooled data was compared between the treatment groups using Mann—

Whitney test.

Western blotting

The fresh hippocampal tissues harvested from rats were lysed on wet ice (4°C) using
Tissue Ruptor (Qiagen, USA) in RIPA buffer with a cocktail of protease and phosphatase
inhibitors (Thermo-Scientific, USA). These lysates were later normalized for equal amounts
of protein using the Bradford protein assay kit (Biorad, USA). Equal amounts of protein (25
ug per sample) from the lysates were loaded per lane on 12% Tris glycine precast gels along
with molecular weight marker (Biorad, USA). After separation, proteins were transferred
overnight on to a nitrocellulose membrane. After the protein transfer, nonspecific binding sites
were blocked for 1 h at room temperature using blocking buffer for fluorescent Western
blotting (Rockland Immunochemicals, USA). Later, the membranes were incubated with Kir
4.1 or GLT-1 (both 1:1000) and beta actin (1:10,000, Sigma, USA) primary antibodies for
overnight at 4 °C. After incubation, the membranes were washed 5 times with PBS containing

0.05% Tween 20, and then appropriate anti-species secondary antibodies tagged to IR-680 or
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IR-800 dyes (1:10,000, LiCor, USA) were added. The antibody binding was detected using the
Odyssey IR imaging system (LiCor, USA). Antibodies to beta actin were used as loading
controls. ImageJ software was used to normalize the intensity of the beta actin with the
intensity of the desired bands within each sample. The pooled data was later was compared

between the treatment groups using Mann-Whitney test.

Methodological rigor, power calculation, and statistical analyses

For all experimental groups, the group size was calculated based on the preliminary
data. For telemetry experiments, we started off with 4 animals per group in the preliminary
study for a couple of weeks of continuous video-EEG recording. The data from the preliminary
study group was analyzed on weekly basis. Since the results were encouraging it prompted us
to continue for up to six months. Based on the six month continuous video-EEG data we
worked out the group sizes. Based on the preliminary data and power calculation, we estimated
5-6 rats for IHC and 6-8 rats for other assays to demonstrate statistical significance (p < 0.05)
at 80% power. We had consulted biostatistician, Dr. C. Wang at lowa State University.

All animals were randomized before the treatment protocols began after diazepam was
administered. The experimenters were blinded to the treatment groups until the data analyses
were completed. As per the pre-determined criteria set for the study, we excluded 6 rats since
3 of them did not respond to the predetermined KA dose range (15 + 2.5 mg/kg) and 3 rats
were euthanized during the course of the 6 month study. We had taken measures to minimize
variables by: 1) randomization of animals based on predetermined weight and age range before
the start of the experiment, ii) the animals were grouped for interventional studies, after
diazepam treatment, based on seizure severity score during the SE, and the KA dose range, so

that each group contained fairly same number of animals of similar seizure severity and the
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amount of KA, iii) we acquired ~260 h of baseline EEG data, covering at least 10 day-night
cycles, to normalize post-SE EEG from the same animal, and iv) we implemented the first two
of the three principles of reduction, refinement, and replacement (3Rs) by testing 1400W in
brain slices in vitro, and by adopting a refined method of SE induction which reduced mortality
rate. We compared statistical differences between the post-diazepam treatment groups i.e., the
vehicle versus the 1400W groups using Student's t-tests, Mann—Whitney tests or two way

ANOVA tests, and the p-value < 0.05 between the groups was considered significant.

Results
1400W reduced KA-induced spike frequency in brain slices
To investigate the effect of 1400W on the brain tissue and also in view of reducing the
number of animals required for in vivo experiments, we initially tested KA and 1400W in
mouse brain slices. The brain slices were carefully positioned on 60 electrodes to encompass
dentate gyrus, the hilus, and CA regions of the hippocampus. Two minutes of baseline
recording showed spontaneous spiking activity. The epileptiform spike frequency increased

from 2 + 0.98 Hz to 6.6 + 3.1 Hz when 1 uM KA was perfused for 2 min (Fig. 1, #p = 0.054).
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Fig. 1. Multi-electrode array system to record electrical field potential differences between 1400W
and KA responses from the mouse brain slices. A) The electrographic recordings from 60 electrodes
in the presence or absence of 1400W in KA-perfused brain slices in the MEA chamber. The brain slice
was positioned on 60 electrodes to encompass the dentate gyrus, the hilus, and CA regions of the
hippocampus to acquire electrical field potentials. The boxed recordings from the same electrode from
CA region (electrode #84) are further expanded to reveal spiking during baseline, KA, and KA +
1400W applications. The arrow points to the electrode #84 on the hippocampus. B) The epileptiform
spike frequency comparison of pooled recordings from 8 slices from the electrodes overlying the
hippocampus and the dentate gyrus. The KA perfusion increased the epileptiform spike rate. Co-
application of 1400W significantly reduced KA-induced epileptiform spiking activity (*p = 0.0487,
paired t-test, 8 slices from 4 mice). Later, when 5 uM 1400W was co-applied with 1 uM KA for
another 2 min, there was a significant suppression of KA-induced epileptiform spiking from
6.6 £ 3.1 Hz to 1.7 £ 0.97 Hz (Fig. 1; p = 0.0487, n = 8 slices from 4 mice, paired t-test)
demonstrating an inhibitory effect of 1400W on KA-induced spike frequency.

1400W suppressed epileptiform spike rate during the first 12-74 h and the rest of the
first 4 weeks of post-SE in vivo

A refined repeated-low-dose method of SE induction by KA reduced mortality and
increased consistency in seizure severity during the SE (Hellier et al., 1998; Puttachary et al.,
2015a, b, 2016; Tse et al., 2014). The Fig. 2A illustrates the experimental design for induction

of SE by repeated-low-dose of KA and post-treatment with 1400W or the vehicle. In this study,
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from all the experimental groups that involved KA-induced SE, there was <5% mortality. As
described for mice in our recent publications (Puttachary et al., 2015a, b, 2016; Tse et al.,
2014), we utilized integrated video-EEG analyses (Fig. 2B) to determine precise seizure
severity score based on the exact duration of convulsive seizures and the electrographic
seizures during the SE (Fig. 2C). It is important to note that the animals grouped for the 1400W
or the vehicle treatment, after diazepam administration, had no significant differences in their

behavioral or electrographic seizures during the SE or in the total amount of KA administered

to achieve the severity of SE (Fig. 2C).
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Fig. 2. SE induction by repeated-low-dose of KA to test the efficacy of 1400W in real-time when
it was administered as post-SE treatment. A) EEG trace recorded during SE induction by RLD of
KA. The behavioral SE was terminated by administering DZP 2 h after the onset of first stage-5 seizure.
2 h after the DZP treatment, six injections of 1400W or vehicle were given at 12 h intervals during the
first 3 days of post-SE to investigate immediate and long-term effects on epileptogenesis and epilepsy.
B) The first stage-5 seizure segment of the EEG is expanded to reveal epileptiform spike characteristics
and the corresponding behavioral correlates. As the seizures progressed from non-convulsive to
convulsive, the gamma power spectrum increased. The behavioral seizures were typically correlated
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with the EEG characteristics during the entire 2 h established SE. Gamma spectrum decreased to the
basal level or below when the animal showed rigidity during the seizure episode. Activity counts
(shown below the EEG trace in panel B) also increased as a result of uncoordinated and exaggerated
movement (generalized tonic-clonic convulsions followed by a brief rigidity) observed at the end of
the seizure episode. C) The animals that were grouped for post-treatment with the vehicle or the 1400W
received similar doses of KA and also had fairly similar seizure severity scores (behavioral and
electrographic) during the 2 h established SE. The behavioral and electrographic seizures severity
during the 2 h established SE and the amount of KA received by each animal in the groups were
compared, and found no significant differences between the groups.
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Fig. 3. Average epileptiform spike frequency after RLD of KA and 1400W treatment. A)
Representative EEG traces during the post-SE treatment with the vehicle and the 1400W. Expanded
representative EEG traces are shown in the boxes. B) The average epileptiform spike frequency is
represented at 1 h epochs for the first 14 h of post-diazepam/SE. C) The cumulative epileptiform spike
frequency was compared between the vehicle and the 1400W treated groups before treating with
1400W (0-2 h post-SE) and after the first dose of 1400W (2—14 h post-SE). There were no significant
differences between the groups either at 0-2 h or 2—14 h post-SE.
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Fig. 4. 1400W suppressed epileptiform spikes during the first three days of epileptogenesis. A)
Comparison of the epileptiform spike frequency at 12 h epochs after each dose of the 1400W or the
vehicle treatment. The first 2 h post diazepam data is also included for comparison. There were no
significant differences at any time point between the drug and the vehicle treatment. B) The average
epileptiform spike frequency is represented at 1 day epochs for the first four weeks. The 1400W
significantly reduced epileptiform spike frequency when compared to the vehicle treated group during
the first four weeks (p = 0.0005, n = 6-7, two way ANOVA, F = 12.87 between 1 and 140 degrees of
freedom). C) The 1400W significantly suppressed epileptiform spikes during the first 3 days of
epileptogenesis i.e. during the treatment period (the shaded area in H represents the treatment duration
of the 1400W or the vehicle). The cumulative epileptiform spike frequency was compared between the
vehicle and the 1400W treated groups (p = 0.002, Mann— Whitney test, n = 6-7).

Since an increased epileptiform spike rate contributes to epileptogenesis, we compared
the impact of the 1400W on epileptiform spike rate during: 0—2 h and 2—14 h post-SE at 1 h

epochs for the first dose of the 1400W (Fig. 3B, C); each subsequent dose of the 1400W or the
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vehicle at 12 h epochs (Fig. 4A); 12 and 74 h post-SE for cumulative dose effect of the 1400W
(Fig. 4B, C); the first 4 weeks of post-SE at 1 day epochs (Fig. 4B). A detailed epileptiform
spike frequency analysis during the immediate post-diazepam period revealed no significant
differences in the spike rate either before the first dose of the 1400W (0-2 h post-diazepam/SE)
or after the dosing (2—14 h post-diazepam/SE) when compared to the vehicle treated group
(Fig. 3B, C). This suggests that the first dose of 1400W had no impact on epileptiform spike
frequency. We further analyzed the effect of each subsequent dose of the 1400W or the vehicle,
and plotted the graphs as cumulative epileptiform spike rate for the duration of 12 h (Fig. 4A)
to understand the overall impact. The 2nd to 6th dose of 1400W showed a tendency to reduce
epileptiform spike rate in the 1400W group, especially the 2nd and the 3rd dose, in contrast to
the vehicle treated group, however they were also not statistically significant. Interestingly,
when the cumulative spike frequency was calculated for all the doses together, except the first
dose, between 12 and 74 h post-SE, it revealed a significant reduction in the spike rate in the
1400W treated group (Fig. 4B and C). During this 3 day post-SE period, 1400W significantly
reduced spike frequency from 12.9 + 1.4 to 4.7 = 1.9 spikes per min (Fig. 4C, p =0.002, Mann—
Whitney test, n = 6-7). After 7 days, although spike frequency was reduced in both groups,
there were periods of burst in spikes on the 9th, 11th and 17th day in the vehicle group when
compared to the 1400W group (Fig. 4B). Overall, there was a significant reduction in
epileptiform spike frequency by 1400W during this critical phase of epileptogenesis when
compared to the vehicle treated group (Fig. 4B; p = 0.0005, n = 6 for vehicle and n = 7 for

1400W group, two way ANOVA, F = 12.87 between 1 and 140 degrees of freedom).
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1400W suppressed neuroinflammation and neurodegeneration at 7 day post-SE
Increased epileptiform spike rate, reactive gliosis (neuroinflammation) and
neurodegeneration are the hallmarks of epileptogenesis (Arabadzisz et al., 2005; Benkovic et
al., 2006; Rao et al., 2006; White et al., 2010). Since we found that 1400W reduced
epileptiform spiking induced by KA in brain slices (Fig. 1) and it also reduced epileptiform
spike rate during the first week of post-SE in vivo (Fig. 3A—C), we predicted that 1400W will
suppress reactive gliosis and neurodegeneration during this period. To investigate this, we
processed the 7 day post-SE brain sections for IHC from the rats that were treated with 1400W
or the vehicle. Reactive gliosis was found in all regions of the hippocampus, dentate gyrus,
amygdala, and entorhinal cortex. Representative images from CA1 hippocampus are shown in
the Fig. SA. The 1400W significantly suppressed both reactive microgliosis (Fig. SA and C)
and reactive astrogliosis (Fig. 5A and B) in all regions of interest when compared to the vehicle
treated control group (*p < 0.05, **p <0.01, ***p <0.001, n = 5, Mann—Whitney test).
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Fig. 5. The 1400W suppressed SE-induced reactive gliosis and neurodegeneration at 7 d post-SE.
A. Representative images to demonstrate cellular morphology of glial cells and degenerating neurons.
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Green labelled cells are GFAP (i to iii) or IBA1 (iv to vi) or FJB (vii to ix), red labelled cells are neurons
(NeuN, vii to ix), and DAPI was used to label nuclei in blue in panels 1) to vi). GFAP and IBA1 THC
revealed resting type glial cells, reactive astroglia, and M1 and M2 type microglia cells (a few examples
are indicated by arrows). These types of cells were found throughout the hippocampus, amygdala and
entorhinal cortex. The parallel brain sections processed for FJB and NeuN (panels, vii—ix) co-staining
revealed neurodegeneration (A, viii, examples are shown by white arrows in the CA1 region) in these
regions in the vehicle treated group. Scale bars for all: 100 um. B-D: Cell quantification comparison
between naive control, the vehicle, and the 1400W treated groups. The 1400W treatment significantly
reduced reactive astrogliosis (B), reactive microgliosis (C), and neurodegeneration (D) in the
hippocampus, amygdala, and entorhinal cortex when compared to the vehicle treated group. The total
number of GFAP or IBA1 or FJB positive cells was counted from a predetermined area. The percentage
of reactive astrocytes and reactive microglia were calculated from the total number of glial cells (GFAP
or IBAI positive cells) (*p < 0.05, **p < 0.01, ***p <0.001, n = 5, Mann—Whitney test).

Importantly, the microglial morphology revealed M1 and M2 types, and there was a significant
reduction in M1 type (reactive) microglial cells in the 1400W treated group (Fig. 5C). The
parallel sections stained for FJB and NeuN revealed a significant increase in neurodegeneration
in CA regions of the hippocampus, the hilus of the dentate gyrus, amygdala, and entorhinal
cortex, in the vehicle treated group when compared to the 1400W treated group (Fig. SA and

D, *p <0.05, **p <0.01, ***p <0.001, n = 5, Mann—Whitney test).

1400W protected BBB integrity, reduced extravasation of serum albumin in the brain
parenchyma, reduced 3-NT levels, and partly reversed Kir 4.1 levels at 7 d post-SE

The BBB integrity is compromised during seizures and/or soon after a prolonged SE
(Abbott et al., 2006; David et al., 2009; Heinemann et al., 2012; Marchi et al., 2015; Morin-
Brureau et al., 2011; Seiffert et al., 2004; Tomkins et al., 2011; van Vliet et al., 2007). We
tested this in our model by treating the rats with a high molecular weight (472.54) fluorescent
chemical, hydroxy-stilbamidine (Fluro-Gold) 2 h prior to the induction of SE with KA. In these
experiments, we tested the effects of vehicle and 1400W administered 1 h prior to the induction

of SE with KA. Fluro-Gold has about twice the molecular weight when compared to KA
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(213.23) or 1400W (250.17). As expected, significantly high levels of Fluro-Gold deposits
were found in the extracellular space at 2 h post-SE in the vehicle treated group (Fig. 6A, ii),

while it was restricted to the capillaries in the naive control (Fig. 6A, 1).

A. control vehicle + KA 1400W + KA
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Fig. 6. The 1400W protects BBB integrity and reduces serum albumin positive neurons and
astrocytes. A) The 1400W protects BBB integrity. Fluro-Gold (FG) was administered 2 h prior to SE
followed by treatment with the 1400W or the vehicle 1 h prior to the induction of SE with KA. The
animals were euthanized immediately at the end of “2 h established SE”. The SE caused loss of BBB
integrity as revealed by the FG in the extracellular space (pseudo colored red in panel A-ii) and in some
neurons and glial cells, which was largely prevented in the 1400Wtreated group (A-iii). In the control,
without kainate injections, (A-i), FG was restricted to the capillaries and it was neither in the interstitial
space nor taken up by neurons or glial cells (green cells). B) Serum albumin IHC at 7 d post-SE. In this
case, the 1400W was given as post-treatment (twice daily for three days). Serum albumin



195

immunostaining (pink or red) was observed in both reactive astrocytes and in some neurons in the
vehicle treated, but it was suppressed by the 1400W. C) Relative quantification of the intensity of FG
staining in A (i—iii). n =5, *p <0.05, **p <0.01, ***p <0.001, Mann—Whitney test. D) Quantification
of serum albumin positive cells (*p < 0.05, **p < 0.01, ***p < 0.001, n = 4-5 each group, Mann—
Whitney test). Scale, all 100 pm.

In the 1400W pre-treated rats, there was a significant reduction in extracellular Fluro-
Gold deposits (Fig. 6A, iii, C; *p < 0.05, **p < 0.01, n = 5, Mann—Whitney test). This
demonstrates that 1400W protects the BBB integrity. Similar results were also observed in 7 d
post-SE groups that received treatment with the 1400W or the vehicle at 4 h post-SE. At 7 d
post-SE, we found that serum albumin containing astrocytes (and also in some neurons) in the
hippocampus, amygdala, and entorhinal cortex were significantly increased in the vehicle
treated rats (Fig. 6B). When 1400W was administered in six doses at 12 h intervals after SE
induction, it significantly suppressed serum albumin containing cells in all the regions (Fig.
6B and D, *p < 0.05, **p < 0.01, ***p < 0.001, n = 5, Mann—Whitney test). Serum albumin
uptake by astrocytes is known to affect their function, especially, potassium and glutamate
clearance from extracellular milieu (David et al., 2009; Weissberg et al., 2015). We found a
significant reduction in potassium channel, Kir 4.1 protein levels at 7 d post-SE which was
partially reversed by 1400W (Fig. 7A and B, **p = 0.0095, n = 4-6, Mann—Whitney test).
However, the suppressed glutamate transporter-1 (GLT-1) levels by KA-induced SE were not

reversed by 1400W (Fig. 7C-D, # = 0.067, n = 4-6, Mann—Whitney test).
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Fig. 7. Kir 4.1, GLT-1, and 3-NT levels at 7 d post-SE in the 1400W and the vehicle treated groups.
Western blots and IHC images (A and C) at 7 d post-SE from naive control, the vehicle and the 1400W
treated animals. B and D represent quantified results of Western blots in A and C. Astrocytic Kir 4.1
channels (A and B, **p = 0.0095, n = 4-6, Mann—Whitney test) and GLT-1 transporters (C and D, #p
= 0.066, n = 4-6, Mann—Whitney test) were down regulated at 7 d post-SE in the vehicle treated
animals. The 1400W treated groups showed a partial recovery in Kir 4.1 levels, but not GLT-1 levels.
IHC revealed their localization with GFAP positive astrocytes in the hippocampus, amygdala, and
entorhinal cortex (representative images are from the entorhinal cortex). E-G) The 3-NT IHC and cell
quantification. The 3-NT immunoreactivity was found in both microglial cells and neurons. Their
numbers significantly increased in the vehicle treated group and the 1400W reversed the effects (n =
4-5, *p < 0.05, **p < 0.01, Mann—Whitney test). Boxed regions in panels A, C and E are further
magnified to show co-localization. Scale, all 100 um.
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SE-induced neuroinflammation increases iNOS in M1 type reactive microglial cells and
excessive NO production nitrosylates proteins on tyrosine residues, 3-nitrotyrosine (3-NT),
which serves as a marker of RNS that can be identified in both neurons and glial cells (Rao et
al.,2003; Yiet al., 2000). At 7 d post SE, we observed a significant increase in 3-NT containing
microglia and neurons in the hippocampus, amygdala and entorhinal cortex (Fig. 7E-G, *p b
0.05, n = 4-6, Mann—Whitney test). The 1400W significantly suppressed 3-NT levels in
microglia (*p < 0.05, n = 4-6, Mann—Whitney test) and in neurons (*p <0.05, **p <0.01 n=

4—6, Mann—Whitney test). A similar trend was observed in other regions of the brain.

1400W significantly reduced the number of SRS episodes and the disease progression in
the six month continuous study

As per the pre-determined criterion, the animals that did not complete the full course
of the study were eliminated from the analyses. We used 8 animals each for 1400W and the
vehicle treatments. Two rats from the vehicle group were euthanized before the completion of
the study due to complications of severe SRS, while one rat from the 1400W group was
euthanized due to foreign body (bedding material) obstruction in the trachea. The number of
SRS episodes for each rat that completed the 6 month study is represented in the Fig. 8 A and
B. All the rats in the vehicle group had several hundreds of SRS episodes, while the 1400W
treated rats had <70 episodes in the six months (Fig. 8A, B). Out of 7 rats in the 1400W group,
one rat had experienced only one SRS episode (stage-3 on the day 9 post-SE), another rat had
two SRS episodes (stage-5, on the days 59 and 117 post-SE), and the remaining five rats had

7 to 65 SRS episodes during the 6 month continuous recording.
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Fig. 8. Comparison of SRS episodes occurrence between individual animals during the six month
period between the vehicle (A) and the 1400W (B) treated groups, and representative EEG
samples of the types of convulsive SRS. Each colored spot in both A and B represents an SRS episode
(rats RT1-6 in the vehicle group, RT11-17 in the 1400W group). Y-axis represents the stages of
spontaneous recurrent convulsive seizures on the Racine scale. Rearing with fore limb clonus in stage-
3, rearing and falling in stage-4, and generalized tonic-clonic convulsions with rigidity in stage-5
episodes. All of the SRS episodes during the six months period were verified for behavioral correlates
which were similar to the episodes observed during the SE as illustrated in the Fig. 2B. The types of
SRS with post-ictal patterns lasting for N15-20 min were the most common features in the vehicle
treated group. In the 1400W-treated group, in a vast majority of SRS episodes the post-ictal pattern

lasted for <5 min.

All rats, in both vehicle and 1400W treated groups had several episodes of
electrographic non-convulsive seizures, including the two rats that had 1 or 2 SRS episodes in
the 1400W group, therefore we considered all of them as epileptic. The types of convulsive
SRS episodes observed in these animals are represented in the Fig. 8C. The convulsive SRS

types were classified based on the Racine scale; stage-3 type which showed rearing and
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forelimb clonus, stage-4 type with rearing and falling, and stage-5 type with generalized tonic—
clonic convulsions (Fig. 8C). When all the SRS episodes (stage-3 to stage-5) were plotted as
cumulative seizures occurred in a month, it revealed a clear progression of the disease during

six months in the vehicle treated group (Fig. 9A— C).
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Fig. 9. The 1400W significantly decreased the number of convulsive SRS during the six month
period. A) There was a progressive increase in the number of SRS episodes over time and the 1400W
significantly reduced their numbers (*p = 0.043, 2nd month; *p = 0.026, 4th month; *p = 0.03, 5th
month; and **p = 0.0095, 6th month; n = 6 for the vehicle and n = 7 for the 1400W, Mann—Whitney
test). B) Comparison between the number of SRS episodes per day between the vehicle and the 1400W
treated groups during the entire study period of six months. There was a significant reduction in the
number of seizure episodes in the 1400W-treated group when compared to the vehicle control (p
<0.0001, n=6-7, two way ANOVA, F = 122 between 1 and 2112 degrees of freedom). C) Cumulative
SRS episodes occurred in six months revealed a significant difference between the groups (¥p = 0.022,
n = 67, Mann—Whitney test). There was 92% reduction in the number of SRS episodes in the 1400W
treated group. D) There were no significant differences between the groups on latency to the onset of
the first spontaneous seizure or the average duration of the individual convulsive seizure episodes.
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Fig. 10. 1400W significantly reduced the number of interictal events during the six month period.
A, B) The inter-ictal intervals significantly reduced in the 1400W treated group when compared to the
vehicle control (C, *p = 0.029, 1st month; *p = 0.032, 2nd month; p = 0.016, 5th month; and 0.028
during 6th month). The average inter-seizure intervals during entire six month period significantly
increased in the 1400W treated group when compared to the vehicle treated group (D, **p = 0.0022,
Mann—Whitney test, n = 6 for the vehicle, n = 7 for the 1400W).

In the 1400W-treated group, there was a significant reduction in the disease progression
during the 2nd month (*p = 0.042), 3" month (#p = 0.06), 4th month (*p = 0.026), 5th month
(*p =0.032), and 6th month (*p = 0.0095, n = 6—7, Mann—Whitney test). The cumulative SRS
episodes occurred in six months showed a dramatic (92% reduction) and a significant reduction
in the number of episodes in the 1400W group when compared with the vehicle control group
(Fig. 9B; p <0.0001, n = 6-7, two way ANOVA, F = 122 between 1 and 2112 degrees of
freedom, Fig. 9C; *p = 0.022, n = 6-7, Mann—Whitney test). However, there were no
significant differences in the latency to the onset of first SRS (Fig. 9D) and the average duration

of individual seizures during six months between the two groups (Fig. 10A-B). Further
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analysis revealed a significant increase in inter-seizure intervals in the 1400W treated group in
contrast to the vehicle group during 1st (*p = 0.028) and 2nd (*p = 0.032) month, 5th (*p =
0.015) and 6th month (*p = 0.028, Mann—Whitney test, n = 6—7 each group). An increase in
inter-seizure intervals was also significant during the entire six months in the 1400W group
when compared to the vehicle treated group (Fig. 10D; **p = 0.0022, Mann—Whitney test, n =

6—7 each group).

1400W treatment suppressed reactive gliosis, neurodegeneration, and aberrant mossy
fiber sprouting at six month post-SE

IHC of the rat brain sections from the long-term telemetric studies for
neuroinflammation and neurodegeneration also revealed similar results as observed at 7 d post-
SE (Fig. 5). Representative images from the CA3 region of the hippocampus are shown in the
Fig. 11A. Cell quantification revealed a significant reduction in reactive astroglia (Fig. 11A i—
iii, B), reactive microglia (Fig. 11A, iv—vi, C), and neurodegeneration (Fig. 11A, vii-ix, D) in
the 1400W treated group in the hippocampus, amygdala, and entorhinal cortex when compared
with the vehicle treated group (Fig. 11B-D; *p < 0.05, **p < 0.01, n = 5 each group, Mann—

Whitney test).
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Fig. 11. The 1400W treatment immediately after the SE had long-term indirect effects on reactive
gliosis, neurodegeneration and mossy fiber sprouting at 6 month. As observed at 7 d postSE, there
was a significant reduction in reactive astrocytes (GFAP) and reactive microglia (IBA1) and FJB
positive cells in CA1, CA3, CA4, amygdala, and entorhinal cortex regions (A-D) in the 1400W-treated
group in contrast to the vehicle group (*p b 0.05, **p b 0.01, ***p b 0.001, n = 4-5 each group, Mann—
Whitney test). A representative images from the CA3 region are presented for astrogliosis (A, i—iii),
microgliosis (A, iv—vi) and neurodegeneration (FJB + ve cells, A, vii—ix). E). In Timm's stained
sections, the inner molecular layer (IML) of the dentate gyrus showed intense dark staining for mossy
fiber sprouting in the vehicle treated animal (E, ii), when compared to the naive controls (E, i) and the
1400W treated animals (E, iii). The grey level intensity of IML is quantified using ImageJ to determine
the mossy fiber staining intensity. In the vehicle treated animals there was a significant decrease in the
grey intensity levels in IML (seen as a dark band) when compared to the 1400W treated group (*p <
0.05, **p < 0.01, n = 67 each group, Mann—Whitney test). Scale, all 100 um.

Discussion
In this study, we demonstrate a novel disease modifying property of a highly selective

pharmacological inhibitor of iNOS, 1400W that targets neuroinflammatory mediators
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produced by reactive glial cells. A vast majority of currently available AEDs target neurons at
their excitatory synaptic terminals to suppress hyperexcitability or to promote the function of
inhibitory neurons (Galanopoulou et al., 2013; Meldrum and Rogawski, 2007; Rogawski and
Loscher, 2004). According to a report, 47 drugs targeting ion channel receptors and their
downstream effector proteins, after an epileptogenic insult, have failed in human clinical trials
(Temkin, 2001). In spite of several newly discovered AEDs, >30 drugs altogether, >50% of
people with epilepsy (PWE) presented with first seizure do not become seizure-free with the
first AED, and about 17% of PWE require 2-3 or multiple AEDs (Kwan and Brodie, 2000).
Importantly, about 1/3 of PWE do not respond to any of the current AEDs (Kwan and Brodie,
2000; Kwan et al., 2011). Although AEDs control symptomatic seizures in the remaining 2/3
of PWE, they do not cure epilepsy or significantly modify the disease process (Camfield et al.,
2002; Loscher, 2011; Moshe et al., 2014; Varvel et al., 2015). Therefore we focused our
investigation on the combination of drugs that have different mechanisms of action and targets
to modify the events that occur during early epileptogenesis, and to understand their long-term
impact on the disease process. We tested a single moderate dose of diazepam (10 mg/kg), the
conventional benzodiazepine derivative of an AED to target GABAergic signaling to stop
acute seizures, and a novel anti-neuroinflammatory and neuroprotectant, 1400W (6 doses at 12
h intervals, started 2 h after diazepam) to target the disease promoters such as glial-mediated
neuroinflammation and neurodegeneration that occur after SE insult. This approach modulated
the key early epileptogenic events, it; i) suppressed epileptiform spiking activity (Fig. 4B—C)
during the first 12-74 h post-SE, ii) restored BBB integrity (Fig. 6A and C), iii) reduced
extracellular serum albumin and its uptake by glia and neurons (Fig. 6B and D), iv) promoted

glial protective functions by modulating Kir 4.1 and 3-NT levels (Fig. 7), and v) polarized
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microglia from M1 to M2 type (Fig. 5A, iv—vi and C). These early effects of 1400W had a
remarkable long-term impact on reducing SRS by >90% (Fig. 9, 10), a sustained functional
recovery over time and thus it altered the course of the disease.

To test long-term disease modifying effects of 1400W, we chose an established chronic
rat KA model of TLE for two reasons; i) the early epileptogenic hallmark events such as
reactive gliosis (neuroinflammation) and neurodegeneration (Bertram et al., 1990; Jorgensen
et al., 1993; Rao et al., 2006; Vezzani, 2014; Vezzani and Granata, 2005) mediated by KA in
rats are reproducible (Figs. 3A and 8A), and ii) the symptomatic SRS is progressive in nature
(Rao et al., 2006; Williams et al., 2007, 2009) and also reproducible (Fig. 9). These factors are
measurable and therefore useful to quantify the disease modifying effects mediated by 1400W.
Since the severity of SE influences disease progression (Bortel et al., 2010; Klitgaard et al.,
2002; Suchomelova et al., 2006), we employed repeated-low-dose method of KA injections to
titrate all the rats to achieve stage-5 seizures and to achieve a fair seizure severity score during
the SE (Fig. 2C). The duration of the established SE (2 h) was kept constant between all
animals by terminating the behavioral SE with diazepam. A continuous video-EEG monitoring
for 6 months facilitated real-time assessment of 1400W's immediate, acute, and long-term
effects after the drug withdrawal on the day 3 of post-SE.

The 1400W is a small molecule (MW 250.17), BBB permeable, water soluble, and
biologically active. It suppressed abnormal levels of NO in rodent disease models (Garvey et
al., 1997; Parmentier et al., 1999; Perez-Asensio et al., 2005). We have further tested 1400W
in rodents (20 mg/kg, optimum dose) using echocardiogram in M-mode for cardiac function
and flexiVent method for lung function, and confirmed that it had no adverse effects on heart

and lungs (data not shown). 1400W is 100-fold potent than other iNOS inhibitors (ED50 =
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~0.3 mg) in reducing delayed vascular injury in the rat LPS model (Garvey et al., 1997).
Importantly, rats tolerated a dose of 120 mg/day for a 7-day period when 1400W was
administered as intravenous infusion, however, it was lethal at 50 mg/kg when given as a single
intravenous bolus (Garvey et al., 1997). This is an important finding considering the reported
controversial roles of NO in brain pathology (Chung et al., 2005; Dawson and Snyder, 1994;
Dawson and Dawson, 1998; Hobbs et al., 1999; Moncada and Erusalimsky, 2002; Puttachary
et al., 2015a; Thippeswamy et al., 2006). The controversies could be due to inappropriate use
of NOS inhibitors with respect to selectivity, dose and time of treatment (pre- or post-insult),
solvents used as vehicle and method of reconstitution, and route/method of administration
(Beamer et al., 2012; Cosgrave et al., 2008; Hagioka et al., 2005; Kato et al., 2005; Kovacs et
al., 2009; Takei et al., 2001). We always prepared 1400W fresh in sterile DW and the first dose
was administered 2 h after treating the SE with diazepam for the long-term study.

The production of disease promoting pro-inflammatory mediators begins soon after the
insult (2-8 h post-SE), with concomitant rapid activation of microglial cells (Davalos et al.,
2005; Nimmerjahn et al., 2005; Ransohoff and Cardona, 2011; Ravizza et al., 2005; Vezzani
et al., 2008b), and their levels persist for several weeks (Ryan et al., 2014; Vezzani et al., 2000;
Vezzani et al., 2008b). In a recent study it was shown that the RNS marker, 3-NT levels were
elevated in CA3 pyramidal cells at 24 h post-SE and persisted throughout the epileptic phase
(Ryan et al., 2014). Excessive 3-NT levels promote neurodegeneration (Boje and Arora, 1992;
Rao et al., 2003; Vincent et al., 1998). Elevated levels of IL1p and NO enhance seizure
susceptibility, spontaneous seizures and neurodegeneration (Noe et al., 2013; Ravizza et al.,
2005; Vezzani et al., 2008a; Vezzani and Baram, 2007). It is important to note that the nuclear

factor kappa B (NF-kB), a common transcription factor for both IL-1p and iNOS, is also up-
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regulated in reactive glial cells during the post-SE period (Kim et al., 2006; Vezzani and
Baram, 2007). In a neuron-glia co-culture model, 1400W significantly suppressed
lipopolysaccharide-induced neuroinflammation and neurodegeneration by restoring neuronal
respiration and by preventing glutamate release (Bal-Price and Brown, 2001). Therefore, our
hypothesis was that targeting reactive gliosis by 1400W will ameliorate hyperexcitability and
neurodegeneration to modify epileptogenesis. The 1400W significantly suppressed
hyperexcitability of neurons [evident from reduced epileptiform spike rate (Fig. 3A—C)], and
reduced neurodegeneration [evident from decreased FJB positive neurons (Fig. SA, D)] during
the first week of epileptogenesis. The morphology of microglia and astrocytes also confirmed
a significant reduction in reactive types, especially M1 type, and an increase in M2 type
microglial cells (Fig. 5). M1 type microglia cells are the predominant glial cell type observed
during neuroinflammation and they produce proinflammatory cytokines TNFo and IL-1f, and
iNOS (De Simoni et al., 2000; Engel et al., 2013). We found increased iNOS activity at 7 d
time point as evident from a significant increase in 3-NT positive M1 type microglia cells in
the hippocampus, amygdala, and entorhinal cortex (Fig. 7E-G), which was suppressed in the
1400W treated group. It is plausible that an inhibition of iNOS by 1400W could have polarized
M1 to M2 type microglia to cause a reduction in epileptiform spike rate and neurodegeneration
during the first week of post-SE (Fig. 4B; Fig. 5A, vii—ix and C). Recent articles highlight the
therapeutic importance of drugs that polarize glial cells from reactive to non-reactive or
“alternate state” (Binder and Carson, 2013; Franco and Fernandez-Suarez, 2015; Taetzsch et
al., 2014; Zamanian et al., 2012). “Alternate state or non-reactive” gliosis has been implicated

in neuroprotection (Carson et al., 2008; Pekny et al., 2014; Rathbone et al., 1999).
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It has been suggested that an increased levels of IL-1f and iNOS during
neuroinflammation could compromise BBB integrity and function by downregulating
endothelial zonula occludens-1 (HernandezRomero et al., 2012; Librizzi et al., 2012; Morin-
Brureau et al., 2011; Obermeier et al., 2014). Increased BBB dysfunction and permeability can
impair brain function due to altered metabolic function, infiltration of leucocytes, extravasation
of serum albumin to cause hyperexcitability of neurons and further activation of glia to
decrease seizure threshold (Librizzi et al., 2012; Morin-Brureau et al., 2011). NOS inhibitors
have been shown to mitigate BBB dysfunction by upregulating zonula occludens-1 (Leal et
al., 2007; Librizzi et al., 2012; Morin-Brureau et al., 2011; Yang et al., 2013). The 1400W
treatment prevented BBB leakage and reduced serum albumin positive cells in the
hippocampus (Fig. 6) suggesting 1400W's protective role in re-establishing BBB integrity. To
test this function, we used higher molecular mass fluorescent dye or Fluro-Gold (hydroxy-
stilbamidine, 472.54 Da), which has ~50% greater molecular mass than 1400W and KA. The
average molecular mass of CNS active drug is 357 Daltons (Da) (Pardridge, 2003). Water
soluble therapeutic small molecules generally cross the BBB with ease if the molecular mass
of a drug is b400 Da (Fischer et al., 1998; Lipinski, 2000; Pardridge, 2003). Therefore, water
soluble 1400W with low molecular mass (250.2) has a therapeutic advantage. Rat serum
albumin molecular mass is >65 kDa and hence it is impossible for it to cross the BBB under
normal conditions. Seizures disrupt BBB, therefore we found Fluro-Gold in the extracellular
space at 2 h post-SE, and at 7 d post-SE there was a significant increase in serum albumin
containing neurons and astrocytes (Fig. 6). It has also been shown that serum albumin uptake
by astrocytes, mediated by transforming growth factor beta receptors, impairs astrocytes'

buffering ability to clear extracellular potassium ions and glutamate, which could result in
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hyper-excitability of neurons (Cacheaux et al., 2009; David et al., 2009; Ivens et al., 2007). Of
particular interest, Kir 4.1 and GLT-1 are involved in clearing excessive potassium and
glutamate from the extracellular space (Ivens et al., 2007; Petr et al., 2015). These two protein
levels were downregulated in the hippocampus at 7 d post-SE (Fig. 7A-D). The 1400W
partially reversed Kir 4.1 levels, however, GLT-1 levels were unaffected (Fig. 7A-D)
suggesting that 1400W's protective mechanisms are predominantly mediated by targeting the
glial source of pro-neuroinflammatory mediators. Further in vitro studies are required to
address detailed mechanistic pathway of 1400W-mediated anti-neuroinflammatory and
neuroprotective roles.

Having known 1400W's modulation of the disease promoters during the early
epileptogenic phase, we focused our investigation on its long-term effects by employing
continuous video-EEG surveillance for six months to understand whether 1400W can
ultimately modify the disease outcome. The quantification of SRS from the vehicle and the
1400W treated groups revealed a remarkable disease modifying effects of 1400W (Fig. 9, 10).
It is important to note that the 1400W was only given during the first three days of post-SE.
Hence, 1400W qualifies as a disease modifying agent since it produced a sustained and highly
significant improvement in functional recovery by reducing spontaneous convulsive seizures
by >90%. Furthermore, IHC of brain sections at six month confirmed a significant reduction
in reactive gliosis and neurodegeneration which could be due to a reduction in convulsive
seizure activity. Aberrant MFS is expected in the IML of the dentate gyrus of chronic epileptic
brains in humans and animal models (Buckmaster et al., 2002; Sutula et al., 1989; Sutula and
Dudek, 2007; Wenzel et al., 1997). We also observed a well-defined MFS in the IML of the

dentate gyrus in the vehicle treated group (Fig. 11E, ii). In the 1400W-treated group there was
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a significant reduction in the grey levels intensity (reduced the dark band of sprouted axonal
fibers) in the IML when compared to the vehicle group (Fig. 11E-F). Several studies have
correlated the degree of MFS with seizure frequency in animal models of chronic epilepsy
(Lemos and Cavalheiro, 1995; Masukawa et al., 1992; Mathern et al., 1996a, b; Patrylo et al.,
1999). However, MFS is not mandatory for SRS occurrence (Buckmaster, 2012; Buckmaster,
2014; Buckmaster and Lew, 2011; Heng et al., 2013; Lew and Buckmaster, 2012). Aberrant
MEFS could be pro- or anti-epileptic depending on their synapse with excitatory dentate granule
cells or inhibitory neurons (Okazaki et al., 1995; Okazaki et al., 1999; Sloviter, 1992; Wuarin
and Dudek, 1996). In our study, the decreased staining intensity of MFS could be due to
reduced SRS episodes in the 1400W treated group.

In summary, our results reveal the disease modifying property of 1400W, by
significantly reducing the epileptiform spiking activity during the first 12—74 h post-SE, when
it was administered twice daily for three days after the diazepam treatment in the rat KA model
of TLE. Whether a first seizure is appropriately treated or untreated, or the second seizure is
treated with AEDs, they do not reduce the probability of seizure freedom in long-term
(Camfield et al., 1996; Camfield et al., 2002; Musicco et al., 1997). Therefore, a combination
of an AED and an anti-neuroinflammatory or neuroprotectant drug given within three days of
acute insult could be an effective strategy to alter the course of the disease in acquired epilepsy.
Further experiments are required to investigate whether 1400W could be a potential anti-
epileptogenic or an antiepileptic agent by administering it during the late phase of

epileptogenesis or after the occurrence of SRS when the disease is established.



10.

11.

12.

210

References

. Abbott, N.J., et al., 2006. Astrocyte—endothelial interactions at the blood—brain barrier.

Nat. Rev. Neurosci. 7, 41-53.

. Arabadzisz, D., et al., 2005. Epileptogenesis and chronic seizures in a mouse model of

temporal lobe epilepsy are associated with distinct EEG patterns and selective
neurochemical alterations in the contralateral hippocampus. Exp. Neurol. 194, 76-90.

. Bal-Price, A., Brown, G.C., 2001. Inflammatory neurodegeneration mediated by nitric

oxide from activated glia-inhibiting neuronal respiration, causing glutamate release and
excitotoxicity. J. Neurosci. 21, 6480—6491.

. Beamer, E., etal., 2012. N(w)-propyl-L-arginine (L-NPA) reduces status epilepticus and

early epileptogenic events in a mouse model of epilepsy: behavioural, EEG and
immunohistochemical analyses. Eur. J. Neurosci. 36, 3194-3203.

. Ben-Ari, Y., 2012. Kainate and Temporal Lobe Epilepsies: 3 Decades of Progress. Ben-

Ari, Y., Cossart, R., 2000. Kainate, a double agent that generates seizures: two decades
of progress. Trends Neurosci. 23, 580-587.

. Benkovic, S.A., et al., 2006. Regional neuropathology following kainic acid intoxication

in adult and aged C57BL/6J mice. Brain Res. 1070, 215-231.

. Bertram, E.H., et al., 1990. The hippocampus in experimental chronic epilepsy: a

morphometric analysis. Ann. Neurol. 27, 43—48.

. Binder, D.K., Carson, M.J., 2013. Glial cells as primary therapeutic targets for epilepsy.

Neurochem. Int. 63, 635-637.

. Boer, R., et al., 2000. The inhibitory potency and selectivity of arginine substrate site

nitric-oxide synthase inhibitors is solely determined by their affinity toward the
different isoenzymes. Mol. Pharmacol. 58, 1026—1034.

Boje, K.M., Arora, P.K., 1992. Microglial-produced nitric oxide and reactive nitrogen
oxides mediate neuronal cell death. Brain Res. 587, 250-256.

Bortel, A., et al., 2010. Convulsive status epilepticus duration as determinant for
epileptogenesis and interictal discharge generation in the rat limbic system. Neurobiol.
Dis. 40, 478-489.

Buckmaster, P.S., 2012. Mossy Fiber Sprouting in the Dentate Gyrus. Buckmaster,
P.S., 2014. Does mossy fiber sprouting give rise to the epileptic state? Adv. Exp. Med.
Biol. 813, 161-168.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

211

Buckmaster, P.S., Lew, F.H., 2011. Rapamycin suppresses mossy fiber sprouting but
not seizure frequency in a mouse model of temporal lobe epilepsy. J. Neurosci. 31,
2337-2347.

Buckmaster, P.S., et al., 2002. Axon sprouting in a model of temporal lobe epilepsy
creates a predominantly excitatory feedback circuit. J. Neurosci. 22, 6650—6658.

Cacheaux, L.P., et al., 2009. Transcriptome profiling reveals TGF-beta signaling
involvement in epileptogenesis. J. Neurosci. 29, 8927-8935.

Camfield, C., et al., 1996. Does the number of seizures before treatment influence ease
of control or remission of childhood epilepsy? Not if the number is 10 or less.
Neurology 46, 41-44.

Camfield, P., et al., 2002. Long-term outcome is unchanged by antiepileptic drug
treatment after a first seizure: a 15-year follow-up from a randomized trial in childhood.
Epilepsia 43, 662—663.

Carson, M.J., et al., 2008. Modeling CNS microglia: the quest to identify predictive
models. Drug Discov Today Dis Models. 5, 19-25.

Cherry, J.D., et al., 2014. Neuroinflammation and M2 microglia: the good, the bad, and
the inflamed. J. Neuroinflammation 11, 98.

Chhor, V., et al., 2013. Characterization of phenotype markers and neuronotoxic
potential of polarised primary microglia in vitro. Brain Behav. Immun. 32, 70-85.

Chung, K.K., et al., 2005. Nitric oxide, S-nitrosylation and neurodegeneration. Cell.
Mol. Biol. (Noisy-le-Grand) 51, 247-254.

Cosgrave, A.S., et al., 2008. Regulation of activity-dependent neuroprotective protein
(ADNP) by the NO-cGMP pathway in the hippocampus during kainic acid-induced
seizure. Neurobiol. Dis. 30, 281-292.

Cosgrave, A.S., et al., 2009. Nitric oxide regulates activity-dependent neuroprotective
protein (ADNP) in the dentate gyrus of the rodent model of kainic acid-induced seizure.
J. Mol. Neurosci. 39, 9-21.

Cosgrave, A.S., et al., 2010. The effects of nitric oxide inhibition prior to kainic acid
treatment on neuro- and gliogenesis in the rat dentate gyrus in vivo and in vitro. Histol.
Histopathol. 25, 841-856.



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

212

Danscher, G., 1981. Histochemical demonstration of heavy metals. A revised version
of the sulphide silver method suitable for both light and electronmicroscopy.
Histochemistry 71, 1-16.

Davalos, D., et al., 2005. ATP mediates rapid microglial response to local brain injury
in vivo. Nat. Neurosci. 8, 752-758.

David, Y., et al., 2009. Astrocytic dysfunction in epileptogenesis: consequence of
altered potassium and glutamate homeostasis? J. Neurosci. 29, 10588—10599.

Dawson, V.L., Dawson, T.M., 1998. Nitric oxide in neurodegeneration. Prog. Brain
Res. 118, 215-229.

Dawson, T.M., Snyder, S.H., 1994. Gases as biological messengers: nitric oxide and
carbon monoxide in the brain. J. Neurosci. 14, 5147-5159.

De Simoni, M.G., et al., 2000. Inflammatory cytokines and related genes are induced
in the rat hippocampus by limbic status epilepticus. Eur. J. Neurosci. 12, 2623-2633.

Drexel, M., et al., 2012. Sequel of spontaneous seizures after kainic acid-induced status
epilepticus and associated neuropathological changes in the subiculum and entorhinal
cortex. Neuropharmacology 63, 806—817.

Dudek, F.E., Shao, L.R., 2004. Mossy fiber sprouting and recurrent excitation: direct
electrophysiologic evidence and potential implications. Epilepsy Curr. 4, 184—187.

Engel Jr., J., et al., 2013. Epilepsy biomarkers. Epilepsia 54 (Suppl. 4), 61-69. Fischer,
H., et al., 1998. Blood-brain barrier permeation: molecular parameters governing
passive diffusion. J. Membr. Biol. 165, 201-211.

Franco, R., Fernandez-Sudrez, D., 2015. Alternatively activated microglia and
macrophages in the central nervous system. Prog. Neurobiol. 131, 65-86.

Galanopoulou, A.S., et al., 2013. Epilepsy therapy development: technical and
methodologic issues in studies with animal models. Epilepsia 54 (Suppl. 4), 13-23.

Garvey, E.P., etal., 1997. 1400W is a slow, tight binding, and highly selective inhibitor
of inducible nitric-oxide synthase in vitro and in vivo. J. Biol. Chem. 272, 4959—-4963.

Glien, M., et al., 2001. Repeated low-dose treatment of rats with pilocarpine: low
mortality but high proportion of rats developing epilepsy. Epilepsy Res. 46, 111-119.



38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

213

Hagioka, S., et al., 2005. Effects of 7-nitroindazole and N-nitro-L-arginine methyl ester
on changes in cerebral blood flow and nitric oxide production preceding development
of hyperbaric oxygen-induced seizures in rats. Neurosci. Lett. 382, 206-210.

Heinemann, U., et al., 2012. Blood—brain barrier dysfunction, TGFbeta signaling, and
astrocyte dysfunction in epilepsy. Glia 60, 1251-1257.

Hellier, J.L., et al., 1998. Recurrent spontaneous motor seizures after repeated low-
dose systemic treatment with kainate: assessment of a rat model of temporal lobe
epilepsy. Epilepsy Res. 31, 73—-84.

Heng, K., et al., 2013. High-dose rapamycin blocks mossy fiber sprouting but not
seizures in a mouse model of temporal lobe epilepsy. Epilepsia 54, 1535-1541.

Hernandez-Romero, M.C., et al.,, 2012. Peripheral inflammation increases the
deleterious effect of CNS inflammation on the nigrostriatal dopaminergic system.
Neurotoxicology 33, 347-360.

Hirai, T., et al, 2013. The prevalence and phenotype of activated
microglia/macrophages within the spinal cord of the hyperostotic mouse (twy/twy)
changes in response to chronic progressive spinal cord compression: implications for
human cervical compressive myelopathy. PLoS One 8, e64528.

Hobbs, A.J., et al., 1999. Inhibition of nitric oxide synthase as a potential therapeutic
target. Annu. Rev. Pharmacol. Toxicol. 39, 191-220.

Hu, X., et al., 2013. Microglia/macrophage polarization dynamics reveal novel
mechanism of injury expansion after focal cerebral ischemia. Stroke 43, 3063-3070.

Ivens, S., et al., 2007. TGF-beta receptor-mediated albumin uptake into astrocytes is
involved in neocortical epileptogenesis. Brain 130, 535-547.

Jafarian-Tehrani, M., et al., 2005. 1400W, a potent selective inducible NOS inhibitor,
improves histopathological outcome following traumatic brain injury in rats. Nitric
Oxide 12, 61-69.

Jorgensen, M.B., et al., 1993. Microglial and astroglial reactions to ischemic and kainic
acid-induced lesions of the adult rat hippocampus. Exp. Neurol. 120, 70-88.

Kato, N., et al., 2005. Sequential changes of nitric oxide levels in the temporal lobes of
kainic acid-treated mice following application of nitric oxide synthase inhibitors and
phenobarbital. Epilepsy Res. 65, 81-91.



50.

S1.

S52.

53.

54.

55S.

56.

57.

S8.

59.

60.

61.

214

Kaushik, D.K., et al., 2013. Interleukin-1beta orchestrates underlying inflammatory
responses in microglia via Kruppel-like factor 4. J. Neurochem. 127, 233-244.

Kigerl, K.A., et al., 2009. Identification of two distinct macrophage subsets with
divergent effects causing either neurotoxicity or regeneration in the injured mouse
spinal cord. J. Neurosci. 29, 13435-13444.

Kim, Y.J., et al., 2006. IL-1beta, an immediate early protein secreted by activated
microglia, induces iNOS/NO in C6 astrocytoma cells through p38 MAPK and NF-
kappaB pathways. J. Neurosci. Res. 84, 1037-1046.

Klitgaard, H., et al., 2002. Pilocarpine-induced epileptogenesis in the rat: impact of
initial duration of status epilepticus on electrophysiological and neuropathological
alterations. Epilepsy Res. 51, 93—-107.

Kovacs, R., et al., 2009. Endogenous nitric oxide is a key promoting factor for initiation
of seizure-like events in hippocampal and entorhinal cortex slices. J. Neurosci. 29,
8565-8577.

Kwan, P., Brodie, M.J., 2000. Epilepsy after the first drug fails: substitution or add-on?
Seizure 9, 464—468. Kwan, P., et al., 2011. Drug-resistant epilepsy. N. Engl. J. Med.
365, 919-926.

Le Duigou, C., et al., 2008. Epileptiform activities in slices of hippocampus from mice
after intra-hippocampal injection of kainic acid. J. Physiol. 586, 4891-4904.

Leal, E.C., et al., 2007. Inducible nitric oxide synthase isoform is a key mediator of
leukostasis and blood-retinal barrier breakdown in diabetic retinopathy. Invest.
Ophthalmol. Vis. Sci. 48, 5257-5265.

Lemos, T., Cavalheiro, E.A., 1995. Suppression of pilocarpine-induced status
epilepticus and the late development of epilepsy in rats. Exp. Brain Res. 102, 423-428.

Lew, F.H., Buckmaster, P.S., 2012. Is there a critical period for mossy fiber sprouting
in a mouse model of temporal lobe epilepsy? Epilepsia 52, 2326-2332.

Librizzi, L., et al., 2012. Seizure-induced brain-borne inflammation sustains seizure
recurrence and blood-brain barrier damage. Ann. Neurol. 72, §2-90.

Lipinski, C.A., 2000. Drug-like properties and the causes of poor solubility and poor
permeability. J. Pharmacol. Toxicol. Methods 44, 235-249.



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

215

Liu, X., et al., 2016. Interleukin-4 is essential for microglia/macrophage M2
polarization and long-term recovery after cerebral ischemia. Stroke 47, 498—504.

Loane, D.J., et al., 2013. Progressive neurodegeneration after experimental brain
trauma: association with chronic microglial activation. J. Neuropathol. Exp. Neurol.
73, 14-29.

Loscher, W., 2011. Critical review of current animal models of seizures and epilepsy
used in the discovery and development of new antiepileptic drugs. Seizure 20, 359—
368.

Lull, M.E., Block, M.L., 2010. Microglial activation and chronic neurodegeneration.
Neurotherapeutics 7, 354-365.

Marchi, N., Lerner-Natoli, M., 2013. Cerebrovascular remodeling and epilepsy.
Neuroscientist 19, 304-312.

Marchi, N., et al., 2015. Blood-brain barrier, bulk flow, and interstitial clearance in
epilepsy. J. Neurosci. Methods 260, 118—124.

Masukawa, L.M., et al., 1992. The functional relationship between antidromically
evoked field responses of the dentate gyrus and mossy fiber reorganization in temporal
lobe epileptic patients. Brain Res. 579, 119-127.

Mathern, G.W., et al., 1996a. Aberrant hippocampal mossy fiber sprouting correlates
with greater NMDAR?2 receptor staining. Neuroreport 7, 1029-1035.

Mathern, G.W., et al., 1996b. Severe seizures in young children are associated with
hippocampal neuron losses and aberrant mossy fiber sprouting during fascia dentata
postnatal development. Epilepsy Res. Suppl. 12, 33—43.

Meldrum, B.S., Rogawski, M.A., 2007. Molecular targets for antiepileptic drug
development. Neurotherapeutics 4, 18—61.

Moncada, S., Erusalimsky, J.D., 2002. Does nitric oxide modulate mitochondrial
energy generation and apoptosis? Nat. Rev. Mol. Cell Biol. 3, 214-220.

Morin-Brureau, M., et al., 2011. Epileptiform activity induces vascular remodeling and
zonula occludens 1 downregulation in organotypic hippocampal cultures: role of VEGF
signaling pathways. J. Neurosci. 31, 10677-10688.



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

8s.

216

Moshe, S.L., et al., 2014. Epilepsy: new advances. Lancet 385, 884—-898. Musicco, M.,
et al., 1997. Treatment of first tonic-clonic seizure does not improve the prognosis of
epilepsy. First Seizure Trial Group (FIRST Group). Neurology 49, 991-998.

Nimmerjahn, A., et al., 2005. Resting microglial cells are highly dynamic surveillants
of brain parenchyma in vivo. Science 308, 1314-1318.

Noe, F.M., et al., 2013. Pharmacological blockade of IL-1beta/IL-1 receptor type 1 axis
during epileptogenesis provides neuroprotection in two rat models of temporal lobe
epilepsy. Neurobiol. Dis. 59, 183—-193.

Obermeier, B., et al., 2014. Development, maintenance and disruption of the blood—
brain barrier. Nat. Med. 19, 1584-1596.

Okazaki, M.M., et al., 1995. Hippocampal mossy fiber sprouting and synapse
formation after status epilepticus in rats: visualization after retrograde transport of
biocytin. J. Comp. Neurol. 352, 515-534.

Okazaki, M.M., et al., 1999. Recurrent mossy fiber pathway in rat dentate gyrus:
synaptic currents evoked in presence and absence of seizure-induced growth. J.
Neurophysiol. 81, 1645-1660.

Papageorgiou, LE., et al.,, 2014. Widespread activation of microglial cells in the
hippocampus of chronic epileptic rats correlates only partially with neurodegeneration.
Brain Struct. Funct. 220, 2423-2439.

Pardridge, W.M., 2003. Blood-brain barrier drug targeting: the future of brain drug
development. Mol. Interv. 3 (90-105), 51.

Parmentier, S., et al., 1999. Selective inhibition of inducible nitric oxide synthase
prevents ischaemic brain injury. Br. J. Pharmacol. 127, 546-552.

Patrylo, P.R., et al., 1999. Abnormal responses to perforant path stimulation in the
dentate gyrus of slices from rats with kainate-induced epilepsy and mossy fiber
reorganization. Epilepsy Res. 36, 31-42.

Pekny, M., et al., 2014. The dual role of astrocyte activation and reactive gliosis.
Neurosci. Lett. 565, 30-38.

Perez-Asensio, F.J., et al., 2005. Inhibition of iNOS activity by 1400W decreases
glutamate release and ameliorates stroke outcome after experimental ischemia.
Neurobiol. Dis. 18, 375-384.



86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

217

Petr, G.T., etal., 2015. Conditional deletion of the glutamate transporter GLT-1 reveals
that astrocytic GLT-1 protects against fatal epilepsy while neuronal GLT-1 contributes
significantly to glutamate uptake into synaptosomes. J. Neurosci. 35, 5187-5201.

Pigott, B., et al., 2013. On the selectivity of neuronal NOS inhibitors. Br. J. Pharmacol.
168, 1255-1265.

Puttachary, S., et al., 2015a. Seizure-induced oxidative stress in temporal lobe epilepsy.
Biomed. Res. Int. 2015, 745613.

Puttachary, S., et al., 2015b. Immediate epileptogenesis after kainate-induced status
epilepticus in C57BL/6J mice: evidence from long term continuous video-EEG
telemetry. PLoS One 10, e0131705.

Puttachary, S., et al., 2016. Immediate epileptogenesis: impact on brain in C57BL/6J
mouse kainate model. Frontiers in Bioscience, Elite 8, 390-411.

Racine, R.J., 1972. Modification of seizure activity by electrical stimulation. II. Motor
seizure. Electroencephalogr. Clin. Neurophysiol. 32, 281-294.

Ransohoff, R.M., Cardona, A.E., 2011. The myeloid cells of the central nervous system
parenchyma. Nature 468, 253-262.

Rao, S.D., et al., 2003. Disruption of glial glutamate transport by reactive oxygen
species produced in motor neurons. J. Neurosci. 23, 2627-2633.

Rao, M.S., et al., 2006. Hippocampal neurodegeneration, spontaneous seizures, and
mossy fiber sprouting in the F344 rat model of temporal lobe epilepsy. J. Neurosci.
Res. 83, 1088—1105.

Rathbone, M.P., et al., 1999. Trophic effects of purines in neurons and glial cells. Prog.
Neurobiol. 59, 663—690.

Ravizza, T., et al., 2005. Inflammatory response and glia activation in developing rat
hippocampus after status epilepticus. Epilepsia 46 (Suppl. 5), 113-117.

Rogawski, M.A., Loscher, W., 2004. The neurobiology of antiepileptic drugs. Nat.
Rev. Neurosci. 5, 553-564.

Ryan, K., et al., 2014. Temporal and spatial increase of reactive nitrogen species in the
kainate model of temporal lobe epilepsy. Neurobiol. Dis. 64, 8—15.

Schmued, L.C., Hopkins, K.J., 2000. Fluoro-Jade: novel fluorochromes for detecting
toxicant-induced neuronal degeneration. Toxicol. Pathol. 28, 91-99.



218

100. Schneider, C.A., et al., 2012. NIH image to ImagelJ: 25 years of image analysis. Nat.
Methods 9, 671-675.

101. Seiffert, E., et al., 2004. Lasting blood—brain barrier disruption induces epileptic focus
in the rat somatosensory cortex. J. Neurosci. 24, 7829—7836.

102. Shetty, A.K., et al., 2005. Repair of the injured adult hippocampus through graft-
mediated modulation of the plasticity of the dentate gyrus in a rat model of temporal
lobe epilepsy. J. Neurosci. 25, 8391-8401.

103. Sloviter, R.S., 1992. Possible functional consequences of synaptic reorganization in
the dentate gyrus of kainate-treated rats. Neurosci. Lett. 137, 91-96.

104. Staunton, C., et al.,, 2013. Inducible nitric oxide synthase inhibitor, 1400W
dihydrochloride, reduces neuropathic pain in a rodent model. British Neuroscience
Meeting Abstract, PI-C-108.

105. Suchomelova, L., et al., 2006. Treatment of experimental status epilepticus in
immature rats: dissociation between anticonvulsant and antiepileptogenic effects.
Pediatr. Res. 59, 237-243.

106. Sutula, T.P., Dudek, F.E., 2007. Unmasking recurrent excitation generated by mossy
fiber sprouting in the epileptic dentate gyrus: an emergent property of a complex
system. Prog. Brain Res. 163, 541-563.

107. Sutula, T., et al., 1989. Mossy fiber synaptic reorganization in the epileptic human
temporal lobe. Ann. Neurol. 26, 321-330.

108. Taetzsch, T., et al., 2014. Redox regulation of NF-kappaB p50 and M1 polarization
in microglia. Glia 63, 423—440.

109. Takaki, J., et al., 2013. L-Glutamate released from activated microglia downregulates
astrocytic L-glutamate transporter expression in neuroinflammation: the ‘collusion’
hypothesis  for increased extracellular  L-glutamate  concentration in
neuroinflammation. J. Neuroinflammation 9, 275.

110. Takei, Y., et al., 2001. Different effects between 7-nitroindazole and L-NAME on
cerebral hemodynamics and hippocampal lesions during kainic acid-induced seizures
in newborn rabbits. Brain Dev. 23, 406—413.

111. Tang, Y., Le, W., 2015. Differential roles of Ml and M2 microglia in
neurodegenerative diseases. Mol. Neurobiol. 53, 1181-1194.

112. Tauck, D.L., Nadler, J.V., 1985. Evidence of functional mossy fiber sprouting in
hippocampal formation of kainic acid-treated rats. J. Neurosci. 5, 1016—-1022.



219

113. Temkin, N.R., 2001. Antiepileptogenesis and seizure prevention trials with
antiepileptic drugs: meta-analysis of controlled trials. Epilepsia 42, 515-524.

114. Thippeswamy, T., et al., 2006. Nitric oxide, a biological double-faced Janus—is this
good or bad? Histol. Histopathol. 21, 445-458.

115. Thippeswamy, T., et al., 2007. Nitric oxide-NGF mediated PPTA/SP, ADNP, and
VIP expression in the peripheral nervous system. J. Mol. Neurosci. 33, 268-277.

116. Todorovic, M.S., et al., 2012. Characterization of status epilepticus induced by two
organophosphates in rats. Epilepsy Res. 101, 268-276.

117. Tomkins, O., et al., 2011. Blood-brain barrier breakdown following traumatic brain
injury: a possible role in posttraumatic epilepsy. Cardiovasc. Psychiatry Neurol. 2011,
765923.

118. Treiman, D.M., 2010. Management of refractory complex partial seizures: current
state of the art. Neuropsychiatr. Dis. Treat. 6, 297-308.

119. Tse, K., et al., 2014. Advantages of repeated low dose against single high dose of
kainate in C57BL/6J mouse model of status epilepticus: behavioral and
electroencephalographic studies. PLoS One 9, €96622.

120. Van Vliet, E.A., et al., 2007. Blood—brain barrier leakage may lead to progression of
temporal lobe epilepsy. Brain 130, 521-534.

121. Varvel, N.H,, et al., 2015. Candidate drug targets for prevention or modification of
epilepsy. Annu. Rev. Pharmacol. Toxicol. 55, 229-247.

122. Vezzani, A., 2014. Epilepsy and inflammation in the brain: overview and
pathophysiology. Epilepsy Curr. 14, 3—7.

123. Vezzani, A., Baram, T.Z., 2007. New roles for interleukin-1 beta in the mechanisms
of epilepsy. Epilepsy Curr. 7, 45-50.

124. Vezzani, A., Granata, T., 2005. Brain inflammation in epilepsy: experimental and
clinical evidence. Epilepsia 46, 1724—1743.

125. Vezzani, A, et al., 2000. Powerful anticonvulsant action of IL-1 receptor antagonist
on intracerebral injection and astrocytic overexpression in mice. Proc. Natl. Acad. Sci.
U.S. A.97, 11534-115309.

126. Vezzani, A., et al., 2008a. The role of cytokines in the pathophysiology of epilepsy.
Brain Behav. Immun. 22, 797-803.



220

127. Vezzani, A., et al., 2008b. Glia as a source of cytokines: implications for neuronal
excitability and survival. Epilepsia 49 (Suppl. 2), 24-32.

128. Vezzani, A., et al, 2012. Glia-Neuronal Interactions in Ictogenesis and
Epileptogenesis: Role of Inflammatory Mediators.

129. Vincent, V.A., et al., 1998. Production, regulation and role of nitric oxide in glial
cells. Mediators Inflamm. 7, 239-255.

130. Waldbaum, S., Patel, M., 2009. Mitochondria, oxidative stress, and temporal lobe
epilepsy. Epilepsy Res. 88, 23-45.

131. Wang, Z., et al., 2003. Reduced expression of glutamate transporter EAAT2 and
impaired glutamate transport in human primary astrocytes exposed to HIV-1 or gp120.
Virology 312, 60-73.

132. Weissberg, 1., et al,, 2015. Albumin induces excitatory synaptogenesis through
astrocytic TGF-beta/ALKS signaling in a model of acquired epilepsy following blood—
brain barrier dysfunction. Neurobiol. Dis. 78, 115-125.

133. Wenzel, H.J., et al.,, 1997. Ultrastructural localization of neurotransmitter
immunoreactivity in mossy cell axons and their synaptic targets in the rat dentate gyrus.
Hippocampus 7, 559-570.

134. White, A., et al., 2010. EEG spike activity precedes epilepsy after kainate-induced
status epilepticus. Epilepsia 51, 371-383.

135. Williams, P.A., et al., 2007. Development of spontaneous seizures after experimental
status epilepticus: implications for understanding epileptogenesis. Epilepsia 48 (Suppl.
5), 157-163.

136. Williams, P.A., et al., 2009. Development of spontaneous recurrent seizures after
kainateinduced status epilepticus. J. Neurosci. 29, 2103-2112.

137. Wuarin, J.P., Dudek, F.E., 1996. Electrographic seizures and new recurrent excitatory
circuits in the dentate gyrus of hippocampal slices from kainate-treated epileptic rats.
J. Neurosci. 16, 4438-4448.

138. Yang, S., et al., 2013. Hemoglobin-induced nitric oxide synthase overexpression and
nitric oxide production contribute to blood—brain barrier disruption in the rat. J. Mol.
Neurosci. 51, 352-363.

139. Yi, D., et al., 2000. Quantification of 3-nitrotyrosine in biological tissues and fluids:
generating valid results by eliminating artifactual formation. J. Am. Soc. Mass
Spectrom. 11, 578-586.



221

140. Zamanian, J.L., et al., 2012. Genomic analysis of reactive astrogliosis. J. Neurosci.
32, 6391-6410.

141. Zhang, X.M., Zhu, J., 2012. Kainic acid-induced neurotoxicity: targeting glial
responses and glia-derived cytokines. Curr. Neuropharmacol. 9, 388-398.

142. Zhao, H., et al., 2015. Microglia/macrophage polarization after experimental
intracerebral hemorrhage. Transl. Stroke Res. 6, 407—409.



222

CHAPTER V

INVESTIGATING THE NEUROPROTECTIVE AND ANTIEPILEPTOGENIC
MECHANISMS OF SARACATINIB (AZD0530), A SFK/FYN INHIBITOR IN THE
RAT KAINATE MODEL OF TEMPORAL LOBE EPILEPSY

Some of the data in this chapter is published in Neurobiology of Disease

Shaunik Sharma!®, Steve Carlson!, Sreekanth Puttachary!, Souvarish Sarkar!, Lucas

Showman?, Marson Putra!, Anumantha Kanthasamy', Thimmasettappa Thippeswamy'®

"Department of Biomedical Sciences, College of Veterinary Medicine, lowa State University,

Ames 50011, USA.

2W.M. Keck Metabolomics Research Laboratory, Iowa State University, Ames 50011, USA.

AReprinted with permission of Neurobiol Dis. 2018 Feb; 110:102-121.
BPrimary researcher and author.

CAuthor for correspondence



223

Abstract

Status epilepticus (SE) induces neuroinflammation and epileptogenesis, but the
mechanisms are not yet fully delineated. The Fyn, a non-receptor Src family tyrosine kinase
(SFK), and its immediate downstream target, PKCo are emerging as potential mediators of
neuroinflammation. In order to first determine the role of Fyn kinase signaling in SE, we tested
the efficacy of a SFK inhibitor, saracatinib (25 mg/kg, oral) in C57BL/6J mouse and rat kainate
model of acute seizures. Saracatinib pretreatment dampened SE severity and completely
prevented mortality. We further utilized fyn " and fyn™" mice (wildtype control for the fyn /"
mice on same genetic background), and the rat kainate model, treated with saracatinib post-
SE, to validate the role of Fyn/SFK in SE and epileptogenesis. We observed significant
reduction in SE severity, epileptiform spikes, and electrographic non-convulsive seizures in

+/+

fyn”~ mice when compared to fyn mice. Interestingly, significant reductions in

phosphorylated pSrc-416 and PKCS (pPKC8-507) and naive PKCS were observed in fyn ™/~

mice as compared to fyn"*

mice suggesting that PKCJ signaling is a downstream mediator of
Fyn in SE and epileptogenesis. Notably, fyn”~ mice also showed a reduction in key
proinflammatory mediators TNF-a, IL-1B, and iNOS mRNA expression; serum IL-6 and IL-
12 levels; and nitro-oxidative stress markers such as 4-HNE, gp91phox, and 3-NT in the
hippocampus. Immunohistochemistry revealed a significant increase in reactive microgliosis

+/+

and neurodegeneration in the hippocampus and hilus of dentate gyrus in fyn""" mice in contrast

to fyn "~ mice. Interestingly, we did not observe upregulation of Fyn in pyramidal neurons of

++

the hippocampus during post-SE in fyn"" mice, but it was upregulated in hilar neurons of the
dentate gyrus when compared to naive control. In reactive microglia, both Fyn and PKC6 were

persistently upregulated during post-SE suggesting that Fyn-PKCd may drive
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neuroinflammation during epileptogenesis. Since disabling the Fyn kinase prior to SE, either
by treating with saracatinib or fyn gene knockout, suppressed seizures and the subsequent
epileptogenic events, we further tested whether Fyn/SFK inhibition during post-SE modifies
epileptogenesis. Telemetry-implanted, SE induced, rats were treated with saracatinib and
continuously monitored for a month. At 2 h post-diazepam, the saracatinib (25 mg/kg) or the
vehicle was administered orally and repeated twice daily for first three days followed by a
single dose/day for the next four days. The saracatinib post-treatment prevented
epileptogenesis in > 50% of the rats and significantly reduced spontaneous seizures and
epileptiform spikes in the rest (one animal did not respond) when compared to the vehicle
treated group, which had > 24 seizures in a month. Saracatinib post-treatment also reduced Fyn
and PKCd immunopositive reactive microglia, astrocytes and neurons at 7 day and 4 month
post-SE in all the regions of the brain. Moreover, reduction in oxidative stress molecules such
as 4-HNE, gp91P™* iNOS and 3-NT and neurodegeneration was also observed along with
reduction in proinflmmatory proteins and genes in the serum and hipocampal tissues after
saracatinib post-treatment. Collectively, the findings suggest that Fyn/SFK is a potential
mediator of epileptogenesis and a therapeutic target to prevent/treat seizures and

epileptogenesis.
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Introduction

Neuroinflammation and neurodegeneration are hallmarks of epileptogenesis and
temporal lobe epilepsy (TLE). In human TLE, immunohistochemistry (IHC) of brain sections
from temporal lobectomized patients with history of intractable seizures, from both children
and adults, provide evidence for occurrence of neuroinflammation and neurodegeneration
(Beach et al., 1995; Choi et al., 2009; Das et al., 2012). We have recently demonstrated a
persistent reactive microgliosis and astrogliosis, and neurodegeneration at six months after the
induction of status epilepticus (SE) in the rat kainate model of TLE (Puttachary et al., 2016b).
Neuronal hyperexcitability during a seizure, and/or prior to its occurrence, is largely attributed
to intrinsic factors such as localized ionic imbalance, receptors dysfunction, and impaired
release and/or uptake of neurotransmitters at synapses (Steinhéuser et al., 2016; Vezzani et al.,
2011). These past findings led to the discovery of several new antiepileptic drugs (AED) based
on their action on the ion-channels (Bialer and White, 2010; Rogawaski and Loscher, 2004;
Schmidt, 2009). However, the majority of the current AEDs (including 47 failed drugs in
human trials) are less effective, or do not cure the disease, and some even require lifelong
administration with some potential side-effects (Kwan et al., 2011; Varvel et al., 2015). This
suggests the need for development of more effective drugs that target alternative pathways to
prevent/treat epilepsy. This is a major unmet clinical obligation due to poor understanding of
the mechanisms of epileptogenesis. Therefore, we focused our investigation on identifying a
novel molecular pathway and a drugable target for epileptogenesis, and possibly as a disease
modifier.

Neuroinflammation is emerging as a new mechanistic target for drug development, and

it also serves as a biomarker for neuroimaging in various neurodegenerative diseases (Abi-
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Dargham and Horga, 2016; Albrecht et al., 2016; French, 2016; Gershen et al., 2015). The
microglia are considered as resident macrophages and they mediate neuroinflammation and
hyperexcitability in neurons (Block, 2014; Davis and Carson, 2012; Devinsky et al., 2013).
The reactive glia are known to produce proinflammatory cytokines, reactive oxygen and
nitrogen species (ROS/RNS), lipid peroxidation, hippocampal neurodegeneration,
reorganization of neural circuits, and hyper-synchronicity (Bertram, 2013; Goldberg and
Coulter, 2013; Puttachary et al., 2015a; Ryan et al., 2014; Scharfman and Binder, 2013;
Vezzani et al., 2011 and Vezzani et al., 2013). The microglia become reactive in response to
SE insult (Avignone et al., 2008; Puttachary et al., 2016a and b). However, the mechanism of
microglial activation following seizures is largely unknown. Therefore, understanding the
mechanism of activation of microglia may reveal its impact on epileptogenesis.

The Fyn is a non-receptor tyrosine kinase, a member of the Src family of kinase (SFK).
It is associated with both excitatory and inhibitory ion channels, and its role in the
pathophysiology of synaptic transmission, plasticity, neurodevelopment, and brain injury are
well known (Knox and Jiang, 2015; Kojima et al., 1998; Lu et al., 1999; Nygaard et al., 2014;
Salter and Kalia, 2004). The neuronal Fyn has been known to modulate both NMDA and
GABAA receptors (Kojima et al., 1998; Lu et al., 1999), and the role of Fyn in normal
amygdala kindling (Cain et al., 1995) suggests its potential association with acute seizure
onset. However, its role in chronic seizures is not well known. Likewise the roles of Fyn kinase
and one of its downstream targets, the protein kinase C delta (PKC9), in microglia, astrocytes
and neurons that mediate neuroinflammation and epileptogenesis are also not well known.
Their role in glial cells in experimental disease models is however beginning to emerge, and it

has been described in Parkinson's disease (PD) models (Nygaard et al., 2015; Panicker et al.,



227

2015). Therefore, we hypothesized that the Fyn-PKCd signaling pathway may also mediate
microglial activation in seizures, and disabling or pharmacologically inhibiting the Fyn kinase
will suppress epileptiform activity and seizures by dampening neuroinflammation and
neurodegeneration. We tested the hypothesis in the fyn knockout (fyn—/—) and wildtype control
mice (fyn+/+, not overexpressing Fyn) bred on the same genetic background, and the Sprague
Dawley rats in kainate model using a pharmacological inhibitor of the SFK, saracatinib, which
is in phase Ila clinical trial for Alzheimer's disease (Kaufman et al., 2015; Nygaard et al., 2015).
Our results demonstrate that disabling and inhibiting the fyn kinase activity reduces: PKC3,
pPKC8-507, pSrc-416, caspase-3, proinflammatory cytokines, ROS/RNS levels, reactive
microgliosis and neurodegeneration, SE severity, epileptiform spikes, spontaneous
electrographic non-convulsive (NCS) and convulsive seizure (CS) frequencies in the mouse
and rat kainate model. In the rat kainate model, treatment with saracatinib after SE induction
suppresses epileptogenesis (reduced neuroinflammation and neurodegeneration), significantly

reduced epileptiform spikes and spontaneous convulsive seizures in the animals.

Methods
Animal source and ethics statement
We used young adult (8 weeks) male C57BL/6J mice from Jackson laboratory (ME,
USA), young adult male Sprague Dawley rats (8 weeks) from Charles River (MA, USA) and
fyn+/+ and fyn—/— mice (8 weeks) for our experiments. The fyn+/+ and fyn—/— mice were bred
on C57BL/6J and Balb-c genetic background in Dr. Kanthasamy's animal breeding facility,
Laboratory Animal Resources (LAR), lowa State University (ISU). The fyn+/+ mice were used

as control for fyn—/— mice. The fyn+/+ mice neither overexpress Fyn nor contain constitutively
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active Fyn. The fyn—/— mice were originally obtained from Dr. Dorit Ron's laboratory (by Dr.
Kanthasamy) at the University of California, San Francisco, and are now available from the
Jackson Laboratory (stock #002271). The fyn—/— mice were genotyped routinely by qRT-PCR
to confirm fyn knockout. The fyn—/— mice used in this study had normal phenotype and no
obvious differences were observed in their sexual and exploratory behaviors, body weight, and
brain structure (gross weight and histology) when compared to the wildtype control mice
(fynt+/+ mice). All animals were maintained at the LAR at ISU under controlled environmental
conditions (19 °C-23 °C, 12 h light: 12 h dark), with ad libitum access to food and water.
Animals purchased from Jackson laboratory and Charles River were used for experiments after
four days of quarantine. All experiments were carried out in accordance with Institutional
Animal Care and Use Committee (IACUC), ISU, USA (protocol number 10-12-7446/8090-
MR). All surgical procedures were carried out in sterile and aseptic conditions under gaseous
isoflurane anesthesia. The pre- and post-operative care was given to all animals to minimize
pain and discomfort during and after surgery. Animals were monitored and weighed daily after
surgery until they were used in the experiments. At the end of each experiment, the animals
were euthanized by intraperitoneal (i.p.) administration of 100 mg/kg pentobarbital sodium as
per the recommendations of the American Veterinary Medical Association (AVMA)

Guidelines for Euthanasia of Animals.

Chemicals and reagents

Kainate (Tocris) was prepared in sterile water at the concentration of 2 mg/mL. It was
always prepared fresh prior to its use. Saracatinib was purchased from Selleck Chemicals, PA,
USA, and was prepared fresh in 0.5% (w/v) hydroxypropyl methylcellulose (HPMC) and 0.1%

tween 80 (Sigma Aldrich, USA) at the concentration of 5 mg/mL. After CMC is evenly
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dispersed in sterile water at 90 °C, the temperature of the solution was decreased by adding
cold sterile water and stored at 20 °C to prevent it from precipitating at higher temperature.
For perfusion, we used 4% paraformaldehyde (PFA) solution (Acros Organics, USA) in 0.1 M
phosphate buffer saline (PBS) at pH 7.2. The primary antibodies used in the study and their
concentrations are as follows: Fyn [mouse monoclonal, 1:300 for immunohistochemistry
(IHC) and 1:800 for Western blot (WB)], PKCJ (rabbit polyclonal, 1:300 for IHC and 1:1000
for WB), pPKC5-507 (goat polyclonal, 1:1000 for WB), iNOS (rabbit polyclonal, 1:500 for
WB) and lamin-B (goat polyclonal; 1:500 for WB) were all purchased from Santa Cruz, CA,
USA; GFAP (mouse monoclonal, 1:400 for IHC) and GFAP (rabbit monoclonal, 1:400 for
IHC) was purchased from Sigma and Novus Biologicals; pSrc-416 (rabbit polyclonal; 1:1000
for WB) and caspase-3 and cleaved caspase-3 (rabbit polyclonal, 1:1000 for WB) were
purchased from Cell Signaling, MA, USA; 4-HNE (rabbit polyclonal, 1:300 for IHC and
1:1000 for WB), gp91phox (rabbit polyclonal, 1:400 for IHC and 1:1000 for WB); 3-NT
(mouse monoclonal, 1:1400 for WB), IBA1 (goat polyclonal, 1:500 for IHC) and B-actin
(rabbit polyclonal, 1:10,000 for WB) were purchased from Abcam, MA, USA; NeuN (rabbit
polyclonal, 1:400 for ITHC, EMD Millipore, USA); Fluoro-Jade B was purchased from
Histochem Inc., Jefferson, AR, USA. The secondary antibodies used for IHC were tagged with
either a fluorescent dye (CY3 conjugated 1:200 or FITC conjugated 1:80) or biotin (1:500).
They were purchased from Jackson ImmunoResearch laboratories, PA, USA. All the primary
and secondary antibodies were prepared in 2.5% donkey (neutral species) serum to prevent
cross reactivity, 0.25% sodium azide and 0.1% triton in 0.1 M PBS. Streptavidin conjugates
(reacts with Biotin-SP-conjugated antibodies and Biotin-SP-conjugated ChromePure proteins)

were diluted in PBS alone. For WB, IRDye 680LT and 800CW donkey anti-goat or anti-mouse
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or anti-rabbit secondary antibodies were used at the dilution of 1:10,000. They were purchased
from LICOR Biosciences, NE, USA. The Bradford protein assay kit was purchased from
Biorad, CA, USA. For qRT-PCR, high capacity cDNA reverse transcription kit was purchased
from ThermoFisher Scientific, MA, USA; SYBR Green Master Mix was purchased from
Applied Biosystems, CA, USA and the QuantiTect primer assays were purchased from Qiagen,
CA, USA. We used bead-based multiplex assay (Milliplex mouse cytokine kit from Millipore
MA, USA) for IL-6 and IL-12 for Fyn"" and Fyn"" experiments in mice and ELISA kits to
determine TNFa, IL-6, IL-12 and IL-1pB for saracatinib experiment in rats (ThermoFisher
Scientific, USA) to determine serum cytokine levels in accordance with manufacturer’s
recommendations. Analytes such as anti-mouse IL-6 functional grade biotin (Cat. No. 36-
7062-85) and anti-mouse IL-12 biotin (Cat. No. 13-7123- 85) were purchased from Affymetrix
eBioscience, CA, USA. Appropriate neutralizing IgGs for all primary antibodies were
purchased from the same source as the primary antibodies. Kits for biochemical assays such
as Griess was purchased from Sigma (03553) and glutathione (STA-312) and ROS/RNS (STA-

347) from Cell Biolabs, USA.

Experimental groups and drug treatment

We used 150 mice and 47 rats in this study. The animals were randomly chosen for
experimental and control groups. The first group had 30 C57BL/6J mice for saracatinib
experiment. In this experiment, 15 mice were treated with saracatinib (25 mg/kg, oral gavage
as a single dose) at 4 h prior to a single high dose (SHD) of kainate (25 mg/ kg, i.p.), while the
remaining 15 mice were given the vehicle [0.5% hydroxypropyl methylcellulose in 0.1% tween

80] 4 h prior to kainate. The second group of 20 mice (n = 10 each of fyn+/+ and fyn—/— mice)
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were tested for effectiveness of SHD method of kainate (25 mg/kg, i.p.) administration to
induce SE. We observed 80% mortality in the fyn+/+ and 40% in the fyn—/— mice with SHD
of kainate, therefore for the rest of the experiments we followed a repeated low dose (RLD)
method of SE induction with kainate (5 mg/kg, i.p., given at 30 min intervals until they showed
convulsive seizures) as described previously (Puttachary et al., 2015b; Tse et al., 2014). The
third group of mice (n = 6 each, fynt/+ and fyn—/—) were used for video-EEG telemetry
experiments. In this group, SE was induced 10 days after the transmitter implant after the
animals recovered bodyweight. During the 10 day period of postsurgery, the baseline EEG was
recorded continuously to cover both day and night cycles. The EEG recording during this
period was used to evaluate the impact of surgery on spontaneous epileptiform spiking activity
or seizures. The telemetry device has a built-in temperature monitoring module which gives
information about their body temperature and its impact on EEG outcome. The fourth group
had 88 animals (n = 12 each from fyn+/+ and fyn—/— per time-point for kainate, and 8 animals
each from fyn+/+ and fyn—/— without kainate served as naive control for all time-points).
Animals were administered with a RLD of kainate and euthanized at 4 h, 24 h, and 7 d time-
points. The last group of animals consisted of 47 rats, 13 implanted with telemetry device (6
for KA+vehicle; 7 for KA+SAR goup) 10 days prior to the induction of SE, with RLD of
kainate, as described previously (Puttachary et al., 2016b). In all kainate-treated animals, the
behavioral seizures were terminated with diazepam (5 mg/kg, i.p.) at 2 h after the first onset of
convulsive seizure. The 2 h duration between the onset of convulsive seizure and the diazepam
treatment was considered as 2 h established SE. During this period, all wildtype control mice
and rats had continuous convulsive seizures for > 30 min. All kainate-treated animals received

I mL of Ringer's lactate solution (s.c.) twice a day for three days to enable them to recover
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from dehydration and the lost bodyweight due to SE. Out of 13 telemetry implanted rats, 6 rats
served as vehicle control and the other 7 rats were treated with saracatinib (25 mg/kg). The
saracatinib was administered orally starting at 2 h post-diazepam and repeated twice daily for
the first three days followed by a single dose/day for the next four days during the first week
of post-SE period. The rats were subjected to continuous video-EEG monitoring for a period
of one month to quantify the impact of saracatinib post-treatment on epileptiform spikes and

spontaneous seizures.

SE quantification

All animals administered with kainate were subjected to video recording. The seizures
were staged and the SE was scored by direct observation of animals during the 2 h SE and the
exact duration of each stage of seizure was calculated. The video recordings were used for
secondary analysis and for independent verification of seizures by two different personnel who
were not involved in direct scoring during the experiments. The person who performed the
behavioral analysis were blind to the experimental groups. The behavioral seizures were scored
based on modified Racine scale from stage 1 to 5 as described previously (Beamer et al., 2012;
Puttachary et al., 2015b; Racine, 1972; Tse et al., 2014). The staging was as follows: stage 1,
absence-like immobility; stage-2, hunching with facial or manual automatisms evident from
brisk movement of vibrissae and repeated grooming of the face; stage 3, rearing with forelimb
clonus and facial or manual automatisms; stage 4, repeated rearing with continuous forelimb
clonus and falling; and stage-5, generalized tonic clonic convulsions with lateral recumbence
or jumping and/or wild running followed by generalized convulsions. Stage 1 and stage 2 were

categorized as non-convulsive seizures (NCS) and stage >3 as convulsive seizures (CS)
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(Beamer et al., 2012; Puttachary et al., 2015b; Tse et al., 2014). The latency to the onset of CS
and the duration of seizures were analyzed for each animal within a group as described
previously (Puttachary et al., 2015b; Tse et al., 2014). The duration of CS is the total time spent
by an animal in stage >3 during the 2 h of established SE until the diazepam was administered.
Since very few animals reached stage 5 in the saracatinib pretreated group and in the fyn—/—
mice, we considered stage >3 as the starting point for 2 h established SE. The data were
analyzed and the severity of seizures, duration of CS, latency to CS onset, and mortality rate

were compared between the groups.

Procedure for transmitter device implantation and video-EEG recording

The fyn+/+ and fyn—/— mice (n = 6 each) and rats (n = 7 each) were implanted with the
ETA-F20 (for mice) or CTA-F40 (for rats) PhysioTel™ telemetry device (Data Science
International, Minneapolis, USA) for video-EEG recording. The animals received analgesic
buprenorphine (0.3 mg/kg, s.c.) prior to surgery. The animals were anesthetized with gaseous
isoflurane and the mid-dorsal aspect of the head and neck were shaved and chlorhexidine scrub
followed by 70% ethanol were applied using a Q-tip. The eyes were lubricated with artificial
tears ointment during surgery. The surgery was performed under a sterile condition while the
animal was placed on a heating mat. A mid-dorsal incision was made on the head extending
from just above the mid-point of the eyes to the middle of the neck. The connective tissue was
separated between the skin and muscles and a subcutaneous pocket was created along the spine
and flank region, which was irrigated with sterile saline before the transmitter was inserted
subcutaneously. The frontalis muscle was scraped off from the bone and bilateral burr holes

were drilled (2.5 mm caudal to the bregma and 2 mm lateral to the midline) without damaging
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the dura matter. Insulation from the tips of the electrode wires was removed, and the exposed
electrodes were bent into a “V” shape and inserted into the holes to rest on the surface of the
dura matter over each cerebral hemisphere. The wires were secured in place with dental cement
(mixed with methyl methacrylate liquid compound, A-M systems, WA, USA), and the exposed
electrodes were completely covered with dental cement to avoid them contacting the
surrounding tissues. The incision was closed with sterile surgical clips. The triple antibiotic
ointment, Vetropolycin, was applied, antibiotic Baytril (Bayer pharma, PA, 5 mg/ kg, s.c.) and
I mL of dextrose normal saline were administered subcutaneously after the procedure. The
nails were trimmed to prevent skin laceration. The telemetry device implanted animals were
individually caged and placed on the PhysiolTel receivers RPC-1 connected to the data
exchange matrix (specific to Dataquest A.R.T. system). The receivers detect previously
matched transmitters and transmit information such as video-integrated EEG, body

temperature, and activity counts from the receiver pads to the matrix and finally to the PC.

Quantification of epileptiform spikes, spontaneous electrographic NCS, and spontaneous
CS

About 10 days of baseline EEG was recorded from each animal, prior to kainate
treatment, which was used to normalize the EEG from post-SE period and to detect
spontaneous spiking activity after surgery. The artifacts (electrical noise, exploratory behavior,
grooming) were identified and excluded from epileptiform spike rate analysis. The
epileptiform spikes were distinguished from artifacts based on the amplitude, duration of
spikes and inter spike interval, as described in our previous publications on the mouse and rat

models (Puttachary et al., 2015b and Puttachary et al., 2016b; Tse et al., 2014). After filtering
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the artifacts, the raw EEG was divided into 10 s epochs for fastfourier transformation (FFT) to
generate power bands. The epileptiform spikes that were quantified included the spikes from
the spike trains and the NCS. The spike train consisted of both spike clusters and individual
epileptiform spikes including isolated pre-ictal and inter-ictal spikes. The spike clusters (< 12
s) included the epileptiform spikes of various amplitudes above the baseline. The
electrographic NCS (> 12 s), associated with increased theta and delta power were quantified
separately and compared between the groups. The spontaneous NCS and CS were identified
and verified against real-time video and power spectrum and quantified as described in our
previous publications (Puttachary et al., 2015b and Puttachary et al., 2016b; Tse et al., 2014).
The identified seizures were subjected to a secondary validation by two independent observers.
The number of seizure episodes and the spike rate were quantified using NeuroScore 3.2.0

software and were expressed as standard error mean (SEM) values.

LC-MS for detection of saracatinib from the hippocampus
1. Tissue processing and chemical extraction

Based on the published literature, we selected the optimal dose of saracatinib for our
experiment (Green et al., 2009; Hannon et al., 2010; Liu et al., 2012; Yang et al., 2010).
However, to confirm whether it crossed the BBB and whether its levels persisted for a
reasonable amount of time after the drug administration, we tested the brain concentrations of
saracatinib at 8 h using liquid chromatography-mass spectrometry (LC-MS). The mice
hippocampal tissues were homogenized in ~0.2 mL 1:1 methanol:water using bullet blender.
An additional 125 pL HPLC grade water was added to the homogenized samples. This was

followed by three similar successive extractions with 375 pL 3:1 acetonitrile:water. The
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homogenate was sonicated for 10 min in a sonication water bath. The sample was pelleted by
centrifugation at 13,000g for 7 min and the supernatant was collected after each extraction and
the samples were pooled. The pooled supernatant was dried under a dry nitrogen gas stream.
The dried sample was then re-suspended in 200 pL of 5% acetonitrile in water, filtered through

a 0.2 um PTFE syringe filter, and then subjected to LC-MS analysis.

2. LC-MS and data analysis

The LC-MS analysis for saracatinib was conducted using an Agilent Technologies
1290 Infinity Binary Pump UHPLC system coupled to an Agilent Technologies 6540 UHD
Accurate-Mass Q-TOF mass spectrometer in high resolution mode (4Gz) and scanning m/z
100-1700. LC separations were performed with Agilent Technologies Eclipse C18 1.8 um 2.1
mm % 50 mm analytical column using an 18 min gradient from 100% buffer A (0.1% formic
acid in HPLC grade water with 1% HPLC grade acetonitrile) to 100% buffer B (0.1% formic
acid in HPLC grade acetonitrile with 1% HPLC grade water) followed by a 2 min hold in 100%
buffer B and a 3 min equilibration in 100% buffer A. Saracatinib was detected as [M + H]+
ions while using electrospray ionization in positive mode. Saracatinib detection is represented
by extracted ion chromatogram (EIC) using a 10 ppm extraction window and was analyzed
(Fig. 1E) using Agilent Mass Hunter Qualitative Analysis B.07.00 software. The X-axis on the
EIC represents retention time and the Y-axis represents the abundance of ions detected.
Saracatinib concentrations were observed as the area of the EIC peaks and was calculated based
on the linear curve of the observed peak areas of standards. The standard concentrations ranged

from 10 femtograms/ mL to 1 microgram/mL.
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Tissue processing, immunohistochemistry, imaging, and cell quantification

Animals in the mice telemetry group were euthanized at the end of 4 weeks and non-
telemetry group at 4h, 24h and 7 d post-SE, while rats in the telemetry group were euthanized
at 4 month post-SE and non-telemetry group at 7 d post-SE. The brains were isolated and
processed for IHC, WB, ELISA, biochemical assays and qRT-PCR studies. The serum samples
were used for ELISA, cytokine and other biochemical assays. Serum was collected using the
standard ‘serum preparation protocol’ from ThermoFischer Scientific. All animals were
euthanized with an overdose of pentobarbital sodium (100 mg/kg, i.p.). For IHC, animals were
transcardially perfused with 4% PFA in 0.1 M PBS (4% PFA in 0.1 M PBS) under terminal
anesthesia. The tissues were collected and postfixed in the same solution for 4 h at 4 °C. After
4 h, they were cryopreserved in 25% sucrose solution for 3—4 days at 4 °C (Cosgrave et al.,
2008). The tissues were then embedded in gelatin (15% type A gelatin, 7.5% sucrose, and 0.1%
sodium azide in PBS, Sigma, MO, USA), wrapped in the cling film, and stored overnight at 4
°C. The gelatin embedded tissue blocks were prepared by snap-freezing in the liquid nitrogen,
using isopentane, and were then stored in —20 °C prior to cryosectioning (Beamer et al., 2012;
Cosgrave et al., 2008). The coronal brain sections, 16 um thickness, from the tissue block were
cut using CryoStar NX70 cryostat (specimen head temperature —20 °C; blade temperature —16
°C; trim section thickness 30 um; ThermoFischer Scientific, MA, USA). The sections were
collected on chrome alum gelatin (Pfaltz and Bauer, CT, USA) coated slides. The details of
brain section sampling method, to represent different regions of the hippocampus (rostral to
caudal) on a slide, has been described in our previous publication (Puttachary et al., 2016a).
The sections were then either processed for IHC immediately or were stored in —20 °C for later

use. Prior to IHC, antigen retrieval was performed on the brain sections using citrate buffer (10
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mM citric acid, 0.05% tween 20, pH 6.0) for 20 min at 95-100 °C. The sections were washed
with 0.1 M PBS for an hour at room temperature (RT) followed by incubation with 10%
donkey serum in PBS. The sections were then incubated with primary antibodies of interest
(Fyn, PKCS$, 4-HNE, gp91°"* IBA1 and GFAP) overnight at 4 °C (48 h for NeuN). All new
batches of primary antibodies were titrated to determine the optimum concentration. In
addition to neutralizing IgG antibodies against primaries, primary antibody omission step was
run as a negative control. Next day, the sections were washed with PBS for an hour at RT and
probed with appropriate secondary antibodies (FITC or CY3 conjugated, or biotinylated), for
an hour, at RT followed by subsequent washing with PBS and then treated with streptavidin
CY3 (only biotinylated ones) for an hour. The sections were washed in PBS, and finally with
water to remove salt crystals and coverslipped with vectashield containing 4’,6-diamidino-2-
phenylindole (DAPI) for nuclear staining. To observe the extent of neurodegeneration in the
hippocampus, we did FIB-NeuN double staining. The brain sections were first stained with
NeuN followed by FJB staining as described earlier (Puttachary et al., 2016b; Rao et al., 2006;
Todorovic et al., 2012). For FJB staining, the sections were incubated in 0.006% potassium
permanganate solution for 5-10 min with slow shaking. They were thoroughly washed twice
with distilled water for a minute. The slides were submerged in 0.0003% FJB-0.1% acetic acid
solution for 10 min in dark followed by 3 washes for 1 min each. The slides were air-dried in
the dark at RT, cleared with xylene and then mounted with surgipath acrytol (Surgipath, Leica
Biosystems, IL).

For imaging, we used Axiovert 200 M Zeiss inverted fluorescence microscope
equipped with Hamamatsu camera (Zeiss, Deutschland, Germany). Images were captured

using HCImage live 4 software (Hamamatsu Corporation, Sewickley, PA). The software has
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the capability to measure a large number of parameters related to size, shape, intensity, and
position. All the images were taken at 20x magnification at 2 s exposure. ImageJ was used to
quantify the cells from a known area (in square microns) (Schneider et al., 2012). Bilateral cell
counts were done from minimum of four sections per animal as described in our previous
publications (Beamer et al., 2012; Cosgrave et al., 2008, 2010a and 2010b; Puttachary et al.,
2016a and Puttachary et al., 2016b). The areas of cell counting for all sections on a slide and
from all the groups were kept constant. The NeuN positive cells with FJB staining were
counted to determine neurodegeneration. IBA1, GFAP and NeuN positive cells with Fyn/
PKC$ in the nucleus and/or cytoplasm alone were quantified to determine microgliosis and
astrogliosis. The DAPI staining was used to mark nuclei. Since there is no consensus on
reliable and reproducible markers for reactive microglia and astrocytes, so we considered the
area of cell body, the number of branches, and the junctions to distinguish reactive microglia
and astrocytes (also referred by some as M1-type and Al-type microglia and astrocytes) from
the resting or alternative type microglia and astrocytes (often referred by some as M2-type and
A2-type) (Andersson et al., 1991; Block, 2014; Torres-Platas et al., 2014; Walker and Lue,
2015). Initially, we derived these parameters from the resting microglia and astrocytes in the
control brain section from a known area (e.g. CA3 region) to compare with reactive microglia
an astrocytes derived from a similar area in the kainate treated groups at various time-points.
To consider a reactive microglia and atrocytes as positive for Fyn or PKCS in the cytoplasm
or in the nucleus, we first set the threshold for cytoplasm and nucleus separately. The
percentage of reactive microglia and astrocytes were derived from the total number of IBA1

and GFAP positive cells. We further calculated the percentage of nuclear Fyn or PKC3d positive
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reactive microglia from the total Fyn and PKCS§ positive reactive microglia (for Fyn” and

Fyn™" experiment only).

Western blotting

The hippocampal tissues were dissected from both fyn+/+ and fyn—/— animals at 4 h,
24 h and 7 d and from rats at 7 d and 4 month time points immediately after euthanasia and
were snap frozen in liquid nitrogen. The tissues were homogenized and lysed in RIPA buffer
containing 1% protease and phosphatase inhibitors (ThermoFischer Scientific, USA). For cell
fractionation and protein extraction from cytoplasm or nucleus, we used the kit and standard
protocol from ThermoFischer Scientific (NE-PER™ Nuclear and Cytoplasmic extraction
reagents; catalog number 78833). The hippocampal tissues were homogenized in 200 pl of
cytoplasmic extraction reagent I (CER I). The samples were vortexed vigorously for 15 s to
suspend the pellet followed by incubation in ice for 10 min. After incubation, 11 pl of
cytoplasmic extraction reagent II (CER II) was added followed by repeated vortexing and ice
incubation steps. The samples were then centrifuged at 16,000 xg for 5 min. The supernatant
(cytoplasmic extract) was collected and the pellet was re-suspended in 100 pl of ice-cold
nuclear extraction reagent (NER) followed by repeated vortexing for 15 s and ice incubation
for 10 min for the total of 40 min. The samples were then centrifuged at 16,000 xg for 10 min.
The supernatant (nuclear extract) was collected and stored in —80 °C for later analysis. The
protein concentration from tissue lysates were determined using the Bradford assay kit (Biorad,
USA). Equal amounts of protein (40 pg) was loaded in the wells of precast gels along with the
molecular weight marker. The gels were run at 100 V for 1-2 h at RT until the bromophenol

dye reached at least 0.5 cm from the bottom of the plate. The proteins were transferred onto
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the nitrocellulose membrane and the transfer sandwich was placed into a mini transfer blot unit
(Biorad, USA) at 4 °C overnight at 25 V for 14 h according to the manufacturer's instructions.
Next day, the membrane was washed with PBS and 0.05% tween 20 (PBS-T) for 1 h followed
by blocking with Fluorescent Western Blot blocking buffer (to avoid non-specific binding)
(Rockland Immunochemicals, PA, USA) in PBS at RT. After the blocking step, the blots were
washed twice for 15 min each with PBS-T and probed with primary antibodies of interest
overnight at 4 °C. The following day, the membrane was incubated with IR-680 or IR-800
dyes (1:10,000, LiCor, USA) followed by further washes with PBS-T as described earlier. The
B-actin was used as a loading control for cytosolic fractions and lamin-B for nuclear fractions.
Fluorescent Western Blotting blocking buffer with 0.05% tween 20 was used as a diluent for
both primary and secondary antibodies. The bands were identified using Odyssey IR imaging

system and were quantified using image J software and normalized with the B-actin.

qRT-PCR

RNA was extracted using the trizol chloroform (ThermoFisher Scientific) extraction
method as described previously (Cosgrave et al., 2008; Seo et al., 2014). One microgram of
RNA was used for reverse transcription using High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, CA) yielding high quality single stranded cDNA. Quantitative RT-PCR
was performed for the following genes using SYBR Green Mastermix (Applied Biosystems,
CA, USA) with pre-validated qPCR primers. Primers for IL-1f3, iNOS, and TNF-o were
purchased from QuantiTect Primer Assay (Qiagen, USA). The house keeping gene, 18S rRNA
(Qiagen, MD, USA), was used in all qPCR experiments for normalization. No-template

controls (NTCs) and dissociation curves were obtained for all experiments to exclude cross-
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contamination. The fold change in the mRNA expression was determined using cycle threshold

(Ct) values for the genes of interest and also for the housekeeping genes.

Multiplex cytokine immunoassays

Cytokine levels were assessed from the serum of Fyn knockouts and wildtype animals
using Luminex assay kit as described previously (Panicker et al., 2015). A five-fold dilution
of serum was made with 0.1 M PBS containing BSA. 40 pL of diluted serum was then added
to the equal amount of primary antibodies, conjugated to magnetic microspheres, followed by
overnight incubation at 4 °C in a clear bottom black 96-well plate. After incubation, each well
was triple-washed using a magnetic washer and then incubated for an hour with secondary
antibodies followed by three secondary washes. The samples were incubated for 30 min with
streptavidin/phycoerythrin followed by two additional washes. All assays were done in
duplicates and previously known positive control and a negative control without primary
antibodies were used simultaneously with the test samples. A Bioplex reader was used to read
the 96-well plates. A standard curve of all the cytokines was prepared using standard cytokines

(Peprotech).

ELISA

Cytokine levels were detected in the serum of Sprague Dawley rats using ELISA kit
from ThermoFischer Scientific. 100 uL of 1X coating buffer and antibody of interest was added
to Nunc MaxiSorp 96 well plates and were stored for 16 hours at 4°C. The following day,
contents were discarded from the well plates and washed three times with 1X PBS in 0.1%

tween 20 (PBS-T). 200 uL of 1X blocking buffer was added to all the wells and incubated at
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RT for 1 hour. Recombinant standards and samples were then added in duplicates using serial
dilutions (only for standards) as described in the manufacturer’s protocol. Standards and
samples were incubated for 2 hours at RT. After 3 washes with PBS-T, detection antibody was
added to all the wells and incubated for 1 hour at RT followed by 3 washes. HRP-avidin was
then added to all the wells and left in the dark for 30 minutes at RT. After 5 washes, 100 uL of
1X TMB was added to all the wells. This step should be done quickly as TMB has very high
reactivity towards other chemicals. After 15 minutes of TMB incubation, 50 uL of 2N H2SO4
was added to all the wells. Plates were read at 450 nm using SpectraMax M2 Gemini Molecular

Device Microplate Reader.

Griess Assay

Griess assay was used to detect nitrite levels from the serum samples. Briefly, 6 serial
two-fold dilutions of 0.1M sodium nitrite standard solution was made in triplicates to generate
nitrite standard curve. 50 uL of serum (diluted or undiluted) was added in triplicates followed
by equal amounts of sulfanilamide solution to all the wells. The plates were incubated for 10
minutes in the dark at RT. Next, 50 uL of NED solution was added to the mixture and was
again incubated for 10 minutes at RT protected from light. Plates were read at 540 nm using
Synergy 2 multi-mode microplate reader (BioTek Instruments, USA) and the averages were

compared between the groups using ANOVA.

Glutathione Assay
Glutathion assay was used to quantify total glutathione content, ie., reduced and

oxidized (GSH/GSSG), within the sample. Glutathione reductase converts oxidized
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glutathione (GSSG) into reduced glutathione (GSH) in the presence of NADP'. Chromogen
attaches to the thiol group of GSH to give a coloured compound that can be detected at 405
nm. Briefly, GSH standards are prepared by dissolving stock GSSG in 0.5% MPA in 1X assay
buffer. 25 uL of GSH reductase followed by equal concentration of 1X NADPH was added to
each well to be tested. Serial dilutions of GSH standards were prepared in triplicates as
described in the manufacturer’s instruction protocol. 100 uL of standards and sample were
added to the wells that were to be tested. Finally, 50 uL of 1X chromogen was added to all the
wells and mixed thoroughly. Plates were read at 405 nm at 2 minute intervals for 10 minutes

using Synergy 2 multi-mode microplate reader (BioTek Instruments, USA).

ROS Assay

Reactive oxygen species (ROS) assay determines the presence of total free radical in
the sample. These include hydrogen peroxide, peroxyl radical, nitric oxide, peroxynitrite anion
and other redox molecules. DCFH-DiOxyQ is ROS/RNS specific probe which undergoes
quench priming with the help of priming solution to form DCFH-DiOxy. This molecule is then
stabilized to form DCFH which is highly reactive with ROS/RNS, present in the sample.
DCFH then gets oxidized to give highly fluorescent DCF. Briefly, standards, solutions and
samples were prepared fresh prior to the experiment. Serial dilutions of DCF and H>O>
standards were prepared as described in the manufacturer’s protocol. 50 uL of sample and H20>
standard were added to the wells. Next, 50 uL of 1X catalyst was added to each well and
incubated for 5 minutes at RT. 100 uL of DCFH solution was then added to all the wells to be
tested and incubated in the dark for 40 minutes. DCFH solution was prepared by mixing DCF-

DiOxyQ stock with priming reagent and then diluting the mixture with 1X stabilization
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solution. Plates were read at 480 nm excitation/530 nm emissin using SpectraMax M2 Gemini

Molecular Device Microplate Reader.

Experimental design, methodological rigor, and statistical analyses

Medicine, lowa State University, for experimental design and statistical analyses for
this study. We chose the most appropriate control (strain of mice or the vehicle) and statistics
for each set of experiments. For example, for the saracatinib experiment to determine its anti-
seizure property, we used C57BL/6J mouse kainate model of seizure. For the KO experiments,
the same genetic background for the fyn—/— mice and the wildtype control mice were used. To
determine saracatinib's antiepileptogenic or disease modifying effects, we chose the rat kainate
model and post-SE treatment regimen since pretreatment reduces SE severity and compromises
epileptogenesis. In the rat kainate model, in contrast to the mouse model, occurrence of
spontaneous CS is reliable and progressive (Puttachary et al., 2016b).

The experimenters were blind to the experimental groups until the data analyses were
completed. Transgenic mice genotyping was done using qRT-PCR to confirm the gene
knockout. We followed pre-determined criteria to exclude animals from data analyses. The
criteria set were: 1) if animals do not respond to the predetermined kainate dose (a maximum
of six doses of 5 mg/kg in RLD method; 25 mg/kg in SHD method); ii) if animals die during
the course of experiment; and, iii) in telemetry group if animals do not regain bodyweight
within 8—10 days. We had taken measures to minimize variables by: 1) randomizing the animals
based on predetermined weight (>20 g mice or >200 g rat) and age range (8 weeks) before the
start of experiment; ii) seizure severity during the SE was quantified by both direct observation

and offline video analysis by at least two independent observers; iii) we acquired ~260 h of
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baseline EEG data, covering at least 10 day-night cycles, to normalize post-SE EEG from the
same animal; iv) where appropriate, we implemented the first two of the three principles of
reduction, refinement, and replacement (3Rs) by adopting a refined RLD method of SE
induction, which reduced mortality rate and minimized variability in SE severity between
animals and groups; and, v) we determined the optimum concentration of the primary
antibodies by serial dilution and validated their specificity using neutralizing antibodies
appropriate to the primary antibodies.

For statistical analyses, we compared the standard error means between the groups
using the Fisher's exact test, the Mann-Whitney test, one-way ANOVA with Bonferroni
multiple comparison or Tukey post-test or repeated measures (RM) two way ANOVA with
Sidak or Tukey post-test where appropriate. For example, RM two-way ANOVA with
appropriate degrees of freedom was used to calculate seizure frequency since they do not
follow a normal distribution (Figs. 1A; 2D; 3F, [; 4B-C; 5E, K, M; 7G-I; 10G-I; 15M-N; 16D).
Further information on statistical test/s for each figure is described in legends. We used the
GraphPad Prism 5 and 6 and R-studio version 1.1.463 for all statistical analysis. The p-value

<0.05 was considered statistically significant.

Results
The Fyn/SFK inhibitor, saracatinib significantly reduced the severity of SE and
prevented mortality during SE
The saracatinib is a broad spectrum SFK inhibitor (Green et al., 2009; Hennequin et
al., 2006), and is in the clinical trials for treating Alzheimer's disease (Nygaard et al., 2015).

Since saracatinib also targets the hippocampus, an important ictogenic foci of the brain, we
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tested it's impact on SE onset. Saracatinib (25 mg/kg) or the vehicle was administered orally
as a single dose at 4 h prior to the induction of SE with kainate. The dose was selected based
on the published literature (Green et al., 2009; Hennequin et al., 2006). We tested the effect of
a SHD of kainate (25 mg/kg) on behavioral seizures onset, and compared the seizure severity,
duration of convulsive seizures, latency, and survival rate between the groups. The studies
revealed a significant reduction in seizure severity and the duration of CS, and increased
latency to the onset of first CS in the saracatinib treated mice when compared to the vehicle

control group during the 2 h established SE (Fig. 1A-C).
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Fig. 1. The saracatinib (SAR) crossed the BBB, increased latency to seizure onset, and reduced
seizure severity and mortality rate in C57BL/6J mice. The SAR (25 mg/kg) was administered orally
4 h prior to a SHD of kainate (25 mg/kg, i.p.). A, B) The comparison of the time course of behavioral
SE between the groups (A) during the first 3 h after kainate injection (***p <0.0001, two way ANOVA
between 1 and 1271 degrees of freedom, F = 502.65, n = 15). In B, each dot represents individual
animal. C) The SAR treated group showed a significant reduction in the duration of CS (***p <0.0001),
and a very few mice reached stage >3 seizure after a prolonged period when compared with the vehicle
treated group (**p < 0.01). D) The survival and mortality rate in SAR and the vehicle treated mice
(Fisher's exact test). E, F) The ion chromatogram showing the relative abundance of the SAR in the
hippocampus. The LC-MS analysis confirmed that the SAR crossed the BBB and it persisted in the
hippocampus at higher levels at 8 h post-SE when compared to 28 h post-administration (¥***p <0.001).
*p <0.05, ¥*p < 0.01, ***p <0.001; Mann-Whitney test for figure B, C, and F.
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There was no mortality in the saracatinib treated group due to a significant reduction
in the severity of seizures. As expected, about 20% mortality occurred in the vehicle-treated
control group due to severity of kainate-induced seizures (Fig. 1D). In the SHD of kainate
group, 67% of the mice reached stage 5 seizure in the vehicle group, while only 7% reached
stage 5 and they spent less time in CS stages in the saracatinib group (Fig. 1B) suggesting the
role of Fyn and other SFK in seizure modulation. LC-MS analysis of the hippocampi confirmed
that the saracatinib crossed the BBB and it persisted at high levels at 8 h (223.8 +£22.01), and
were also detected at 28 h post-administration (2.693 £ 0.1714) (1> = 0.9665; ***p < 0.0001)

(Fig. 1E-F).

Fyn knockout reduced SE severity, mortality, epileptiform spikes, and spontaneous NCS
and CS during the first 4 weeks of post-SE

Having observed a significant reduction in SE severity with saracatinib treatment, we
tested further whether Fyn kinase has a role in the mechanism of seizure onset. We used fyn—/—
and the wildtype control mice for SE induction. First, similar to saracatinib experiment, we
used a SHD of kainate (25 mg/kg) for both fyn—/— and fyn+/+ mice. Interestingly, unlike the
vast majority of C57BL/6J mice, the fyn+/+ hybrid mice did not show a progressive seizure
pattern from stage 1 to 5, instead the majority of them (90%) directly reached stage 5 seizures
in < 20 min of kainate administration, and 80% of them died during SE (Fig. 2A-B). In
contrast, fyn—/— mice showed fewer episodes of stage 5 seizures in 30% of the mice, but
mortality rate was 40% (Fig. 2B) even after diazepam administration. Animals that had severe
SE, during the 2 h of established SE, excessive salivation was observed more frequently in
fyn+/+ mice than in fyn—/— mice. Another interesting observation was their sensitivity to

diazepam treatment. Both fyn+/+ and fyn—/— mice took longer time to recover from the
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diazepam (almost 12 h) compared to C57BL/6J mice with the same dose (10 mg/kg) and they

recovered in < 3 h after diazepam treatment.
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Fig. 2. Comparison of seizure severity and its duration, and mortality rate in fyn+/+ and fyn—/—
mice in SHD (A-C) and RLD (D-H) of kainate treatments. A) Each dot represents individual
animal. The fyn—/— mice showed a significant reduction in seizure severity compared to the fynt/+
mice (**p < 0.01, Mann-Whitney, n = 10 for each group). B) The survival and mortality rate in fyn+/+
and fyn—/— mice (*p < 0.05, Fisher's exact test). Of the total 40% mortality, about 20% was observed
after the diazepam treatment in the fyn—/— mice. C) The latency to convulsive seizures (CS) onset,
following a SHD of kainate, was significantly increased in fyn—/— when compared to fyn+/+ mice (*p
< 0.05, Mann-Whitney). D) The comparison of the time course of behavioral SE between the groups
during 2 h established SE after mice reached first stage >3 seizure (***p < 0.0001, two way ANOVA
between 1 and 2072 degrees of freedom, F = 839.67, n = 36 for each group). In E, each dot represents
individual animal (***p < 0.0001, Mann-Whitney). FeH) The fyn—/— mice showed a significant
reduction in the duration of CS (F, ***p < 0.001, Mann-Whitney), and there was no significant
difference in the latency to the onset of CS. In fyn—/— mice, 22% mortality was observed (8% during
the SE and 14% post-diazepam), while in the fyn+/+ mice 10% of the mice died during the SE, but
none died after the diazepam treatment (G, not significant, Fisher's exact test). H) There was no
significant difference in the average numbers of RLD of kainate injections (5 mg/kg per injection at 30
min intervals) given to the fyn+/+ and fyn—/— mice to achieve stage >3 seizure.

Since there was increased mortality rate in both fyn+/+ and fyn—/— mice with SHD of
kainate, we used RLD of kainate method to reduce mortality and to understand seizure

progression during SE. We pooled the SE behavioral data from all time-points in non-
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telemetric groups and compared between the fyn+/+ and fyn—/— mice. Both groups received
similar numbers of RLD of kainate, therefore there was no significant difference in the total
amount of kainate administered between the groups to reach convulsive seizures (Fig. 2H).
Also, there was no significant difference between the groups in latency to the first onset of
convulsive seizure (Fig. 2F), but there was a significant reduction in the seizure severity (Fig.
3A—C). Interestingly, the mortality rate in fyn—/— mice was higher than fyn+/+ mice (22% vs.
10%; Fig. 2G) with the RLD method of SE induction with kainate, which was unexpected. Out

of 22% mortality in the fyn—/—, 14% was after diazepam treatment.
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Fig. 3. Real-time video-EEG recording and duration of CS during SE. A) A representative EEG
trace recorded during the SE induced by a RLD of kainate is presented. The behavioral SE was
terminated by diazepam (10 mg/kg, i.p.), 2 h after the onset of first CS. B) A segment of the EEG trace
covering the stages of seizures before & after the stage 5 seizure & the associated seizure stage-specific
power bands are illustrated. The theta and delta power were increased in NCS, while the gamma power
was increased during the stage 5 seizure, and the image represents the stage 5 behavior (jumping). C)
The duration of CS for EEG seizures (stage >3) during the 2 h established SE was significantly lower
in the fyn—/— mice when compared to the fyn+/+ mice (*p < 0.05, Mann-Whitney test, n = 6 for each

group).
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Fig. 4. Analyses of epileptiform spike and spontaneous NCS. A, B) Representative EEG traces and
epileptiform spikes during the first 7 d post-SE (A), & a typical spontanecous NCS episode with
associated power bands (B). C, D) The comparison of NCS frequencies between the fyn—/— and fyn+/+
mice during 28 d post-SE (C, ***p < 0.0001, two way ANOVA between 1 & 140 degrees of freedom,
F =35.17, n = 6 per group; D, **p = 0.0016, ***p < 0.001, Mann-Whitney). E) An example of spike
trains with spike clusters (< 12 s), a typical NCS episode (> 12 s), & isolated epileptiform spikes. F—
G). The comparison of epileptiform frequencies between the fyn—/— and fyn+/+ mice during 28 d post-

SE.
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The telemetry implanted mice were subjected to continuous (24/7) video-EEG
monitoring to quantify epileptiform spikes and spontaneous seizures frequency during the first
four weeks of post-SE. Prior to kainate administration, none of the mice showed epileptiform
spike or seizure during the first 10 d post-surgery. A representative EEG traces during the SE
(Fig. 3A) and post-SE between fyn+/+ and fyn—/— mice (Fig. 4A) are shown. Increased delta
and theta powers, and decreased gamma power were correlated with the epileptiform spike
characteristics on EEG in NCS (Fig. 4B). During the SE, there was about 50% reduction in the
duration of CS in the fyn—/— mice when compared to the fyn+/+ mice (Fig. 3C). Unlike the
C57BL/6J mice reported in our publication (Puttachary et al., 2015b), the number of
spontaneous CS were very few (average 5 episodes) in the fyn+/+ and spontaneous CS were
completely absent in the fyn—/— mice. Therefore, we quantified electrographic NCS and the
epileptiform spike frequency in both groups as described previously in our publication
(Puttachary et al., 2015b). We considered spike trains and the epileptiform spikes within
seizure clusters (< 12 s duration) to determine the epileptiform spike frequency. An example
of an electrographic NCS, the spike train, and spike clusters is illustrated (Fig. 4E). During the
28 d post-SE, both spontaneous electrographic NCS and the epileptiform spikes frequencies

were significantly reduced in fyn—/— when compared to fyn+/+ mice (Fig. 4C-D, F-G).

CSSS index to determine severity of SE in telemetry and non-telemetry rats in KA and
KA+SAR group

Repeated low doses of kainate was given to both telemetry and non-telemetry rats until
convulsive seizure, ie., >3 was achieved as described in our previous publications (Puttachary

et al., 2015b, 2016a and 2016b). The seizure severity was very similar between the groups
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(Fig. SA-C). Animals in the 7 d non-telemetry vehicle group showed almost similar seizure
severity compared to animals in the 7 d non-telemetry SAR group, except at 35, 45, 60, 65, 70,
160 and 230 min (B). The electrode implantation is known to induce electrode gliosis in some
animal models (Griffith and Humphrey, 2006; Polikov et al., 2005; Salatino et al., 2017),
therefore, telemetry rats were given slightly lower doses of kainic acid compared to non-

telemetry rats (Fig. 5D). Also, the latency to reach convulsive seizure in telemetry rats was
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Fig. 5. Seizure severity, latency and duration of convulsive seizures during SE. A) Seizure severity
between telemetry and non-telemetry groups according to the modified Racine scale. Seizure severity
comparison between the 7 d non-telemetry (B) (***p < 0.0001, Repeated measures-two way ANOVA
between 1 and 1518 degrees of freedom, F =44.52, n = 10 for each group) and 4 month telemetry group
(C). Animals with impanted electrodes required slightly lesser doses of kainate than non-telemetry
animals (D) and also showed early convulsive seizures than non-telemetry group, but the differences
were not statistically significant (E). Rats in non-telemetry group spent more time in convulsive
seizures than the rats in telemetry group (F). **p < 0.01, ***p < 0.001, RM-two way ANOVA with
Sidak’s post-hoc. There were no significant differences between the groups in latency or the duration
of CS.

higher compared to non-telemetry rats (Fig. SE). The amount of time spent in convulsive

seizures during 2h of SE was slightly greater in non-telemetry group, ie., >60 minutes, maybe
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due to higher kainate doses, than telemetry group, but there was no significant difference
between these groups (Fig. 5F) suggesting that the surgical procedure to implant electrodes

may not lead to increased seizure severity, but reduced the seizure threshold.

Saracatinib suppressed epileptiform events during the first seven days of treatment

Saracatinib treatment was initiated 2 hours after DZP (5 mg/kg, i.p.). It was given twice a day
for 3 days followed by once a day for 4 days (25 mg/kg, oral). Animals were euthanized at
early (7 day) and late (4 month) time-points post-SE. EEG signatures of all the epileptiform
events (epileptiform clusters, interictal events and epileptiform spikes) and spontaneous
convulsive (CS) and non-convulsive (NCS) seizures were quantified to understand the
evolution of epileptogenesis (table 1 and 2; Fig. 6A, B, Fig. 7A). Animals with severe SE
(RT104, RT103, RT3, RT108, row 3 of table 1), ie., the animals that spent more time in
convulsive SE, showed higher numbers of epileptiform events (preictal events and clusters,
row 4 and 5 of table 1) and NCS (row 7, table 1) after SE. Animals with mild seizures (RT107
and RT4) had lower number of epileptiform events and only one animal (RT107) developed
NCS in that group (row 6, table 1). Interestingly, all the animals that showed spontaneous CS
later (row 13, table 1), also showed multiple spontaneous NCS (except RT4). Moreover,
animals with severe SE had higher number of epileptiform events compared to mild SE (row
12, table 1). This suggests that, 1) the severity of SE determines the number of epileptiform
spikes, especially interictal events, 2) Animals had several NCS prior to the onset of first CS
(with the exception of one animal, ie., RT4), 3) Persistant interictal events, epileptiform
clusters and spontaneous NCS are equally important components of of epileptogenesis and

epilepsy (Sharma et al., 2018; table 1).
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Table 1. EEG events during the latent period prior to the onset of 1°* CS: KA+Vehicle group

e o T | o | o | oy | e

KA+vehicle
Time spent in SE (in mins) 93 80 70 68 41 32
Preictal events before 15 NCS 234 220 249 121 95 i
Number of epileptiform clusters before 15* NCS 35 219 112 89 49 *
1%t NCS episode observed post-SE (number of days) 2d 3d 7d 2d 9d *
Total number of NCS episodes before 15t CS 2 27 12 15 4 *
Number of interictal events after 15 NCS (before 1% CS) 169 160 19 190 39 79
Number of epileptiform clusters after 1°t NCS (before 1t 67 59 13 71 1l 8
cs)
Total number of interictal events before 1%t CS (includes all 403 380 268 311 134 79
events)
Total number of epileptiform clusters before 1% CS 102 278 125 160 60 8
(includes all clusters)
Total of all the epileptiform spikes (preictal and postictal 505 658 393 471 194 87
events and epileptiform clusters)
1% CS episode post-SE (number of days) 4ad 5d 7d 7d 10d 38d

Development of first spontaneous convulsive seizure after SE in the vehicle group. EEG events prior
to the 1" CS development in six rats after the induction of SE. All the epileptiform events such as
epileptiform clusters, interictal spikes and NCS were quantified before the onset of 15 CS. Animals that
spent more than 50% of their time in convulsive SE (RT104, RT103, RT3, RT108- row 3) showed
higher number of epileptiform clusters (row 11) and interictal events (row 10) than animals that spent
less time in convulsive SE (RT107, RT104- row 3). The total number of these events were very high
in the severe SE group than the mild seizure group (row 12). The most striking observation is that the
vast majoriy of animals (5 out of 6) developed NCS (row 6) prior to the 13*CS (row 13). All the animals
that showed severe seizures also showed early convulsive seizures.
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Table 2. EEG events during the latent period prior to the onset of 1 CS: KA+SAR group

RTSAR4 RTSARS RTSARS

KA+SAR
Time spent in SE (in mins) 81 73 66
Preictal events before 1%t NCS * 115 *
Number of epileptiform clusters before 15t NCS > 39 #
1%t NCS episode observed post-SE (number of days) * 2d *
Total number of NCS episodes before 1 CS 0 1 0
Number of interictal events after 15 NCS or before 1%t CS 101 36 172
Number of epileptiform clusters after 1t NCS (before 1 78 3 112
cs)
Total number of interictal events before 1% CS (includes all 101 151 177
events)
Total number of epileptiform clusters before 1%t CS 78 42 ii2
(includes all clusters)
Total of all the epileptiform spikes (preictal and postictal 179 193 289
events and epileptiform clusters)
1%t CS episode post-SE (number of days) 7d 4d 11d

Development of first spontaneous convulsive seizure after SE in SAR treated group. SAR treatment
was initiated 2h post diazepam and continued for twice a day for 3 days and then once a day for the
next 4 days. Only 3 animals, out of 7, became epileptic in this group. The total number of epileptiform
events after SAR treatment (row 12) were lower than the vehicle treated group (table 1, row 12). Only
1 animal showed NCS (just 1 NCS, row 7) in this group in contrast to vehicle treated group (between
2-27, row 7, tabl 1) prior to 1% CS, which later showed spontaneous convulsive seizure on the day 4 of
post-SE (row 13).

Saracatinib post-treatment, given for the first 7 days of post-SE, reduced these
epileptiform events (row 12, table 2) and the development of spontaneous NCS which was
observed in only in one animal (row 6, table 2). Moreover, only 3 animals out of 7 showed
spontaneous CS as shown in table 2 (row 13; Fig. 5B). Spontaneous NCS and CS were verified
by power bands, EEG spike signature and video-EEG as described in our previous publications

(Puttachary et al., 2015b, 2016a and 2016b) and as shown in Fig. 7A-B.
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Fig. 6. Saracatinib reduced epileptiform events during 7 day of treatment. A-B) A dot plot
representation of table 1 and table 2 showing the development of 1% spontaneous non-convulsive and
convulsive seizure in the vehicle and SAR treated groups. All six animals became epileptic in vehicle
group (A) while only 3 animals, out of 7, became epileptic in SAR group (B). Each dot represents
individual animal. The number of epileptiform events such as interictal spiking and epileptiform
clusters were significantly reduced in the durig the SAR treatment. The number of pre-ictal events and
post-ictal events were higher in the vehicle compared to the SAR group (table 1). 5 out of 6 animals in
the vehicle group showed nonconvulsive seizure while only 1 animal out of eight animals showed
nonconvulsive seizure in the SAR group (table 1 and 2). For detailed description of events for figure
6A-B, see table 1 and 2 legends. Abbreviation: IIE, interictal events; EC, epileptiform clusters; NCS,

spontaneous non-convulsive seizure; CS, spontaneous convulsive seizure.
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Fig. 7. Saracatinib reduced spike frequency during seven day of treatment. A-B) Epileptiform
events (interictal activity and clusters) and spontaneous NCS were verified using EEG spike signatures,
power bands and CS were verified against integrated videos. Interictal events lasted from 5 seconds —
150 seconds, clusters were >10 seconds and NCS and CS lasted for >12 seconds. Theta and delta were
increased during NCS while gamma power bands were increased during CS with change in phenotypic
activities whereas no change in behavioral activity was observed during interictal events and clusters.
C-D) Spike rate comparison between vehicle and SAR group during the first week of SAR treatment.
SAR post-treatment significantly reduced epileptiform spikes on day 3, 4 and 5 but not during the first
two (C, ***p < 0.0001, RM-two way ANOVA between 1 and 2119 degrees of freedom, F= 118; D,
*p<0.05, **p<0.01, Mann-Whitney). *p<0.05, **p<0.01, ***p < 0.001, RM two way ANOVA with

Tukey post-hoc test and Mann-Whitney test.
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Fig. 8. Saracatinib reduced epileptiform activity during the 7 day of treatment. A-B) Seizure report
comparison between the groups. Each vertical bar represent a spike train that includes interictal spikes,
epileptiform clusters, NCS and CS (C-D). Representation of the daywise EEG traces between the
vehicle (C) and SAR group (D).

Spontaneous NCS showed increased delta and theta activity with episode lasting for >12
seconds with behavioral arrest on video-EEG while spontaneous CS showed increased gamma
bands with severe convulsive phenotypic activity. Interictal events did not show any change in
the power bands with duration lasting between 5 seconds to as long as 150 seconds whereas
epileptiform clusters showed a slight increase in theta bands, but this increase was much lower
than theta increase in NCS, with duration >10 seconds. A normal behavioral activity such as
grooming, nesting and exploratory behavior was observed during these events. Next, we
determined whether saracatinib has any effect on the epileptiform activity during the 7 day
dosage regimen. The first two days of administration did not have any effect on the

epileptiform activity in the rats, but on days 3, 4 and 5, a significant reduction in the
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epileptiform spiking activity was observed during the dosage regimen (Fig. 7C-D). A 7 day
seizure report on the spike trains (Fig. 8 A-B) and EEG traces of epileptiform spiking (Fig. 8C-

D), both demonstrated a reduction in the epileptiform activities after saracatinib treatment.

Saracatinib reduced spike frequency and spontaneous convulsive seizures in the 4 month
continuous EEG study

In our previous long-term continuos EEG studies on the rat model of TLE, we observed
a rapid increase in convulsive seizure frequency after three months of post-SE (Puttachary et
al., 2016b). Also, electroencephalographic studies on interictal events in animal models of
epilepsy have shown that the persistant occurrence of such events and epileptiform spiking
over the long periods of time can lead to severe brain damage, generation of spontaneous
recurrent seizures, worsening and continuous progression of seizures and other serious
neurological consequences (Berdichevsky et al., 2012; Dube et al., 2001; Hufnagel et al., 1994;
Staley and Dudek, 2006; Staley et al., 2005). Therefore, we quantified all the epileptiform
spikes (includes epileptiform clusters, interictal events, convulsive and nonconvulsive
seizures), quantified as as spikes/minute, and the number of sponatenous convulsive seizures
in the 4 month continuous video-EEG studies as shown in figure 9. All the noise such as

behavioral artifacts and electrographic noise was manually removed before the analysis.
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Fig. 9. Saracatinib reduced the number of spontaneous recurrent seizures and spike frequency
during 4 month period. A-F) Results from the 4 month continuous video-EEG studies showing
spontaneous CS (A-B) and spike frequency (C-F) between the groups. Individual and pooled data
showed that SAR post-treatment significantly reduced the spike frequency (D-F) (C, ***p < 0.0001,
RM-two way ANOVA between 1 and 1076 degrees of freedom, F = 168.06); D-F, *p<0.05, **p<0.01,
Mann-Whitney) and the number of spontaneous CS (A-B) (A, ***p < 0.0001, RM-two way ANOVA
between 1 and 1029 degrees of freedom, F = 73.67; L, *p<0.05, **p<0.01, Mann-Whitney) during 4
month of post-SE. *p<0.05, **p<0.01, ***p < 0.001, RM two way ANOVA with Tukey post-hoc test
and Mann-Whitney test.

As rat model is a progressive model of epilepsy, we therefore observed increased
spiking activity during the first, third and the fourth month of post-SE in the vehicle group
(Fig. 9C-F). The number of sponatenous CS were also consistently higher from the first to
fourth month of SE (Fig. 9A-B). Saracatinib post-treatment significantly reduced the spike
frequency and also the number of spontaneous CS as can be observed from the pooled data
(bar graphs, Fig. 9B, D-F). These results suggest that the SFKs are involved in modulating
brain circuitry over time, and its early inhibition after the injury can have a long-term
neuroprotective effects on the brain by suppressing abnormal spiking activity that can cause

severe brain damage, if occurs persistently for longer periods.
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SE significantly increased both Fyn and phosphorylated Src kinase levels in the
hippocampus of fyn+/+ mice, but not in fyn—/— mice

To understand the molecular mechanism of microglial activation mediated by the Fyn
kinase during epileptogenesis, we tested the levels of Fyn and phosphorylated Src (pSrc-416)
in the hippocampus at 4 h, 24 h, and 7 d post-SE. The Western blot analysis revealed a
significant increase in both Fyn and pSrc-416 levels at all the time points in the hippocampus

of fyn+/+ mice, except the cytosolic Fyn at 4 h, when compared with naive control (Fig. 10A—
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Fig. 10. Fyn and pSrc-416 levels in the hippocampus during epileptogenesis. A—D) The Western
blot analysis of Fyn and pSrc-416 at 4 h, 24 h, and 7 d post-SE. The cytosolic and nuclear Fyn proteins
were absent in the fyn—/— mice, while they were significantly increased at 24 h and 7 d post-SE in
fyn+/+ mice when compared to the naive control. The pSrc-416 levels also increased significantly in
the fyn+/+ mice at all time points, but no significant differences were observed in the pSrc-416 levels
in the fyn—/— compared to the control (D). However, when compared between the groups, it was
reduced in the fyn—/— mice at 24 h and 7 d post-SE (D) *p < 0.05, **p < 0.01, ***p < 0.001; n = 5-6.

Con 4h 24h 7d ' Con 4h 24h 7d = Con 4h 24h 7d
T T



263

E—F): IHC images of the hilus of dentate gyrus demonstrating Fyn (yellow) co-localization in neurons
in fyn+/+ mice. Fyn expression was significantly increased in the hilus of DG at all the time points
when compared to the control. No significant difference was observed in CA1 and CA3 regions (**p <
0.01, ***p < 0.001).
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Fig. 11. Fyn levels in the hippocampus during epileptogenesis. A—C): IHC images from CA3 region
of the hippocampus showing Fyn immunoreactivity at different time points (red, IBA1 for microglia;
yellow/green, Fyn; blue, DAPI for nucleus). A representative high power view images (A-v, X, xi) of
the microglia that resembled M 1/M2-like phenotype with or without Fyn at 24 h from the fyn+/+ and
fyn —/— are shown. The Images in the panel B represents Fyn immunoreactivity in the cytoplasm (i—iv)
and its nuclear translocation (B, vigreen and viii-yellow) in the M1-like microglia. In the fyn+/+ mice,
the microglia had M1-like phenotype with a large cell body and thick processes (B—iii, vii). In fyn—/—
mice, there were also M1 like microglia, but without Fyn (A, x). I). The Ml-like microglia cell
quantification (C-D). Fyn+/+ mice showed a significantly higher percentage of total M 1-like phenotype
at all time points when compared to their respective controls. However, a similar increase was observed
in the percentage of M1-like microglia in fyn—/— compared to the controls but this difference was not
significant at 7 d post-SE. D) Fyn was not detected in fyn —/— mice. In fyn+/+ mice, there was a
significant increase in both cytosolic and nuclear Fyn positive M1-like microglia at all the time points
when compared to the control. One way ANOVA, *p <0.05, **p <0.01, ***p <0.001; n = 5-6. Scale
bar, all 100 um.

As expected, total Fyn levels were not detected in fyn—/— mice, however, pSrc-416 levels were

detected, but there were no significant differences between naive control and SE groups. At 24
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h and 7 d post-SE, the pSrc-416 levels were significantly lower in fyn—/— mice when compared
to fyn+/+ mice (Fig. 10D). This may suggest that other members of the SFK may have a minor
role in epileptogenesis. Further analysis of the fractionated samples revealed a significant
increase in Fyn levels in both the cytoplasmic and nuclear fractions at all the time points in

fyn+/+ mice when compared to naive control (Fig. 10A—C).

Fyn selectively upregulated in the microglia and hilar neurons of the dentate gyrus in
fyn+/+ mice during post-SE

IHC of brain sections, double stained for neuron (NeuN) or microglia marker (IBAT)
and Fyn, revealed a pattern of Fyn staining in neurons, and in the cytoplasm and nuclei of
reactive microglia in the hippocampus and dentate gyrus (7E-J). The pyramidal neurons in
CALl and CA3 regions of the hippocampus did not show increase in Fyn staining at any time
point tested during the post-SE. However, the Fyn positive neurons in the hilus of dentate gyrus
were significantly increased at all the time-points when compared to the control (Fig. 10E-F).
Interestingly, we also observed an increase in the number of FJB positive neurons in the hilus
at these time points in fyn+/+ mice. Moreover, a significant increase in reactive microglia was
also observed at 4 h, 24 h, and 7 d in fyn+/+ mice when compared to naive control (Fig. 11A,
C). At24 h and 7 d, intense Fyn positive microglia were found in CA1 (not shown), CA3 (Fig.
11A), and the dentate gyrus (not shown). The vast majority of these microglia resembled M1-
like phenotype with thick cytoplasmic process and often multinucleated with a large cell body.
In these cell types, the Fyn was localized in the nucleus (Fig. 11A-B, D). In contrast, the fyn—/—
mice did not show any Fyn staining, and the vast majority of microglia had M2-like phenotype
or alternatively activated type morphology with a small soma and thin cytoplasmic processes

(Fig. 11A). However, there was a significant increase in reactive type microglia at 4 h and 24
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h, and a marginal increase at 7 d post-SE in the fyn—/— mice was observed when compared
with the naive control (Fig. 11C). A similar pattern of Fyn staining in microglia was detected

in other parts of the brain such as the entorhinal cortex, thalamus, and amygdala (not shown).

Saracatinib post-treatment also reduced Fyn nuclear translocation and its levels in
reactive gliosis and neurons

Fyn translocation to the nucleus and its upreglation in glial cells and neurons has been
shown to regulate the transcription of proinflammatory genes (Panicker et al., 2015; Sharma
etal., 2018). Therefore, to investigate whether Fyn has any role in the maintenance of the brain
inflammation, we did fractionation studies on the hippocampal tissues at 7 d and 4 month to
investigate whether SAR prevents Fyn translocation to the nucleus or not. In our previous
studies, we observed enhanced Fyn/PKCd upregulation in non-microglia cells in the
hippocampus of Fyn"* mice (Sharma et al., 2018a). Moreover, not much is known about the
role of Fyn in glial cells in different brain regions. Therefore, in this project, we investigated
Fyn’s expression in glial cells and neurons in six different regions of the brain which includes,

DG, CA3, CAl, thalamus, ENT and amygdala.
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Fig. 12. Cytosolic and nuclear Fyn levels in the hippocampus at 7 d and 4 month during
epileptogenesis. A-E) Western Blot results of cytosolic and nucler Fyn from the hippocampal tissues
at 7 day and 4 month from the vehicle and SAR treated groups. Higher levels of Fyn was observed in
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the nucleus at 7 day (A, C) but it was reduced at 4 month post-SE (A, E). SAR treatment reduced both
cytosolic (A, B, D) and nuclear (A, C, E) Fyn levels to >50% (C, E) (*p<0.05, **p<0.01, ***p<0.001;
One way ANOVA, n=5).
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Fig. 13. Cell-specific Fyn expression in different regions of the brain during epileptogenesis. A)
IHC images of CA1 region of the hippocampus is shown with Fyn expression in different cell types.
Fyn (yellow in A, i-xv) expression in the astrocytes (green in A, i-v), microglia (red in A, vi-x) and
neurons (red in A, xi-xv). Fyn expression in reactive astrocytes (ii, iv) and microglia (vii, ix) are shown
with white arrows. B-D) Quantification and comparison of Fyn expression in reactive microglia (B),
reactive astrocytes (C) and in neurons (D) in DG, CA3, CA1, thalamus, entorhinal cortex and amygdala
at 7d and 4 month post-SE. *p<0.05, **p<0.01, ***p<0.001, Repeated measures with two way
ANOVA with Tukey post-hoc test; n=5; Scale bar, all 100 um.
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Western Blot results from the hippocampal tissue lysates revealed increased Fyn
translocation from cytosol into the nucleus at 7 day but not at 4 month post-SE (Fig. 12A-E).
Saracatinib significantly reduced Fyn levels in the cytosol and also prevented its nuclear
translocation at both time-points (Fig. 12A-E). IHC results from the reactive microglia (M1-
like microglia) and astrocytes (Al-like astrocytes) revealed increased Fyn expression in CA3
and CA1 region of the hippocampus in the vehicle treated group when compared to the controls
(Fig. 13B-C). Overall, Fyn was not much upregulated in other regions of the brain such as DG,
thalamus, entorhinal cortex and amygdala compared to hippocampus, except in DG and
amygdala in reactive astrocytes at 4 month post-SE (Fig. 13C). Interestingly, Fyn levels in
neurons were equally higher in all the regions of the brain, especially at 4 month (Fig. 13D),
but they were lower in CA3 and CA1 when compared to its levels in reactive microglia and
astrocytes. Only a few studies have reported the role of Fyn in thalamus and amygdala in the
development of thalamic networks and the regulation of behavior and the formation of
contextual memories in the entorhinal cortex (Ge et al., 2017; Ross et al., 1988; Yagi, 1994).
To our knowledge, none of the reports have discussed its role in the pathological conditions in
these regions. In neurons, Fyn is responsible for the initiation of amygdala kindling but is not
required for the maintenance of kindling (Cain et al., 1995). Post-treatment with saracatinib
reduced Fyn levels in reactive glia and neurons in most of the brain regions at both the time-
points. The suppression was maximum in reactive microglia in CA1 at 7 d and 4 month, in

reactive astrocytes in DG and CA1 and in neurons of the entorhinal cortex at 4 month post-SE.
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Saracatinib post-treatment reduced phosphorylated Src, INOS and 3-NT levels in the
hippocampus

Since Fyn phosphorylation at tyrosine residue 416 is important for its activation and
translocation to the nucleus, we investigated whether saracatinib post-treatment has any effect
on Fyn phosphorylation or not. Fyn phosphorylation (pSrc-416) was increased to more than
50% in the vehicle-treated group at both the time-points when compared to the control (Fig.
14A-B). Saracatinib treatment significantly reduced SE-induced upregulation of pSrc-416 by
about two-folds when compared to the vehicle (Fig. 14A-B) suggesting a potential role of
saracatinib in preventing Fyn activation and nuclear translocation.
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Fig. 14. SAR reduced SFK phosphorylation at Y416 and nitrosative stress in the hippocampus.
Phosphorylated Src-416, iNOS and 3-NT levels in the hippocampus at 7 d and 4 month post-SE (A-F).
Repeated low doses of kainate induced the activation of SFK at tyrosine 416 (A, B) and resulted in its
activation and nuclear translocation. Fyn activation has been known to initiate the transcription of iNOS
and post-translational modification or nitrosylation of proteins. pSrc-416 (A, B), iNOS (C, D) and 3-
NT (E, F) WB analysis confirmed high levels of these proteins in the hippocampus of the vehicle group
at both time-points when compared to the controls, while SAR treatment reduced their levels to about
> 50% compared to the vehicle (A-F) *p<0.05, **p<0.01, ***p<0.001; One way ANOVA, n=5.
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Recent studies on immune cells such as microglia and macrophages and on astrocytic
cultures have shown the regulatory role of Fyn in modulating iNOS activity (Gallego et al.,
2011; Ko et al., 2018). Activation of Src, through stress-associated glucocorticoid receptors,
have also been shown to mediate iNOS phosphorylation in breast cancer and promote
tumourigenesis (Flaherty et al., 2017). In this study, we showed increased levels of iNOS in
the hippocampus at 7 d and 4 month after kainate induced SE (Fig. 14C-D). Saracatinib
reduced iNOS levels by two-folds suggesting the potential role of Fyn in regulating iNOS in
the brain during pathological conditions. High production of iNOS can produce increased
amounts of peroxynitrites through the interaction of superoxides with NO. This generates
higher oxides of nitrogen dioxide causing nitration of proteins generating 3-nitrotyrosine
(Puttachary et al., 2015a; Syslova et al., 2014). Like iNOS, 3-NT levels were also upregulated
in the vehicle group at these time-points (Fig. 14E-F). This may suggest the iNOS mediated
upregulation of 3-NT in the hippocampus which continues to persist over the period of 4
months after the initial insult. After the pharmacological inhibition of SFK, 3-NT levels were
significantly reduced at 7 d and were also downregulated, although not significantly, at 4

month of post insult (Fig. 14E-F).

SE significantly increased naive and phosphorylated PKCad levels in the hippocampus of
fyn+/+ mice when compared to fyn—/— mice

It was known that phosphorylated SFK (pSrc-416) activates PKCd and translocates to
the nucleus of microglia in cell culture and animal models of PD (Panicker et al., 2015;
Saminathan et al., 2011). Therefore, we speculated that a similar mechanism may exist in the

kainate model of epileptogenesis. In the fyn+/+ mice, the Western blot analysis of proteins
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from the hippocampus revealed a significant increase in both the naive full-length PKC8 and
phosphorylated PKC6 (pPKCd-507) at 4 h, 24 h, and 7 d post-SE when compared with the

control (Fig. 15A-D).
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Fig. 15. The PKCod (cytosolic and nuclear), and pPKCod-507 protein levels in the hippocampus
during epileptogenesis. A—D): The Western blot analysis showed a significant increase in both the
cytosolic and nuclear PKC3 levels, and also pPKC39, in fyn+/+ at all the time points compared to the
control. The cytosolic PKCo levels were relatively decreased at 7 d post-SE, but the nuclear PKCd
levels remained at the same levels at all the time points. In fyn—/— mice, the cytosolic PKC$ levels were
increased significantly at all time points, while pPKCos-507 levels were increased significantly at 24 h
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and 7 d when compared to the control. However, their levels were significantly lower than the levels
observed in fyn+/+ mice (*p < 0.05, **p < 0.01, ***p < 0.001). Nuclear translocation of PKC$ in
fyn—/— was marginally increased, but this increase was much lower when compared to fyn+/+ mice. E—-
F): Immunohistochemistry images of CA1 region of the hippocampus showing PKC56 (green or yellow)
immunoreactivity in the M1-like microglia (red). In the fyn+/+ mice, there were significant increase in
the numbers of both cytoplasmic and nuclear PKCo immunoreactive microglia at all time points when
compared to the control. In fyn—/— mice, there was a significant reduction in their numbers, at all time
points, in both the nuclei and cytoplasm (and also the intensity of staining) of the M1-like microglia
when compared to fyn+/+ mice (¥*p <0.01, **p <0.01, ***p <0.001). A high power view of the images
show intense PKC$ staining in the nucleus and cytoplasm of M1-like microglia in fyn+/+ and fyn—/—
mice (E—v, x). One way ANOVA, *p <0.05, **p <0.01, ***p <0.001; n = 5-6. Scale bar, 100 pm.

Since pSrc-416 levels were detected in fyn—/— mice, we also observed an increase in
the levels of both full-length PKC6 and pPKCgs-507 at all-time points. Further analysis of the
nuclear fractions from the hippocampus, revealed a significant increase in PKC5 levels in the
fyn+/+ mice, but not in the fyn—/— mice (Fig. 15C). In concurrence with the Western blot
results, IHC of the brain sections revealed a significant increase in both the numbers of PKCo
positive microglia as well as increase in intensity of staining in the nuclei of the reactive
microglia in the hippocampus at 4 h, 24 h, and 7 d time points (Fig. 15E—F) in the fyn+/+ mice.
In the fyn—/— mice, there was a marginal increase in microglial cytoplasmic PKC6 over time,

but there was no significant increase in the nuclear PKCo (Fig. 15E-F).

Saracatinib reduced PKCd nuclear translocation and its levels in reactive gliosis and
neurons

Phosphorylation of Fyn either directly translocates to the nucleus or activates and
phosphorylates PKCS at tyrosine 311 (Panicker et al., 2015). Phosphoryation of PKCS
stimulates MAP kinase that results in NFkB translocation into the nucleus transcribing
activation of proinflammatory genes and iNOS (Panicker et al., 2015; Sharma et al., 2018).

PKC5 translocation into the nucleus and its upreglation in glial cells and neurons has also been
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shown to regulate the transcription of proinflammatory genes (Panicker et al., 2015; Sharma
et al., 2018). Also, PKCd phospshorylation and cleavage is essential for the production and
generation of reactive oxygen and nitrogen species (Panicker et al., 2015; Sharma et al., 2018).
The fractionation studies on hippocampal tissue lysates, similar to Fyn, were conducted to
investigate whether PKCS translocates to the nucleus or not. We also investigated the
expression of PKCd in microglia, astrocytes and neurons, similar to Fyn, in DG, CA3 and CA1

of hippocampus, thalamus, entorhinal cortex and amygdala.
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Fig. 16. Cytosolic and nuclear Fyn levels in the hippocampus at 7 d and 4 month during
epileptogenesis. A-E) Western Blot results of cytosolic and nucler PKC6 from the hippocampal tissues
between vehicle and SAR treated groups at 7 day and 4 month post-SE. Increased levels of cytosolic
and nuclear PKCS was observed at both 7 d and 4 month post-SE in the vehicle group compared to the
control. PKCd nuclear translocation increased to two-folds by 7 d (A, C) and reduced to almost half by
4 month post-SE (A, E). This may suggest that PKC3 is involed in the early progression of the disease
but may not be involved in the late maintenanace of the disease. SAR treatment significantly reduced
cytosolic PKCs (A, B, D), and also nuclear PKCs (A, C) to >90% by 7 d and mildly by 4 month post-
SE (A, E) which suggests its protective role during epileptogenesis and in epilepsy (*p<0.05, **p<0.01,
**%p<(0.001; One way ANOVA, n=5).
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Fig. 17. PKCo levels in the hippocampus, thalamus, entorhinal cortex and amygdala during
epileptogenesis and epilepsy. A) IHC images of CA3 region of the hippocampus is shown with PKCd
expression in different cell types. PKCo (yellow in A, i-xv) expression in the astrocytes (green in A, i-
v), microglia (red in A, vi-x) and neurons (red in A, xi-xv). PKC3 expression in reactive astrocytes (ii,
iv) and microglia (vii, ix) is shown with white arrows. B-D) Quantification and comparison of PKCd
expression in reactive microglia (B), reactive astrocytes (C) and in neurons (D) of DG, CA3, CAl,
thalamus, entorhinal cortex and amygdala at 7d and 4 month post-SE. *p<0.05, **p<0.01, ***p<0.001,
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Western Blot results from the hippocampal tissue lysates revealed increased PKCS
translocation into the nucleus at 7 day, and the trnslocation was reduced to half by 4 month
post-SE (Fig. 16A-E). SFK inhibitor saracatinib significantly reduced PKCS levels in the
cytosol at 7 d and 4 month and >90% in the nucleus at 7 d (Fig. 16C). PKC3 levels were
marginally reduced at 4 month post-SE (Fig. 16E). IHC results from M]1-like microglia
revealed increased PKCS expression in CA3, CAl and thalamus and in DG at 4 month in the
vehicle treated group when compared to the control (Fig. 17A). In reactive astrocytes, PKCS
levels were higher in CA3 and CAl. In entorhinal cortex and amygdala, PKCS levels were
consistently lower in reactive glia. Interestingly, PKC9 levels in neurons were very high in all
the regions of the brain at both time-points (Fig. 17D) when compared to its levels in reactive
microglia and astrocytes. Highest PKCd levels were observed in CA3, CAl, entorhinal cortex
and amygdala at 4 month and in thalamus at 7 d post-SE. Post-treatment with saracatinib
reduced PKC9 in these cells in most of the regions. The suppression was maximum in reactive
microglia in thalamus at both the time-points, in reactive astrocytes in CA3 and in the neurons

of CA1 at 4 month post-SE (Fig. 17B-D).

SE significantly increased caspase-3 and cleaved caspase-3 levels in the hippocampus of
fyn+/+ mice when compared to fyn—/— mice

The PKC3 is cleaved by caspase-3 to cause neuronal death (Kaul et al., 2003; Kato et
al., 2009; Kitazawa et al., 2005), therefore we tested the caspase-3 and cleaved caspase-3 levels

in the hippocampus.
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Fig. 18. The caspase-3 and cleaved caspase-3 levels in the hippocampus of fyn+/+ and fyn—/— mice
during epileptogenesis. In both groups, the caspase-3 levels were significantly increased at all time
points. B) At 4 h and 24 h, the caspase-3 levels were significantly lower in fyn—/— in contrast to the
fyn+/+ mice. C) The cleaved caspase-3 levels also significantly increased at all time points in fyn+/+
when compared to the control, and when compared to the fyn—/— mice, except at 7 d postSE. In fyn—/—
mice, cleaved caspase-3 levels also increased over time compared to the control, but their levels were
significantly lower in fyn+/+ mice at 4 h and 24 h time points. One way ANOVA, *p < 0.05, **p <
0.01, ***p <0.001; n = 5-6.

There was an increase in the caspase-3 and cleaved caspase-3 levels at all time points in both
fyn+/+ and fyn—/— mice groups when compared with the respective controls (Fig. 18A—C).
However, in the fyn—/— mice, the caspase-3 and cleaved caspase-3 levels were significantly

lower at 4 h and 24 h post-SE when compared with the fyn+/+ mice (Fig. 18A-C).

Key proinflammatory cytokine profile during epileptogenesis in fyn+/+ and
fyn—/— mice It has been demonstrated that PKCo translocation to the nucleus initiates
transcription of proinflammatory cytokines and iNOS in M1- like microglia (Bujor et al., 2011;
Gordon et al., 2016). Since we found the PKCo translocation to the nucleus in microglia, which

also had MI- like phenotype (large cell body, thick cytoplasmic process), we further
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investigated whether it has an effect on proinflammatory cytokines in the hippocampus and

serum.
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Fig. 19. TNF-a, IL-1p, and iNOS mRNA expression levels in the hippocampus, and serum IL-6
and IL-12 levels in fyn+/+ and fyn—/— mice during epileptogenesis. A—C): In fyn+/+ mice, the TNF-
a mRNA levels were significantly increased at all the time points, while the IL-1p mRNA levels were
increased at 24 h and 7 d post-SE when compared to the controls. In fyn—/— mice, the TNF-o mRNA
levels were significantly reduced at all time points, and IL-1p levels at 24 h post-SE when compared to
the fyn+/+ mice. *p <0.05, **p <0.01, ***p <0.001; n = 5-6. The iNOS mRNA levels were increased
at all time points in fyn+/+ mice when compared to the control, especially at 4 h post-SE, while its
levels did not change significantly in fyn—/— mice when compared to the control. However, there was
a significant reduction in mRNA levels at 7 d post-SE when compared between fyn+/+ and fyn—/—
mice. D-E): The serum IL-6 and IL-12 levels were significantly higher, except IL-12 at 7 d post-SE, in
fyn+/+ mice when compared to the controls at all time points. In fyn—/— mice, the IL-6 levels were
marginally increased at 24 h, while the IL-12 levels were significantly higher at all time points when
compared to the controls. When their levels were compared between the groups at various time points,
there was a reduction in the IL-6 levels at 4 h and 24 h post-SE, but there were no significant differences
in IL-12 levels between the groups. One way ANOVA, *p <0.05, **p <0.01, ***p <0.001; n= 5-6.

We utilized quantitative RT-PCR for mRNA assay for the hippocampus and multiplex
cytokine assay for the serum. We found an increase in the TNF-a, IL-1B, and iNOS mRNA
levels in the fyn+/+ mice when compared to the control at 4 h, 24 h, and 7 d time points (Fig.
19A—C). In the fyn—/— mice, the IL-1p mRNA was significantly increased at 7 d, and TNF-a

mRNA at 24 h post-SE, however iNOS mRNA expression levels did not change significantly
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(Fig. 19A—C). However, when compared between the groups, the TNF-a expression was
significantly higher at all the time points, while the IL1p at 24 h and the iNOS at 7 d post-SE.
Multiplex cytokine assay of the serum revealed a significant increase of both IL-6 and IL-12
levels at all the time points in the fyn+/+ mice when compared with the control (Fig. 19D-E).
Interestingly, in the fyn—/— mice, the IL-12 levels were upregulated at all time points, but the
IL-6 levels were marginally increased at 24 h post-SE (Fig. 19D—E). When their levels were
compared between the groups, IL-6 levels, but not IL-12, were significantly reduced in the
fyn—/— mice when compared to the fyn+/+ mice at 4 h and 24 h post-SE (Fig. 19D-E). Other

cytokines mRNA or proteins levels were undetectable at all three time points.

Saracatinib reduced proinflammatory cytokines during epileptogenesis

TNFa and IL-1p are the key regulators of inflammation in the brain. IL-1 regulated
NR2B subunit activation of NMDA receptors through SFKs are known to play an important
role in glutamate-mediated neurotoxicity (Viviani et al., 2013). Moreover, SFK-stimulated
TNFa production generates superoxides that results in tissue damage possibly through
neutrophil recruitment and increased nitric oxide signaling in the immune cells (Leu et al.,
2006; Xing et al., 2001; Yan and Novak, 1999). Therefore, we further investigated
proinflammatory cytokine gene expression (QRT-PCR) in the hippocampal tissues, and also
assayed the serum using ELISA. All the cytokines increased significantly in the serum of the
epileptic animals at both the time-points, except IL-1f at 4 month post-SE, when compared to
the controls. Among these cytokines, TNFa levels were the highest while IL-1p were the
lowest in the vehicle group. At 4 month post-SE, all the cytokines reduced to almost half

compared to their levels at 7 d (Fig. 13A, D).
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Fig. 20. Proinflammatory cytokines and gene expression in the rat hippocampus and serum
during epileptogenesis. A-D) Proinflammatory cytokines were detected in the serum of vehicle and
SAR treated rats using ELISA. All the cytokines in the vehicle group were increased at both time-
points, except IL-1p at 4 month, when compared to the controls. Among these cytokines, TNFa levels
were the highest (A) while IL-1f (D) were the lowest in the vehicle group. About 50% decrease in the
cytokine levels were observed in the vehicle group by 4 month compared to 7 d. SAR treatment reduced
all the cytokine levels but had little or no effect on IL-6 and IL-1f at 4 month post-SE. E-G) The mRNA
gene expression pattern of proinflammatory genes was slightly similar to that observed in the serum.
The expression of all the proinflammatory genes were increased in the vehicle group at both the time-
points, except IL-1p at 4 month, when compared to controls. Of the three proinflamamtory genes
investigated, TNFa expression was the highest (F) while iNOS expression was the lowest (E) in the
vehicle group, and their expression was reduced to about > 50% by 4 month post-SE (E-G). SAR
treatment significantly suppressed TNFa, IL-1p and iNOS expression at 7 d and also at 4 month, but
this difference was not significant. One way ANOVA, *p < 0.05, **p <0.01, ***p <0.001; n = 5.

Saracatinib treatment significantly reduced these cytokines in the serum at both the time-
points. The maximum reduction (more than two-fold) was observed with TNFo and IL-12 at
4 month and IL-1p at 7 d post-SE.

The role of Fyn and PKC$ in regulating the transcription of proinflammatory genes and
iNOS has already been well described (Panicker et al., 2015; Sharma et al., 2018a). Therefore,

we further investigated the mRNA gene expression of two proinflammatiry cytokines, TNFa
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and IL-1B, and iNOS in the hippocampal tissues using quantitative real-time PCR. The gene
expression of TNFa, IL-1 and iNOS increased in the vehicle group, at both the time-points,
when compared to the controls, except IL-13 where no change was observed at 4 month post-
SE. Moreover, similar to serum proinflammatory levels, the expression of cytokines TNFa and
IL-1pB and iNOS reduced to half by 4 month when compared to 7 d (Fig. 20E-G). Saracatinib
treatment suppressed the expression of these cytokines and iNOS, except IL-1f at 4 month.
The maximum suppression was observed with iNOS expression at 7 d. These results suggest
that the increased expression of Fyn and PKCS might be responsible for the upregulation of
proinflammatory cytokines at early time-point (7 day) and partially at later time-point (4
month). Therefore, it is possible that other proinflammatory factors/events might be involved

in regulating epileptogenesis at later time-points.

The saracatinib post-treatment reversed oxidant and anti-oxidant levels during
epileptogenesis

Disabling the Fyn kinase, either by pretreatment with saracatinib or Fyn KO, prior to
SE induction impacts the initial severity of SE and thus compromises the epileptogenic events.
Therefore, we tested whether saracatinib treatment altered the levels of oxidants such as nitrite
and reactive oxygen species (ROS) and anti-oxidant glutathione (GSH) during epileptogenesis.
The Griess assay for nitrite estimation, ROS for measuring the presence of total free radical

and GSH for total GSH concentration were performed on the serum.
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Fig. 21. Saracatinib post-treatment reduced nitrite and ROS and increased glutathione levels in
the serum. Griess and ROS assays were performed to determine the amount of nitrites and total reactive
oxygen and nitrogen species in the serum of epileptic rats. Kainate treatment increased nitrite and ROS
levels in the vehicle at both time-points compared to controls (A, C). However, ROS levels decreased
to > 50% in vehicle at 4 month post-SE (C) whereas nitrite did not change (A). Anti-oxidant glutathione
was reduced at both 7 d (not significant) and 4 month in vehicle when compared to controls (B). SAR
post treatment reduced nitrite levels at 7d, ROS at both 7 d and 4 month and restored glutathione at 7 d
post-SE. One way ANOVA, *p < 0.05, **p <0.01, ***p < 0.001; n= 5-6. Scale bar, all 100 pm.

Nitrite and ROS levels were significantly higher in the vehicle treated group at 7 d
when compared to the controls. Similar increase in these oxidants was observed at 4 month but
the increase was not significant. ROS were decreased to two-folds at 4 month in the vehicle
group but nitrite levels were unchanged (Fig. 21A, C). Saracatinib post-treatment mitigated
oxidant levels to almost two folds by 7 d and 4 month but had no effect on the nitrite levels at
4 month post-SE (Fig. 21 A). Anti-oxidant glutathione helps the cell from the damage from the
oxidative stress by neutralizing reactive oxygen and nitrogen species and helps the cell with
their metabolic and biochemical functions (Kidd, 1997; Lobo et al., 2010; Singh, 2002). The
production of proinflammatory mediators after kainate induction may destabilize the balance
between oxidants and anti-oxidants producing higher amounts of highly reactive species.
Therefore, we performed glutathione assay to measure whether anti-oxidant glutathione levels
are affected during epileptogenesis or not and whether saracatinib treatment recovered their

levels. We observed that kainate treatment decreased GSH in the serum at 7 d and 4 month
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compared to the control, and saracatinib post-treatment restored its levels (Fig. 21B), especially

at 7 d suggesting its protective role against oxidative damage during epileptogenesis.

Nitro-oxidative stress markers in the hippocampus in fyn+/+ and fyn—/— mice, and the
impact of saracatinib post-treatment during epileptogenesis

Phosphorylated PKCS activates p47°, the cytosolic subunit of NOX2, which forms a
functional complex with the membrane associated gp91P"** to activate NOX2 signaling
pathway and drives ROS and RNS production (Bedard and Krause, 2007; Fontayne et al.,
2002). In this study, we quantified nitro-oxidative stress markers; gp91°"*, 4- HNE, and 3-NT

levels from the hippocampus by employing IHC and WB methods.
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Fig. 22. ITHC & Western blot analysis of 4-HNE, gp91°"** and 3-NT in the hippocampus of fyn+/+
and fyn—/— mice and SAR/vehicle-treated Sprague Dawley rats during epileptogenesis. A—D, H-
K) Increased levels 4-HNE and gp91P"* were observed in the hippocampus at all the time points, in
both groups (except at 7 d for 4-HNE in fyn—/—), when compared to their respective controls. The 3-
NT levels were also increased at all the time points in both fyn—/— and fyn+/+ mice when compared to
their respective controls. At 24 h and 7 d post-SE, 4-HNE, gp91°™* and 3-NT levels were significantly
reduced in fyn—/— mice in contrast to fyn+/+ mice. *p < 0.05, **p < 0.01, ***p <0.001; n = 5-6.
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Fig. 22 continued. E): Immunohistochemistry images of CA3 region of the hippocampus showing the
4-HNE and gp91P"* immunoreactive cells [IBA1 (red) and DAPI (blue) in all panels; 4-HNE
(green/yellow) in panels 1) to viii) in ‘E” and i) to v) in ‘L’ and gp91°"* (green/ yellow) in panels ix) to
xvi) in ‘E’ and vi) to x) in ‘L’). Scale bar, all 100 pm. F-G, M-N): Cell quantification. The IBA1
positive microglial processes that were in close proximity to the pyramidal cell membranes in the CA3
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region were counted. The 4-HNE and gp91°"* immunopositive cells were increased at all time points
in fyn+/+ mice and Sprague Dawley rats compared to the control. The maximum increase was observed
at 24 h post-SE in fynt/+ mice (F, G) and at 7 d and 4 month in CA3 and CA1 of hippocampus in
Sprague Dawley rats (M, N). A significant reduction was observed in the gp91P™* positive microglia,
but not the 4-HNE, at 7 d post-SE in fyn—/— when compared to fyn+/+mice. In fyn—/— mice, there was
a significant increase in both 4-HNE and gp91P"* positive cells at all time point, except at 7 d, compared
to controls. In rats, low levels of 4-HNE and gp91P"** immunopositive reactive microglia were observed
in thalamus, entorhinal cortex and amygdala (M, N). The levels of these stress markers were
significantly lower in M1 like microglia in SAR group in most of the regions of brain. One way
ANOVA, *p <0.05, **p <0.01, ***p <0.001; n = 5-6. Scale bar, all 100 um.

The 4-HNE and gp91°"* levels were significantly increased at 24 h and 7 d in the
fyn+/+ mice (Fig. 22A-B) and at 7d and 4 month in Sprague Dawley rats (Fig. 22H-K)), while
gp91phox and 3-NT levels were upregulated in both fyn+/+ and fyn—/— mice at all time points
when compared with their respective controls (Fig. 22A-D). All three markers were
significantly decreased at 24 h and 7 d post-SE in the fyn—/— mice when compared with the
fyn+/+ mice and at 7 d and 4 month in saracatinib group when compared to KA group (Fig.
22A-D, H-K). At cellular level, their expression was predominantly in the microglia (Fig. 22E-
G, L-N), however, neurons and a few astrocytes were also immunoreactive to these markers
(data not shown). When compared between the groups at 24 h and 7 d post-SE in mice and at
7 d and 4 month in rats, we observed a large number of gp91P"°* containing reactive microglia
in the hippocampus in the fyn+/+ mice and in rats (Fig. 22E, M-N). Their numbers significantly
reduced in the fyn—/— mice and after saracatinib treatment (Fig. 22G, N). Likewise, the
numbers of 4-HNE and 3-NT positive neurons were also changed between the groups in the

entorhinal cortex, amygdala, and the thalamus (data not shown).
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The FJB positive neurons increased in the hippocampus and other regions during
epileptogenesis in both fyn+/+ and fyn—/— mice and Sprague Dawly rats

Having observed increased levels of nitro-oxidative stress markers, proinflammatory
cytokines, cleaved caspase-3, and increased expression of Fyn and PKC$ levels in microglia
and other cells of the hippocampus and other regions during epileptogenesis, we were
interested to find out the extent of neurodegeneration in the hippocampus and other brain

regions. We confirmed this by staining the brain sections with FJB and NeuN.
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Fig. 23. Neurodegeneration. FJB-NeuN co-staining in CA3 (A) and FJB positive cells in CA1 (C)
region of hippocampus. FIB positive cells (yellow in A,B and green in C) were observed in the
neurons (red) of the pyramidal cell layer of CA3 (A) in both fyn+/+ and fyn—/— mice and CAl (C)
region of hippocampus at all time points. The maximum neurodegeneration was observed in CA3 and
hilus in both the groups at 24 h post-SE (A, iii and vii, and B) and also in CA3 and CA1 of hippocampus
and thalamus in rats at 7 d and 4 month (D). A significant difference in the number of FIB positive
cells was observed in the DG and in other areas of the brain at all time points in fyn+/+ and fyn—/— and
rats when compared to their respective controls. Higher number of FIB positive cells were observed at
24 h post-SE in fynt/+ in CA3 (A, iii) but they were reduced at 7 d post-SE. Similar results were
observed in fyn—/— where the neurodegeneration was diminished at 7 d post-SE compared to other time
points. In fyn—/— mice, there was increased neurodegeneration in pyramidal layer of CA3 (A, viii) but
this was significantly lower compared to fyn+/+ mice. In rats, fewer number of FIB positive cells were
observed in the entorhinal cortex and amygdala (D). Maximum effect of SAR was observed in CA3
and CA1 at 7 d and 4 month and thalamus at 4 month post-SE, where the maximum suppression was
observed (D). Overall, neurodegeneration was reduced in fyn—/— compared to fyn+/+ especially at 24
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h and 7 d post-SE and in all areas of hippocampus and also in SAR group at all time points. One way
ANOVA, *p <0.05, **p <0.01, ***p <0.001; n = 5-6. Scale bar, all 100 um.

There were significantly more numbers of degenerating neurons in the hippocampus at all time
points in both groups when compared to their respective controls (Fig. 23A-D). This suggests
that Fyn alone has little impact on neurodegeneration during epileptogenesis. FIB positive cells
were also observed in higher numbers in thalamus at 7 d and 4 month and also in entorhinal
cortex and amygdala at 4 month (Fig. 23D). Although the numbers of FJB positive neurons
decreased at 7 d post-SE in both groups in mice, overall they were significantly lower in fyn—/—
mice at 24 h post-SE in CA3 region of the hippocampus and the dentate gyrus when compared
with the fyn+/+ mice (Fig. 23B). Saracatinib treatment reduced the number of FJB positive

cells in all the regions at both time-points, except at 7 d in amygdala (Fig. 23D).

Discussion

In the present study, we provide evidence for the role of Fyn-PKCd signaling as a novel
mechanism of microglial activation during epileptogenesis in the kainate model of TLE. The
role of neuronal Fyn in synaptic transmission and plasticity, LTP, epileptiform activity,
neurodevelopment, and ischemic brain injury have been well known (Kaufman et al., 2015;
Kojima et al., 1998; Lu et al., 1999; Nakazawa et al., 2001; Nygaard et al., 2014). However,
its role in neuroinflammation-mediated epileptogenesis is unknown. We demonstrate that the
Fyn upregulation occurs in the microglia, astrocytes and in the neurons of the hilus of dentate
gyrus, CA3 and CA1l of hippocampus, thalamus, entorhinal cortex and amgdala during
epileptogenesis. For the first time we demonstrate the role of Fyn and PKCo in reactive
microglia, astrocytes and neurons and their impact on proinflammatory cytokines, nitro-

oxidative stress biomarkers, and neurodegeneration in the mouse and rat kainate model of TLE.
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Furthermore, a continuous (24/7) video-EEG monitoring provided real-time evidence for
epileptiform spiking and spontaneous seizure occurrence as functional readouts for the
assessment of the lack of fyn gene during SE and epileptogenesis, and the impact of inhibiting
Fyn function during post-SE on epileptogenesis. As a proof-of-concept for translational
purpose, a pharmacological inhibitor of the SFK, saracatinib was tested in the mouse and rat
models of TLE to demonstrate its anti-seizure and antiepileptogenic or disease modifying
properties.

The targeted deletion of Fyn showed resistance or slower rate of epileptogenesis (Cain
et al., 1995; Kojima et al., 1998). In transgenic mice, overexpressing a constitutively active
form of Fyn showed decreased seizure threshold and higher mortality (Kojima et al., 1998). In
our study, a SHD of kainate (25 mg/kg) caused 80% mortality in fyn+/ + mice. These mice are
normal wildtype bred on a similar genetic background as fyn—/—mice, and they do not
overexpress Fyn. The RLD method of SE induction with kainate (Tse et al., 2014) reduced
mortality during the SE in both fyn+/+ and fyn—/— groups. However, in fyn—/— mice, mortality
was higher after the diazepam administration (Fig. 2G), which could be due to abnormal
GABAA receptor activity in the absence of Fyn kinase (Boehm, 2004; Jurd et al., 2010; Knox
and Jiang, 2015; Lu et al., 1999). It has been shown that Fyn deletion can cause abnormal
GABAergic synaptic transmission resulting in behavioral, functional, and developmental
abnormalities in different brain regions (Knox and Jiang, 2015). However, the extent of
morphological abnormality in the hippocampus and functional deficits in the fyn KO mice
depend on strains/genetic background (Grant et al., 1992; Kojima et al., 1998; Lu et al., 1999).
The fyn—/— mice developed on C57BL/6J and Balb-c background, used in this study, did not

show morphological changes in the hippocampus. In contrast, fyn—/— mice bred on C57BL/ 6J
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x S§129 background showed varying degree of hydrocephalus (unpublished). The increased
mortality in the fyn—/— mice in this study could also be due to the residual effects of kainate in
the brain. The RLD method of kainate administration was chosen with the intention of
achieving severe SE and to reduce mortality. It is important to note that the kainate levels
persisted in the hippocampus for > 24 h (unpublished). It is likely that the first dose of kainate
increases the BBB permeability (Puttachary et al., 2016b), which allows large quantities of
kainate into the brain with subsequent dosing. It has been shown that RLD of kainate induces
mGIluRS5 receptor expression in astrocytes (Umpierre et al., 2016), which could impact synaptic
function. The mGIuRS is also associated with Fyn signaling (Nygaard et al., 2014), and it
facilitates both ionotropic glutamate and GABAA receptors at central synapses (Xiao et al.,
2006). Therefore, the activation of the receptors in the absence of Fyn may have a different
outcome such as the diazepam-induced death in this study.

The chemoconvulsant-induced SE leads to the development of epilepsy (Buckmaster,
2004; Puttachary et al., 2016b; Williams et al., 2009). The most common features of
epileptogenesis are increased epileptiform spike rate, reactive gliosis, neurodegeneration, and
altered synaptic plasticity (Han et al., 2016; Puttachary et al., 2016a; Rattka et al., 2013; Robel
et al., 2015; Sutula, 2004; White et al., 2010). It is still unclear which of these processes starts
first, and which cell types play critical role at different stages of epileptogenesis. The role of
both GABAA and NMDA receptors in the onset of acute seizures has been well known, and
several AEDs have been discovered to modulate these receptors to prevent seizure onset
(Bialer and White, 2010; Loscher, 2002; Rogawaski and Loscher, 2004; Schmidt, 2009). These
receptors' activity at the postsynaptic terminal can also be modified by the signaling molecules

associated with the PSD, for example, PSD-95, SFK including Fyn, neuronal NOS, tau, and
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several other molecules. The role of NMDAR in pyramidal neuronal excitation during SE and
epileptogenesis has been well described in several experimental models of epilepsy
(Dingledine et al., 1990; Gataullina et al., 2017; Ghasemi and Schachter, 2011; Moussa et al.,
2001; Naylor et al., 2013; Rice and DeLorenzo, 1998). Studies have shown an increased SFK
mediated tyrosine phosphorylation of NMDAR complexes after experimentally induced
seizures in animals (Kojima et al., 1998; Moussa et al., 2001; Nakazawa et al., 2001; Salter
and Kalia, 2004; Zheng et al., 1998). The role of neuronal Fyn in modulating GABAA and
NMDA receptor function is well known (Cain et al., 1995; Knox and Jiang, 2015; Lu et al.,
1999; Kojima et al., 1998). Neuronal Fyn involvement in normal amygdala kindling has also
been known for more than two decades (Cain et al., 1995). However, Fyn is not required for
maintenance of kindling implying that neuronal Fyn may be limited to acute seizure onset. Our
results from Fyn/SFK inhibitor, saracatinib pretreatment experiment in the mouse kainate
model of acute seizures confirm that disabling Fyn/SFK prior to SE induction dampens the
severity of seizures (Fig. 1A—B). IHC of brain sections from the wildtype control animals that
had severe SE confirmed that Fyn was mildly upregulated in the excitatory pyramidal neurons
of the hippocampus in mice, but highly in the hilar neurons of the dentate gyrus at 4 h, 24 h
and 7 d post-SE (Fig. I0E—F). It has been known that the neurons in the hilus of dentate gyrus
contain GABA, calbindin, somatostatin, neuropeptide-Y, cholecystokinin, and parvalbumin
(Hofmann et al., 2016; Houser, 2007; Long et al., 2011; Marx et al., 2013; Megahed et al.,
2015; Sik et al., 1997; Sun et al., 2007; Sundstrom et al., 2001). SE has been known to cause
the loss of such inhibitory neurons in the hilus (Hofmann et al., 2016; Long et al., 2011; Marx
et al., 2013; Pitkanen et al., 2007; Sun et al., 2007). The flurojade B and NeuN co-staining

confirmed a significant increase in the FJB/NeuN positive neurons in the hilus of dentate gyrus
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(Fig. 23) suggesting that the loss of inhibitory neurons during post-SE partly contributes to
epileptogenesis.

The role of microglia in epileptogenesis and the time of their activation following SE
is intriguing. Earlier studies, based on morphology, have reported that microglia become
reactive after 24-36 h post-SE in animal models (Andersson et al., 1991; Avignone et al., 2008;
Beamer et al., 2012; Sabilallah et al., 2016). However, the two-photon real-time brain imaging,
in vivo, has revealed that the microglia become activated in < 30 min of post-insult and they
engage in pruning the dendritic spines and synaptic re-organization. Activated microglia also
produce trophic factors as an early protective mechanism (Parkhurst et al., 2013; Szalay et al.,
2016; Vezzani et al., 2011). The microglia are highly mobile and dynamic cells. The
chemokines and fractalkines facilitate their migration to the site of hyper-excited neurons (Eyo
et al., 2017; Harrison et al., 1998). Though the Fyn has been shown to play a role in astrocytes
and microglia migration in response to a signal from neurons (Dey et al., 2008; Stuart et al.,
2007), its role in microglial and astrocytic activation in response to seizures is unknown. Since
we found a significant increase in the Fyn and pSrc-416 levels during the early phase of
epileptogenesis, and an increase in the numbers of reactive microglia and astrocytes in the
hippocampus and other regions of the brain (Fig. 13), we speculated that Fyn also mediates
neuroinflammatory response during epileptogenesis in addition to the loss of hilar neurons in
the dentate gyrus. The microglia are resident immune cells of the brain which mediate innate
immune response (Davis and Carson, 2012; Kettenmann et al., 2011). In the peripheral immune
system, Fyn activates mast cells and lymphocytes and drives proinflammatory cytokines
production (Tamura et al., 2001; Thomas and Brugge, 1997). The hippocampus and cortex

contain a large amount of the SFK including Fyn (Salter and Kalia, 2004). Dysregulation of
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SFK in mast cells offers resistance to epileptogenesis in an epilepsy-resistant variant of mouse
originating from epilepsy-prone EL mice colony (Kitaura et al., 2006). Therefore, we
speculated that a similar mechanism may exist in the kainate model of epileptogenesis. The
Western blot and IHC analysis revealed a significant increase in nuclear Fyn and PKC3 levels
in the hippocampus at 24 h, and 7 d post-SE in the fyn+/+ mice (Figs. 4, 5, 7-11), which provide
evidence for increased Src kinase activity during epileptogenesis. As expected, Fyn was
completely absent in the fyn—/— mice, however, we observed a marginal increase in pSrc-416
levels, which may suggest a partial role of other SFK (e.g. cAbl tyrosine kinase) in
epileptogenesis. The c-Abl has been implicated in reactive microgliosis and in
neurodegeneration (Gonfloni et al., 2012; Maiani et al., 2011).

In concurrence with the Western blot results, we found a significant increase in Fyn
and PKC3 staining in nuclei of microglia in the hippocampus during epileptogenesis in fyn+/+
mice (Figs. 7G-H,J, SE-F). In a cell culture and animal model of PD, it has been shown that
phosphorylated Fyn activates PKCS in microglia, which in turn translocates to the nucleus
(Saminathan et al., 2011) and initiates transcription of proinflammatory cytokines either
directly or in association with c-Abl or NFkB signaling components (Bujor et al., 2011; Gordon
et al., 2016). It was shown that shRNA-mediated knockdown or genetic ablation of PKCJ in
primary microglia abolished inflammogens-induced proinflammatory response in microglia,
suppressed ROS and RNS production, and proinflammatory cytokines release (Gordon et al.,
2016). Phosphorylated PKC$ also activates cytoplasmic subunit of the NOX2, which forms a
functional complex with the membrane associated gp91phox to activate NOX2 signaling
pathway and drives ROS and RNS production (Bedard and Krause, 2007; Fontayne et al.,

2002; Gordon et al., 2016). In our studies, since we observed PKC9 staining in the reactive
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microglia in fyn+/+ mice reactive microglia and astrocytes and neurons and and a reduction in
seizure threshold as evident from EEG analysis, we speculated that proinflammatory cytokines
and nitro-oxidative stress markers are also upregulated. As predicted, the proinflammatory
mediators TNF-a, IL-1pB, IL-6, and IL-12 were upregulated in fyn+/+ mice and KA rats.
Likewise, the nitrooxidative stress markers such as 4-HNE, gp91phox and 3-NT levels were
also upregulated. In the fyn—/— mice and saracatinib group, their levels were significantly
reduced suggesting the proinflammatory role of Fyn in epileptogenesis. However, we found
an increase in M 1-like reactive microglia during post-SE in the fyn—/— mice, in contrast to the
control, suggesting a partial role of other signaling pathways. For example, toll-like receptor
and HMGBI, IkB kinase complex induced pathways involving Wnt signaling transduction
pathway, and cytokine signaling via JAK/STAT involving IFN-o and IFN-B in microglial
activation (Gesuete et al., 2014; Kaminska et al., 2016; Walker et al., 2017).

It has also been suggested that Fyn KO may compensate the loss of SFK protein levels
by upregulating the other members of SFK such as Yes and c-Abl (Grant et al., 1995; Lowell
et al.,, 1994). We have not tested this concept in our study. However, the pre- and post- SE
treatment regimen with saracatinib, in this study, was expected to target all members of the
SFK to achieve robust anti-seizure and antiepileptogenic effects.

Increased levels of proinflammatory cytokines and nitro-oxidative stress molecules are
known to cause neurodegeneration (Glass et al., 2010; Vezzani et al., 2011 and Vezzani et al.,
2013), altered synaptic plasticity, and decreased seizure threshold in epilepsy models (Bozzi
et al., 2011; Reddy and Kuruba, 2013). As described previously (Puttachary et al., 2016a), we
used FJB and NeuN co-staining to confirm neurodegeneration in our model. There was a

significant increase in neurodegeneration in the fyn+/+ mice and KA rat when compared to the



292

fyn—/— mice and saracatinib treated rats (Fig. 23) suggesting Fyn's contribution to
neurodegeneration during epileptogenesis. However, there was also increased
neurodegeneration in the fyn—/— mice, when compared to the control, which may suggest the
role of other SFKs and/or different mechanisms of neurodegeneration. The SFKs are known
to mediate NMDAR-mediated hyperexcitability, which could have contributed to a moderate
increase in neurodegeration in fyn—/— mice during post-SE. We did not test the compensatory
mechanism in this study. However, to test whether Fyn KO alone has any impact on the
hyperexcitability of neurons, measured by epileptiform spike rate and chronic seizures, a
continuous video-EEG recording for 28 d post-SE was undertaken. The results revealed a
significant reduction in epileptiform spiking and spontaneous NCS in the fyn—/—, in contrast
to fyn+/+ mice, confirming the partial role of Fyn in epileptogenesis. Collectively, these results
suggest that SFK is a potential target for achieving an anti-epileptogenic and/or a disease
modifying effect.

Previous studies have shown that SFK inhibitor, PP2 reduces frequency of epileptiform
discharges in the hippocampal in in vitro model (Salter and Kalia, 2004; Sanna et al., 2000).
We used saracatinib in our in vivo studies. It is more potent than other SFK inhibitors, and has
been in clinical trials for AD (Nygaard et al., 2015) and breast cancer (Gucalp et al., 2011).
Saracatinib is an anilinoquinazoline compound which has high specificity for the tyrosine
kinase domains of SFK (Hennequin et al., 2006). In these enzymes, an adenine moiety of ATP
is bound to Src kinase domains through hydrogen bond networks. This allows chlorobenzo
dioxide moiety of quinazoline compounds to sit deep inside the hydrophobic pocket of SFK
making number of hydrophobic contacts forming stronger inhibitor-enzyme complex.

Moreover, the presence of C5 position on the quinazoline ring, which fits well into enzyme's
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ribose pocket, makes them even more selective for SFK thereby increasing their binding
affinity and potency (Ballard et al., 2005; Gibson et al., 2002; Hennequin et al., 2006).
Furthermore, the SFK has enzyme residues present at the entrance of their pocket site, also
known as gatekeepers, is another potential feature for the selectivity of quinazolines as
inhibitors of SFK. In contrast to SFK, the ribose pocket in other kinases is open to wide range
of compounds that makes them less selective in nature (Hennequin et al., 2006). In our
experiments, saracatinib significantly reduced severity and duration of SE in the mouse kainate
model suggesting its seizure modulatory effect (Fig. 1). We further tested this in the rat kainate
model of TLE and observed an anti-epileptogenic effect in four rats and a reduction in the
numbers of spontaneous CS in others in contrast to the vehicle treated rats (Fig. 6-8, 9), which
all became epileptic and had > 24 spontaneous CS in a month. These results imply that SFK
play an important role in epileptogenesis and saracatinib could be a potential disease modifying
agent for epilepsy.

In conclusion, the Fyn and PKCo were upregulated in the microglia in hippocampus
during epileptogenesis. Concurrently, proinflammatory cytokines and nitro-oxidative stressors
were also upregulated to cause neurodegeneration, increased epileptiform spiking, and
electrographic NCS. These changes were significantly reduced in the fyn—/— mice and
saracatinib rats suggesting the role of Fyn in epileptogenesis. The saracatinib pretreatment
significantly reduced SE severity and the post-treatment modified epileptogenesis suggesting
its therapeutic potential in seizure modulation and modification of epileptogenesis. Further
experiments using cell specific deletion of Fyn would help reveal the direct effect of glial and

neuronal dependent neuroinflammatory processes in epileptogenesis.
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CHAPTER VI

GENERAL CONCLUSION AND FUTURE DIRECTIONS

This section describes an outline summary of the model characterization, inteventional
drugs used in the experiments, summary of the results and relevant findings for each chapter

and future directions in epilepsy research.

Kainate induced SE caused immediate epileptogenesis in C57BL/6J mice

In chapter 2, the results from C57BL/6J mice study on electrographic convulsive and
non-convusive seizure characateristics in the kainate model of Temporal Lobe Epilepsy (TLE)
are discussed. C57BL/6J mouse model as a KA model of epilepsy has been criticized for its
high mortality rate, inconsistent seizure response, and importantly, resistance to KA-induced
neurodegeneration. Therefore, we modified the model to achieve high seizure quality and
consistency between animals with less mortality through repeated low dose (RLD) method of
KA administration via intraperitoneal route for seizure induction. By means of this method,
seizures can be titrated based on their severity, i.e., mild or severe. Seizure severity is the
measure of the total time spent by an animal in convulsive status epilepticus (stage >3), during
2 hours of SE. To our knowledge, so far, there were no reports on the long-term continuous
video-EEG studies performed in the mouse model of TLE. Herein, we performed 18 week
continuous long-term EEG to study spontaneous convulsive (CS) and non-convulsive seizures
(NCS) and epileptiform spike frequency in C57BL/6J mice model. The outcome of this study
were: 1) independent of the seizure severity, animals from both mild and severe groups became
epileptic within the first week of post-SE and later showed spontaneous non-convulsive

seizures throughout the 18 week period, ii) as predicted, animals in the severe group showed
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higher number of CS compared to the mild group, and iii) the number of CS were maximum
in the first 4-6 weeks in both groups, and the frequency reduced thereafter suggesting that this
is an excellent regressive model of epilepsy with respect to CS. However, it is important to
note that this model can also serve as a chronic model of NCS.

Numerous studies have demonstrated that episodes of NCS can increase glutamate,
lactate, enolase, intracranial pressure and cerebral blood flow in the brain. Although considered
as the mild form of seizures, NCS still can cause serious brain damage if they occur persistently
over the long periods of time (Puttachary et al., 2015b and 2016b; Loscher et al., 2015;
Wagenman et al., 2014). Moreover, recent unpublished data from our lab confirms that the
first CS, which occurs after kainate-induced SE, preceeds NCS in 83% of the animals. The rest
of the animals that did not show any CS also didn’t show NCS (chapter 5, table 1 and 2). So
far, only one study has demonstrated the role of NCS in promoting CS at a later stages of
epileptogenesis. The study showed that of the 137 patients, 43% exhibited electrographic CS
seizures and 23% showed NCS. Among the ones that showed NCS, 47% developed epilepsy
(CS) at a later stage (Wagenman et al., 2014). Therefore, the significance of NCS in epilepsy
research should not be overlooked and we were the first to provide this evidence in animal
models from C57BL/6J and Fyn*" mice studies (Puttachary et al., 2015b; Sharma et al., 2018).
Our mouse model of C57BL/6J has several advantages over the other rodent models of
epilepsy. This model can be useful for 1) testing the efficacy of novel investigational drug
(NID) candidates to suppress CS in short term studies (four weeks), 2) testing the efficacy of
NIDs against NCS in long-term studies, and 3) providing early window of opportunity to

test/screen compounds thus reducing the cost and duration of the experiments.



307

The hallmarks of kainate-induced epileptogenesis: Immunohistochemical and behavioral

analyses

Since we observed greater CS frequency during the first month of post-SE in both mild
and severe models of TLE, in chapter 3, the consequences or cause of such occurrence of
seizures on brain pathology is presented. We tested the hypothesis in different brain regions at
various time-points using EEG, histological techniques and behaviour studies such as the
Morris water maze to examine the effects of seizures on learning and memory. Due to high
seizure frequency in the severe group, a significant increase in reactive astrogliosis and
microgliosis were observed in the hippocampus, amygdala and entorhinal cortex at 7 d but
were reduced by the 28" day of injury. Dysfunctional gliosis is detrimental and can cause
serious injury to neurons resulting in inflammation and neurodegeneration (Eddleston and
Mucke, 1993; Eng and Ghirnikar, 1994; Pekny and Pekna, 2016). Overtime, this can cause a
significant neuronal loss in the brain, especially hippocampus, a condition known as
hippocampal sclerosis (Swartz et al., 2006; Thom, 2014). Enhanced gliosis in the hippocampus
was correlated with increased FJB positive cells in pyramidal cell layers of CA1 and CA3 and
other regions of the brain in both mild and severe groups, compared to the controls.
Furthermore, increased gliosis and neurodegeneration in these regions also corresponded with
an increased spike frequency, a diagnostic electrographic marker for neuronal hyperexcitation,
during the first week of post-SE suggesting that reactive gliosis might have caused abnormal
neuronal hyperexcitation and neurodegeneration in these regions. An inflammation can be a
cause or a consequence of seizures and cell death. Aberrant adult neurogenesis is also
considered as one of the primary biomarker for chronic refractory TLE (Cho et al., 2015; Parent

et al., 2005; Siebzuhnrubl and Blumcke, 2008). Numerous studies have described the role of
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adult neurogenesis in regulating dentate granule cell hyperexcitation by forming abnormal
synapses with the hilar interneurons modifying inhibitory drive of these neurons (Catavero et
al., 2018; Ikrar et al., 2013; Jackson et al., 2012). Therefore, we investigated neurogenesis in
the subgranular cell layer of dentate gyrus (DG) using doublecortin (DCX) immunostaining.
Neurogenesis was higher at 7 d post-SE but reduced thereafter, in both mild and severe groups.
Interestingly, DCX positive cells were also observed in the granular cell layer and hilus of DG.
It has been shown that these neuroblasts migrate from subgranular zone into granular cell layer
and synchronize to form cells of the granular layer (Murphy and Danzer, 2011; Scharfman et
al., 2003). However, the purpose of their migration into the hilus is yet unknown and requires
further investigation. Considering the impact of neuropathological changes in the brain due to
seizure severity, we anticipated cognitive decline in these animals. So we tested discriminatory
learning and memory using the Morris water maze. As expected, the animals that had severe
injury spent more time in false platform zone compared to mild and control group during the
probe trial. Also, these animals spent more time in the false platform zone during their training
period. We knew that hippocampus plays a crucial role in regulating various types of memories
such as spatial, declarative and procedural memory and in their consolidation (Burgess et al.,
2002; Kumaran, 2008; Shrager et al., 2007). Numerous studies on human patients with TLE
have reported serious problems in their memories and cognition due to hippocampal damage.
Therefore, our results from the water maze experiment supports the notion that reactive gliosis,
aberrant neurogenesis and neurodenegeration in the hippocampus due to CS may have affected
discriminatory learning and memory in these animals during the four week study.

Several lines of evidence are now emerging acknowledging the role of NCS in brain

pathology (Avdic et al., 2018; Nagayama et al., 2017; Reugg, 2017). However, the effect of
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NCS induced brain pathology in long-term studies still remains to be determined. Therefore,
our C57BL/6J mouse model is a robust model of NCS which can be used to investigate the
impact of NCS such as neurodegeneration, gliosis, cerebral dysfunction and cognitive
impairment, over the longer periods of time, on different brain regions such as hippocampus,

cortical and subcortical structures.

Pharmacological inhibitor of iNOS, 1400W, reduced/prevented epileptogenesis

In chapter 4, disease modifying properties of iNOS inhibitor, 1400W, in the rat KA
model of TLE is presented. 1400W is a highly selective iNOS inhibitor that inhibits iNOS by
binding to L-arginine’s guanidine moiety on iNOS functional group. 1400W’s amidine moiety
is a structural analogue of L-arginine’s guanidine binding moiety therefore making it >5000
and >200 times more selective than eNOS and nNOS (Garvey et al., 1997). Although, the other
iNOS inhibitors have high potency and specificity towards their target, they are not isoform
selective and have off target side effects (Garvey et al., 1997; Laszlo et al., 1995). 1400W,
however, did not have these limitations, is highly selective and tissue permeable iNOS inhibitor
discovered so far (Alderton et al., 2001; Parmentier et al., 1999).

Many studies have demonstrated the role iNOS and nNOS in several neurodegenerative
conditions such as Epilepsy, Parkinson’s, Alzheimer’s, Huntington’s etc. Increased amounts
of NO generated through iNOS and nNOS results in the production of peroxynitrites and
reactive nitrogen dioxide free radicals. These highly reactive molecules target mitochondrial
respiration either directly or through NMDA receptor mediated mechanisms leading to DNA
damage, increased inflammation and nitrosylation of proteins thus causing cell death (Dawson,

1992; Puttachary et al., 2015a).
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Epileptiform spiking patterns are used in the diagnosis and/or prediction of epilepsy.
These discharges occur intermittently after SE and in between SRS. Persistant epileptiform
activity for longer periods can lead to the development of SRS and cause gliosis and
neurodegeneration or vice versa. To test this hypothesis in the rat chronic model of TLE, we
performed IHC for GFAP and IBAL to investigate gliosis. Severe SE caused reactive gliosis,
increased neuroinflammation and neurodegeneration and also damage to BBB. BBB
dysfunction facilitated the transport of serum albumin into the brain parenchyma which
affected astrocytic proteins like glutamate transporters (GLT-1) and potassium channels
(Kir4.1). 1400W treatment suppressed epileptiform discharges, reactive gliosis,
neurodegeneration and serum albumin in neurons and astrocytes implying that 1400W
preserved BBB integrity. We further investigated the expression of astrocytic proteins such as
GLT-1 and Kir4.1. Enhanced serum albumin levels in astrocytes caused downregulation of
Kir4.1 and GLT-1. Impaired potassium channels and glutamate transporters result in an
increased potassium and glutamate in the extracellular space and cause hyperexcitability and
nitrosylation of proteins (Steinhauser et al., 2016). Although Kir4.1 levels were recovered,
GLT-1 levels were not fully restored after 1400W treatment.

The studies from human TLE patients have shown that seizures in early life can have
long-term impact on the brain (Holmes, 2009; Jensen and Baram, 2011; Vingerhoets, 2006).
Therefore, our hypothesis was that targeting iNOS, soon after the onset of SE, will protect the
brain from SE-induced damage in the long-term. To test this, SE-induced animals, treated with
1400W or vehicle, were euthanized at six months after SE and investigated for potential
biomarkers for epileptogenesis/epilepsy such as reactive microgliosis, astrogliosis,

neurodegeneration and increased epileptiform spiking. Since mossy fiber sprouting is



311

considered as one of the important pathognomonic feature of established chronic epilepsy, we
tested whether 1400W also modulate mossy fiber sprouting. We observed that 1400W post-
treatment significantly decreased the number of CS, reduced reactive gliosis,
neurodegeneration and mossy fiber sprouting. In summary, iNOS inhibition by 1400W
suppressed gliosis, neurodegeneration, epileptiform activity and CS at 7d and 6m post-SE. It
also reversed Kir4.1 levels in astrocytes and reduced 3-NT in neurons and microglia suggesting
its neuroprotective role which is predominantly mediated by glial source of iNOS. Although a
great degree of spontaneous CS frequency and neuroinflammatory markers were reduced after
early 1400W treatment, the complete seizure freedom was still not achieved in some of the
1400W treated rats. Therefore, more advanced treatment strategies are required to achieve this
goal. For instance, 1400W treatment alone or co-treatment with antiepileptogenic/antiepileptic
drugs or with anti-inflammatory agents during acute and chronic conditions (after the
establishment of disease) could prove to be an effective strategy to alter the course of the
disease progression. The experimental outcome revealed anti-epileptogenic effects of 1400W,
however, its anti-epileptic effects need to be tested by initiating 1400W treatment once the

disease is established.

Fyn-PKCd signaling enhanced seizure susceptibility and Fyn deletion or SFK/Fyn

inhibition prevented disease onset and its progression

In chapter 5, disease modifying properties of Fyn modulation either through knocking
out Fyn gene or using a pharmacological inhibitor of Src family kinase (SFK)/Fyn, Saracatinib,

in mice and rat KA models of TLE is presented. For the first part of the project, we used Fyn

++

" "and Fyn™" transgenic mice (C57BL/6J and Balb-c hybrid). Under normal physiological
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conditions, Fyn is involved in regulating major central nervous system and non-central nervous
system functions such as synaptic plasticity, myelination, cell proliferation and migration,
synaptic density, cell differentiation, platelet function and T-cell signaling (Thomas and
Brugge, 1997). Its role in hyperexcitability through PSD-95-NMDAR mediated mechanism in
neurons in epilepsy, and its neuroinflammatory role via PKCoé-mediated mechanism in
microglia in Parkinson’s disease model are well known. Therefore, we investigated the role of
Fyn in both neurons and glia in epileptogenesis in the Fyn” and Fyn'"* model of mice and
Sprague Dawley rats. We quantified electrographic spontaneous NCS and CS and spike rate
that includes all the epileptiform spikes including NCS and CS in these animals. In Fyn KO
mice, we did not find any CS so we quantified NCS only. We observed that Fyn knockout
reduced the number of NCS and spike frequency when compared to the wild type animals. We
observed similar results for CS and spike rate in a four month long continuous study in
saracatinib treated rats. We also investigated EEG signatures for the first CS in this model.
Saracatinib treatment reduced the numer of NCS, epileptiform clusters and interictal spikes in
these rats. Further, to investigate whether Fyn has any role in the maintenance of brain
pathology, we did fractionation studies in both models (mice and rats) to understand whether
it translocates to the nucleus or not. We observed increased Fyn translocation into the nucleus
at all the time points especially at 24h post-SE in Fyn™* mice and at 7 d and 4 month in kainate
treated rats. Fyn’s phosphorylation at tyrosine residue 416 is essential for its activation and
translocation to the nucleus, we observed similar increase in phosphorylated Fyn (pSrc 416)
levels at all the time-points. Since Fyn is also responsible for the activation of iNOS in
astrocytes and macrophage, we further investigated the role of iNOS and 3-NT, a marker for

protein nitrosylation. All these neuroinflammatory markers were downregulated in Fyn™" group
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and after saracatinib post-treatment. It has been reported that Fyn phosphorylates PKCd and
PKC5 phosphorylation and cleavage is essential for the production of reactive oxygen species,
so we did similar fractionation studies, like Fyn, to investigate PKCd nuclear translocation.
PKCd phosphorylation increases iNOS, and increased iNOS levels can activate Src family
kinases and phosphorylate NMDA receptors causing calcium overload in the cell. This elevates
the production of oxidative stress molecules (4-HNE, gp91P* and 3-NT) and cytochrome ¢
enhancing cleaved caspase-3 levels resulting in cell death. Fyn”" and saracatinib post-treatment
reduced PKCd nuclear translocation, oxidative and nitrosative stress, iNOS upregulation and
caspase-3 and cleaved caspase-3 levels in the brain. Since, TNFa and IL-1f play a key role in
regulating neuroinflammation, we further decided to examine mRNA gene expression (TNFa,
IL-1B and iNOS) and protein levels (TNFa, IL-18, IL-6, IL-12) of proinflammatory cytokines
in the tissues and serum and also oxidant and anti-oxidant levels, using biochemical asays. All
the proinflammatoy cytokines investigated in tissues and serum were downregulated in Fyn
KO mice and in the saracatinib treated rats. The results from biochemical assays on serum
further revealed that SFK/Fyn inhibition reduced oxidants such as nitrites and ROS and
restored antioxidant glutathione levels suggesting neuroprotective role of saracatinib against
oxidative damage. In summary, Fyn and PKCS were upregulated in glial cells in the
hippocampus and in neurons in most of the brain regions at both 7d and 4m post-SE.
Proinflammatory cytokines and nitro-oxidative stressors were also upregulated to cause
neurodegeneration, increased epileptiform spiking, and SRS. These changes were significantly
reduced in Fyn”" mice and saracatinib treated rats suggesting the role of Fyn in epileptogenesis.
Further experiments on cell specific gene manipulation studies would reveal Fyn-PKCs cell

dependent neuroinflammatory response in epileptogenesis. Moreover, a combination/co-
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treatment with another antiepileptic/neuroprotectant, e.g., carbamazepine/1400W in addition

to saracatinib during acute and chronic conditions at different time intervals could prove to be

an effective strategy to alter the course of the disease progression.

10.
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