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ABSTRACT

Epileptogenesis is a complex and not well understood phenomenon. It has been largely
described as pathology occurring because of an imbalance between excitatory and
inhibitory brain networks. Through our experiments we attempted to show that
epileptogenesis could be “hijacking” the brain mechanisms responsible for memory
formation. We began by using an associative experimental design, pairing auditory and
visual cues with electrically kindled evoked seizures to design a rodent model of reflex
seizures. Reflex seizures are a clinical phenomenon characterized by convulsive episodes
induced by specific sensory stimuli or cognitive actions. Our experiment failed to
establish a reflex seizure model in rodents, but interestingly we observed behavior and
electrophysiology similar to fear conditioning, with significant freezing in animals paired

with cues.

Using the same animals, we investigated memory reconsolidation blocking therapies,
which rely upon replaying neuronal activity but instead of strengthening, involved
synapses are weakened. We used rapamycin to weaken neuronal circuitry replayed with
the sensory cues and evoked seizures to weaken epileptic networks. Although this was
aimed as an exploratory study, the drug therapy abolished seizures in two animals,

demonstrating promising results.
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Chapter 1: Introduction

Epilepsy is a common, albeit serious brain condition, affecting over 70 million people
worldwide with the highest prevalence in infants and older age groups (Thijs et al.,
2019). Epilepsy is a disorder exhibiting spontaneous seizures, which emerge
unpredictably (Fisher et al., 2005, 2017). This is a chronic condition of the brain due to
excessive and hypersynchronous, but usually self-limited activity of neurons (Blume et
al., 2001). Seizures comes from the Latin word ‘sacire’, meaning to take possession of, is
characterized by unprovoked muscle contractions and spasms, unconsciousness,
abnormal behaviors, and emotions (Noachtar & Peters, 2009). This ‘possession’ has a
medieval interpretation, which describes the epileptic affliction as demonic intrusion by
which the individual behaves as a reluctant participant of the intruder’s will (Temkin,
1994). Although this interpretation is incorrect, this sums up the clinical picture of
epilepsy. Generalized tonic-clonic seizures exhibit sudden, spontaneous action of
involuntary spasms, often leading to loss of consciousness followed by recovery with the

individual having no memory of the episode (Beniczky et al., 2022).

On that note, to ensure a clearer grasp of our research, let's acquaint ourselves with some
key terminology. Seizures are a sign of tissue irritation that is visible in a plethora of
brain disorders, like trauma, infection, vascular abnormalities, developmental disorders,
metabolic disturbances, and genetic defects (Feindel, 2020). They can be focal, restricted
to one cerebral hemisphere or generalized, afflicting neuronal networks in both the
hemispheres (Chang et al., 2017). They can present as sensory disturbances (e.g., flashing

lights), autonomic dysfunctions (e.g., sweating), motor involvement (e.g., involuntary



repetitive movements). In some individuals, there is subjective presentation described as

internal feelings of impending events, illusions, déja vu amongst others called aura.

1.1 Rationale

Through our research, we aim to view epilepsy as a condition characterized by
pathological networks that disrupt the normal physiological pathways involved in
memory formation. By studying these networks and their effects on the brain, we hope to
gain a better understanding of how epilepsy can affect cognitive function and develop
more effective treatments for this condition. During sleep and quiet wakefulness, memory
patterns are frequently replayed to consolidate memories (McGaugh, 2000). For example,
patterns of neuronal activity evoked during a behavioral task are later spontaneously
replayed when an animal is resting or sleeping (M. A. Wilson & McNaughton, 1994). It has
been proposed that epileptic activity is “hijacking” those memory consolidation
processes, where repetitive memory replay generates aberrant oscillatory network activity
(Augusto et al., 2019; Beenhakker & Huguenard, 2009; Mendes et al., 2021). Recent work in
our lab provided new evidence for this hypothesis (Neumann et al., 2017). Using chronic
neuronal recordings in epileptic rats, we found that ictal activity patterns were similar to
neuronal patterns occurring spontaneously between seizures. This observation suggests
that ictal activity could be a “memory pattern” which gets trapped in attractor-like

dynamics (Dr. B.L. McNaughton personal communication to Dr. Artur Luczak).

The condition described as reflex epilepsy provides a promising avenue for identifying
neural networks associated with ‘seizing’ neurons predictably. Reflex epilepsy is
clinically described as a tendency to experience seizures due to the presentation of a

specific stimulus or the performance of a cognitive activity (Fisher et al., 2014). Building
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a model of reflex seizure would enable us to identify how the brain transforms from
selective activity of neurons (as observed during a particular task or encoding sensory
information) to hypersynchronous circuits during convulsive behavior. Our research aims
at studying the association between memories specific to the stimuli eliciting reflex
seizures. Weakening this association would lead to a decrease in the amount of
hyperexcitable tissue recruited during a seizure leading to eventual end of pathology. The
reliability of inducing seizures with presentation of specific stimuli would provide an

opportunity to test drug therapies to prevent the onset of this disease entity.

1.2 Theory & Hypothesis

Wieser’s theory of critical mass states that a sensory stimulus triggers a critical amount of
cortical tissue which leads to an increased activation of epileptogenic neurons causing a
seizure (Wieser, 1998). Our hypothesis is that forming a constant temporal association
between sensory stimuli (cues) and evoked seizures (by electrical stimulation following
the kindling model of epilepsy (Teskey, 2020)) would potentially lead to two possible
outcomes. Firstly, by this continual temporal pairing, the sensory cues would themselves
be able to drive a critical mass of neurons to fire synchronously and lead to the
development of an experimental model of reflex seizure. Secondly, utilizing this model of
reflex seizure, ablate the memories of the sensory cues using protein synthesis blockers
(working on memory pathways inside the brain) leading to reduction and finally

prevention of seizures.



Chapter 2: Epileptic seizures and link to memory processes! (Das & Luczak, 2022)

Most seizures are spontaneous, meaning that they do not have any clearly identifiable
trigger, and can occur at any time, including sleep (Amengual-Gual et al., 2019; Karoly et
al., 2021; Matos et al., 2011). However, in a subset of epileptic patients, spontaneous
seizures are preceded by auras: a sensation of particular smell, lights, or certain thoughts
(Boada et al., 2020; Gupta et al., 1983), which suggest that ‘internal’ triggers of seizures
may be potentially identified. Moreover, about 5% of epileptic patients, have reflex
seizures which are evoked by specific stimuli (Engel, 2001, 2006; Fisher et al., 2017;
Koutroumanidis & Panayiotopoulos, 2004). For example, reflex seizures in some patients
may be elicited by flickering lights, certain sounds, or specific activities (Xue & Ritaccio,
2006). A patient may experience both ‘spontaneous’ and ‘reflex’ seizures, suggesting the
same underlying mechanisms (Koutroumanidis & Panayiotopoulos, 2004). It was also
reported that performing a specific action (for example, toothbrushing) as well as just
thinking about that action can induce seizures (Navarro et al., 2006). Thus, there is
emerging evidence that spontaneous seizures could be a form of reflex seizures where
instead of external stimuli, the memory circuits can initiate seizures by activating

neuronal patterns representing particular stimuli (Irmen et al., 2015).

In this chapter we present experimental and clinical studies to illustrate the close
relationship between epileptogenesis and memory consolidation mechanisms. We begin
with describing the interictal events, and how it relates to memory consolidation

processes. Next, we describe kindling model used for seizure induction, and its relation to

This chapter is adapted from a review | published in 2022 in AIMS Neuroscience (Das & Luczak,

2022)



long-term potentiation (LTP), a model for memory formation (Nguyen et al., 1994). We
also discuss how cognitive decline in Alzheimer’s disease has been related to the
development of convulsive pathways (Palop et al., 2007). Finally, we will review how
reflex seizures could be triggered by specific memories, and we propose how memory
extinction therapies could provide a novel approach to reduce seizures. The central idea
of this chapter is that memory formation processes and epilepsy may be closely related,

which could help in developing new therapies.

2.1 Seizure related consolidation and memory related changes during sleep

Seizure related consolidation refers to the changes that occur in the neuronal activity after
the seizure epoch, consisting of reactivation of brain networks associated with the
pathology during the subsequent post-ictal period. Seizures induce highly coherent
activity in selected neuronal populations. During subsequent sleep, connections between
neurons involved in the convulsive episode are strengthened as compared to pre-seizure
connection strength (Bower et al., 2015). This modification of selected synapses
participating in seizures shows similarity to the changes observed after learning during
subsequent sleep, where connections between neurons involved in the learned task are
also selectively strengthened (Bower et al., 2015; M. A. Wilson & McNaughton, 1994).
Similarly, activity patterns during inter-ictal spiking (IIS) can be consolidated during the
following sleep (de Curtis & Avanzini, 2001). For a detailed explanation of IIS please refer
to the review by Curtis and Avanziani (de Curtis & Avanzini, 2001). Briefly, IIS is a brief
electrographic event lasting 250 milliseconds consisting of a fast sharp wave and longer
lasting slow wave (Prince & Connors, 1986; Staley & Dudek, 2006). The IISs recorded

minutes before the seizure event display similarity in shape and synchrony with
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‘reactivated’ IISs during the post-seizure periods including the slow wave sleep period
(Bower et al., 2017). IIS propagation is seen to be promoted by sleep, with the non-rapid
eye movement (NREM) period particularly inducing greater spike production and
propagation (Del Felice et al., 2015; Lambert et al., 2018; Sparks et al., 2020). These
studies provide evidence that seizure induced activity can be consolidated in neuronal
circuits using similar mechanism as used for normal learning and memory formation (M.

A. Wilson & McNaughton, 1994).

Moreover, in childhood epilepsy the presence of IISs disturbs the spatiotemporal
coupling mechanisms associated with sleep related memory consolidation (Georgopoulou
et al., 2021). The interplay of IIS with slow wave sleep (SWS) was suggested to affect
the spindle-ripple interaction responsible for normal information transfer associated with
memory (Buzsaki, 1996; Hahn et al., 2020; Halasz et al., 2019; McClelland et al., 1995;
Squire, 2004; Stickgold, 2005). The interaction of hippocampal IIS with cortical spindles
during the NREM sleep has been associated with impaired memory consolidation
(Gelinas et al., 2016). Studies have shown that IISs disrupt memory and cognition in both
animal models (Kleen et al., 2010) and epileptic patients (Kleen et al., 2013). Recent
studies indicate that this is possibly due to intrahippocampal IISs disrupting memory
consolidation during sleep involving the hippocampal and cortical circuits (Lambert et
al., 2020, 2021). Those results suggest that IISs could be ‘hijacking’ and disturbing

normal memory processes (Arbune et al., 2021; Maharathi et al., 2019).

2.2 High frequency oscillations (HFOs)

An important part of the memory consolidation process is sharp wave-ripple (SWR)

activity. SWRs are recorded from the hippocampus as large amplitude negative
6



deflections with occasional co-occurrence of short duration fast oscillations called ripples
(110-200 Hz) typically during sleep or rest (Buzsaki, 2015). SWRs reactivate the same
sequential neuronal patterns, which were involved before in learning during wakefulness
(M. A. Wilson & McNaughton, 1994). In epilepsy, brain networks generate pathological
HFOs, which are similar to SWRs. Pathological HFOs are around 80 to 500 Hz in
frequency and can be further divided into slower 50-250 Hz and fast 250-500 Hz
oscillations (Jacobs et al., 2008, 2010). The fast oscillations usually originate in the
epileptogenic area (Jacobs et al., 2008, 2010). The pathological HFOs are also associated
with memory impairments (Jacobs et al., 2016) and were shown to disrupt the cognitive
functionality of the hippocampus, especially when it’s part of the epileptic circuit (S. Liu &
Parvizi, 2019). Although, pathological HFOs may involve distinct subnetworks of neurons
as compared to SWRs (Ewell et al., 2019), there is a strong overlap between the
mechanisms underlying SWRs and pathological HFOs (Karlocai et al., 2014). This led to
the suggestion that normal physiological processes which are involved in SWR can be

“reused” to generate epileptic HFOs (Augusto et al., 2019; Beenhakker & Huguenard, 2009).

2.3 Neuronal plasticity mechanisms in epilepsy and in memory processes

2.3.1 Kindling and long-term potentiation (LTP)

Kindling is a mechanism by which specific brain regions are sensitized by an external
stimulation to generate electrographic epileptiform discharges leading to behavioral
seizures (Teskey, 2020). The stimulation, which could be electrical, chemical,
optogenetic, or sensory (for example, tactile or auditory (Cela et al., 2019; Goddard, 1967;
Marescaux et al., 1987; Shimada & Yamagata, 2018; Teskey, 2020)), recruit neurons to become

part of the ‘kindled’ circuit. The behavioral seizures occur later when the kindled activity
7



spreads to the motor cortex (Mclntyre et al., 2002). This progression of seizures in the
animal, from initially just electrographic activity to bilateral tonic-clonic activity with
loss of balance, was categorized into five behavioral stages by Ronald J. Racine (Racine,
1972). The neural changes induced by kindling are usually long lasting (Goddard et al.,
1969; Goddard & Douglas, 1975). The resemblance of kindling to chronic focal epilepsy in
human patients has resulted in using it as a common epilepsy model in animals (Kundap

et al., 2019; McNamara, 1989; Metcalf et al., 2019; Wada, 1977).

At the molecular level, the N-methyl-D-aspartate (NMDA) receptors, which are involved
in synaptic plasticity underlying normal memory processes, also play an important role in
producing seizure activity due to kindling. In particular, kindling increases the expression
of NMDA receptors in the dentate granule cells, favoring the formation of excitatory
circuits that is associated with the increased susceptibility to seizures (Mody & Heinemann,
1987). As a result of those changes in NMDA receptors, granule cells produce long
duration synaptic currents, leading to a burst spiking mode (Dalby & Mody, 2003; Lynch et
al., 2000). This increased activity then propagates into the CA3 area of the hippocampus
from the dentate gyrus contributing to the developing epileptic circuits (Lynch et al.,

2000).

The lasting synaptic changes leading to convulsive behavior are akin to the physiological
mechanisms forming memory engrams (Goddard & Douglas, 1975), which is mediated by
LTP (Bliss et al., 2018). LTP increases the synaptic strength that can last for years (Citri &
Malenka, 2008; Malenka & Nicoll, 1999) serving as a basis for memory at the cellular level
(Abraham et al., 2019; Bliss & Collingridge, 1993). The LTP can be experimentally induced by

repetitive, high frequency stimulation of afferent connections (Lemo, 2003), most widely
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studied in the Schaffer collaterals and the perforant pathway (Nicoll, 2017). At the
synaptic level, LTP is typically mediated by NMDA receptors (Kauer et al., 1988),

similarly as described above in the kindling model.

2.3.2 Low frequency electrical stimulation (LFS) and long-term depression (LTD)

As opposed to high frequency electrical stimulation used in kindling, low frequency
electrical brain stimulation has been shown to reduce epileptic seizures in animal models
(Mihaly et al., 2020; Paschen et al., 2020; Ruan et al., 2020). In an in vitro study, LFS of
Schaffer collaterals has been shown to reduce the epileptiform activity in a gradual and
persistent fashion (Albensi et al., 2004). Likewise, in a study in young rat pups, 1 Hz LFS
was shown to reduce after-discharges as well as behavioral seizures (Velisek et al., 2002).
The main mechanism by which the LFS reduces the response of the stimulated pathways
is LTD (Chapman et al., 2021; Wagner & Alger, 1996). LTD is the opposing process to LTP,
and it is implicated in the clearing of old memory traces (Malleret et al., 2010; Nicholls et
al., 2008). Similarly, as kindling and LTP, the LFS and LTD is NMDA depended, as it
can be blocked by a NMDA receptor antagonist (Albensi et al., 2004). Thus, cellular
plasticity mechanisms involved in memory formation/disintegration (LTP/LTD) are also

playing a crucial part in processes inducing/reversing epileptic activity (kindling/LFS).

2.4 Memory impairments and their relation to seizures

Alzheimer’s disease which causes severe memory impairments, was also shown to be
accompanied by similar network abnormalities and interneuron dysfunction as in
epileptic circuits (Palop & Mucke, 2016; Sasaguri et al., 2017). Alzheimer’s disease leads to a

hypersynchronous activity which was suggested to accelerate the progression of dementia



(Bezzina et al., 2015). Hypersynchronous activity, similar to ictal activity, was observed
in both animal models of Alzheimer’s disease and in clinical studies (Busche & Konnerth,
2016; Noebels, 2011; Ramirez-Torafio et al., 2021). For instance, imaging studies using fMRI
showed hyperactivity in the hippocampus, which was also accompanied by cognitive
impairments in the pattern separation (Yassa et al., 2010). Alzheimer’s patients were also
reported to have silent hippocampal seizures and epileptiform spikes during sleep (Lam et
al., 2017). Memory impairments and increase in the incidence of epilepsy and seizures is
also commonly observed in normally aging animals, including humans (> 60 years old)
(Jacob et al., 2019; Leppik & Birnbaum, 2010; D. Liu et al., 2018; Olafsson et al., 2005; I. A.
Wilson et al., 2006). Importantly, antiepileptic drugs were shown to offer new therapeutic
potential for memory impairments in elderly animals and humans (Koh et al., 2010;
Sanchez et al., 2012), which provides strong support for common underlying neuronal

circuit changes in epilepsy and in memory impairments.

2.5 Reflex epilepsy — seizures triggered by memories

Reflex epilepsy refers to any syndromic disorder where the seizures are triggered by a
specific stimulus, activity, or memory (Wolf, 2017). Wieser’s theory of critical mass
states that in reflex seizures, a sensory stimulus may trigger a critical amount of cortical
tissue which leads to increased activation of epileptogenic neurons causing a seizure
(Arslan et al., 2013; Wieser, 1998). Thus, the specific sensory stimulus may lead to over-
activation in specific brain regions which can induce seizures in susceptible patients
(Ferlazzo et al., 2005). Consistently with this theory, it was reported that in patients with
generalized seizures, there are regions of hyper-excitability overlapping with regions

responsible for encoding sensory stimuli and complex cognitive tasks (Sziics et al.,
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2019b). Interestingly, even spontaneous ‘thoughts’ could activate the critical mass of
epileptogenic neurons, which could provide an explanation of how reflex seizures could
be triggered by a memory recall. For example, it was reported that memory from
childhood was triggering seizures in a 69-year-old woman (Falip et al., 2018). In another
example, specific memories of music led to convulsive episodes (Gelisse et al., 2003;
Jallon et al., 1989; Tezer et al., 2014). This shows that memories have an ability to

activate the epileptic pathways, similarly to sensory stimuli.

In experimental rodent models reflex seizures have been reported during performance of
specific tasks. In a study where rats underwent pre-training on a place learning task,
where they had to find a platform hidden beneath opaque water, displayed convulsive
behavior. The seizures occurred primarily while they were swimming following granule
cell lesions in the dentate gyrus and the CAs.4 region of the hippocampus (Whishaw,

1987).

Even in a normal brain, the same neuronal population can be activated by external stimuli
as well as by internally generated spontaneous neuronal activity. For example, patterns of
neuronal population activity which are triggered by sound or tactile stimuli, could be also
observed during spontaneous activity in awake, resting animals (Luczak et al., 2009,
2015). Thus, although reflex seizures are only reported in a small percentage of epilepsy
patients, they could involve the same mechanisms as spontaneous seizures. For instance,
a typical feature during a reflex seizure is the presence of widely synchronized slow
waves during the seizures (Bortel et al., 2019). Similarly, in epileptic patients with
spontaneous (non-reflex) seizures, increased slow wave activity was observed as

compared to healthy controls (Boly et al., 2017; Sitnikova et al., 2020; van Luijtelaar et

11



al., 2011). This suggests common mechanisms underlying spontaneous and reflex
seizure. Therefore, we propose that spontaneous seizures could be seen as a special case
of reflex seizures, where internally generated activity like memory patterns can initiate

seizures similarly to stimulus driven processes.

2.6 Treatment of epileptic disorder by targeting memory reactivation processes?

In the sections above, we provided arguments that epileptic circuits could be formed in a
similar way as memory traces, by strengthening selected pathways. Therefore, extinctions
treatments used to reduce traumatic memories may also be applicable to weaken aberrant
connections involved in seizures (Silva et al., 2021). Below we will discuss such
methods, which may provide new directions in developing treatments for epileptic

patients.

During memory reactivation, patterns of neuronal activity from a previous learning
experience are replayed during subsequent sleep or rest period (Genzel et al., 2020).
Reactivation of memories makes them susceptible to modification (Nader et al., 2000;
Winters et al., 2009). Thus, by targeting specific memories during the reconsolidation
processes it is possible to weaken those memory traces (Simon et al., 2018). For example,
reactivated fear memories coupled with protein synthesis inhibitors injected into the
amygdala led to amnesia related to a fear inducing stimulus (Nader et al., 2000).
Similarly, beta-adrenergic receptor blocker propranolol has been shown to be effective in
ameliorating post-traumatic stress disorder (PTSD) related memories (Brunet et al., 2018;
Schwabe et al., 2012). Propranolol was shown to also interfere with memory
reconsolidation processes when administered after exposure to stressful stimuli in

animals (Cahill et al., 2000) and in humans (Soeter & Kindt, 2015). This is possibly due to
12



the blockade of noradrenergic activity in the amygdala during the reconsolidation process
which is responsible for the encoding of emotionally enhanced memories associated with
PTSD (LaBar & Cabeza, 2006; Liang et al., 1986). Thus, this type of exposure therapy has

been proven to be a valuable option for fear memory extinction (Dunsmoor et al., 2015).

Targeting similar mechanisms may also be worth exploring in animal models of epilepsy.
Exposure therapy coupled with protein synthesis inhibitors could be the most directly
applied to reduce reflex seizures. For instance, Blundell et al (Blundell et al., 2008),
showed that injecting rapamycin after exposure to conditional fear stimuli blocked
traumatic memory reconsolidation and decreased the emotional strength of an established
traumatic memory. This suggests that epileptic animals could be briefly exposed to a
place or task in which they were conditioned to develop reflex seizures, and right after
exposure, they could be intraperitoneally injected with rapamycin, which inhibits protein
synthesis needed for the memory reconsolidation process. This treatment could be
applied once daily over a period of few days. We propose that such treatment could result

in reduction of seizures.

The same principles could be probably also applicable to spontaneous seizures. As
described in previous sections, connections in epileptic circuits are selectively
strengthened in the post-seizure period, by using likely the same mechanisms as memory
consolidation processes (Bower et al., 2015). Thus, administrating protein synthesis
inhibitors right after seizure could block those processes, resulting in weakening
connections involved in the epileptic activity. However, the possibility of treating
epilepsy with protein synthesis inhibitors should be taken with extreme caution as more

animal experiments are needed to establish the safety and efficiency of such approaches.
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2.7 Conclusion

In only about two-thirds of patients, seizures can be controlled with medication
(Galanopoulou et al., 2012). This underlines the need for exploring novel options for
epilepsy treatment. In this perspective, we present a close relation between memory
formation and epileptogenesis. We propose that treatments used to reduce traumatic

memories could also provide new options to explore for curtailing seizures.

We described that brain activity in epilepsy is similar to what is observed in the
physiological processes associated with memory formation. Activity patterns such as fast
ripples are associated with the recurrent neuronal excitation in epilepsy (Gonzélez
Otarula et al., 2019) and are involved in memory formation. Moreover, the seizure
associated cell ensembles are reactivated during slow wave sleep in a similar fashion as
memory patterns after learning of a new task (Bower et al., 2017). There is also evidence
to suggest that seizure associated with neuronal reactivation and consolidation may lead
to a relocation of the epileptogenic focus from the hippocampus to the neocortex in a
manner reminiscent of the transfer of memory traces from the hippocampus to the cortex
(Bower et al., 2015). This suggests that epilepsy may involve the recruitment of the

normal physiological memory processes to form epileptic circuits.

Memory extinction therapies have shown promise for disorders like PTSD, in which
traumatic memories are specifically reactivated and their subsequent reconsolidation is
blocked (Roullet et al., 2021). Specifically, the neuronal activity is replayed but instead
of strengthening, involved synapses are weakened. Thus, the use of targeted memory
reactivation to weaken the neuronal circuitry associated with memories or stimuli

triggering reflex seizures could lead to a decrease in the ictal episodes (Falip et al., 2018;
14



Trenite et al., 2019). Similarly, administrating memory reconsolidation blockers after a
spontaneous seizure may weaken epileptic networks. We propose that memory extinction
treatments should be explored in animal models of epilepsy as it could offer a promising
avenue for helping epileptic patients, especially considering that non-invasive extinctions

therapies have been proved to be safe in humans.
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Chapter 3: Materials and methods

3.1 Subjects

This study included six male C57BL/6J mice, imported from Jackson Laboratories (Bar
Harbor) at around 6 months of age, as well as two female C57BL/6J mice (from in-house
breeding colony). The female mice were part of a pilot study and were approximately 6
months old at the time of surgery, where they were electrically kindled for 40 days. They

were studied alongside the male mice a year later to test the safety of the rapamycin drug.

The animals (n= 8) were divided into 3 groups, the light auditory tone conditioned (LAC)
or experimental group (n=4), the unconditioned (UC) or control group (n=2) and the pilot

conditioned (PC) group (n=2).

3.2 Surgery

Bipolar electrodes were implanted bilaterally in the basolateral amygdalar nucleus, and a
unipolar electrode inserted into the dorsal hippocampus. Ground electrodes were placed
on the cerebellar surface. The amygdalar nuclei are located at coordinates 1.3 mm
posterior to bregma, 3.2 mm lateral to the midline, and 4.6 mm ventral to the skull
(Paxinos & Franklin, 2019). Meanwhile, the hippocampus can be found at coordinates 2.3
mm posterior to bregma, 1.5 mm lateral to the midline, and 1.3 mm ventral to the skull

(Paxinos & Franklin, 2019).

3.3 Habituation

Mice in all three groups were habituated to the same recording cage for a time- period of

10 days after allowing a post-surgical recovery time of at least 7 days.
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3.4 Kindling and Cue pairing

Post habituation, one of the amygdalar electrodes will be electrically ‘kindled’ and paired
with an auditory tone and light flash (generated by 2 LED bulbs). This cue pairing will be
maintained from day 1 of electrical kindling in the LAC group (n = 4). In the UC cohort
(n = 2) the mice will only be exposed to the kindling stimulus, while in the PC group the
animals like in LAC group, were exposed to the paired association of the kindling, light

LED flash and auditory tone.

Kindling is an experimental technique of evoking seizures by presentation of sub-
threshold convulsive stimuli at regular intervals (Goddard, 1967, 1983; Goddard et al.,
1969; Teskey, 2020). This leads to a progressive and predictable increase in the intensity
of seizures, as measured both behaviorally and electrophysiologically. The stimulation
can be chemical (de Deyn et al., 1992), electrical (Goddard et al., 1969), physiological
(Dutra Moraes et al., 2000; Parra et al., 2003) and recently optogenetic in nature (Cela et

al., 2019).

For our experiments electrical stimulations were employed as we needed seizures to
occur only with stimulus presentation in a predictable fashion. For the electrical kindling
a 60 Hz stimulus train of biphasic pulses was programmed using a Master 8 Pulse
Stimulator. The Master 8 produces a constant voltage stimulus, which is then converted
to a constant current via a Stimulus isolator unit, A-385 (from World Precision

Instruments).
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3.5 Recording

The two parameters we are using in our experiments as measure of seizure are
videographic and electrographic behavior. For electrophysiology, the stimulating
electrode in the amygdala (which can be tuned into recording mode by a mechanical
switch), the contralateral amygdalar electrode and a hippocampal electrode are used. All
the electrodes are referenced to the cerebellar ground electrode. In addition, as the
amygdalar electrodes are bipolar, one of the tips is used for referencing. The
electrographic data received from the animal is fed into a unitary gain preamplifier which
helps to reference the electrodes and feed the signal into an analog amplifier (Grass
Technologies 7P122G Low Level D.C. Amplifier). The signal is then digitized through
Axon Digidata 1550A Low-Noise Digitizer and displayed onto the recording computer

using Axoscope software.

The video data is acquired through a Raspberry Pi 5 MP (mega-pixel) Camera connected
to Raspberry Pi 3 Model B. The Raspberry Pi serves several purposes, the first of which
has already been stated. It especially plays a key role in generating the three simulations:
generates a pure auditory tone around 10 KHz, sends an electrical signal to light up the
LEDs and provides an input to trigger the Master 8 stimulator. The final function that the
Pi serves is to synchronize the video data with the electrophysiological signal. This is
essential because both clocks, namely in the computer recording brain signals and Pi
receiving the video file depicting the animal’s behavior. So, to make the Raspberry Pi do
all these functions, a Python code was written to fire signals to the digitizer connected to

the electrophysiology computer whenever a frame is captured by the Pi camera. Similar
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time stamps are sent to the digitizer when the auditory tone, LED flash and electrical

kindling stimulus are set off.

3.6 Experimental design

The experiment is divided into three phases. In the first phase, a mouse model for reflex
epilepsy is established. The second phase investigates the impact of cues on eliciting
seizures through reduced current intensity. In the final phase, the study explores the effect
of intraperitoneal injection of the drug rapamycin on elicited seizures and evaluates

whether pairing cues enhances the drug's impact.

| | | >

Surgery, Recovery Stage | Stage 2
& Habituation Reflex Seizures Disruption of Memory reconsolidation
Day 1-17 Day 18-75 Day 76-84

Figure 1: A summary of the timeline of the experiment. The details of the experimental
design of each stage will be explained in the subsequent section. Please note that each of
the three animal groups (LAC, UC, and PC) will experience all three stages in a
sequential manner.

3.6.1 Experiment Stage 1
After about fourteen days of cue pairing (LED light flash and auditory tone) with

kindling stimulus in the LAC cohort, the mice will be exposed to the cues alone to test
their behavioral reaction. The UC mice will also be exposed to the cues (after exposure to
kindling alone during the training sessions) to test their reaction and check for specificity
of the response triggered in LAC group. The rationale behind this is to determine
whether the cue association formed during the training sessions got incorporated into the
brain networks associated with seizures. The evoking of seizures by the cues is not
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enough evidence that associating cues with the kindling stimulus has led to a model of
reflex seizures. To provide evidence, it is pertinent that the cue presentation do not trigger
seizures in control animals (UC group), who have not previously had cue-association
with seizures. This is the reasoning behind presentation of cues to the UC animals and
comparing their response to the LAC group. It is also important to emphasize that
kindling is an experimental technique in which the intensity of the evoked seizures
gradually increases. The epileptic circuit inside the brain could be incomplete (the entire
motor cortex might not be influenced) and not strengthened (due to lack of enough
repetitions). To account for that multiple test sessions were conducted after adequate
number of trainings were performed. We have no less than two test sessions in our study

design with each of them preceded by sufficient number of training periods.

a. Timeline of the LAC and PC group

LAC (n=4) Day 0 Day 7 Day 8-17 Day 18-31 Day 32 Day 33-75
1 /E}N & months
PC (n=2) >
e B\.’ﬁ months , E "
Surgery Recovery Habituation Training Test Repeat Training
i Tone iTone &Testing
J LED . LED 3 more times
% Kindling
b. Timeline of the UC group
Day 0 Day 7 Day 8-17 Day 18-31 Day 32 Day 33-75
UC (n=2) | | I | |
3 K)’\J 6 months | | | | | ’
Surgery Recovery Habituation ~ Training Test Repeat Training
% Kindling ¥ Tone & Testing

< LED 3 more times

Figure 2: Timeline of the experiment stage 1. The figure panel shows the timeline for the
first part of the experiment for the two groups of animals. This comprises of the training
session to kindle seizures and associate them with tone and LED flash in the experimental
(*LAC) group in figure la. After training, the strength of association and the probable
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triggering of seizures by the cues alone was evaluated every tenth day (test). In the
control group (*UC group), the training days comprised of kindling seizures alone, with
presentation of cues to check for specificity of the association in the LAC (experimental)
cohort.

3.6.2 Experiment Stage 2

After completing stage 1 of the experiment, we evaluate if the association of cues with
the kindling stimulus results in lowering the threshold at which we can evoke seizures. In
our LAC group, we continue pairing the kindling stimulus with light and tone but
decreasing the amplitude of current (for kindling) by ten percent (of the original level)
daily. For our UC group, we present the kindling stimulus alone (as earlier) but like in the
LAC cohort the current amplitude is decreased by the same amount. Once the threshold is
reached at which seizures are no longer evoked in both groups, the values (for LAC and
UC cohort) are compared to observe if associating cues with seizures helps to
‘strengthen’ the epileptic circuit. If seizures are evoked at a lower threshold (e.g., @ ten
percent of original current strength in the LAC animals versus twenty per cent in UC
animals) in the LAC group, there would seem to be a role of pairing cues with kindling in

augmenting seizures.
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a. Timeline of the LAC group.

Day 0 Day | Day n
LAC (n=4) l | | >
f&?ls months | reduce by 10% ‘ Repeat previous step |
"—[?E%e _‘I%Be Find current threshold
Kindling @ 100% current s Kindling @ 90% current at which seizures stop
b. Timeline of the UC group
Day 0 Day 1 Day n
UC (n=2) | | |
§ K}\- 7.5 months | reduce by 10% | Repeat previous step | >

Kindling @ 100% current 4 Kindling @ 100% current Find current threshold
at which seizures stop

Figure 3: Timeline of the experiment stage 2. This figure panel depicts the experimental
design and timeline for our two groups of animals, LAC group (2a) and UC group (2b).
In the LAC group the animals are given the same exposure as before, cues (auditory tone
and LED flash) paired with the electrical kindling. In addition, the kindling stimulus’s
current amplitude is reduced by ten percent (of the original level) daily till we reach a
(current) threshold at which seizures can no longer be evoked. Similarly, in the UC group
the animals are exposed only to the kindling stimulus (as before), but the current
amplitude is decreased by ten percent (as in the LAC cohort) till no seizures are evoked.

3.6.3 Experiment Stage 3

Injecting rapamycin (protein synthesis blocking drug) after exposure to conditional fear
stimuli blocked traumatic memory reconsolidation and decreased the emotional strength
of an established traumatic memory (Blundell et al., 2008; MacCallum & Blundell, 2020).
Based on this experimental data, the animals with epilepsy (n=7; LAC =3, UC =2 and
PC = 2) were briefly exposed to the place and/or stimuli to which they were previously
conditioned. Kindly note that one of the LAC animals was excluded from this stage of the
experiments due to failure of the recording and stimulating electrodes.
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They were then given an intraperitoneal injection of rapamycin immediately following
the exposure. All the animals were injected with the drug and there were no sham doses.
The motivation behind not having any controls for the drug was the following. This part
of the experiment was majorly explorative in nature, and we wanted to investigate if the
auditory and LED cues affected the drug efficacy. Another reason for this undertaking
was to establish the safety of the drugs. We followed the same protocol as described in
the reference for the fear conditioning experiments, using the same drug calculator that
was provided to us by the experimentalists. The drugs were administered systemically
(intraperitoneally) at a dosage of 40 mg/kg and an injection volume of 10 ml/kg. This
comes out to be around .25 ml to .4ml per injection day for our animals. As we were
administering the drug for about four days unlike the fear conditioning studies (single
dose or followed by repeat shot) and observing the long-lasting effect of the drug on
seizures, only the pilot animals were initially tested upon to test for safety. Following the
first dose, daily they were weighed, their fur assessed, amount of stool pellets and urine
spots observed for possible signs of distress in the animals. After a few days of testing the
pilot animals, two more animals from the LAC group were administered rapamycin. The
long-term outcome of the drug was observed in the four animals (LAC =2, PC=2) fora
month, including both the effect on evoked seizures and any adverse consequences.
Following this, rest of the animals (LAC = 1, UC =2) were tested in a similar way. The
UC animals were administered rapamycin after the seizures were evoked in the recording
cage in the absence of auditory and light cues (as before). The remaining LAC animal
was injected with the drug following seizure precipitation associated with the cues (as

previously). The summary of this stage of the experiments are summarized in figure 3.
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The one remaining animal was not given any drug therapy as the implant (which helps to
connect the animal to the stimulator and amplifier) had become unviable. With no way to
record the electrophysiology signal or evoke seizures anymore, this animal was excluded

from this stage of the experiment.

a. Timeline for PC and LAC animals

LAC (n=3%) Day 0 Day 0 Day 1-4 Day 5 Analysis
LN
§ months >
PC (1=2)
Training S.Rapamycin IP Repeat for 4 days Test Compare behavior
¥ B\vlﬂmc}mhs #Tone #Tone & electrophysiology
! LED * LED of Seizures Post-drug
4 Kindling 4y Kindling therapy

b. Timeline for UC animals

UC(n=2) Day 0 Day 0 Day 1-4 Day 5 Analysis

f D\E months I l } I I >

S Rapamycin IP Repeat for 4 days . Test Compare behavior
% Kindling & electrophysiology
of Seizures Post-drug
therapy

Training
% Kindling

Figure 4: Timeline of the experiment stage 3. Timeline for the drug injections in our three
groups of animals (i. pilot conditioned PC group; ii. Light auditory conditioned, LAC
group; and iii. un-conditioned cue, UC group). Figure panel 3a illustrates the
experimental design for drug injection for the PC and LAC group, while 3b shows the
same for the control group. The analysis is to compare two affects using behavioral
seizures (Racine stages) and duration of electrographic as the measurement parameters 1i.)
between the groups (the PC, LAC, and UC group) and ii.) within groups over days.

* One of the LAC animals was excluded from this stage of the experiments due to failure
of the recording and stimulating electrodes.
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3.7 Analysis
3.7.1 Local Field potential Analysis - Visualization

For visualization we are going to employ continuous wavelet transform (CWT). Before
going into the steps of how this technique was employed for our analysis, let me explain

what wavelets and the advantages it has over Fourier analysis.

Mathematically, a wavelet is a small wave-like oscillation with a finite duration and in
many cases, it has a mean value of zero. First, we create a single waveform, sometimes
referred to as a mother wavelet, which can be dilated and contracted to formulate an
assembly of wavelets, which can then be used to represent a time varying data. This
representation is possible because these wavelets can portray the various frequencies in
the time series data. The resulting combination of the wavelets can then replicate the data
precisely. An analogy of how this process works is to consider a band where the bass
player is the mother wavelet while the lead guitar, violin and the other instruments be
considered as the set of wavelets. Their synchrony leads to the production of the musical

piece being played out.

Fourier transform is one of the more popular techniques for analyzing the frequency
content of temporal data structures. The time series data is converted into frequency
domain by representing it as a sum of sinusoidals with different frequencies. This is
possible by a mathematical function called convolution. Convolution is the process of
taking the dot product of two vectors of unequal lengths, with the smaller vector sliding

along the longer one and computing the dot product at each step.
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Wavelet analysis is also based upon convolution but there are certain advantages of using
this technique to visualize and quantify results when compared to Fourier analysis.
Firstly, although it is possible with Fourier analysis (short time Fourier transform) to
decompose the time series local field potentials brain signal into time series frequency
plot, the results are contaminated with edge artifacts. Secondly, wavelets utilize constant
relative bandwidth analysis which uses short windows for high frequency and longer
windows for lower frequencies resulting in a smoother data representation with less noise

contamination.

For our analysis we use complex valued wavelets, namely Morse wavelets, to perform

continuous wavelet transform.
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Figure 5. Continuous wavelet transform. Data points around the stimuli are extracted and
then convolved with Morse wavelets to visualize the effect of stimuli and the qualitative
representation of seizures. The CWT analysis shows transition of the power of the LFP
(in the raw signal) to higher frequencies.

27



3.7.2 Local field potential - Quantifying the duration and amplitude of evoked

seizures.

When attempting to measure the severity of seizures or detect their occurrence, two
crucial factors to consider are the amplitude of the electrical activity associated with
seizures, and the duration of this abnormal signal. Our analysis tries to figure out a
suitable threshold of the local field potentials recorded from the vicinity of the regions
where the seizure activity is evoked by kindling and the brain areas where it propagates.
To begin, we carefully select relevant brain signals during the recording session to
establish a baseline measure of the electrical activity. This baseline measurement is taken
within a time frame ranging from 30 to 90 seconds after the start of the session. As
seizures are characterized by a heightened amplitude of local field potentials, we use a
threshold of 4.5 standard deviations above the electrical potential recorded during the
baseline period to detect seizure activity. Once the kindling stimulus is presented, any
electrical activity exceeding the established threshold is identified as an electrographic
seizure. The duration of the seizure is determined by measuring the time elapsed from the
delivery of the stimulus to the point at which the local field potentials return to below the
threshold level. After determining the duration of the seizure, we calculate the average
voltage of the electrical activity during this period and normalize it to the baseline
activity to quantify the amplitude of the evoked seizures. This normalization step is
crucial for making meaningful comparisons of the local field potentials between different

animals.
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Figure 6: Duration of seizures. Using 4.5 standard deviations from the baseline, a
threshold value was measured which was used to mark the end of seizures.
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3.8 Video analysis

For the video analysis, we start with video data time synchronized with the
electrophysiology data and the timings of the stimuli presentation. This synchronization
was achieved by using a Raspberry Pi, which sent a pulse to the digitizer connected to the
computer capturing electrophysiology signal each time a frame was captured by a
Raspberry Pi camera. Similar pulses, corresponding to auditory, light flash and electrical
stimulation (for kindling) were sent to the same digitizer. The accuracy of our code for
time synchronization was (to be calculated). Frames, twenty seconds prior and after
delivery of the sensory stimulation were extracted, followed by preprocessing to convert
each frame from RGB to grayscale and finally applying a reliable threshold to highlight
the mouse in each frame. To evaluate the movement, a frame-differencing technique was

applied which built a mask to track the mouse across frames.
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Figure 7: Video analysis. In 7a. the pre-processing steps for video analysis is illustrated.
The frames 20 seconds before and after stimulation were extracted. Each of the extracted
frames is in color (RGB) with a resolution of 640 pixels (width) and 480 pixels (height).
The RGB frames were then grayscale, followed by taking an appropriate threshold to
focus on the mice. Finally frame-differencing (explained in the next figure) was done to
create a mask around the mouse which is used to trace the movement over frames. In 7b
frame-differencing using the diff MATLAB function, matrix differencing between
thresholded frames (every Sth frame) was performed which was able to approximate the
movement of the mouse across time. This ‘movement’ was evaluated and compared
before and after the presentation of stimuli. Figure 7¢ displays movement of the mouse
during the test session over time. This represents the speed of the mouse as it moves
around in the recording cage.
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Chapter 4: Results
4.1 Kindling led to advanced seizures in all animals.

The animals were exposed to electrical stimulation to evoke seizures paired with sensory
stimulation (LED flash and pure auditory tone in LAC animals and only kindling
stimulation in UC group). As shown in the figure below (figure 8), the three vertical bars
represent the timestamps of the stimulation in an experimental (LAC group) animal. In
contrast, the UC cohort received only the kindling stimulation represented by a single
vertical bar consisting of a 60 Hz train of bipolar pulses lasting one second, one
millisecond in duration with an interpulse interval of one millisecond. In the LAC group,
the stimulation protocol begins with the presentation of a pure auditory tone, followed
one second later by a LED flash, finally terminating with the kindling stimulation (as in
the UC group). The animals belonging to both LAC and UC group were kindled once
daily starting with a current amplitude of 50 microamperes and then increased by the
same amount everyday till seizures (at least electrographic seizures of 5 seconds duration
termed afterdischarges) are evoked. Upon reaching this threshold, all animals received

this amplitude of current stimuli once daily.

We use the traditional Racine scale (Racine, 1972) to recognize the behavioral seizures
till stage 5 and the modified Racine scale (Liittjohann et al., 2009; van Erum et al., 2019)
to score stages 6 and beyond. The animal's progression of behavioral seizures, observed
daily as it advanced through Racine stages, was also evident during a stimulation session
when the animal had reached advanced seizure stages. This is shown in the sequential
frames during a training session for both LAC (figure 8) and UC animals after they had

progressed to advanced seizures. The next figure panels (figure 8b) display the timeline
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for the specific session in both the animals, five seconds prior to the stimulations till the
time period when they recover from the convulsions and start moving in the recording
cage. In figure 8 we observe frames corresponding to the training session of a LAC
animal, during which it progresses through the various Racine stages of behavioral
seizures. The first frame shows the baseline behavior of the mouse, sitting in a corner of
the cage. The second frame observed around three seconds before the kindling stimulus is
delivered, we observe a light flash generated by the LED lights. At around five seconds
(labelled 4.58 seconds in figure 9) we can see the convulsions spread over the trunk
region (stages 1 to 3), evidenced by the straightening of the dorsal body of the mouse,
accompanied by the tail pointing up (due to uncontrolled clonus of the sacrococcygeal
muscle). The LAC animal progresses to stage 5, loosing balance and falling to one side
experiencing clonic to tonic contractions in the upper limb and notably clonic movements
in the lower limbs in frames labelled 8.1 to 11.28 seconds. At 11.45 seconds, all the
animal’s four limbs go into a tonic phase, with animal attempting to sit up but then
progressing into stage 6 characterized by wild jumping with clonic-tonic-clonic seizures
(frames 26.69 to 27.19 seconds). The animal tries to regain balance by clutching the
wires connecting the LED light (on the left side of the cage — frames 27.86 to 35.57
seconds). Finally, the seizures end, and the animal lies motionless (frame 36.57 seconds)
on the side, regaining balance (51.82 seconds) and then lying still (54.33 seconds). In the
last frame (frame — 58.35 seconds), the animal starts moving around in the cage. We
observed a similar progression of seizures in one of our UC animals, characterized by
initial convulsions that spread to the trunk, followed by sacrococcygeal clonic-tonic

contractions and forelimb clonus (Racine stage 3), progressing to rearing (Racine stage
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4). The seizures advanced to a loss of balance and falling to one side (Racine stage 5),
culminating in wild jumping around within the recording cage (Modified Racine stage 6).
Kindly note that the UC cohort of animals are only exposed to the electrical kindling

stimulus.

Moving over to the electrographic seizures evoked by the electrical kindling, we have
figure 9 representing the brain activity recorded in the dorsal hippocampus (from the
hemisphere ipsilateral to the stimulating amygdalar electrodes) in the LAC and UC
animal respectively. The electrographic activity corresponds to the session mentioned
previously where we discussed the behavioral seizures in the same LAC and UC animals.
The top figure panels in both figures 9a and 9b show the raw electrical activity recorded
from the hippocampi from the LAC and UC animals respectively, 25 seconds before and
after the presentation of the stimuli. We can observe the presentation of the auditory tone
and LED flash (labelled with vertical bars and icons) just before the kindling stimulation
(at time = 0 s) in the LAC animal in figure 8b. In the subsequent figures 9a and 9b, we
depict the time frequency analysis of the electrophysiological signal from the respective
animals. There are two features in the electrical brain activity that are associated with
seizures, namely increase in amplitude of signal and transition to higher frequencies.
These two features are observed in our data as well, visually both plots (figures 9a and
9b) display an increase in the amplitude of electrical potentials (the local field potentials
in both animals) some seconds after the kindling stimulus is presented. The time
frequency representation of the local field potentials (figures 9a and 9b) unveils a shift
from the baseline brain oscillations (5-10 Hz) to higher frequencies with an increase in

the amplitude.
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The animals (both LAC and UC group) displayed an increase in the duration of
afterdischarges (evoked electrographic seizures recorded at the stimulation electrodes as
in seen figure 8A-B). We quantified this duration by using the technique described in the
analysis section 3.7.2. This finding is supported by a two-way Anova (figure 10A-B)
study of afterdischarge duration in both groups over days, resulting in a p-value of 5.5%-
06 over the first seventeen days of stimulation. The Anova did not reveal any difference
in the afterdischarge duration between the groups as evidenced by a p-value of 0.624 and
neither a difference between groups across days (p-value = 0.502). These results imply
that there is progressive increase in the duration of afterdischarges as the kindling
stimulus is presented over days. But a lack of statistical difference in the duration of
seizures between LAC and UC animals signal that auditory and visual cue may not play a
role in facilitating epileptogenic activity in the brain using our experimental design. In the
following section, we investigate whether the cues can induce seizures and the potential
impact on the animal's behavior and local field potentials as a result of associating them

with the kindling stimulus.
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a. Video frames illustrating behavioral seizuresin LAC animal
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b. Timeline for the training session for LAC animal
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Figure 8: Behavioral seizures in LAC animals. This figure illustrates serial behavioral
changes observed in a LAC animal during a training period. Figure panel 8b displays the
timeline for a single experimental training session. The timeline shows frames taken 5
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seconds before and 60 seconds after the presentation of stimuli. The frame at -4.97
seconds shows the animal resting, followed by the LED flash 3 seconds before the animal
experiences an electrical stimulation-induced seizure. The frame at 4.58 seconds shows
the animal's trunk muscles contracting, causing the body to flatten. At 5.92 seconds, the
tail experiences dorsiflexion due to contraction of the sacro-coccygeal muscle. This is
followed by clonic and then tonic contraction of the forelimbs. At 11.28 and 11.45
seconds, the hind limbs exhibit clonic contraction, causing the animal to lose balance
(Racine Stage 5). The animal then wildly jumps (Stage 6) in the cage from 26.36 to 27.36
seconds, ending with the animal grasping the wires connected to the LED and falling to
its side at 36.57 seconds. The animal begins to recover at 44.61 seconds but remains at
rest until it starts moving again at 58.35 and 59.19 seconds.
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Figure 9: LFP analysis using continuous wavelet transform for LAC and UC animal. The
top panel of 9a shows the local field potential recorded from the hippocampus in one of
the LAC animals. The bottom panel of 10a shows a time frequency analysis using a
continuous wavelet transform using a Morse wavelet. Similarly, the top panel of 9b
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shows the local field potential recorded from the hippocampus in one of the UC animals
from a training session and the bottom panel of 10b shows a time frequency analysis. In
both 9a and 9b, we observe a transition to high frequency and high amplitude oscillations
in the local field potentials. The shift to an increase in the power of higher frequency
bands is displayed in the time frequency analysis graphs for both the LAC and UC
animals.

Comparative analysis of evoked seizure duration of LAC and UC animals over days during training

a. Seizure duration over days b. Seizure duration amongst groups
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Figure 10: A. Plot shows effect within groups (group 1 = LAC and group 2 = UC) over
days. The two-way Anova shows a significant difference in the evoked afterdischarge
duration over days in both the group with a p-value of 5.59e-06 ***_Note there is no
interaction amongst the independent variables' groups and day (p-value = 0.502).

B. Boxplot showing a comparison between the two groups (group 1 = LAC & group 2 =
UC). A two-way Anova shows a p value of 0.624 implying no difference between
groups.
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4.2 No seizures with presentation of light & sound cues

A crucial aspect of our experiments was to figure out if the auditory and visual cues could
trigger seizures on their own without the need for the kindling impulse. As illustrated in
Figure 14, we have conducted test sessions on both LAC and UC animals. The top two
panels depict the results from a LAC animal, while the bottom two panels display the
results from an UC animal. The vertical bars with icons represent the presentation of
auditory and visual cues in the absence of the kindling stimulus during these test sessions.
In order to accurately assess the occurrence of seizures, we employed the same
parameters utilized in our previous results section. These included analyzing the video
frames for behavioral seizures, amplitude of local field potentials following the
presentation of stimuli, as well as generating time-frequency graphs to identify

electrographic epileptic activity.

Visually, we can observe two distinct features in figure 11 which is in clear distinction to
the features observed during evoked seizures using kindling. The local field potentials
show a similar pattern both before and after presentation of the auditory and visual cues.
There is no increase in amplitude and a lack of high frequency oscillations akin during
kindling in the LAC animal. Similarly, the time-frequency graphs constructed using
continuous wavelet transform, display a lack thereof transition to higher frequency bands

upon presentation with the cues alone.
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Figure 11. No seizures were triggered by the presentation of auditory and light cues in
both the LAC and the UC group as depicted in the recordings from the stimulation
electrodes in the amygdala. The two vertical bars show the auditory and the light cues,
depicting the presentation of the physiological stimuli alone. There are no seizures
elicited as demonstrated by the absence of high amplitude and high frequency transition
in the local field potential and no change in the time-frequency graphs when compared to
the training sessions depicted in figure 9.
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4.3 Behavioral features akin to ‘Fear Conditioning’

The experimental animals displayed reduced mobility and seemed to occupy the same
spot in the recording cage for a longer duration following the presentation of compound
cues. To quantify this, video data was extracted 20 seconds before and after the cues were
administered. The video analysis as mentioned above in the methods section using frame

differencing was employed.

I will briefly summarize the steps of the analysis and then discuss the statistics supporting
this finding. Using electrophysiology data as a reference, the time stamps for stimulation
(auditory tone and light flash) were recorded. Next, video frames corresponding to the
recorded time stamps were extracted, covering a time window of twenty seconds before
and after the stimulation. Every fifth frame (in RGB format) was selected from this time
window and processed - grayscaled and thresholded to focus on the mouse. Consecutive
frames were subtracted to form a mask, which represents the movement across time. The
movement of the animal was analyzed by comparing the average motion in the twenty
second period before and after the stimulus, using the created mask. We conducted a two-
way ANOVA to analyze the differences in mean movement between the pre-stimulation
and post-stimulation periods amongst LAC and UC groups and across days. The results
revealed a significant difference between the UC and LAC groups in terms of movement
during the experiment. Specifically, the UC group did not exhibit any significant change
in movement, while the LAC group displayed freezing behavior upon presentation of
auditory and visual cues. This was supported by an ANOVA test, which yielded a p-value
of 0.00377, indicating a statistically significant difference between the groups. The

ANOVA analysis also revealed that there was an insignificant difference across days,
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with a p-value of 0.0536. Additionally, the interaction between groups and days was also
found to be marginally significant, with a p-value of 0.0497. This suggests that the effect
of the groups on the movement varied across the days of the experiment, however caution
should be exercised when interpreting these findings as the groups were not evenly
matched and the sample size was limited. Another noteworthy observation was the brief
response exhibited by the UC animals upon being presented with the cues. This may have
been attributed to the novelty of the stimulus, given that these animals had not
encountered the cues prior to the test sessions. However, in contrast to the LAC animals,
the UC animals only displayed a short-term reaction without any sustained freezing

response, as seen in the LAC animals.
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Figure 12. Time synchronization of data. The top panel (a) shows the raw signal recorded
from the hippocampus. The middle panel (b) shows the time stamps of the stimulus
complex, including an auditory tone and an LED flash, during the test session. The
bottom panel (c¢) displays the video timestamps for each frame captured by the Raspberry
Pi camera. All channels are synchronized on the same timeline.
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Figure 13. The following figure displays extraction of every fifth frame from the video
data using the Axoscope time stamps, followed by image preprocessing. This comprises
of first converting the RGB files to greyscale, followed by taking an appropriate
threshold to capture the mouse and then perform frame-differencing to track the
movement of the mouse.
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Mean movement difference before and after cue presentation between LAC and UC animals over days

a. Mean movement difference over days b. Mean movement difference between groups
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Figure 14: Boxplot showing comparison of mean difference of movement in LAC and
UC group over days. On the x-axis we have test session days (test session days = 1 to 4)
when the animals (both LAC and UC) were exposed to the light and auditory cues alone
after adequate number of training sessions in the intervening period. In both panel 15a &
14b, on the y-axis, we measure the mean movement difference before and after the cue
presentation during the test session days. Figure panel 14a demonstrates comparison of
mean difference in movement between LAC and UC group across days. Across days
(within factor Anova) has a p-value of 0.0536. The boxplots in figure 14b shows a
significant difference between the groups as the p-value is 0.00377 **,
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4.4 Effect on afterdischarges due to lowering of current amplitude of kindling

The previous stages of the experiment failed to establish a brain circuit by associating the
cues with kindling, where the cues themselves could trigger seizures. So, in this section,
we examine the impact of auditory and visual cues on reducing the amplitude of kindling
stimulus needed to induce seizures. The details of the experimental design for this section
are described under materials and methods (Experiment-Stage 2, Figure 3). In summary
for both the groups, we decrease daily the kindling current by ten percent of the
amplitude at which we were evoking seizures during the training days (as in Stage 1 of
the experiment, Figure 2). As before, the LAC group is exposed to the auditory and visual
cues before being kindled, while the UC animals are exposed only to the kindling

stimulus.

We monitor seizure intensity evoked by daily reduced electrical impulses using the
duration of afterdischarges as a metric, as shown in Figure 15. To investigate the impact
of cues on seizure intensity, we conduct a two-way ANOVA study comparing the
duration of cue-conditioned LAC group with the UC group. The results indicate no
significant difference between the groups (p-value 0.73). Our evaluation of the effect of
gradually reducing the current amplitude over days also reveals no significant impact, as

indicated by a p-value of 0.71.
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Effect of decreasing current amplitude on evoked seizure duration

a. Seizure duration over sessions b. Seizure duration between groups
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Figure 15: Boxplot showing comparison of seizures evoked in LAC and UC group. The
following figure displays the effect of decreasing the amplitude of electric current
delivered at the stimulation electrodes. There is no significant difference between the
groups over days (15a) nor any significant difference between the groups (15b) as
revealed by two-way Anova study.
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4.5 Effect of Rapamycin on evoked seizures

Following the reduction of current amplitude to a level where seizures can no longer be
triggered, the animals are then stimulated at the original current strength that elicited
daily seizures, as in the first experimental stage. The PC group is also added in this
experimental stage to test the safety of the drug (as mentioned before in the methods
section). Once seizures can be evoked in all three groups, namely LAC (n=3), UC (n=2)
and PC (n=2), the animals will be tested for the effect of drug on the seizures. There are a
few key points we would like to mention before the results are discussed. Firstly, not all
the animals were tested at once. Initially we started by injecting the drug in our two PC
animals to check for the drug tolerance and any acute side effects. After verifying these
issues in our PC group, the drug injections were started in two LAC animals. We then
waited for a time period of at least two weeks to check for the chronic side effects of the
drug in our four animals till we injected the remaining animals. During this time period
the remaining animals were not stimulated to evoke seizures. But before we injected the
drug, we made sure that the animals were experiencing the same behavioral stage and
duration of electrographic seizures as before. Secondly, all the animals did not receive the
same number of drug injections. The reason for this non-uniformity was one of the PC
animals stopped experiencing seizures, twenty-four hours following the first rapamycin
dose. As this was meant to be an exploratory stage of experimentation, we tried to
observe if there was incremental effect of the drug over days. But for our analysis, we
only evaluated the effect of the drug for four days, which was the minimum number of
doses received by all the animals. Thirdly, we administered the drug after inducing

seizures during each session. Therefore, we assessed the drug's impact the next day, using
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the first day of testing prior to rapamycin injection as the baseline. Keeping these
cautionary points in mind, lets proceed onto the results section for the drug administration

stage of our experiments.

We begin by evaluating the duration of afterdischarges triggered by kindling associated
with auditory and visual cues in LAC and PC animals, and only electrical kindling in the
UC cohort. The PC animals as observed in figure 16a have a lower duration of seizures
on the baseline day (labelled as day 0 on x-axis). One LAC animal showed a departure of
2.3 standard deviations from the mean of baseline measurements in both LAC and UC
animals. Following the first drug injection, one PC animal exhibited a failure to trigger
seizure with the stimulus. A similar effect was observed in one of the LAC animals,
where seizures could not be evoked, thirty days following the last drug administration.
Even after increasing the current amplitude all the way up to 150 percent of the previous
threshold (current amplitude of the baseline day), the two animals did not show any
behavioral or electrographic seizures. An ANOVA study showed a difference between
groups with a p-value of 0.0385. This was probably because the animals from the PC
group had a significant difference in the afterdischarge duration on the baseline day to
begin with (figure 16b). The UC and LAC animals seemed to have a similar duration of

afterdischarges on all days following the rapamycin administration (figure 16b).

50



Effect of Rapamycin on evoked seizure duration

a. Drug effect over sessions b. Drug effect amongst groups
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Figure 16. Effect od rapamycin drug on the duration of evoked seizures. The figure panel
16a identifies the duration of electrographic seizures over days in our animals. The pilot
animals (PC) had low grade seizures when compared to the experimental and control
animals. In one of the PC animals the seizures stopped abruptly following the first drug
administration (marked with a red circle and an asterisk*), and the seizures did not
reappear even when the amplitude of electric current was increased by 150%. A similar
change was observed in one of the LAC animals thirty days following the last drug
administration marked with another red circle with an asterisk*. Boxplot in figure 16b
shows comparison of the mean duration of evoked seizures in LAC, UC, and PC group.
There is a significant difference between the three groups with p-value is 0.0385. This
effect might be because in the PC group the duration and amplitude of evoked seizures
was considerably low as compared to the other two groups.
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Chapter 5: Discussion

The purpose of this study is to broaden our understanding of seizures as more than an
abnormal hypersynchronous event manifesting due to an imbalance between excitatory
and inhibitory brain circuits (Badawy et al., 2009; Clark & Wilson, 1999; McCormick &

Contreras, 2001).
5.1 Rodent model of reflex seizures: Future directions

We began by trying to replicate a mouse model of epilepsy, where specific sensory cues
can evoke a convulsive episode, replicating the clinical picture of reflex seizures (Sziics
et al., 2019a). The results of the initial phase of our experiment (as outlined in Section
4.2) indicate that consistently pairing the sensory cues with ’kindled’ seizures did not
successfully establish a mouse reflex seizure model, where the cues alone can trigger
seizures. We propose some ways how the experimental design can be modified to
increase the probability of establishing this rodent model. One of the inspirations for our
study is the work published by Dr. lan Whishaw in 1987, which we briefly touched upon
in the introductory section 2.5 (Whishaw, 1987). There are two features of this study that
we can incorporate in our future experiments. First, we can try to expose our animals to a
more complex task, involving encoding of spatial cues leading to successful completion.
We will electrically kindle the animal in relation to the cues. Secondly, we can attempt to
selectively lesion regions of the dentate gyrus and CA3-4 hippocampal regions after the
animals are successfully pre-trained on the task. Afterwards we can expose the lesioned
animals to the task and present the spatial cues to evoke reflex seizures. The dentate
gyrus is believed to play a critical role in preventing the spread of seizure activity to the

hippocampus due to its function as a "filter" mechanism (Alger & Teyler, 1976; Heinemann
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etal., 1992; Lothman et al., 1992; McNaughton et al., 1981). But this seizure preventing
action deteriorates over time with the development of chronic epilepsy caused by the
process of kindling (Behr et al., 1996, 1998). The breakdown of this gating mechanism is
believed to result from a combination of single neuron and local network alterations
(Ribak et al., 2012). As a result, the spread of seizure activity becomes more and more
difficult to control, leading to an increase in the severity and frequency of seizures. The
damage induced by kainic acid in the dentate gyrus of rats causing loss of neurons with
reorganization of axons associated with epilepsy resembles human temporal lobe epilepsy
(Goldberg & Coulter, 2013). We can utilize these ‘pro-epileptic’ structural alterations in the
dentate gyrus as a means of evoking seizures through cues which are possibly already

part of the epileptogenic circuit.
5.2 Behavioral changes akin to fear conditioning

Our experimental model generated some interesting behavioral results. As illustrated in
section 4.3, we observed that the cue pairing triggered a behavioral response akin to fear
conditioning. The response was only seen in the LAC mice cohort, where auditory and
visual cues were paired with the evoked seizures. In contrast, the UC mice, who did not
experience cue-seizure pairing, did not display the behavioral alteration. These findings
are interesting because retrograde amnesia is associated with seizures, specifically

generalized seizures (Duncan, 1949; JUS & JUS, 1962; McGaugh, 2000; Naik et al., 2021).

Electroconvulsive therapy (ECT), a treatment inducing generalized tonic-clonic
convulsions recommended for medically intractable affective disorders, usually causes
retrograde amnesia affecting both episodic and semantic memory (Enev et al., 2007;

Landry et al., 2021; Meechan et al., 2022; Meeter et al., 2011; Nikolin et al., 2022;
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SQUIRE et al., 1976). Seizures can overwhelm mechanisms responsible for long-term
potentiation (LTP) thereby hindering the formation of new memories (Naik et al., 2021).
This is further supported by a study in which rats subjected to electroconvulsive seizures
were unable to create memories for a spatial task that involved a water maze (Reid &
Stewart, 1997). The study also found a correlation between the rats' impaired task
performance and the effects of the seizures on LTP (Reid & Stewart, 1997). The ability of
LAC animals to recall sensory cues presented prior to seizures raises an important

question: how do they remember these cues?

A possible explanation is that the sensory cues may be processed by the brain in a way
that enhances their salience making them more likely to be remembered. This statement
is supported by recent work done in the field of fear conditioning. A 2-6 Hz oscillation
(peak at 4 Hz) in the dorsal medial prefrontal (dmPFC) and basolateral amygdalar (BLA)
nucleus cortices of mice was observed, which correlated with behavioral freezing
(Karalis et al., 2016). This oscillation was different from the theta oscillations in the
hippocampus and was likely driven by the dmPFC activity, suggesting that the dmPFC

may be influencing the BLA activity (Karalis et al., 2016; Likhtik et al., 2014).

In our study, the LAC group demonstrated a response characterized by a shift in local
field potential changes from the higher theta range (6-10 Hz) to the lower theta range (4-6
Hz), as shown in Figure 18 in Section 3.4. In contrast, the UC group did not exhibit such
a response when exposed to the auditory and light cues during the test session. Our
results reveal a striking similarity in the response elicited by cues conditioned with
evoked seizures and fear conditioning. To further validate our findings, we plan to
replicate our experiments with electrodes implanted in the dmPFC and assess if we
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observe similar results. Nonetheless, the question remains: how do events become salient,

given the retrograde amnesia commonly associated with seizures?
5.3 Novel drug therapies in epilepsy

The rapamycin drug therapy, as indicated in figure 16 in section 4.5, is associated with
the disappearance of evoked seizures in two animals. The first animal to display this
change belonged to the PC group and the effect was observed twenty-four hours after the
first drug administration. The second animal belonged to the LAC cohort, and the effect
was observed approximately thirty days after the final drug administration. Notably, in
both animals, the seizures could not be induced even when the current amplitude of the
kindling stimulus was increased to 150% of the original threshold over the following
days. It is worth mentioning that both animals belonged to groups in which evoked

seizures were paired with auditory and visual cues.

However, these results should be interpreted with caution due to several factors. Firstly,
the PC animal that was seizure-free after drug therapy was older than the LAC and UC
animals, was not kindled as regularly, and had shorter duration of evoked seizures and
lower grade of behavioral seizures before drug therapy. This suggests that the drug's
effectiveness may have been influenced by these pre-existing differences between the
animals. Secondly, the effect observed in the LAC animal was not immediate, unlike in
the PC mouse, indicating non-uniform results. Thirdly, the effect in the LAC animal may
have been due to changes in brain tissue surrounding the stimulating electrodes, such as
sclerosis or bleeding. Fourthly, the effects in the LAC mouse were not globally
experienced in the brain, as stimulation of the contralateral amygdalar electrodes elicited

both behavioral and electrographic seizures. Even if the drug was interrupting the
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epileptic circuit, its effect may be localized around the stimulating electrodes, rather than
the entire seizure circuit in the brain. Fifthly, the lack of controls raises questions about
the validity of the results. Finally, our rationale for using this drug is based on its ability
to block memory reconsolidation, as demonstrated in animal models of fear conditioning
mimicking post-traumatic stress disorder clinically (Blundell et al., 2008; Kida, 2018;
MacCallum & Blundell, 2020) However, the anti-convulsive effect of this drug due to
interruption of memory reconsolidation requires further exploration before drawing any
definitive conclusions. Furthermore, this drug acts on multiple pathways and has diverse
effects inside the brain. Therefore, we need to investigate the role of these pathways in
interrupting seizures, and we will briefly describe these effects in the upcoming

paragraphs.

Rapamycin has shown promising benefits in treating epilepsy, both in rodent models and
clinical trials. The mammalian target of rapamycin (mTOR) is a serine/threonine protein
kinase, which plays an essential role in pathways responsible for cell growth and
proliferation, synaptic plasticity, regulation of neuronal structure, expression of ionic
channels and neurotransmitter receptors (Goldberg & Coulter, 2013). In rodent models,
mTOR has been linked to the development of epilepsy, with studies showing that
inhibiting this pathway using rapamycin can confer several benefits (Zeng et al., 2009).
Specifically, rapamycin has been shown to prevent neuronal cell death, limit
neurogenesis, reduce disorganization of neural tissue, suppress astrogliosis, and inhibit

mossy fiber sprouting (Goldberg & Coulter, 2013; Hodges & Lugo, 2020; Lipton & Sahin, 2014).

Everolimus, a second-generation rapamycin derivative, has been demonstrated to be more
efficacious in preventing neuroinflammation and seizures in mice (Yang et al., 2017).
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The results of a phase 3 clinical trial in tuberous sclerosis patients show that the addition
of everolimus as an adjunct to standard treatment significantly reduces seizure frequency
compared to placebo (French et al., 2016). These findings support the further exploration
of the efficacy of rapamycin and other related mTOR inhibitors in treating epilepsy. In
addition, these drugs not only exhibit the memory reconsolidation blocking effect
(Blundell et al., 2008; MacCallum & Blundell, 2020), but also impact synaptic plasticity and
neural circuit reorganization (Goldberg & Coulter, 2013). This highlights the importance of
investigating the potential link between their antiepileptic properties and their ability to

prevent the ‘hijacking’ of memory formation mechanisms.

Our study is limited as we are studying the brain at a mesoscopic scale or population
activity of neurons. To better explain the mechanisms, we plan to replicate the study at a
single cell level using two-photon calcium imaging. This will enable us to identify
cellular populations associated with the epileptic circuit. The memory consolidation
blocking drugs, specifically mTOR blocking drugs, can then be administered after

reactivating these seizure-associated neuronal groups to weaken the epileptic circuit.

Based on the findings presented in this thesis, we are currently in the process of preparing
a manuscript that will include more comprehensive analyses and additional control data.
Due to the time constraints associated with completing this MSc program, we were
unable to include all of these results in this thesis. Therefore, we invite the reader to refer

to our forthcoming manuscript for the final results, detailed analyses, and plots

Dr. Wilder Penfield, the founder of the Montreal Neurological Institute & Hospital,
observed that while presenting subthreshold stimulation to identify epileptic foci often

evoked old forgotten memories in his patients (Penfield, 1952). His work seeks to foster a
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discussion around how the healthy brain, capable of storing experiences, can become
trapped in a cycle of synchronous, uncontrolled seizure activity. By shedding light on the
mechanisms underlying this phenomenon, we hope to deepen our understanding of

neurological disorders and advance the development of more effective treatments.
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