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ABSTRACT
OF THE THESIS OF

Reem Mehdi El-Jammal for Master of Science
Major: Neuroscience

Title: Tropomyosin Receptor Kinase B (TRKB) blockade with Lestaurtinib (CEP-701)
to abort Status Epilepticus and prevent its detrimental behavioral consequences

Background: Convulsive status epilepticus (CSE), the most common pediatric
neurological emergency is associated with long-term cognitive and psychiatric deficits.
To date, no drug has been shown to be effective in preventing these detrimental
consequences. In addition, the timely abortion of CSE is critical for the attenuation of
its sequelae; however, this condition is resistant to anti-seizure drugs in up to 30% of
cases. According to preliminary data in our laboratory, Lestaurtinib (CEP-701) modifies
Tropomyosin receptor kinase B (TrkB) activity, increases phenobarbital's
anticonvulsant efficacy against Kainic acid (KA)-induced CSE abortion, and inhibits
CSE-induced depressive-like behaviors in the KA rat model of temporal lobe epilepsy
(TLE). CEP-701 was tested as an adjuvant in a clinical therapy scenario for CSE in
children, with the aim of aborting CSE and preventing its detrimental sequelae, namely
the cognitive and emotional-behavioral abnormalities, as well as CSE-induced
hippocampus neuronal damage.

Methods: In the short-term paradigm, CSE was induced with 0.5ug of intra-amygdalar
(i.a.) KA in postnatal day 40 (P40) rats under electroencephalogram (EEG) monitoring.
Diazepam (25 mg/kg) was administered 15 minutes post-CSE with either CEP-701 (15
mg/kg) or vehicle (DMSO) intra-peritoneally (i.p.). Another same dose of i.p. diazepam
dose was injected 30 minutes post-CSE. A single dose of i.p. levetiracetam (750 mg/kg)
was given 45 minutes post-CSE. Controls received intra-amygdalar saline, followed by
CEP-701 or vehicle, and all received diazepam and levetiracetam. Rats were sacrificed
24 hors post-CSE, and brains were used for histological and molecular analyses. In the
long-term paradigm, CSE was also induced with 0.5ug of intra-amygdalar KA in
postnatal day 40 (P40) EEG-monitored rats. 15 minutes post-CSE onset, rats received
either CEP-701 (15 mg/kg) or vehicle (DMSO) intraperitoneally (i.p.). Diazepam (50
mg/kg, i.p.) was given 2 hours post-CSE onset. The rats were subjected to 2 days of
EEG monitoring post CSE induction and then sequentially subjected to the light dark
test followed by open field test then the forced swim test was performed. The Morris
water maze was then performed and then finally the modified active avoidance test.
Post-behavioral testing, rats were subjected to continuous long-term EEG monitoring
for 1 month and then were sacrificed at postnatal day P100 for further histological
analyses.



Results: All rats experienced electroclinical seizures reaching Racine stages 4
following KA injections. Short-term outcomes revealed that the CEP-701 treated rats
(SKCEP) had a statistically significant shorter seizure duration compared to the vehicle
treated rats (SKV) (p<0.05) (SKV: 15.88+1.331 hours versus SKCEP: 8.644 +1.413
hours). The SKV and SKCEP groups had comparable hippocampal neuronal densities
and both were lower than their respective controls. In the long-term paradigm, the small
number of rats per group was a limitation for performing statistical analyses, but
compared to their control group (LSV), there were trends for the vehicle treated rats
(LKV) post-CSE to have increased immobility in the FST test, increased time spent in
the periphery in the OFT, and contextual deficits in the MWM and MAAV tests. The
CEP-701 treated rats (LKCEP) that underwent CSE, had lower immobility than vehicle
treated rats in the FST, and were comparable to controls. CEP-701 treated rats post-CSE
were comparable to vehicle treated rats in the rest of the tests.

Conclusion: We show that CEP-701 enhances the anti-seizure effect of standard
medications to abort CSE, but does not alleviate CSE-induced hippocampal damage. As
far as CSE-induced behavioral sequelae, CEP-701 may reverse the depressive-like
behaviors. Further work remains to be done to fully investigate the outcomes of the
long-term experimental paradigms by increasing the number of rats per group. Given its
human safety profile, CEP-701 is a promising drug to the standard clinical paradigms
and can pave the way for future clinical trials, and thus plays a role as an adjuvant anti-
seizure medication.
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CHAPTER 1
INTRODUCTION

The brain is an obscured structure with complex neuronal networks. The human
brain's functioning, as well as its implications for brain architecture, remains a mystery:
the non-trivial link between structure and function. Because of the accelerating pace of
research, scientists are becoming able to discover the secrets and pathways of the brain.
It is considered as a controller of the behavior, interpreter of the senses, initiator of body
movements and a seat for intelligence (1).

The healthy brain is a dynamic system that works in its physiological
multidimensional zone, most of the time, within certain limits. To maintain the neuronal
network activity within physiological boundaries; neuronal excitability and synaptic
strength are homeostatically controlled (2). Homeostatic plasticity can function on a
number of different sub-cellular signaling cascades that also evolve in order to comply
with the regulatory requirements of the network with minimal disruption to its functions
(3). The failure of the homeostatic plasticity leading to hyperexcitability and excessive
abnormal activity of the neuronal network is a key pathophysiological feature in many
neurological diseases, one of which is Epilepsy (4,5).

Epilepsy is a chronic condition affecting the central nervous system that exhibit
repetitive seizures, which are transient irregular brain synchronizations that interfere
with the normal activity pattern of the brain (electrographic seizure) and may manifest
with a number of signs and symptoms (electroclinical seizure) such as subjective
sensations or involuntary muscle activity, resulting in rhythmic-clonic or tonic muscle

stiffening in certain instances, known as convulsions (6). When the recurrent seizure
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lasts more than 5 minutes without going back to the baseline or with continuous clinical
and/or electrographic seizure activity, the condition is known to be as a status
epilepticus condition (7).

Status epilepticus (SE) is an urgent neurological condition and a life-threatening
emergency that may become refractory and causes neuronal death after 30 minutes (8).
Epilepsy is associated with a disturbance of brain function, mostly in the brain area
from which it originates, in addition to potential severe physical injury and an overall
poor quality of life. The most common type of epilepsy in adults is the Temporal Lobe
Epilepsy (TLE) which is a condition of persistent neuronal hyperexcitability and
hypersynchrony, expressed as repeated unprovoked complex focal seizures within the
temporal lobe origin (9).

In fact, the medial temporal lobe structures as the amygdala and hippocampus
interact together to form the amygdalohippocampal circuit and play a role in emotion-
associated memory and affect various cognitive processes as learning (10). Thus, any
disruption in this circuit will lead to seizures as well as memory loss, behavioral
abnormalities, cognitive deficits especially in spatial learning and psychiatric disorders
with up to 40% risk of anxiety and depression (11,12). Patients with TLE experience
these comorbidities the most.

There are no known effective therapeutic agents that can prevent seizures
occurring after the Convulsive Status Epilepticus (CSE). In addition, in 35% of cases,
existing medications fail to abort CSE in the emergency room (13). TLE is known to be
the most common pharmacoresistant type of epilepsy (14). Thus, new medications are

urgently needed to strengthen CSE abortion and potentially avoid its long-term
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sequelae. Hence, there is an interest in an alternative approach that could become a
possible therapy.

Lestaurtinib (CEP-701) is an FDA approved chemotherapeutic drug, which
crosses the Blood Brain Barrier (BBB) and function as a tyrosine kinase inhibitor (15).
CEP-701 reverses SE-induced depressive-like behavior, according to published and
ongoing research in our lab, which supports the growing connection between the roles
of tropomyosin receptor kinase B (TrkB) in seizure models (16). Therefore, we tested
whether CEP-701 could reduce the effects of CSE in a kainic acid (KA)-induced TLE
peri-adolescent model by blocking TrkB. Many of the electrophysiological, cognitive,
psychiatric, and pathological changes seen in TLE patients may be recapitulated using

this model (11).

1.1. Epilepsy: Recurrent seizures and neurodevelopmental deficiencies

A healthy brain is a dynamic structure controlled by the homeostatic plasticity to
maintain the neuronal network activity within the physiological boundaries (2). This
plasticity evolves in order to comply with the regulatory requirements of the network
with minimal disruption to its functions (3). The failure of the homeostatic plasticity to
maintain the network’s activity within the target physiological limit due to the failure of
cellular and/or molecular mechanisms, leads to hyperexcitability and excessive
abnormal activity of the neuronal network that is a key pathophysiological feature in
many neurological diseases, one of which is Epilepsy (4,5).

Epilepsy is often a progressive brain condition that occurs due to the
perturbation of the neuronal activity which causes recurrent and unprovoked seizures

and affects people of all ages (17). There is still controversy about the exact mechanism
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by which seizures occur, but it is generally speculated that some circuits become
hyperactive (18). Seizures are excessive or synchronous neuronal firings in the brain
due to the disruption of the balance between excitatory and inhibitory
neurotransmission accompanied by abnormal involuntary movements or sensations
(19). Worldwide, about 50 million people have epilepsy, making it one of the world's
most common neurological disorders. Up to 70% of patients living with epilepsy are
estimated to be able to live free of seizures if properly diagnosed and treated. With
conventional medical care, the remaining 30% are intractable and often need surgical
intervention (14).

Clinical manifestations, change in the electroencephalography (EEG) and
disturbance in the mechanisms of electrophysiological homeostasis are common (20).
Many modifications occur at the cellular or synaptic levels as epileptogenesis
progresses, eventually contributing to the development of dysfunctional neuronal
circuits with increased excitability that include loss of neuronal cells, gliosis,
neurogenesis, synaptogenesis, excitatory and inhibitory cell signaling alterations (21).

The main excitatory neurotransmitter is glutamate while the main inhibitory
neurotransmitter is GABA. In the development of epilepsy, the shift in the balance
between glutamatergic and GABAergic neuronal functions plays an important role (14).
If any physiological condition (i.e. seizure-induced sprouting or increased the
connectivity between excitatory pyramidal neurons) increases the glutamatergic
synaptic activity or ion currents mediating membrane depolarization, the
excitation/inhibition (E/I) balance will tip towards hyperexcitation. Glutamate works on
the Kainate, AMPA and NMDA ionotropic glutamate receptors. By allowing the influx

of monovalent cations such as Na+ and K+, Kainate and AMPA receptors induce rapid
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depolarization of neurons, while NMDA receptors effect slower depolarization by
allowing the influx of divalent cations, mainly Ca2++ (22).

The partial-onset seizures typical of TLE, regardless of their origin, are reported
as focal interictal epileptiform spikes or sharp waves originating at or near the seizure
focus. Prolonged calcium-dependent conductance causes neuronal membrane
depolarization during paroxysmal depolarization shift (PDS), resulting in threshold
voltage and activation of sodium voltage-gated channels. Sodium influx decreases the
resting potential and induces several sodium-dependent action potentials to be fired,
accompanied by hyperpolarization with active sodium ion transport from the neurons.
Synchronous PDS discharges fired by millions of neurons produce a focal interictal
epileptiform spike that is electrophysiologically observable and manifests as partial
seizures (23-25) (Figure 1). Moreover, any condition (i.e. seizure-induced loss of
inhibitory interneurons) in which GABAergic synaptic inhibitory activity is diminished
or ion currents mediating membrane hyperpolarization are strongly stimulated (i.e.

outward K+ or inward Cl-flux) will tip the balance (26).
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Figure 1. Focal seizure generation and regulation. Panel A. Shown is a surface EEG
with interictal sharp wave and the paroxysmal depolarizing shift (PDS). The activation
of AMPA receptors initiate the PDS, and this PDS plateau is maintained by NMDA
receptors activation in addition to the conductance of sodium and calcium. PDS
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termination occurs upon the activation of GABA-mediated inhibition and the
conductance of potassium and chloride, resulting in membrane hyperpolarization. When
a large number of neurons in a given area of the brain produce PDSs, the local
inhibition can be overridden, resulting in a focal seizure. To prevent or stop a focal
seizure, various antiseizure medications (ASDs) target each of these pathways. Panel B.
According to the network theory of focal seizures, abnormal epileptic activity might
start in the seizure onset zone or elsewhere, even in normal cortex. Regulatory networks
regulate both the focus and normal cortex. To influence seizure initiation and
propagation, these networks interact in complicated ways. Till now, no ASD has been
created to target network function (217)

According to the Institutional League Against Epilepsy (ILAE), when the
diagnosis by the clinician is determined to be Epilepsy, it is categorized according to
multilevel classifications (27) (Figure 2). Starting with the seizure type, the
classification of seizure begins with the determination of whether the seizure’s initial
manifestations are focal (partial) or generalized (Figure 3). It is possible to miss or
obscure the onset, in which the seizure has an unknown onset. Focal seizures arise from
one cerebral hemisphere and are subclassified as simple or complex based on the level
of awareness of the individual’s consciousness of himself and the environment during
seizure. Simple focal seizures can be associated with symptoms that are sensory,
somatosensory, autonomic, or psychological, but do not last more than one minute and
do not cause loss of consciousness. Complex focal seizures, by comparison, are often
associated with loss of consciousness and can last for a couple of minutes. Simple and
complex partial seizures can spread and affect the other hemisphere also and eventually

develop into secondary generalized seizures lasting little more than few minutes (28).
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Figure 2. Epilepsy Classification. Multilevel classification of epilepsy according to the
ILAE based on the seizure type, epilepsy type and epilepsy syndrome (212)

Furthermore, focal seizures are subgrouped at the onset as those with motor and
non-motor signs and symptoms. If both motor and non-motor signs are present at the
start of the seizure, unless non-motor (e.g. sensory) symptoms and signs are prominent,
the motor signs will usually dominate. Focal to bilateral tonic-clonic reflects a seizure
propagation pattern instead of a unitary type of seizure. Generalized seizures involve
bilateral networks from the beginning. They split into seizures that are motor and non-
motor (absence) (27). Primary generalized seizures arise from paroxysmal discharges in
both hemispheres that can manifest as tonic-clonic seizures with loss of consciousness
(grand mal seizures) or generalized tonic or clonic seizures with or without loss of

consciousness (22).
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Figure 3. Schematic illustration of the healthy brain and seizure types with the
corresponding electrographic pattern. Panel A. Normal healthy brain with baseline
activity. Panel B. Focal seizures arising in one hemisphere and showing fast rhythmic
spikes. Panel C. Generalized seizures are characterized by an abnormal neuronal firing
that simultaneously recruits networks in both hemispheres at seizure onset and show
fast bilateral spike and wave patterns. If seizure onset is focal (Panel B) and then
spreads to the contralateral hemisphere (Panel C), it is classified as a secondary
generalized seizure. However, when both hemispheres are affected at onset, the
phenomenon is termed a primary generalized seizure.

Once the clinician has thoroughly diagnosed the type of seizure, his next step is
to classify the epilepsy type. Types can be classified to focal, generalized, combined
focal and generalized, or unknown. Focal epilepsy may be subdivided into unifocal or
multifocal disorders. Generalized epilepsy shows spike-wave forms on the EEG.
Patients with combined epilepsy have both focal and generalized seizure. But when
epilepsy type cannot be determined, the epilepsy is of unknown type. Then epilepsy

syndrome determination forms the third step of classification. It is used to describe a
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series of signs and symptoms that characterize a particular diagnosis of epilepsy and
integrates EEG recordings, seizure types and imaging features that occur together (28).
While research has led to effective drugs for the treatment of various forms of
seizure disorders, one of the most common types of focal acquired seizures that is
resistant to antiseizure medications and necessitates surgical intervention is the TLE in

adult patients (14).

1.2. Status Epilepticus

By triggering inhibitory pathways, seizures are usually self-terminated. The
failure of these mechanisms will lead to prolonged and frequent seizures known as
Status Epilepticus (SE) that will exacerbate TLE and require emergent and potent
anesthetics (29). SE is characterized by progressive internalization of GABAA
receptors, and benzodiazepine resistance in refractory models (30,31). The ILAE
describes SE as a seizure that in most patients shows no clinical signs of arrest after a
period that involves the vast majority of seizures of that type or repeated seizures,
without interictal restart of the activity of the baseline CNS. Most studies provide a 30-
minute period that can demarcate the transition point at which neuronal seizure-induced
injury occurs, although operational descriptions with a duration of as little as 5 minutes
have been proposed (32). According to the recommendations of the clinical trial, care

should immediately start if seizures last for ~ 5 minutes (33).

1.2.1. Status epilepticus with the emphasis on CSE
Status epilepticus is divided according to the semiology into the Convulsive

Status Epilepticus (CSE) which lead to long-term injury with convulsions (motor
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symptoms) that may involve jerking motions, grunting sounds, drooling, rapid eye

movements, tonic muscle stiffening or clonic rhythmic activity and the Nonconvulsive

Status Epilepticus (NCSE) where subjects appear confused or look like they're

daydreaming without obvious tonic-clonic activity. This may affect memory and
language.

The CSE is a disorder arising either from the failure of the seizure termination
mechanisms or from the initiation of mechanisms leading to abnormally prolonged
seizures (after 5 minutes). It is a condition that, depending on the type and length of the
seizures, may have long-term effects (after 30 minutes), including neuronal death,
neuronal damage, and alteration of neuronal networks (34). Via clinical trials and
animal model studies, the ILAE determined these 2 timepoints. The establishment of
such timepoints relies on 2 characteristics, where seizures lasting more than 5 minutes
are less likely to resolve on their own (35) and become more pharmaco-resistance as
CSE continues with the lack of treatment (36). Thus, adequate and immediate CSE
management is important during this critical period.

In animal models, CSE has been described as the period from the onset of
seizures until it stops on its own or due to AED interference, most often diazepam
(DZP). The CSE is not always constant in animal models, unlike in humans, and
seizures fluctuate between stage 1 and 5 (Racine’s scale) (37). CSE causes
epileptogenesis which is the production and extension of tissues that are capable of
generating spontaneous seizures, including epileptic disease development.
Epileptogenesis occurs and progresses in humans or rodents over many years, and can
interfere with normal neuronal growth and differentiation, and causes impairments in

patients with epilepsy (14). In humans, a life-threatening medical emergency could be

21



induced if CSE lasts more than 30 minutes. Thus, quantitative examination of
behavioral CSE and EEG in animal models can help to explain the effect of CSE
severity on epileptogenesis (37).

CSE is correlated to both acute mortality and high morbidity rates. It is also
correlated to psychological and cognitive issues, and the longer it lasts, the more
dangerous the consequences become (38). As a result, the administration of medications
that can reduce the severity of seizures and their possible manifestations could change

the direction of CSE treatment.

1.2.2. Standard clinical treatment

The convulsive status epilepticus is a neurologic and medical emergency that
needs urgent assessment and management by initiating successful therapy to stop an
episode from worsening and prevent significant morbidity or mortality (39,40). 35-50 %
of patients have partial or complete resistance to traditional medications, a disorder
known as refractory CSE (38).

Assuming optimal treatment, three other key mortality determinants affect CSE:
age, duration and etiology. Bimodal mortality is estimated by age at CSE time, with
peak rates for very young and very old (41). CSE duration is the only theoretically
modifiable mortality determinant that may be specifically modified with previous
diagnosis as well as timely initiation and completion of therapy. Unfortunately, issues
that are highly unique to a particular patient, such as transportation, intravenous (1V)
access, availability of EEG, hemodynamic instability, and control of the airway may
add crucial minutes, even hours, to the timing of initiation and efficacy of care. The

most evident yet complex determinant of SE mortality is probably etiology.
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SE activity will change and must be treated rapidly in a coordinated manner by
administering the suitable medication (Figure 4), with simultaneous management of the
airway, breathing and circulation upon monitoring the respiratory and heart rate, oxygen
saturation and blood pressure (39,42). The main treatment method for patients with
epilepsy arriving to the medical emergency is the AED, and it has been stated that
around two thirds of epileptic seizures have been controlled by AEDs (43). AEDs do
not cure or prevent epilepsy, but suppress seizures by targeting three main mechanisms:
enhance GABA-mediated inhibitory neurotransmission, modulate voltage-gated ion

channels and attenuate glutamate-mediated excitatory neurotransmission.

Airway, Breathing and Circulation Management
First Diazepam Dose Given

Another Benzodiazepam Dose Given
A Second-Line AED is Initiated

Prepare For Intubation

IV Anesthetic Given
Propofol, Midazolam, Or Phenobarbital

Figure 4. ED management of the Convulsive Status Epilepticus

Benzodiazepines (as diazepam and lorazepam) are the first-line AEDs of choice

for emergent control (44) that can be given efficiently and rapidly. These drugs act at
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the level of GABAA receptors by binding at the specific benzodiazepine active site,
ensuring the entry of Cl- and hence membrane hyperpolarization. If seizures don’t
resolve after the first dose, a repeated dose may be administered after 5 minutes. 1V
administration is preferred, but if vascular access is not available, benzodiazepines may
be administered via intramuscular, rectal, nasal or buccal routes (39).

Second-line therapy (as phenytoin, levetiracetam or valproate) is required for
repetitive and continuous seizures which do not respond to benzodiazepines (39,45).
The effectiveness and safety of these drugs do not vary significantly (46). Levetiracetam
(trade name: Keppra®) pharmacological mechanism varies from other AEDs (47). It
has a special binding receptor site, fast absorption, no known clinical cardiac effects,
and is potentially a suitable candidate for use in drug-induced seizures (45,48). Its
mechanisms of action are not fully understood, but it is thought to have inhibitory
action by binding to the synaptic vesicle glycoprotein SV2a, that controls the release of
neurotransmitters and the transport of vesicles in neurons. N-type calcium channels in
hippocampal pyramidal cells and potassium-gated channels may also be inhibited
(49,50). It is suggested that another recorded effect of levetiracetam works against
GABA receptors negative modulators without binding to the receptors directly (51). In
adults and children, phenytoin has a well-established efficacy by blocking the sodium
voltage gated-channels (50). The pharmacological effects of valproic acid are seen in a
variety of ways, such as by acting on CNS levels of GABA, blocking voltage-gated ion
channels, and also by inhibiting histone deacetylase (52). Although Levetiracetam can
be administered rapidly by 1V infusion (5 min) compared to phenytoin (20 min), it has
higher compatibility with the common IV fluids, and the risk of serious adverse events

(cardiac arrhythmias, extravasation and hypotension) to occur is low (53). The EcLiPSE

24



and the ConSEPT trial did not show that Levetiracetam was faster than phenytoin in
terminating CSE but suggested that it can be used as a first-choice drug in the second-
line treatment (54,55).

The majority of CSE treatment protocols reported are based on a time schedule
designed to handle seizures aggressively within the first hour in order to decide if
continuous 1V infusion control needs to be implemented in the second hour (40). Up to
30% of CSE patients fail to respond to two anti-seizure medications and are associated
with a risk of neuronal death (13) which causes epilepticus to be treated as refractory
status and requires more sedative medications to be given. The patient will be put in a
medically induced coma upon the treatment with continuous infusion of an AED such
as 1V infusion of midazolam, pentobarbital, thiopental, or propofol (Due to the risk of
propofol infusion syndrome, propofol infusions should not be used in children) (39).

The treatment of epilepsy has generally been far from satisfactory to date since
most existing medications primarily counteract membrane proteins that control neuronal
excitability and mediate epilepsy end-stage symptomes, i.e. the seizures themselves
instead of addressing the primary signaling pathways that initially activate the various

cellular and molecular downstream mechanisms mediating epilepsy (35).

1.2.3. CSE etiology

Regarding the etiology of seizures, there are several acquired and innate causes
of the epileptic disorder. If the etiology is known, epilepsy is classified as symptomatic
or of structural etiology that can be either due to structural abnormalities, CNS
infections (meningitis and encephalitis), head trauma, metabolic abnormalities

(hypoglycemia, hyponatremia), autoimmune disorders, hypoxia, genetics, vascular

25



diseases, drug toxicity or either traumatic brain injury (28,56). When the etiology is

unknown, epilepsy is known to be as cryptogenic.

1.3. The TLE Syndrome: A pharmacoresistant focal epilepsy type

1.3.1. Refractory seizures

The temporal lobe is the brain region that processes memories and sounds,
interprets vision, creates speech, understands language, and regulates certain
unconscious/automatic reactions such as hunger, thirst, fight-or-flight, emotions, and
sexual excitement (57). TLE is a disorder characterized by frequent, unprovoked
seizures emanating from the medial or lateral temporal lobe. It is the most common type
of the focal acquired seizures, and is often refractory to the used AED. Two-thirds of
the patients with intractable TLE require surgical interventions to become seizure free
(58).

Another distinctive attribute of TLE is its semiology. Typical auras such as rising
epigastric sensations, deja vu, affective phenomena (fear or sadness), or experiential
phenomena accompanied by unilateral motor signs (often ipsilateral face or mouth
contraction, head deviation) and bilateral motor phenomena in the face or axial muscles
are the main semiological characteristics of TLE. In addition, oral automatisms and
behavioral arrests are common. The bitemporal spread signals modifications in
consciousness, amnesia, autonomic phenomena (change in heart and respiratory rates),

and prominent motor automatisms (tonic and dystonic posturing) (59).
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1.3.2. Psychiatric and cognitive detrimental consequences

In spite of treatment with AEDs that regulate behavioral convulsions, but not EEG
convulsions, sustained CSE for more than 30 minutes typically causes high mortality or
results in widespread brain damage that leads to devastating cognitive deficiency,
deficits in neurodevelopment, cerebral palsy, psychiatric and emotional comorbidities
and increased risk of epilepsy (37,38). Cognitive and emotional behavioral disturbances
are the most common comorbidities, in addition to pharmacoresistant seizures, of both
acquired and genetic epileptic disorders where patients with epilepsy are at a high 60%
risk of these complications (60).

The most frequent psychiatric comorbidities in TLE patients include depression,
panic attacks and anxiety disorders (61,62) where patients present with a high 40% risk
of depression (12). The quality of life of patients with epilepsy can be more affected
than the seizures themselves and they are at a great risk of psychological disorders such
as suicide. Stress can also increase the risk of the development of epilepsy, particularly
when encountered chronically or early in life (63).

In TLE, cognitive output, learning and long-term memory are frequently impacted
as the epileptogenic focus is situated in the vicinity of one of the major memory-related
brain regions (66). Learning disabilities are most frequently in the form of reading
disabilities that occur in up to 30% in children with TLE (67). These cognitive
impairments are affected by age and duration of illness in such a way that patients with
childhood onset of TLE are characterized with poorer cognitive performance and
children with seizure onset before 5 years of age are associated with lower 1Q (14).
Adults with severe TLE show hippocampal sclerosis that is linked to memory problems.

Infant-onset TLE patients have a decreased overall amount of white matter associated
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with lower cognitive status and learning disabilities (14,68,69). Other cognitive
disabilities include poor performance in arithmetic, word recognition and spelling in
addition to problems in attention and coordination (67,70,71). Language disturbances
associated with temporal lobe seizures can lead to both dyslexia and aphasia
(expressive, receptive and global) (72). KA-induced temporal lobe epileptogenic lesions
are associated with behavioral problems, including aggression and hyperactivity, that
indicate how active epileptogenic mechanisms can lead to the behavioral deficits found
in patients with epilepsy, along with the impact of seizures and antiepileptic
medications (73).

In order to assess the severity of CSE, continuous Video-EEG recording and/or
careful direct observation allows it easier to measure the exact period of various phases

of convulsive seizures (37).

1.4. Amygdalohippocampal Circuitry: main regulator in cognitive and emotional
behaviors

The limbic system key components involved in emotion, learning, memory and
complex behaviors are the amygdalar nuclear complex and the hippocampal region. The
interconnections between these two components are complex and robust. While
glutamatergic pyramidal cells in the amygdala and hippocampal region are well known
as the primary mediators of interconnections between these regions, recent research

suggests that long-range GABAergic projection neurons are also involved (74).
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1.4.1. Amygdala

The amygdalar nuclear complex and hippocampal region are juxtaposed in the
anterior part of the medial temporal lobe with the amygdala located just in front of the
hippocampus in humans and nonhuman primates (74). The amygdalar nuclear complex
is made up of over a dozen nuclei, each with its own set of extrinsic and intra-
amygdalar connections (75). It contains three groups of nuclei: the cortical amygdalar
nuclei (anterior, posterolateral, and posteromedial cortical nuclei, as well as the nucleus
of the lateral olfactory tract), the basolateral amygdalar nuclear complex (BLC) (lateral,
basolateral, and basomedial nuclei, as well as the amygdalohippocampal area) and the
centromedial group (includes the medial and central nuclei) (Figure 5). The projection
neurons of the cortical and basolateral nuclei, which make up about 85% of neurons, are
glutamatergic pyramidal or pyramidal-like neurons with spiny dendrites, much like
those in the cortex. GABAergic non-pyramidal neurons with spine-sparse dendrites

make up the remaining neurons in the cortical and basolateral nuclei (76,77).

Central nucleus
Medial nucleus

B

Hippocampus

Amygdala

(cross section)

2
Lateral nucleus

)
/
/
Nuclei making up the
basolateral complex

Figure 5.Schematic Midsagittal Section of the brain. Panel A. Shown is the
amygdala and the hippocampus in the anterior part of the medial temporal lobe. Panel
B. Cross section of the amygdala with its different nuclei (lateral nucleus, central
nucleus, medial nucleus and the nuclei making up the basolateral complex) (214)
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Since each amygdalar nucleus receives convergent inputs from a distinct set of
sensory interaction areas, thalamic nuclei, as well as of intra-amygdalar connections, it
appears that each amygdalar nucleus transmits distinct information to its hippocampal
targets. This knowledge will pertain to the emotional salience of sensory stimuli in
terms of emotional learning and memory, based on the connection of these stimuli with
aversive stimuli or reward in the amygdala (74).

The basolateral amygdala, particularly the anterior portion of the basolateral
nucleus (BLa), is well known for modulating the consolidation of memories of
emotionally arousing experiences through projections to other brain regions, including
the hippocampal area (78). Long-term potentiation (LTP) is a candidate memory
formation process, and there is compelling evidence that amygdalohippocampal
projections are involved in hippocampal LTP modulation in rats (79). BLa also plays a
critical role in fear conditioning which is a form of behavioral associative learning in
which participants learn to equate a conditioned stimulus with an unconditioned
(painful) stimulus. It receives input from the lateral amygdala and sends it to subcortical

sites that drive conditioned aversive behaviors (80).

1.4.2. Hippocampus

The human brain consists of 2 curved sea-horse shaped structures each known to
be as a hippocampus. The hippocampal structure made up of dentate gyrus (DG), cornu
ammonis (CA) fields CA1-CA4, and subiculum as well as the adjacent

parahippocampal cortices that are made up of entorhinal cortex (ERC), perirhinal
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cortex, postrhinal cortex, parasubiculum, and presubiculum are referred to as the
hippocampal area (74).

The ERC, which is the "gateway to the hippocampal formation”, receives input
from the latter regions. The perforant pathway, which includes the efferents of the ERC

to the hippocampal structure, targets the hippocampus, including the DG (Figure 6).

Mossy fiber pathway

Figure 6. lllustration of the hippocampal neuronal circuitry. Panel A. A
midsagittal section of the brain showing the location of the hippocampus in the medial
region of the temporal lobe. Panel B. Pyramidal neurons of the CAL region receive
excitatory stimulations from the entorhinal cortex (direct) and from the Schaffer
collaterals of the CA3 neurons that already received stimulations from the mossy fibers
of the DG granule cells. The DG cells receive their stimulations from the entorhinal
cortex (213).

The CA region has the pyramidal neurons while the DG has a granular cell
layer. The CA4 layer is considered a part of the dentate gyrus and often referred to as
the hilar region. The CA region connect to the DG and other brain areas through the
Papez circuit that has a role in memory and function (81). Information is transmitted

through the hippocampal region of all mammals through a network of connections that
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includes the hippocampus's so-called trisynaptic circuit that involves three different
groups of neurons, which are the granule cells of the DG and pyramidal cells of the
CAl and CA3 (82).

Dentate granule cells have polarized morphologies, with dendrites extending
into the dentate molecular layer, and axons, called mossy fibers, projecting into the
dentate hilus and CA3 pyramidal cell layer. Schaffer collaterals, CA3 axons, loop and
extend towards the CA1 area and then extend to the subiculum that projects back to the
ERC after information is processed by the hippocampus's classic trisynaptic circuit.

The hippocampal region's structures and circuits constitute the medial temporal
lobe memory system (MTLMS) which is crucial for memory formation (77). The
MTLMS and the amygdala have extensive, complex interconnections that are important
for emotional memory. Polymodal association areas in the hippocampal region
incorporate highly processed sensory input from all sensory modalities into complex
configurational representations like context. CA1 and the subiculum, are the only
sources of projections from the hippocampal structure to the amygdala (75) that receive
outputs from the trisynaptic circuit. The ventral hippocampus, which corresponds to the
anterior part of the primate hippocampus, is primarily responsible for stress and
emotion whereas the dorsal hippocampus, which corresponds to the posterior part of the
primate hippocampus, is primarily responsible for cognitive functions and spatial
navigation (83,84). In the regulation of entorhinal-hippocampal circuitry in health and
disease, dentate granule cells that are needed for normal learning and memory play a
critical role and control the flow of information into the hippocampus (85).

Epochs of rhythmic and coordinated firing of large populations of neurons in

both the amygdala and the hippocampus, result in currents that make up the EEG.
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Synaptic interactions, like synaptic plasticity, are facilitated by synchronous oscillations
in the amygdalohippocampal network, which generate recurrent "time windows."
Rhythmic synchronous amygdalohippocampal oscillations have been shown to be
essential for the consolidation of emotional memories, as well as fear conditioning and

extinction (86,87).

1.4.3. TLE affecting hippocampal region

In adults, the most common form of seizures are the partial onset epilepsies and
TLE is the most common form of partial epilepsy (88). Since partial resection of the
temporal lobe, including the hippocampus and amygdala, virtually removes seizures in
more than 80% of patients, it appears that most cases of TLE include dysregulation of
the amygdalohippocampal activity (89). In addition to contributing to seizures,
dysfunction of these systems in TLE patients is responsible for cognitive deficits and
deficits in declarative and spatial memory (90,91). Deficits in emotional enhancement
of declarative memory is due to the specific deficits in the emotion-driven encoding
enhancement mediated by the amygdala-hippocampus loop (92). Seizure activity in one
area quickly attracts seizure activity in the other. Neuronal loss in the hippocampus and
amygdala is linked to this abnormal neuronal activity (93). Added to that, altered

connectivity of granule cells can contribute to limbic epilepsy hyperexcitability (85).

1.4.4. Common behavioral tests for the assessment of the function of this circuit
Cooperation between the BLa and the hippocampus is essential for contextual
emotional memory. The amygdala and dorsal hippocampal circuits are thought to

handle the emotional and spatial aspects of an experience, respectively (94-96).
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Memory loss and impaired-emotionally relevant learning are neurobehavioral deficits
that can be studied in a controlled environment, where the effect and contribution of
various factors to emotional and cognitive issues can be isolated and analyzed using
various molecular and histological techniques.

Comprehensive studies of hippocampus and amygdalar injury on long-term
cognitive and emotional-behavioral features of CSE caused by KA or any other
chemoconvulsant have been examined in TLE models by utilizing various behavioral
tests that mimic human psychiatric and cognitive disorders which helped researchers
understand the basis of such interactions. In the absence of the ability to examine
feelings directly, researchers have concentrated on their non-subjective elements,
creating experimental paradigms that enable measurable emotional behaviors in rodents
for emotionally-relevant learning and memory, as well as adaptive behavior in new
situations (97). Although there are certain variations between the brain circuitry of
rodents and humans that cause innate versus learned responses to threat, a behavioral
parallelism has been drawn (98). Behavioral tests are inherently complicated, and all of
their components must be considered, including the interaction between the
experimenter and the subject, the cost, the required effort, and, most crucially, the test's
validity. There are hundreds of behavioral tests, some of which have been proven, and
others which have not.

In the following are some of the behavioral tests that are valid and assess
anxiety, depression, and emotionally-relevant learning and memory, which enable the
appropriate translation of preclinical data to clinical scenarios (Table 1). Anxiety-like,
exploratory, and hyperactive behaviors are assessed using the light-dark box test (LDT)

and open field test (OFT). The forced swim test (FST) is used to investigate learned
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despair, struggle behaviors, and depressive-like behaviors. The Morris water maze
(MWM) is a visual-spatial navigational test. The modified active avoidance (MAAYV)
tests the ability to recognize auditory emotional cues as well as hippocampal-dependent
contextual emotional cues, and the acquisition of learned adaptive shock-avoidance
behaviors. MAAYV concept is based on classical conditioning, which was first
established in 1927 by Ivan Pavlov (99,100) and then expanded by B.F. Skinner to
include instrumental (operant) avoidance conditioning (101). A conditioned stimulus
(CS) such as contextual visual cues, lights, or more often a tone, and an aversive
unconditioned stimulus (US) such as a painful electrical foot shock are used in the
classical Pavlovian fear conditioning studies (101). The rodent often performs an innate
defensive freezing response when re-exposed to the same CS, as it identifies the CS
with the aversive stimuli (102). During the two-way active avoidance paradigm, the
rodent learns to associate the CS with the US and shuttle between the chambers of the
two-way shuttle box to prevent an incoming foot shock (avoid) or terminate an ongoing
one (escape) (103). A generalized immobility of the subject's musculature, excluding
those engaged in respiration, is characterized as freezing (102). Active avoidance is a
sort of instrumental conditioning in which the rodent develops an anticipatory learnt
adaptive behavioral response and learn to associate between the CS and the US to avoid
or terminate an aversive stimulus such as walking over a platform, jumping over a
barrier, or shuttling between compartments (98). Its importance lies from the fact that

fear of painful foot-shock is an innate survival response (104).
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Table 1. Common behavioral panels performed in our laboratory to study the role

of the amygdalohippocampal circuit in epilepsy rodent models

Testing Panels

Test Illustrartion

Aim of the Test

Open Field Test (OFT)

Maze Basics: Open Field

To check for hyperactivity,
exploratory and anxiety-like

behaviors

Forced Swim Test

(FST)

Climbing

Immobility

To check for depressive-like

behaviors

Light-Dark Box Test

(LDT)

To check for anxiety-like

behaviors

Morris Water Maze

Mouse

To check for the visuospatial

Esca learning
(MWM) \f | g Pl
e W
Water /
Modified Active To check for the emotionally

Avoidance Test

(MAAV)

relevant learning of auditory
and contextual cues and
adaptive shock-avoidance

behaviors
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1.5. The potential culprit mechanisms underlying CSE pharmacoresistance and
long-term sequelae

The molecular process underlying the production of TLE remains largely
unknown. Increased excitability in epilepsy models is often followed by both increased
excitatory synapse function and impaired inhibitory synapse function. The early
changes are accompanied by changes in several factors essential to hippocampal

synaptogenesis, learning and memory.

1.5.1. GABAA receptors structure and function

For proper cell membrane stability and neurologic function, an exquisite balance
between the inhibitory neuronal transmission via GABA and excitatory neuronal
transmission via glutamate is important. The main inhibitory control is provided by
GABAergic neurons (105,106). It has been suggested that the spread of acute seizures,
development and chronic manifestations of epileptiform activity are mostly due to
alterations in GABAergic signaling, which include changes in the properties of
interneurons and cells that become depolarized with reduced levels of inhibition in the
cerebral cortex (106,108,109).

GABA acts on one of two forms of receptors: GABAA, that is a ligand-gated
ion channel and GABAB, that is a G-protein-coupled receptor (110,111). Many
researchers observed loss in subsets of hippocampal GABA neurons in animal epilepsy
models and in the tissue of patients with TLE. The main sites of fast synaptic inhibition
in the brain are GABAAR (112). Different subunits derived from different gene
families (al- a6, 1-B3, y1-y3, 9, €, 0, w, p1- p3) form the GABA receptors. Five

subunits enclosing the chloride channel constitute GABAA receptors with different
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pharmacological and kinetic properties. The most preferred combination of these
subunits contains two alpha, two B, and one y. Benzodiazepines, that are sedative and
antiseizure drugs, and GABA can bind on the modulatory domains of these subunits
(113). CSE results in changes in the expression and membrane localization of several
subunits of GABAAR (al, a4, y2) in the hippocampal dentate granule neurons that alter
the pharmacological and physiological properties of the receptor (110,114,115). During
CSE, the number of functional receptors on the post-synaptic membrane in the
hippocampus decreases due to the decrease in the expression of specific subunits of the
GABAAR that cause the gradual internalization and consequent erosion of inhibition of
postsynaptic GABAARs (31,116). This explain the resistance to benzodiazepines that
won’t have a place to bind to which causes CSE to become more refractory.

BDNF is known to influence the trafficking of GABAAR and cell surface
expression (117). GABAAR surface stability is maintained through its phosphorylation
by protein kinases. The binding of BDNF on TrkB receptors, activates the TrkB/PI3K/
PKC pathway. PKC phosphorylates the serine residues 408 and 409 on the B3 and
enhances the receptor function (119). In CSE, the phosphorylation of B3 subunit
decreases. B3 subunit interaction with AP2 complex of clathrin-endocytotic machinery
rises as a result which facilitate internalization (112). Also, NMDA receptor activation
that occurs during SE and causes increased neuronal activity associated with seizures
will cause an increase in the y2 subunit internalization (120,121).

One of the pathways activated post- CSE and that alters the role of GABAR s
the increased BDNF synthesis and TRKB activation which controls a variety of
downstream pathways, including JAK/STAT, PKC, and MAPK. Transcriptional

pathway activation sensors such as CAMP response element binding protein (CREB),
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inducible cAMP early repressor (ICER), and early growth response factor 3 (Egr3)
control the expression of al and a4 subunit genes in parallel (122). The activation of
JAK causes its transphosphorylation leading to STAT protein phosphorylation which in
turn increases ICER due to the presence of STAT-recognition element in the ICER
promoter (123,124). ICER heterodimerizes with CREB which block CREB-induced
transcription leading to decrease in al subunit (125,126). The increase in Egr3
expression due to activation of PKC and MAPK signaling pathways after SE induces
the overexpression of 04 (127,128). In addition, the glia derived proinflammatory
cytokine tumor necrosis factor alpha (TNF-alpha) induces GABAA receptor
endocytosis and at the same time AMPA receptors exocytosis influencing the balance
(129). Calcineurin mediates the dephosphorylation of GABAARS results in endocytosis

of these receptors also (130).

1.5.2. AMPA and NMDA receptors structure and function

In the presence of chronic changes in synaptic inhibition, which are
hypothesized to play a major pathological mechanism in epilepsy (131), excitatory
connections in the hippocampus and other regions of the brain are crucial for epileptic
activity generation. Fast excitatory synaptic potentials (EPSPs) are produced upon
glutamate interaction with ionotropic glutamate receptors and are responsible for
excitatory connectivity between pyramidal neurons and between these neurons and
interneurons. EPSPs arriving at individual neurons add up to activate action potentials,
and epileptic field potentials are formed due to synchronous EPSPs in groups of

adjacent neurons.
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Several forms of ionotropic receptors localized at the postsynaptic membrane
mediate fast glutamatergic neurotransmission. At most excitatory synapses, AMPA and
NMDA ionotropic receptors are the predominant type (132). AMPA receptors are
formed from the combinations of the protein subunits GluAl, GluA2, GIuA3, and
GluA4 as tetramers. A particular function is played by the GluA2 subunit that makes
AMPA receptors formed from this subunit impermeable for calcium (133). Most
AMPA receptors are permeable to sodium and potassium. Functional NMDA receptors
are made up of two GIluN1 subunits along with either two GIuN2 subunits or a
combination of GIuN2 and GIuN3 subunits (134). NMDA receptors are permeable not
only to sodium and potassium but also to calcium (135). Standard synaptic signaling
and fast synaptic excitation is mediated by AMPA receptors.

Excitotoxicity due to excessive stimulation of glutamate receptors, results in
pathologically increased concentrations of Ca2+ (136). After a seizure, the calcium
influx has the ability to trigger a number of signaling cascades that have an influence on
increasing the synaptic efficiency (135). Calcium activates phosphatases and kinases
that modify the function of the ion channel and neurotransmitter receptor. The activity
of PKC and calcium-calmodulin independent protein kinase Il activity is increased
within minutes after seizures, leading to an increase in phosphorylation on ser831 of
GIuR1 and ser880 on GIuR2. The phosphorylation of ser845 of GIuR1 is also increased
by protein kinase A. This phosphorylation increases the channel conductance that lead
to enhanced AMPAR mediated potentiation after seizures, and GluR2 subunit
endocytosis (137). The endocytosis will enhance Ca2+ permeability through AMPAR

furthermore and increase the excitotoxic vulnerability and cognitive impairments (136).
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1.5.3. Maladaptive role of TRKB receptors

In the development of epilepsy, disturbances in the communication of dentate
granule cells are thought to play a key role. Essential regulators of granule cell
morphology are the BDNF and its TrkB receptor. The activation of the TrkB/BDNF
receptor facilitates epileptogenesis due to status epilepticus and induce TLE (138,139).
BDNF and TrkB receptor are involved in the control of neuronal growth, neuronal
plasticity, learning, synaptic transmission and epilepsy development. BDNF depolarizes
the neurons as fast as glutamate not only by activating TrkB (140), but also by
improving the glutamatergic synaptic transmission (141). BDNF protein levels are
increased in granule cells following seizures, and TrkB receptors are triggered in several
models of limbic epileptogenesis in the mossy fiber pathway that are in direct relation to
the severity of the seizure and supports the contribution of TrkB to the structural
synaptic reorganization since changes in the mossy fiber pathway have been implicated
in the maintenance of the hyperexcitable circuitry (142-144).

BDNF interaction with TrkB causes receptor dimerization, intracellular tyrosine
residue transphosphorylation, and subsequent activation of the 3 major signaling
pathways involving Ras/MAPK, phosphatidylinositol 3-kinase (P13K), and C-y
phospholipase (PLCy) (146). TrkB kinase activity involves the formation of LTP of
excitatory synapses formed by mossy fiber axons of DG cells with CA3 cells (147).
LTP contributes to limbic epileptogenesis and promotes the propagation of seizure
activity across synaptic-coupled neuronal populations within and beyond the limbic
system (148).

In the pathophysiology of several mood disorders, including drug addiction,

depression and anxiety, BDNF and its receptor TrkB have emerged as key mediators
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(146,149). The development of emotional-behavioral disturbances is linked to a
disruption in TrkB signaling and abnormal synaptic plasticity (150). The light-dark box
test shows that reversing TrkB activation after KA-induced CSE not only suppresses
seizures but also reduces anxiety-like behaviors (138). Whether and how TrkB controls
the structure of granule cells, however, is not fully known and is still under study.

This suggests that CSE-induced TrkB activation can play a role in behavioral
and cognitive deficits in seizure models. These results corroborate the function of the
TrkB pathway in anxiety and depression in animal models that also match our lab's
published research on how CSE-induced chronic behavioral deficiencies are reversed

with CEP-701-mediated TrkB blockade (16).

1.5.4. NKCC1 and KCC2 cotransporters structure and function

GABA activates chloride-permeable GABAAR and generates chloride ion (Cl-)
flow, which is dependent on the postsynaptic neuron's intracellular ([Cl-]i). NKCC1 and
KCC2 are two key regulators of GABA receptor activity in neurons, maintaining [CI-]i
homeostasis (151). Unknown reasons may disturb the balance between these two main
secondary active transporters, NKCC1 and KCC2, resulting in inefficient GABA
inhibition (152).

GABA can become depolarizing during epileptogenesis due to the persistent
interictal-like activity in adult hippocampus slices that downregulates KCC2 and impair
chloride extrusion necessary for GABAergic hyperpolarization. NKCC1 facilitates the
uptake of Cl- into the cell, while KCC2 pumps Cl— across the plasma membrane out of

the cell (151). 12 membrane-spanning segments, 6 extracellular loops, and intracellular
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N- and C-terminals make up NKCC1 and KCC2. The positions of regulatory sequences,
phosphorylation sites, and lengthy extracellular loops differ amongst them (153,154).

In mature adult neurons, higher KCC2 expression and lower NKCC1 expression
result in a net Cl- influx. The disruption of this balance causes an increase in NKCC1
expression and a downregulation of KCC2 receptors that facilitate the entry of more ClI-
into the cell resulting in a net Cl- outflow and consequent depolarization when GABA
stimulates GABAARs (155,156) and remodeling of the excitatory glutamatergic
neuronal circuits (157). This downregulation of KCC2 may play a crucial role in the

pathogenesis of TLE (Figure 7).
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Figure 7. GABAA receptor-mediated responses in immature and mature adult
CNS neurons are governed by chloride concentration regulating systems. Panel A.
(Left): In parallel with the downregulation of KCC2 or in the absence of it, the
upregulation of NKCC1 forms the primary regulator that mediates CI uptake in
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immature CNS neurons. (Right) In mature CNS neurons, KCC2 is the primary K-ClI
cotransporter, with NKCC1 being subsequently downregulated. The Na+/K+-ATPase
creates an electrochemical gradient of Na+ and K+, which helps NKCC1 and KCC2
transport Cl-. The value of ECI™ in relation to the membrane potential (Vm) is
determined by the relative activity of NKCC1 and KCC2, as well as their opposing
effects on [CI"]i. Upon the binding of GABA to GABAA receptors, ligand-gated CI™
channels open that are permeable to HCO3—. At different phases of development, the
expression profiles of NKCC1 and KCC2 change. Panel B. Neurons undergo
"recapitulation™ and "dedifferentiation” to some crucial and specific phases of early
neural development in a variety of pathophysiologic disorders, such as epilepsy.
Expression and functional abnormalities in NKCC1 and KCC2 are caused by molecular

cascades. @ NKCC1 and KCC2 mRNA expression levels, @ protein levels,
and® identified regulatory pathways have all been found to be altered (218)

The molecular pathways that lead to unbalanced Cation-Chloride Cotransporters
(CCCs) are still being investigated. During seizures, the hippocampus subiculum
functions as a hub for synchronized firing to extend to other parts of the temporal lobe
(158). First, endogenous BDNF and TrkB signaling pathways produce more BDNF,
which binds to TrkB receptors and activates src homology domains containing
transforming protein/FGF Receptor Substrate 2 (Shc/FRS-2) and PLC- vy that lowers the
expression of KCC2 mRNA (151,159). KCC2 is downregulated also by Ca2+-
dependent processes triggered by the buildup of Ca2+ from glutamate receptors. It also
corresponds to the dephosphorylation of S940 by protein phosphatase 1 and the
activation of the calcium-activated protease calpain, which is implicated in the cleavage
of KCC2 (160-162).

Furthermore, phosphorylation of the KCC2 protein at Tyr 903/1087 causes
enhanced lysosomal degradation of KCC2 (163). The phosphorylation of threonine
residues T906 and T1007 occurs when the with-no-lysine kinase (WNK), SPS1-related
proline/alanine-rich kinases (SPAK), or SPAK homolog oxidative stress-responsive

kinasel (OSR1) pathways are activated, resulting in decreased KCC2 activity and [CI-]i
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accumulation and EGABA change in a depolarizing direction. (164). NKCCL1 is also
phosphorylated by the WNK-SPAK/OSR1 pathway, which enhances NKCC1 activity

(165).

1.5.5. Mossy fiber sprouting

Hippocampal Sclerosis (HS), which is the neuronal death of CA1, CA3 and CA4
pyramidal cells, is the most common pathological entity in TLE. DG cells undergo
neuronal death to a smaller extent than pyramidal cells, but they do show two different
phenomena: cell body migration, known as granule cell dispersion (GCD), and the
growth and extension of granule cell axon, known as mossy fiber sprouting (MFS)
(166). Mossy fibers (MF) usually extend to the hilus to project to the excitatory
interneurons and inhibitory interneurons before synapsing onto CA3 pyramidal neurons
through a tiny area called the stratum lucidum (167). In epileptic patients, due to the
BDNF upregulation and the increased excitability of the DG cells, MF were observed to
perform abnormal and extensive innervation within the dentate hilus to the inner
molecular layer of the DG and lose their target cells in CA3 and CA4 (168,169) (Figure

8).
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Figure 8. Hippocampal formation in a normal brain versus in an epileptic brain.
Panel A. The dentate molecular layer (ml) of the hippocampus lies above the granule
cell layer and is considered as a cell-free layer made up of the apical dendrites of
granule cells. The entorhinal cortex sends information to the outer molecular layer via
the perforant pathway (PP). In the normal brain, the mossy fibers of the granule cells
extend to the hilus with projection to the mossy cells and CA3 neurons. The mossy cell
axons project to the contralateral granule cell dendrites in the inner molecular layer.
Panel B. In an epileptic brain, the mossy fibers lose their target in the hilus and sprout
extensively to innervate the dentate inner molecular layer of the hippocampus, a
phenomenon known to be as mossy fiber sprouting (illustrated in red) (167)

The vacancy of synaptic sites in granule cell proximal dendrites (170), induced
by hilar cell loss after injury (171), and the downregulation of chemorepellents, such as
Sema3A, have both been postulated to contribute to the extension of mossy fiber
sprouts to the inner molecular layer (172). Sema3A, which is typically released by
entorhinal axons projecting to the dentate molecular layer, interacts with a receptor
complex made up of neuropinlin-1 and plexinA found in the dendrites of adult granular,
hilar, and pyramidal cells, implying that this signaling pathway is active in the
hippocampus formation but is lost after status epilepticus (173).

The prevalence and intensity of MFS are strongly connected with the number of
spontaneous seizures, and the degree of cell loss (174). Although it is one of the most

common TLE alterations, the extent of sprouting varies greatly ranging from extensive
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to undetectable, which shows that it is not required for the development of this disorder

(175).

1.6. Preclinical animal models

The relationship between the cognitive and emotional behavioral disturbances,
psychiatric comorbidities and academic performance, intellectual ability and anti-
seizure medication burden of the TLE has received considerable attention from
researchers. Via well-established preclinical animal models, comprehensive studies
have tested the electrographic, behavioral and pathological effects of CSE.

Animal models with proven face validity have been used to study the impact of
hippocampal seizures on learning, memory and emotions as they recapitulate the
clinicopathological findings seen in patients with temporal lobe seizures in a controlled
environment (11,176,177). Post-CSE models earned the greatest acceptance of the
animal models produced to investigate the pathogenesis of TLE since they are
distinguished by a latency period, the development of recurrent spontaneous seizures,
and a variety of lesions such as those of TLE (22). The choice of the model depends on

practicality, availability, and efficacy.

1.6.1. Chemoconvulsant animal model

Seizures may be triggered by many chemoconvulsants that boost glutamatergic
neurotransmission or block GABAergic inhibition, while improving cholinergic
neurotransmission that can cause seizures by cholinergic hyperactivation and induce

CSE. Injected rodents exhibit recurrent seizures with extraordinary histopathological
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correlates of hippocampal sclerosis, normally secondarily generalized and of variable
frequency (178).

The most commonly used chemicals are the kainic acid and pilocarpine that
mimic some phenomenological characteristics of human TLE (179). In both models,
neuropathological changes such as neuronal loss in many hippocampal subfields (180)
and reorganization of mossy fibers into the fascia dentate molecular layer are observed
and function as an anatomical substrate for epileptogenesis (181). However, as a
muscarinic acetylcholine receptor agonist, systemic application of both kainic acid and
pilocarpine often causes damage in neocortical regions and may represent human TLE
pathology trends that extend to regions adjacent to the hippocampal and amygdaloid
regions (22,182). Due to time constraints and cost, animal models of chronic epilepsy

are not commonly used (183).

1.6.1.1. Kainic Acid

To cause prolonged neuronal depolarization and epileptic attacks in rodents with
a damage focus inside the hippocampal structure, KA, an L-glutamate analogue that
acts by activating ionotropic kainate receptors and glutamate AMPA receptors, is
usually administered systemically, intra-hippocampal or intra-amygdalar (184). KA
cause sustained neuronal depolarization that leads to the generation of seizures
clinically characterized by changes in physical activity, stereotypic grooming, ‘wet dog’
shakes and continuous clonus that helped in the understanding of the pharmacological,
molecular and cellular processes underlying epileptogenesis and ictogenesis (22). Adult
rats were also reported to develop severe extra-hippocampal damage after systemic

acid-induced CSE (185). Intra-amygdalar KA injections are not only appropriate for
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practical purposes, but also for localizing the insult directly to the amygdala. Therefore,
it is important to examine whether the changes are attributable to epilepsy rather than
the chemo-convulsive agent in other brain areas. The contralateral side of the injection
may be viewed as 'epileptic’ regulation since it lacks the pattern of ipsilateral damage
and represents a possible onset of seizures at the same time (186). KA models are
simple and easily reproducible, and the resulting CSE is electrographically similar to
that seen in humans (187). However, one of the constraints of KA is that it is variably

responsive to rats of various strains, weights, sex and age (188).

1.6.1.2. Pilocarpine

Pilocarpine is an agonist of the muscarinic acetylcholine receptor and like KA,
particularly in combination with lithium, represents many clinical and morphological
aspects of TLE in rodents (22). Lithium administration subcutaneously before
pilocarpine injection reduces the pilocarpine dose needed and epilepsy will be produced
more reliably (189). Pilocarpine can be administered locally either
intracerebroventricularly or directly into the hippocampus. Sprouting of mossy fibers
and spontaneous recurrent seizures are also observed in rats injected with
intrahippocampal-pilocarpine with near zero mortality (190). It can generate interictal
activity in the subiculum and upregulate the neurotrophins in the hippocampus and
neocortex of treated rats (191-193). Cognitive and memory deficits and aggression

typically seen in TLE patients can be also observed in this model (194,195).
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1.6.2. Electrical model

One of the first paradigms performed to study seizures and reproduce
epileptogenic characteristics in the intact brain with low mortality and high
reproducibility was electrical stimulation models. In addition, postictal changes from
electrical stimulation can be studied when the epileptogenic cause is no longer present,
unlike chemical-induced seizures (196,197). CSE induction could be done using low or
high-intensity electrical stimulations applied to specific areas of the brain. The left
basolateral amygdala is one of the triggered regions, whereby sustained pulsed-train
electrical stimulation of high intensity induces CSE with subsequent neuronal harm
(198). On the other hand, hippocampal electrical stimulation, in particular the
stimulation of the perforating pathway for seizure induction, is of great concern (199).
Among the most studied models of electrical stimulation are electroshock-induced
seizures (ES). A single time electroshock is easily applied and does not require a
stereotaxic electrode implant that involves whole-brain stimulation protocols (200).
When used for chronic research, electrical stimulation protocols can be expensive and

laborious (196).

1.6.3. Febrile seizure model

Thermal models consist primarily of increasing core body temperature or
evoking febrile seizures. In children under 5 years of age, febrile seizures are the most
common where fever provokes febrile seizures. Many complex methods have been used
to model rodent fever. In one model, rats were treated with lipopolysaccharide, a
bacterial endotoxin, that induces an immune response and raises the core temperature of

immature rodents by 1°C (38). Another most widely used technique was to increase the
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core temperature by heating the animal. A number of heating techniques have been used
over the years, including hot water, infrared heat lamps, and warmed air streams. In
these models, the core temperature of the animal increases and hence the brain
temperature also increases, leading to hyperthermic seizures that enhance the limbic
excitability and develop epilepsy (201,202). Such models are reproducible, with little to

no neuronal loss observations.

1.7. CEP-701 as a promising drug for treatment

Lestaurtinib (CEP-701) is an oral indolocarbazole drug that functions as a
nonspecific inhibitor to several receptor tyrosine kinases and inhibits ATP binding to
the TRK kinase domain. Due to its favorable safety profile, it was used as a
chemotherapeutic adjuvant in several cancer types mainly in acute myeloid leukemia
(AML) (203,204). It is actively absorbed from the gastrointestinal tract and processed in
the liver's P450 enzyme system with a half-life of 6.8 to 9.2 hours (203). Based on
previous work done, CEP-701 reduces the risk of HS-induced seizures, most likely via
inhibiting TrkB and attenuates short-term hyperexcitability (15).

Transient TrkB blockage with CEP-701 changes the inhibitory potency of
GABAAR by preventing its internalization, which suppresses hyperactivity, according
to previous work done in our lab. Because CEP-701 targets the TrkB pathway, if it
proves to be protective against CSE, this FDA-approved drug might be easily

repurposed for use in clinical trials on SE patients in addition to cancer patients.
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CHAPTER 2

HYPOTHESES AND AIMS

CSE is a neurologic and medical emergency disorder associated with
psychological and cognitive detrimental consequences and correlated to both high
morbidity rates and acute mortality. Developing a novel adjuvant can enhance the
standard clinical paradigm and improve prognosis. We propose to investigate CEP-701
as a potential treatment to terminate the consequences of CSE in the KA-induced
temporal lobe epilepsy periadolescent rat model to pave the way for a clinical study that
repurposes CEP-701 for use in epilepsy as delineated below.

Aim 1: To check the efficacy of CEP-701 in enhancing the timely abortion of
CSE with standard medications and avert short-term hippocampal neuronal damage.

Hypothesis 1: Transient TrkB blockade post-KA-induced CSE with CEP-701
will promote the early abortion of SE with standard medications (One of the standard
protocols used: Diazepam) and prevent the associated hippocampal neuronal loss.

Aim 2: To check the effects of blocking TrkB receptor with CEP-701 post KA-
induced CSE (10 days post-CSE) on the emotional-behavioral deficits using testing
paradigms for anxiety-like behavior (Light-dark box, Open field), and depressive-like
behavior (Forced Swim Test).

Hypothesis 2: Transient TrkB blockade post-KA-induced CSE with CEP-701,
will preserve normal brain plasticity resulting in appropriate adaptability to new
environments, and therefore in normal emotional behaviors.

Aim 3: To check the effects of blocking TrkB receptor with CEP-701 post-KA-

induced CSE (3 weeks post-CSE) on the cognitive deficits using testing paradigms for
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amygdalohippocampal learning and memory (Morris Water Maze, Modified Active
Avoidance).

Hypothesis 3: Transient TrkB blockade following KA-induced CSE with CEP-
701, will prevent the recruitment of neuronal networks into abnormal epileptogenic
brain circuitry, thus preserves normal brain plasticity resulting in improved learning and

memory.
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CHAPTER 3

MATERIALS AND METHODS

3.1. Animals and experimental paradigm

The Institutional Animal Care and Use Committee (IACUC) at the American
University of Beirut (AUB) approved the animal care and behavioral studies. Postnatal
day (P35) male Sprague Dawley rats housed in a temperature-controlled room (22°C)
and maintained on a 12-hour light-dark cycle with permanent access to food and water
were used in this study.

Two clinically-relevant experimental paradigms were applied, an acute and a
long-term clinical paradigm, with four different groups used in each paradigm (KV:
Vehicle administered following KA-induced CSE, KCEP: CEP-701 administered
following KA-induced CSE, SV: Vehicle administered following saline, SCEP: CEP-
701 administered following saline). Intra-amygdalar cannula implantation surgery was
performed for these rats who subsequently rested for 5-6 days before CSE induction in
both paradigms. Since TLE is associated with CSE (205), which is thought to begin in
adolescence, KA inductions were carried out in the periadolescent stage (P40). CSE was
elicited by injecting 0.5 ng of KA dissolved in 0.6 pl of normal saline (0.9%) into the
amygdala (i.a). Using EEG and clinically based on Racine's scale (Racine, 1972), which
is used to assess seizure intensity, CSE onset was determined. Rats that had progressed
to the third stage of Racine's scale (forelimb clonus and rearing) were included in the
study.

For the acute paradigm, following surgery and KA induction, EEG and

clinically proven CSE onsets were recorded. Rats were progressively treated with a
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CEP-701 dose (15 mg/kg) or DMSO and a diazepam dose (25 mg/kg) intraperitoneally
(i.p.) 15 minutes post-CSE onset, followed by a second dose of diazepam 30 minutes
post-CSE. Then, 45 minutes post-CSE, a dose of levetiracetam also known as Keppra

(750 mg/kg i.p.) was administered (Figure 9).

Age (Postnatal Days)

Electrode and KA Injection for

Cannula Seizure

Implantation Induction/Saline CSE Histological and
Surgery Injection Onset Molecular Analyses

g U U

P35 P42 ﬁ ﬁ ﬁ P43

CEP-701 Diazepam Keppra

[25mg/kg)
iomsos \ZSmeE) L?é?m

diazepam

(25mg/ke)

Continuous EEG Monitoring

Figure 9. Short-Term Experimental Paradigm. Following the electrode and intra-
amygdalar implantation surgery, P35 rats rested for 5 days before being connected to
the EEG for KA-induced CSE administration or saline injection. Diazepam (25 mg/kg)
first dosage was injected with CEP-701 (15 mg/kg) or with DMSO (vehicle) 15 min
post KA induced-CSE onset then injected once again 30 min post-CSE. Keppra (750
mg/kg, i.p.) was then administered 45 minutes post-CSE. Rats were kept on the EEG
for 24 hours and then were sacrificed for histological and molecular analysis.

CEP-701 was given 15 minutes after the CSE onset because, in a clinical
scenario, 15 minutes after the onset of clinical symptoms that lead patients to the
emergency room is a plausible estimate of the earliest opportunity to treat. Prior work in
our lab was done on different doses of CEP-701 to finally choose the suitable dose (15
mg/kg) to be given.

Post CSE induction, rats were monitored on the EEG for 24 hours to determine

the seizure duration. The identification of two-time points, CSE onset and CSE offset,
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helped in determining the seizure duration. When spikes and abnormal fast activity
occupied 50% of the tracing with the reemergence of the posterior dominant rhythm and
intermixed slow waves, CSE offset was reached. Then perfusion was performed for
histological and molecular analyses.

Rats were divided into four groups, respectively:

1-SKCEP group (Short Term Kainic Acid CEP): CEP-701 was given (i.p.)

following KA-induced CSE (i.a.)

2-SKV group (Short Term Kainic Acid Vehicle): Vehicle (DMSO) was given

(i.p.) following KA-induced CSE (i.a.)

3-SSCEP group (Short Term Saline CEP): CEP-701 was given (i.p.)

following saline (i.a.)

4-SSV group (Short Term Saline Vehicle): Vehicle (DMSO) was given (i.p.)

following saline (i.a.)

CEP-701 or DMSO injections for the control saline groups (SSCEP and SSV)
were matched for the kainic acid groups (SKCEP and SKV) respectively. Because KA
was dissolved in saline, and in order to be sure that saline by itself doesn’t cause
hyperexcitability or damage, saline was chosen to be injected for the control groups that
don’t undergo CSE.

For the long-term paradigm, following surgery and KA induction, EEG and
clinically proven CSE onsets were recorded. Rats were treated with a CEP-701 dose (15
mg/kg) or DMSO intraperitoneally 15 minutes post-CSE onset, followed by a diazepam
dose (50 mg/kg, i.p) 2 hours post-CSE onset. Due to high mortality rate in the first
batch of rats because of the CSE severity, diazepam was then used in 35 mg/kg dose in

the second batch. EEG monitoring continued for 2 days’ post CSE induction and then
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after 1 week, rats were subjected to different behavioral testing panels. Post-behavior,
rats were then monitored at the EEG to check for any recurrent seizures and then

perfusion was done for histological analyses at P100 (Figure 10).
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Figure 10. Long-Term Experimental Paradigm. Following the electrode and intra-
amygdalar implantation surgery, P35 rats rested for 5 days before being connected to
the EEG for KA-induced CSE administration or saline injection. CEP-701 (15 mg/kg)
was administered 15 min after CSE onset. 2 hours post-CSE, diazepam (50 mg/kg) was
injected and rats were kept on the EEG for monitoring for 2 consecutive days. At P50,
rats were subjected for a series of behavioral tests and then were connected on the EEG
for 1 month monitoring to be sacrificed then at P10 for histological analyses

Rats were also divided into four groups, respectively:

1-LKCEP group (Long Term Kainic Acid CEP): CEP-701 was given (i.p.)

following KA-induced CSE (i.a.)

2-LKV group (Long Term Kainic Acid Vehicle): Vehicle (DMSO) was given

(i.p.) following KA-induced CSE (i.a.)

3-LSCEP group (Long Term Saline CEP): CEP-701 was given (i.p.)

following saline (i.a.)
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4-LSV group (Long Term Saline Vehicle): Vehicle (DMSO) was given (i.p.)

following saline (i.a.).

3.2. Stereotaxic Implantation of Electrodes with an Intra-amygdalar Cannula and
EEG Recording

In order to efficiently monitor seizures and record continuous high-quality wired
EEG simultaneously on multiple rats for 3 months, epidural electrode surgical
implantation and wiring is employed. Once anesthesia (mixture of ketamine (60 mg/kg)
and xylazine (6 mg/kg)) was administered intramuscularly and achieved completely
(lack of signs of pain in response to toe pinching), the rat’s head was shaved by a
trimmer and then tightly secured with two ear bars on the stereotaxic frame (Figure
11.A). Then, a 2 cm single midline incision was done by a sterile surgical blade to be
able to expose the skull by a retractor and scrap the soft tissue. Cauterization was then
performed to control bleeding and the calvarium surface was cleaned and dried with few
drops of 3% hydrogen peroxide to locate the bregma which is the intersection between
the coronal and sagittal sutures (Figure 11.B). Using a high-speed drill, five small 1.4
mm holes were done to place five epidural electrodes in the skull. These electrodes
include the left and right frontal electrodes that were 2 mm anterior to, and 3 mm lateral
to the bregma, the left and right parietal electrodes that were 5 mm posterior to, and 3
mm lateral to the bregma and one anterior midline reference electrode that was 6 mm
anterior to the bregma based on the Paxinos and Watson adult rat brain atlas. For the
intra-amygdalar cannula (7.7 mm in length) implantation, an extra hole was formed into
the left basolateral amygdala (Figure 11.C). The five sockets of the electrodes and the

socket of the ground wire that was placed under the skin at the base of the neck were
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connected then to the sixth-channel pedestal that was anchored with acrylic dental
cement (Figure 11.D). The rats were then transferred to specialized single animal cages
for recovery and post-operative observation, and Panadol was administered for 3 days

for pain relief (Lmg/ml in drinking water).

Figure 11. Stereotaxic Electrode Implantation Surgery. Panel A. The exposed skull
is cleaned and dried after the head has been tightly secured. Panel B. The bregma is
identified using the stereotaxic arm, and its respective coordinates are specified
(Antero-posterolateral and lateral) to help in the calculation of the coordinates for the
respective holes to be drilled for the 5 electrodes and intra-amygdalar cannula. Panel C.
The electrodes placed with the inserted intra-amygdalar cannula. Panel D. The pedestal
with the electrodes assembled within it and prepped to be adhered using the dental
acrylic.

After 5 days, each rat was transferred to an EEG cage and the pedestal was
connected to the EEG cable of the EEG recording system (Xltek, Natus Medical, USA)
attached to the commutator that accommodates the movement of the rats (206) to

monitor the baseline brain activity few hours before KA induction (Figure 12)
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Figure 12. EEG Recording Cages. Panel A. The EEG setup consisting of customized
EEG cages with the specialized commutators. Panel B. Each rat is placed in its
respective EEG cage and connected to its commutator for EEG monitoring. The rats are
able to move and rotate when connected to the commutators without any effect on the
recording that help in long-term EEG monitoring.

The EEG recordings were read by two readers blinded to the treatment groups.
The seizure durations were compared between the different groups in the acute
paradigm, while rats with the same seizure duration were included in the study and
subjected to behavioral experiments in the long-term paradigm. Post-behavior, EEG
recordings were reviewed also to check for any spontaneous recurrent seizures and
abnormal brain wave localization that are displayed in the form of spikes (very fast
waves), poly-spikes (a quick series of spikes), spike waves (spikes followed by a slow

wave), and sharp waves.

3.3. Cognitive and behavioral tests
To check for the chronic cognitive and emotional behavioral disturbances, five

main behavioral testing panels where performed between P50 and P73 on the long-term
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treated peri-adolescent rats. The tests were done in the sequence from the least aversive
to the most aversive test to minimize the interference between the tests. The light dark
test was done followed by the open field test then the forced swim test, then the Morris

water maze test and finally the modified active avoidance test.

3.3.1. Light Dark Test (LDT)

The light dark test is one of the most commonly used tests to study the anxiety-
like and exploratory behaviors in the epilepsy rodent models. It is conducted in a
shuttling box (Coulbourn Instruments, Harvard apparatus, USA) that is divided into two
equal compartments (H: 34 cm, W: 27 cm, L: 27 cm), linked by a 9 X 9 cm door located
in the middle of a metallic partition wall (Figure 13). The dark chamber, covered with
black foam panels, is the right side while the lit chamber, covered with white foam
panels and visual cues (dices and beads), is the left side. The LDT is a 1-day test
conducted over a 5 min session for each rat. The rat was placed in the right chamber and
allowed to freely move in the box. The Graphic State 4 software (Coulbourn
Instruments, Harvard Apparatus, USA) protocol was used calculate the time spent by
the rat in each compartment and the number of shuttling between the two
compartments. Between each rat, the box was cleaned via an odorless detergent and

70% ethanol (207,208).
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Figure 13. The Light Dark Box Test Setup (LDT). The right dark chamber is covered
with black foam panels, while the left chamber is illuminated and covered with white
foam panels (207)

3.3.2. Open Field Test (OFT)

In order to monitor the locomotor activity (hyperactivity), exploratory and
anxiety-like behaviors, the open field test was conducted. It was performed over 3
consecutive days, with a 5 minutes’ session each day in an opaque plexiglass
squarefield (W: 80 cm, L: 80 cm, H: 40 cm) with the ceiling light turned off, and the
customized LED wall light strips and circular neon lamp turned on. On the first day of
testing, a single small object (cube) was placed in the center of the field's floor, and then
a new object (ball then bottle) was introduced on each of the following two days (Figure
14). On each given day, rats were placed individually in the corner closest to the most
recently added novel object after starting the video recorder on the monitoring laptop.
Between each rat, the floor surfaces and walls of the apparatus were cleaned with
odorless detergent and then a 70% alcohol solution. The rats’ movements (distance

traveled, time spent in each zone (central versus peripheral), time spent exploring
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central objects) can be separately measured and analyzed using the SMART video

tracking 3.0 software (Panlab, Harvard apparatus, USA) (207,208).

S 1: Subject_01]
X6, Y:397

Figure 14. The Open Field Test (OFT). Shown is the setup of session 3 where the rat
is being tracked for analysis as it roams within the box for 5 minutes and interacts with
the 3 different objects placed in the center.

3.3.3. Forced Swim Test (FST)

This test was tailored to study the depressive-like behaviors in rats that can be
measured by the immobility percentage and lack of struggling which are considered as
the behavioral surrogates. It is a 2-day test consisting of 10 min session each day. It is
made up of three transparent plexiglass cylinders (20 cm in diameter and 50 cm in
height (Coulbourn Instruments, USA)) that are filled with water to a depth of 35 cm and
the temperature adjusted to 25°C (Figure 15). Three rats were consecutively placed in
each cylinder and were video recorded in order for their swimming behavior

(Immobility and struggling) to be then analyzed using the SMART software. The
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activity detection mode that allows the automated detection of the rat motor activity
level has been adjusted in the software such that the lack of movement except for the
minimal limb movement to stay afloat defines immobility. When the session ends, rats
were removed and allowed to dry for several minutes on dry towels in a cage under the

heating lamp and the water in the cylinders is changed (207,208).

Figure 15. The Forced Swim Test Setup (FST). Each rat was placed inside a water-
filled cylinder, and kept for 10-minutes session. The rat’s behavior was video recorded
by a camera placed in front of the cylinders (red arrow) for analysis.

3.3.4. Morris Ware Maze Test (MWM)

Hippocampal-dependent visuospatial navigation is assessed through the Morris
water maze test that consists of 7 days with habituation on day 1 followed by 5 days of
spatial acquisition testing and a probe trial and visible platform subtest on day 7. A
dark-blue circular plastic pool, 150 cm in diameter and 80 cm in height (Coulbourn
Instruments, USA) was filled to a depth of 30 cm with 25°C temperature (Figure 16).
The pool was virtually divided into four quadrants (NE, NW, SE, SW) and surrounded
by visual cues adhered to the room’s walls. On the habituation day, rats were allowed to
freely swim for 2 min. During the spatial acquisition trials on the 5 days, an "invisible

platform™ (transparent plexiglass cylinder) was placed 2 cm below the water surface in

64



the NE quadrant. Each rat is carefully placed in the water facing the pool's wall and
allowed to swim for 2 min to reach the platform. If the rat does not find the platform, it
is placed on it for 30 seconds. Four daily trials were conducted for every rat, each with a
30-second rest time in between, and four equidistant immersion landmarks from the
platform with their sequence changed each day. In order to assess the retention of the
spatial learning, the probe trial was performed on day 7 where the rat was allowed to
freely swim for 2 minutes without the platform and was immersed in the quadrant
opposite to the quadrant that previously had the platform. Then, on the same day, the
rats were allowed to swim to a visible platform (gray opaque plastic cylinder) placed in
the SE quadrant, with four attempts per rat and four different immersion positions in the
NW quadrant, in order to demonstrate that motor and visual functions are intact and not
variables in the experiment. Following the daily trials, each rat was placed under a
heating lamp to dry, and the pool was cleaned periodically. Every trial was video
recorded and analyzed using the SMART video tracking 3.0 software (Panlab, Harvard
Apparatus, USA) in order to measure the escape latency period from immersion in the

pool until reaching the platform and the time spent in each quadrant (207,208).

Figure 16. The Morris Water Maze Setup during the Acquisition Days. The
invisible platform (white arrow) was placed under the water surface, and the rat was
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placed in the filled pool for four trials with each trial from a different immersion
landmark (S, W, SWW, SWE) that were equidistant to the platform and their sequence
was changed every day (N: North; W: West; E: East; S: South; NW: Northwest; NE:
Northeast; SW: Southwest; SE: Southeast).

3.3.5. Modified Active Avoidance Test (MAAV)

The MAAV test, which is designed in our lab, is a modified two-way active
avoidance (TAA) test in which the contextual Pavlovian conditioning was incorporated
in the standard two-compartment rat shuttle box. This helps in the assessment of active
tone-signaled electrical foot shock avoidance in the left compartment and active
context-cued shock avoidance in the right compartment of the box (Figure 17). The test
consists of 7 days including 1-day habituation, followed by 5 training days and 1
retention testing day. The Graphic State 4.0 (GS4) software (Coulbourn Instruments,
Allentown, PA, United States) was used to program the MAA experimental procedure,
which monitors the transitions between the left and right chambers and delivers tone
signals and electrical foot shocks via the modular Habistest system. During habituation,
plain white foam panels cover the anterior and posterior plexiglass walls of each
compartment and the rats were allowed to freely roam for 5 minutes without any tone or
shock. During the training days, the left compartment was kept as before while in the
right compartment, the anterior and posterior plexiglass walls were covered with black
and white stripped foam panels and contextual cues made up of dices and beads were
added on the interchamber partition wall. Each training day consists of 30 trials
delivered. In the contextually modified right chamber, every rat entry is a context
exposure trial and 10 seconds following the entry of the rat, an electrical foot shock (0.5
mA,15 sec) will be delivered. While in the plain left chamber, the trial consists of 15

seconds tone (CS) followed by an immediate 0.5-mA electrical foot shock for 15
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seconds also with a 40 seconds inter-trial period. When shuttling between the chambers,
the rat either avoid an incoming shock or terminate an ongoing one (escape). Following
these training days for the rat to associate the unconditioned stimulus (shock) with the
CS stimulus (tone in the left compartment and cues in the right compartment) the two-
part retention test is performed. During the first part, no tone or electrical shock was
delivered and the rat was allowed to freely move for 2 minutes in the shuttle box in
order to check for retention of contextual learning. During the second part, the left
compartment was made identical to the right one with the anterior and posterior walls of
the left covered with white foam panels and cues were removed. After a 5-minute
habituation period, 30 trials of foot shocks (0.5 mA, 15 s) are delivered in either the
right or left chamber signaled by a preceding 15 second tone with a 30-second inter-trial
period. Shuttling through the inter-chamber door during tone delivery will prevent an
incoming electrical shock and is referred to as shock “avoidance”, while shuttling

during shock delivery is referred to as “escape” (103).

Figure 17. Schematic Design of the Modified Active Avoidance Test (MAAV). This
test was developed by modifying the shuttling box in order to assess the emotionally-
relevant auditory and contextual learning simultaneously. In the right compartment that
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tests the contextual learning and contains visual cues, the shock is administered every
10 seconds the rat spends in the chamber. In the left compartment that tests for the
auditory learning, the electrical foot shocks are signaled with a tone. This test assesses
learning of adaptive shock-avoiding shuttling responses that replace innate fear
responses (freezing).

3.4. Euthanasia and Cardiac Perfusion Surgery for Histological Studies

In order to perform various microscopic examinations, the rat’s brain was
removed at P100 through the trans-cardiac perfusion-fixation non-survival procedure.
After achieving anesthesia and the rat become unresponsive to noxious stimuli, it was
placed on its back and its limbs were restrained via pins to prevent accidental or fluid-
induced shifting during the procedure. A cut in the abdomen was done just below the
diaphragm in order to remove the diaphragm to access the rib cage. Along the side of
the rib cage, two vertical incisions were done to help in lifting the rib cage and exposing
the heart. In the apex of the left ventricle, a needle was inserted and a cut in the right
atrium was done simultaneously to allow the fluid to drain. Then PBS (1X) solution was
pumped slowly into the animal followed by the fixative solution: PFA (4%).
Once the animal's blood supply has been depleted, the brain was taken and stored in 4%

PFA at 4°C for further histological analyses.

3.5. Paraffin embedding and sectioning

The process of embedding started with a 10% formalin fixation, followed by a
0.9% saline wash to remove any debris. Then, using a series of ethanol solutions (75%,
95%, then 100%; 2 hours each), dehydration was done followed by clearing with xylol.

The brain was flattened, and paraffin was infiltrated in the whole tissue.

68



In order to obtain 8 um thick sections, the microtome was used for sectioning of

the paraffin blocks and then sections were attached to slides for staining and analyses.

3.6. Brain dissection and hippocampal microdissection

A Guillotine was used to decapitate the rat's head, which was then fixed for skull
removal. After removing the cerebellum, the remaining structure was divided between
the hemispheres. Both hemispheres were dissected at a microscopic level. The
hippocampus, a seahorse-shaped structure found in each hemisphere, was gently
scraped off during the microdissection process. After that, the hippocampus and cortex

were kept at -80° C for molecular analysis.

3.7. Histological analysis (Hematoxylin and Eosin)

Hematoxylin and eosin are two dyes that are widely used to assess the
hippocampal neuronal loss. Hematoxylin is a basic dye that colors the acidic nucleus
(RNA and DNA) purple, while eosin is an acidic dye that stains the acidophilic
cytoplasm red or pink. Following sectioning, the slides were de-paraffinized with two
changes of xylol for 5 minutes each, followed by rehydration with a series of ethanol
solutions (100% (4 min) — 95% (3 min) — 75% (3 min)) to replace the ethanol with
water. Then, to remove any excess alcohol, the slides were rinsed in distilled water for 3
minutes. The nucleus was then stained with hematoxylin for 1 minute before being
washed with tap water for 2 minutes to eliminate any excess hematoxylin. Eosin was
used to counterstain the cytoplasm for 30 seconds. The sections were subsequently
dehydrated with a series of ethanol solutions (75% (1 minute), 95% (3 minutes), and

100% (5 minutes)), before being cleared with two changes of xylol (4 minutes followed
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by 5 minutes). The slides were then mounted with permount, topped with a coverslip,
and allowed to dry overnight before being imaged with the uScope navigator 4.3
program (uScope MXII, USA).

An investigator who was blinded to the treatment groups counted the CA1-CA3
hippocampal areas using ImageJ software (NIH, USA). Three brains were chosen from

each group, and four sections from each brain were counted.

3.8. Immunostaining (NeuN)

For the long-term neuronal damage assessment, NeuN staining was performed.
NeuN is a biomarker for mature neurons that is found in the nuclei and perinuclear
cytoplasm of the majority of CNS neurons (209).

Sections were de-paraffinized in 3 changes of xylene for 5 min each, followed
by rehydration in 100% ethanol for 2 changes (3 min each) and then transferred to
series of ethanol solutions (95%, 70% and 50% ethanol respectively) for 3 min each to
be washed after that for 5 min with distilled water. After that, slides were incubated for
60 min in citrate buffer (pH=6) at 90 ° C for antigen retrieval and then rinsed with
distilled water for 5 min. Further steps were performed using the Novolink Polymer
Detection Kit- 500 Tests (Leica Biosystems, Germany). The peroxidase block solution
was added for 5 min to block the endogenous peroxidase activity followed by washing
for 10 min. The protein block solution was then used for 5 min to reduce the
nonspecific binding followed also by washing with distilled water for 10 min. Sections
were then incubated overnight at 4 ° C with the primary mouse anti-NeuN antibody
(A60-MAB377;1/100; Sigma-Aldrich), where the antibody was diluted in a solution

containing normal goat serum (NGS), phosphate buffer saline (1X), Triton (1X), and
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bovine serum albumin (BSA). On the second day, the slides were washed in PBS 2
times for 10 min each, then incubated with a post primary (rabbit anti- mouse) to detect
the mouse antibodies and then followed by the addition of a Novolink TM polymer
solution (anti rabbit) for 30 min that detects rabbit immunoglobulins. Sections were
further incubated with the DAB solution (DAB chromogen with DAB substrate Buffer)
for 2 minutes whose reaction with the peroxidase produces a visible brown precipitate
at the antigen site followed by washing. Counterstaining was done via Hematoxylin for
5 min and then dehydration with the series of ethanol solutions (75%, 95% and 100%) 5
min each took place. Sections were then cover-slipped with a mounting solution and
kept to dry before being imaged on the uScope navigator 4.3 program (uScope MXI|,

USA) to check for the hippocampal neuronal loss.

3.9. Statistical analysis
Statistical analyses were performed using the GraphPad Prism 7 Software
(USA) to analyze the neuronal damage. One-way analysis of variance (ANOVA) in
conjunction with the post hoc Fisher least significant difference (LSD) test was used.
Independent sample t-test was performed to assess the CSE durations.
For the behavioral test (LDT, FST, OFT, MWM, AND MAAYV), statistical

analysis was not performed because of the small number of rats per group.
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CHAPTER 4

RESULTS

4.1. Short term paradigm results

4.1.1. Patterns and durations of the CSE

In the short-term paradigm, rats were subjected to KA-induced CSE. Rats were
connected to an EEG prior to the induction to measure baseline brain activity. At
baseline, rats had normal slow synchronous theta waves of about 6 Hertz with
thalamocortical characteristics that mimicked the human posterior dominant rhythm
(Figure 18.A). All rats met the inclusion criteria both electrically and clinically after
receiving KA (at least reaching stage three of Racine's scale). Electrically, CSE onset
was expressed as recurrent paroxysmal rhythmic spike and wave patterns that evolved
in space and time. The seizure started in the left hemisphere and then spread to both
hemispheres, resulting in bilateral rhythmic spikes in both (Figure 18.B). All rats that
received KA had comparable average latencies to the electrographic onset (17.5+£2.751
minutes for SKCEP and 19.92+3.14 minutes for SKV, p=0.5692). Behaviorally, rats
gradually displayed decreased locomotion, salivation, repetitive chewing, staring, wet

dog shakes, and forelimb clonus with rearing.
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Figure 18. EEG Recordings. Panel A. Shown is the baseline activity in two rats (rat F
and rat G) prior to KA-induced CSE each with four sampling electrodes (F3: Left
Frontal; F4: Right Frontal; P3: Left Parietal; P4: Right Parietal). Panel B. The
progression to a secondary generalization of CSE in rat G with repetitive rhythmic
paroxysmal spikes. Recordings were done using the longitudinal bipolar montage.

We assessed the difference in CSE duration between the two injured groups
(SKCEP and SKV). The group receiving CEP-701 (SKCEP) underwent seizures for a
significantly less duration compared to the vehicle receiving group (SKV) (p<0.01
Independent sample t-Test; Mean+ Standard Error of Mean: SKV: 15.88+1.331 hours,
n=13 /SKCEP: 8.644+ 1.413 hours, n=12). Saline control groups (SSV and SSCEP)
showed no sign of seizure manifestation, an indication that the saline had no role in

seizure induction.
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Figure 19. CSE Duration quantified during 24 hours post-CSE onset. Initially
convulsive in the first 15 minutes prior to the administration of the first diazepam dose,
then converted into a subclinical electrographic form. TrkB blockade with CEP-701
lead to a significant decrease in the duration of CSE in the CEP-701-treated rats
compared to the vehicle treated group (SKV: 15.88+ 1.331 hours, n=12; SKCEP: 8.644
+1.413 hours, n=12; independent sample t-test, p = 0.0012) (CSE: Convulsive Status
Epilepticus, SKCEP: Short Term Kainic Acid CEP, SKV: Short Term Kainic Acid
Vehicle) (Saline groups didn’t have seizures)

We assessed the difference in CSE duration between the two injured groups
(SKCEP and SKV) (Figure 19). The group receiving CEP-701 (SKCEP) underwent
seizures for a lesser duration compared to the vehicle receiving group (SKV) without
reaching statistical significance (p>0.05) showing that there is a trend in seizure
termination by CEP-701. Saline control groups (SSV and SSCEP) showed no sign of

seizure manifestation, an indication that the saline had no role in seizure induction.

4.1.2. Neuronal damage assessment using H&E staining
CSE is known to induce neuronal damage. Therefore, we assessed the level of

hippocampal neuronal loss 24 hours post-KA-induced CSE using hematoxylin and
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eosin staining. The number of neurons of both the left and right hippocampi was
quantified and normalized by the surface area (Figure 20). Both groups of rats that
underwent seizures (SKCEP and SKV) were comparable to each other in the number of
hippocampal neurons (p > 0.05; One Way ANOVA) but both had a significantly lower
number of neurons compared to their saline groups (SSCEP and SSV) respectively

(p<0.05). The saline groups showed no difference between each other as well.
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Figure 20. Hippocampal Neuronal Loss. One-way ANOVA with post hoc Fisher LSD
revealed that the number of hippocampal neurons per mm? in the right and left
hippocampi of the injured groups (SKCEP, SKV) were comparable to each other but
statistically significant with their control groups (SSCEP, SSV) respectively (p<0.05)
(SKV: Short Term Kainic Acid Vehicle, SKCEP: Short Term Kainic Acid CEP,
SSCEP: Short Term Saline CEP, SSV: Short Term Saline Vehicle)
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Figure 21. Hematoxylin and Eosin Staining of the Ipsilateral Left Hippocampi.
Ilustrative images of the four groups show that the injured groups (SKCEP and SKV)
had a lower number of neurons compared to the control groups (SSCEP and SSV)
(SKCEP: Short Term Kainic Acid CEP, SKV: Short Term Kainic Acid Vehicle,
SSCEP: Short Term Saline CEP, SSV: Short Term Saline Vehicle, CA: Cornu
Ammonis, DG: Dentate Gyrus). (Scale: 200pm).

4.2. Long term paradigm results
4.2.1. Induction and long-term EEG recordings

Rats were subjected to KA-induced CSE. Same as for the short-term paradigm,
they were connected on the EEG for baseline brain activity recording prior to induction.
In order to be included in the study, rats had to satisfy the same criteria applied to the

rats of the short-term paradigm (Electrical and clinical manifestations). A total of 40
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rats were subjected for KA induction, in which 15 rats died and the other 25 rats were
included in the study. All convulsive seizures were aborted with diazepam 2 hours post-
CSE onset, but they all continued to have seizures without convulsions (subclinical).
EEG recording was maintained for all the rats for 2 days post-KA induction and then
was resumed following the behavioral testing for 1 month. Recordings after the KA
induction showed that there were spikes and polyspikes. The seizure duration for the
injured groups is still under study. To check for seizure recurrences, the EEG recordings
post-behavior were used. Preliminary results showed that no seizure recurrence was

obtained during the 1 month recording period.

4.2.2. Anxiety-like behaviors, exploratory behaviors, and hyperactivity in the LDT
and OFT

The effect of transient post-KA-induced CSE with CEP-701 on activity level,
exploratory and anxiety-like behaviors was checked in closed (LDT) and open (OFT)
environments, based on the natural aversion of rats to brightly illuminated areas and on
their spontaneous exploratory behavior in response to novelty, such as environment,
light, and novel objects. In the LDT, the vehicle injured group (LKV) spent comparable
time in the lit chamber compared to the normal saline group (LSV), but less time than
the CEP-701 treated group (LKCEP). The CEP-701 treated control group (LSCEP)
spent comparable time in the lit chamber with the normal saline group (LSV) (Figure
22.A). The number of entries to the lit chamber was comparable between the different

groups (Figure 22.B)
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Figure 22. Light Dark Box Test. Panel A. The percentage of time spent in the lit
chamber between all groups was comparable. Panel B. The number of entries to the lit
chamber was similar between all groups. Mean+ SEM are reported. (LKCEP: Long
Term Kainic Acid with CEP, n=5; LKV: Long Term Kainic Acid with Vehicle, n=9;
LSCEP: Long Term Saline with CEP, n=5; LSV: Long Term Saline with Vehicle, n=6)

In the OFT, there was no difference in the total distance travelled by the
different groups in the cumulative distance for all the sessions. However, during
sessions 1 and 2, the vehicle injured group (LKV) travelled a higher distance than the
CEP-701 treated group (LKCEP). On session 2, the LKV group travelled a higher
distance than the control group (LSV). During sessions 2 and 3, the saline treated group
(LSCEP) travelled a distance less than the control saline group (LSV) (Figure 23.A).

The cumulative distance travelled in the periphery was comparable between the
different groups over the 3 sessions. However, on session 1, the vehicle injured group
(LKV) travelled a higher distance in the periphery compared to the CEP-701 treated
group (LKCEP). In all sessions, the saline treated group (LSCEP) travelled a smaller

distance compared to the control saline group (LSV) (Figure 23.B).
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Figure 23. Open Field Test. Panel A. On the left side, the cumulative total distance
travelled over the three testing sessions was comparable between the different groups.
On the right side, LKV group travelled a total distance higher than the LKCEP group on
sessions 1 and 2. Panel B. On the left side, the cumulative total distance travelled in the
periphery was the same between the different groups. On the right side, the LSCEP
group travelled a lower distance on all the sessions compared to LSV group. Mean *
SEM are reported. (LKCEP: Long Term Kainic Acid with CEP, n=5; LKV: Long Term
Kainic Acid with Vehicle, n=9; LSCEP: Long Term Saline with CEP, n=5; LSV: Long
Term Saline with Vehicle, n=6)

Most of the time spent by the rats was in the periphery which was similar

between the different groups on any single day (Figure 24).
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Figure 24. The Open Field Test. Percentage of time spent in the periphery was
comparable between all the groups. Mean+ SEM are reported. (LKCEP: Long Term
Kainic Acid with CEP, n=5; LKV: Long Term Kainic Acid with Vehicle, n=9; LSCEP:
Long Term Saline with CEP, n=5; LSV: Long Term Saline with Vehicle, n=6)

4.2.3. Depressive-Like Behavior in the FST

The effect of transient post-KA-induced CSE with CEP-701 on struggling and
depressive-like behaviors were assessed in the FST. On the first testing day, the
percentage of immobility steadily increased starting minute 2 of the test. The vehicle
injured group (LKV) had a higher percentage of immobility compared to the control
saline group (LSV) and the CEP-701 treated group (LKCEP). The saline treated group
(LSCEP) showed a higher immobility percentage compared to the control saline group
(LSV). However, the struggling behavior of the LKV and LSCEP groups diverge from
the LKCEP and LSCEP groups at the 8" minute and showed a higher immobility
percent at the last minute of the test. The CEP-701 treated group (LKCEP) showed
comparable percentage of immobility with the control saline group (LSV) (Figure 25).
On the second day of testing, all groups showed a similar behavior but with saline
treated group (LSCEP) having the higher immobility percentage at the end of the test

compared to the other groups.
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Figure 25. Percentage of immobility over the 10 min session of FST. The behavior
of the LKV and LSCEP groups diverge from the other groups at minute 8 that persisted
to the last minute of the test. Mean+ SEM are reported. (LKCEP: Long Term Kainic
Acid with CEP, n=5; LKV: Long Term Kainic Acid with Vehicle, n=9; LSCEP: Long
Term Saline with CEP, n=5; LSV: Long Term Saline with Vehicle, n=6)
4.2.4. Visuospatial navigation in the MWM

In order to check the effect of transient post-KA-induced CSE with CEP-701 on
the visuospatial learning and memory, the MWM test was performed. Over the 5
training days, preliminary data showed that the rats gradually learned to reach the
escape platform. The vehicle injured group (LKV) took more time to reach the invisible
platform (higher escape latency) compared to the control saline group (LSV) especially
on days 1 and 3 but less time than to the CEP-701 treated group (LKCEP). The saline
treated group (LSCEP) showed a higher escape latency compared to the control saline

group (LSV). In the probe trial, the retention of learning was checked. All groups were

comparable but LSV group had the highest preference in the NE quadrant (Figure 26).
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Figure 26. Morris Water Maze place learning and probe trial results. Panel A.
Shown is the latency to reach the escape platform during the five training days. All
groups had a similar performance in learning the place of the invisible platform during
the five-day spatial acquisition training as measured by comparable average latencies.
Panel B. In the probe trial test, the three groups (LKCEP, LKV and LSCEP) spent
comparable time in the quadrant where the escape platform was previously located (NE)
without any preference to this quadrant except for the LSV group that had the highest
preference in the NE quadrant. The dashed circle in the water maze diagram
corresponds to the previous location of the platform (N: north, E: east, S: south, W:
west, NE: northeast, NW: northwest, SE: south east, SW: southwest). Meant SEM are
reported. (LKCEP: Long Term Kainic Acid with CEP, n=5; LKV: Long Term Kainic
Acid with Vehicle, n=9; LSCEP: Long Term Saline with CEP, n=5; LSV: Long Term
Saline with Vehicle, n=6)

The visual acuity of the rats post-KA-induced CSE with CEP-701 was also
assessed in the MWM test. The escape latencies to the visible platform were

comparable between the different groups (Figure 27).
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Figure 27. Visual Acuity Assessment. All the groups had comparable latency in
reaching the visible platform indicating comparable visual and motor functions in all
groups. Mean+ SEM are reported. (LKCEP: Long Term Kainic Acid with CEP, n=5;
LKV: Long Term Kainic Acid with Vehicle, n=9; LSCEP: Long Term Saline with CEP,
n=5; LSV: Long Term Saline with Vehicle, n=6)
4.2.5. Auditory and contextual learning in MAAV

Learning of adaptive avoidance behaviors of tone-signaled or context-cured
shocks were investigated in the modified active avoidance (MAAV) test. The
percentage of avoiding the tone-signaled shocks in the left compartment was higher in
the vehicle injured group (LKV) than the saline control group (LSV). CEP-701 treated
group (LKCEP) showed a higher percentage in avoiding the tone-signaled shocks than
the LKV group. The saline treated group (LSCEP) showed a higher percentage of
avoidance than the saline normal group (LSV). During the retention of auditory
learning, all groups were comparable in the percentage of tone-signaled shocks
avoidance. However, in the contextual learning, there was a slow learning in the
incremental acquisition of shock avoidance behavior. All groups showing comparable

percentage of avoidance of context-cued shocks but with the saline control group (LSV)

having a higher percentage. On the retention day of contextual learning, all groups
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showed similar preference to the left compartment with comparable percentage of the

contextual learning (Figure 28).
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Figure 28. Learning deficits in the MAAV Test. Panel A. LKCEP group showed a
higher percentage of avoidance of the tone-signaled shocks compared to LKV group.
The LKV group showed a higher percentage compared to the LSV group. LSCEP group
had a higher percentage of avoidance compared to LSV group. Panel B. In the auditory
learning retention, all groups were comparable in avoiding the tone-signaled shocks.
Panel C. In the acquisition of contextual learning subtest, all groups revealed
comparable trends in learning to avoid the tone-signaled electrical foot-shocks in the
right chamber but with a slow learning percentage and with LSV having the higher
percentage compared to the other three groups. Panel D. In the retention of contextual
learning, all groups had a similar preference to the left compartment when allowed to
freely roam in the box with comparable percentage of time spent in the left side. Meant
SEM are reported. (LKCEP: Long Term Kainic Acid with CEP, n=5; LKV: Long Term
Kainic Acid with Vehicle, n=9; LSCEP: Long Term Saline with CEP, n=5; LSV: Long
Term Saline with Vehicle, n=6)
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CHAPTER 5

DISCUSSION

In this study, we have shown that CEP-701 enhances the efficacy of the
currently used standard drugs in aborting CSE in a timely manner and decreases the
seizure duration. CEP-701 decreased the seizure duration as evidenced by the
significant difference in seizure duration between the injured groups (SKCEP and
SKV). This effect was likely mediated via TrkB inhibition. Given its known safety in
humans, CEP-701, which is already an FDA-approved drug used for cancer in human,
may be repurposed for the use in CSE studies in children to timely abort it.
Nevertheless, there seems to be some side effects on the behavior that need to be
confirmed with a higher number of rats per group.

There is a desperate need for novel drugs to treat CSE and enhance its abortion
as 30% of patients with CSE do not respond to standard medications and require
anesthetic and intensive care admissions. CEP-701 offers its role as a promising
clinically translatable drug whose primary target in CSE is likely TrkB. We believe that
this anti-seizure effect is mediated via TrkB given the literature on TrkB role in epilepsy
(219) and especially that CEP did not protect against neuronal damage. CSE is known
for inducing neuronal damage and accompanying hippocampal morphological
abnormalities when it lasts more than 30 minutes (34). This neuronal loss may explain
the behavioral problems that were not reversed by CEP-701.

In our study, we used a long-term experimental paradigm to check if
administering CEP-701 post-CSE prevents the recognized long-term behavioral,

cognitive and psychiatric detrimental consequences of CSE and TLE. Preliminary
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results recapitulated the comorbidities of TLE with cognitive and psychiatric deficits.
CEP-701 did not seem to attenuate the long-term behavioral consequences. Indeed, rats
had contextual deficits in the MAAV and learning deficits in the MWM that were not
reversed by CEP-701. For the auditory learning in the MAAYV, the number of tone
signaled trials was very low compared to the rats’ entrance to the left compartment
because rats were shuttling before hearing the tone which shows that the final results
about CEP-701 could not be revealed and this test might not be used to assess the
auditory learning. CEP-701 may reverse anxiety and depressive like-behaviors as seen
from the preliminary results of the light dark box test and forced swim test, but due to
the small number of rats, this cannot be confirmed. For the CSE long-term
consequences, one of the main aims in the translational epilepsy research is to prevent
the behavioral and psychiatric comorbidities that accompany them (211). However,
drugs often potentiate these effects. In fact, there was a trend for CEP-701 to cause side
effects in the normal rats where it worsened the learning in the saline treated group
(LSCEP).

We did not detect, in our study, recurrent seizures and this is possibly due to the
short period of recordings. Long-term recurrent seizures with spike and wave patterns,
as well as polyspikes usually appears in KA-induced CSE models (22). In the literature,

TrkB inhibition and blockade usually attenuate long-term recurrent seizures (220).
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CHAPTER 6

CONCLUSION

In this study, CEP-701 has been shown to decrease the seizure duration.
Although lacking any enhancement in decreasing neuronal damage as shown by
hippocampal neuronal count, CEP-701 has a role as a potential anti-seizure medication.
Despite the protective effect of CEP-701 and its previously established early anti-
seizure effect, our long-term preliminary results showed that it did have a long-term
negative effect on learning and memory and wasn’t able to reverse these deficits. This
negative effect is likely related to the drug multiple targets and non-specificity. This is
not an uncommon side effect with anti-seizure medications including standard ones
used in treatment such as phenobarbital.

CSE is a detrimental condition that necessitates the development of a new
medicine that could abort seizures. Given that CEP-701's other targets have not been
demonstrated to be involved in epilepsy, it is a promising clinically translatable
medication whose major target in CSE is likely TrkB. Lestaurtinib (CEP-701) research
in animal models can pave the way for future clinical trials through its potential
blockade of TrkB receptor, and thus enhancing the efficacy of standard anti-seizure
medications. Indeed, in current practice, there is a desperate need for interventions that
abort CSE in a timely manner. Based on our long-term preliminary data, more studies
are needed to further assess the effect of CEP-701 on the detrimental behavioral
consequences. Ongoing work in our laboratory aims at confirming the long-term

experimental paradigm by increasing the number of rats per group and further work is
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to be done to check for seizure recurrence. We will also attempt to explore potential

safe and more specific TrkB blocker.
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