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ABSTRACT 
OF THE THESIS 

 
Talha Kolade Soluoku     for   Master of Science 
                  Major:  Physiology 
 
Title: Lestaurtinib (CEP-701) as a Neuroprotective Treatment for Convulsive Status 
Epilepticus in a Peri-adolescent Rat Model: An Electrophysiological and Behavioral 
Study  

 
Introduction: Convulsive Status Epilepticus (CSE) is the most common pediatric non-
surgical neurological emergency. CSE as a result of temporal lobe epilepsy is associated 
with various chronic cognitive and psychiatric impairments in children with several 
severities.  However, there are no drugs currently available to prevent these detrimental 
behavioral deficits seen both in the clinic and in animal models. Hence, there is a 
desperate need to devise novel neuroprotective strategies. In our laboratory, we have 
discovered that Lestaurtinib (CEP-701), an FDA-approved drug in cancer research, can 
alter the duration of CSE in a peri-adolescent rat model of kainic acid (K.A.)-induced 
seizures1.  
We aim at investigating the neuroprotective effects of CEP-701 against known 
detrimental behavioral epilepsy of temporal lobe origin. 
Under EEG monitoring, CSE was induced with amygdalar K.A. (LKV &LKCEP groups) 
while controls get saline (LSV &LSCEP groups) at post-natal day 40 (P40). CEP-
701(15mg/kg) or its vehicle (DMSO) were then administered intraperitoneally 15 
minutes post-CSE onset. CSE was terminated after 3 hours with diazepam. Our 
behavioral tests included a full panel of tests to assess for depressive-like and anxiety-
like and cognitive behaviors. We conducted a long-term continuous EEG monitoring for 
30 days to check for latent spontaneous seizure recurrence. Finally, rats were sacrificed 
at postnatal day 100 (P100) and their hippocampi were assessed for neuronal damage, 
using NeuN and GFAP immunohistochemistry staining respectively.  
Results: In this study, all rats that got the K.A had seizures of equal latency to onset and 
duration which were all uniformly terminated after the administration of diazepam (P > 
0.05). At post behavioral stage of the study (P70-P100) all LKV groups had spontaneous 
recurrent seizures (SRS) (P > 0.05), unlike the LKCEP where we observed the tendency 
of the treatment to prevent SRS.  Our preliminary behavioral data in the Morris-water-
maze, forced-swim and open-field tests showed that the injured group had a contextual 
learning deficit when compared to the controls. Also, the treated group had a lesser deficit 
in the open field and forced swim test compared to the injured, however, the results were 
statistically comparable. All other tests were comparable among the groups. The initial 
results from the histological assays also showed more neuronal loss in the hippocampi of 
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the injured groups (LKV) compared to the control (LSV) but were comparable to the 
treated group (LKCEP). While we can see from our preliminary long-term EEG 
assessment that the injured untreated group (LKV) had spontaneous recurrent seizures 
unlike the treated groups (LKCEP). 
Conclusion: Here we show, the potential anti-epileptogenesis properties of CEP-701 and 
its tendency to improve the behavioral outcome prevalently seen in TLE. Given its known 
safety in humans, neuroprotective evidence of CEP-701 against the CSE-induced later-
life sequelae as well as its effect on cognitive behaviors is a promising start for further 
research in order to repurpose it for CSE patients. 
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CHAPTER 1 

INTRODUCTION 
 

Convulsive status epilepticus is one of the most prevalent neurological pathology 

affecting people of all age in the world2. More importantly, its onset comes with a high 

risk of cognitive and emotional behavioral deficit that drastically reduces the quality of 

life of affected patients. This highlights the need for translational research to come up 

with effective clinical therapeutic options that will address these comorbidities.   

Physiology studies have always drawn a link between anatomic structure and function. 

Successive researches have validated this premise in several aspects of the human system. 

However, historically in the field of neuroscience, using this paradigm has been a bit 

more challenging. This is because of the relatively vast number of unknowns both in 

terms of the brain’s morphology and neural-mediated actions. However, recent advances 

in imaging techniques supported with more efficient applications of neural recording 

tools like electro-encephalography and validated with targeted histological assays has 

helped us further understand the workings of these neural components in the context of 

both normal and pathological process2. Just like other body parts, brain function is based 

on a homeostatic process to help maintain optimal and consistent neurologic functions3. 

At the cellular level, the activities of the neural cell are coordinated to give off the 

necessary amount of excitatory impulses or inhibitory signals to maintain this balance3. 

This physiologic mechanism ensures the optimal function of the nervous system and by 

extension the various regulatory roles and coordination of our body and mind actions the 

brain is in charge of.  Therefore, the coordinated neuronal cells firing electrical impulses 

is one of the most vital processes the brain depends on to keep functioning4. 
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Seizures occur when there is an imbalance between neuronal inhibitions and excitations5. 

Specifically, the inhibitory signaling is not adequate to modulate the excessive excitatory 

ones1. In this case, hyperexcitability and hyper synchronization of neurons occur, and 

based on the region of the brain affected, several syndromes could manifest in form of 

behavioral and cognitive anomalies. Given that the developing brain is susceptible to a 

faster rate of neuroplasticity, the long-term effects of these imbalances could be very 

debilitating in peri-adolescent patients1. 

Hyperexcitability in the brain manifests in various forms, with respect to the seizure, 

recurrence within a short time frame -usually, 24 hours- without a manifesting cause is 

referred to as epilepsy. Electrophysiologically, Epilepsy is the rhythmic, localized, or 

generalized intermittent excitatory signal discharge by the brain cells. It appears in the 

electroencephalographic recordings in the form of spikes and waves that are distinct from 

normal, regular background evoked potentials in the brain6–8. 

Clinically, epilepsy symptoms manifest in form of uncontrolled muscle activities like 

tonic-Clonic, or myoclonic jerks, loss of consciousness, nausea, and vomiting. It is called 

status epilepticus when there is a sustained seizure beyond 5 minutes with intermittent 

breaks during which the patient does not return to baseline activity. Furthermore, episodes 

that last for more than 30 minutes lead to neuronal death and sometimes become resistant 

to medication9–11. This condition poses a very high risk physically to those affected and 

could result in death if not urgently controlled and managed in the clinic. Beyond this, 

the later-life psychologic implication of status epilepticus drastically reduces the quality 

of life and well-being of the patients10. Evidence from studies has also shown that, 

depending on the focal point of origination in the brain, certain tasks are impaired as a 

result of seizure occurences12. Therefore, of particular interest is epilepsy in the temporal 
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lobe region which contains the amygdala and hippocampal circuitry. This is involved in 

memory encoding functions and mediation of emotional responses as well as the 

association between both all of which are vital for cognition. Based on these, the circuit 

regulates psychological states like anxiety and depression which in turn affects behavioral 

outcomes in patients13,14. 

Despite these pathologic burdens, the management of Convulsive Status Epilepticus in 

the clinic is still severely limited due to absence of effective anti-seizure drug that can be 

used to prevent recurrent CSE7. This absence also contributes to the inability of 

emergency health caregivers to abort CSE in about one-third of cases attended to in the 

emergency rooms7. Considering the later-life psychologic effect, the need for an 

alternative adjuvant therapy to manage CSE is severely understated. Lestaurtnib (CEP-

701) is a known drug used in treating cancer by inhibiting the tyrosine kinase pathway, 

this pathway has been shown to play the regulatory role in seizures models1. Also, studies 

have shown CEP-701 to be effective against depressive-like behavior induced by status 

epilepticus. Therefore, it could be a potential drug to treat CSE-induced psychiatric 

comorbidities including deficits in learning and memory behavior1.  

 

1.1. Epilepsy 

There are several parameters and layers of classifying epilepsy. It involves 3 

stages based on the seizure types, the epilepsy class and the form of symptoms 

presented1,6,15. The seizure type could be focal or generalized. Focal seizure is initially 

localized from one hemisphere and could later spread to both hemispheres, thus becoming 

generalized. Patients who are aware of themselves and the environment with varying 

degree of consciousness during events are said to have partial focal seizure while complex 
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focal seizure involves total loss of consciousness lasting for several minutes16. Motor and 

sensory symptoms are manifested in focal seizures. The motor signs are more obvious 

and depending on the side of body parts affected, inferences of affected hemisphere can 

be made. Generalized seizures on the other hand indicates initiation from both hemisphere 

which could manifest as motor signs like tonic-clonic jerks or non-motor ones 

(absence)17. The tonic-clonic seizure often appear with or without loss of consciousness. 

The understanding of the seizure type enables clinicians to further diagnose the epilepsy 

type which could also be focal, multifocal, generalized, combined generalized and 

idiopathic9,18.  

The electroencephalograph (EEG) presents the recording of the brain wave discharge 

during epilepsy, the EEG presents generalized epilepsy as a paroxysmal polyspike wave 

patterns distinct from the normal background rhythm and sustained for several epochs 

(time phase). The temporal lobe epilepsy is a common type of focal seizure that is 

resistant to treatment in patients18.  

The understanding of the seizure type enables clinicians to further diagnose the epilepsy 

type which could also be focal, multifocal, generalized, combined generalized and 

idiopathic.  
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Figure 1. Epilepsy Classification. Multilevel classification of epilepsy according to the 
etiology and syndrome 

1.2. Status Epilepticus 

Status epilepticus is a repetitive and chronic case of seizures that are not fully 

aborted between episodes20. This is an anomaly indicating a dysfunction in the brain’s 

homeostatic mechanism which usually triggers its inhibitory pathway to self-terminate 

onset seizure events20. SE leads to the internalization of GABAA receptors and resistance 

to benzodiazepine20.  The inability to abort seizure in the TLE worsens the prognosis of 

patients due to the importance of the amygdalo-hippocampal circuitry located there21. 

Given that there is a potential loss of neurons for most episodes that persists for more 

than 5-minutes, the standard current care stipulates the use anesthetic and other care once 

this time point is reached.  

 

1.2.1. Convulsive Status Epilepticus 

Convulsion involves the persistent involuntary jerking movements of all or part 

of the body9. It is one of the visible motor symptoms of seizure that also comprise rapid 

eye movements, eyelid twitching, drooling, mouth twitch, facial twitching, tonic 



 

 15

stiffening and/or repetitive clonic of the muscles, as well as loss of consciousness22. Due 

to its more severe form, CSE has a higher risk of devolving into co-morbid sequelae and 

in acute cases, high mortality rate. Also, there is the risk epileptogenesis a situation of 

abnormal tissue growth that alters normal neuronal growth and can independently cause 

seizures23,24. Thus, we can have a positive loop system of epileptiform discharge that 

contributes to the condition being refractory. Therefore, in order to study this condition, 

animal models have always been used to understand the progression of CSE and 

understand its important timepoints and correlating manifestation. The Racine scale is 

conventionally used to measure the stages of seizure on a scale of increasing severity 

from 1 to 524 Table 1). 

 

Table 1. The Racine Scale used to measure seizure severity and corresponding 
behavioral manifestations.  
 
 
1.2.3. Temporal Lobe Epilepsy 

Temporal lobe epilepsy is the most prevalent form of acquired focal seizure that 

affects the part of the brain involved in mediating flight and fight response, emotions 

regulation and encoding the association between memories and sounds25,26. It could be 

ipsilateral with signs like partial facial spasm or bilateral body tonicity. TLE also 

manifests unique symptoms with forms of affective feelings like fear, déjà vu and sadness 



 

 16

in addition to motor signs including mouth and facial twitching27. In addition to these 

symptoms, one of the prevalent co-morbidities of TLE include depression and anxiety-

like disorders19. It also affects the cognitive functions of the brain vis-à-vis memory and 

learning15. The severity of these effects is usually influenced by the duration of seizure 

episode, type of seizure onset, and age of patients. Studies have shown seizures with onset 

in patients less than 5 years of age have lower IQ, learning disability, poor arithmetic 

performance, problem with recognizing words and spellings as well as coordination 

issues28,29. While defect in memory functions are implicated in adult patients. In some 

case, it is unresponsive to treatment and in lots of cases requires surgical treatment to 

prevent seizures28,30.  

1.2.4. Current Clinical Management 

CSE severity based on its cause, patient’s age, and duration of episode inform its 

mortality rate in the clinic. Irrespective of this, CSE is treated as an emergency case with 

a management priority aim to abort seizure episodes. With proper management, the 

severity due to duration can be altered by appropriate therapy that can help reduce seizure 

latency.  

There is no standard treatment that can be used to cure epilepsy. Rather, anti-

seizure drugs are used to suppress and abort seizures7,31. First-aid protocol to monitor the 

airways, breathing, and circulation (A, B, C) is administered in tandem with available 

anti-seizure drugs upon arrival in the emergency room. The anti-seizure works on 

enhancing GABA inhibitory mechanisms and reducing glutamatergic excitatory 

pathways32. At the GABAA receptors, benzodiazepines like diazepam and midazolam 

which are commonly used anti-seizure bind to their active sites and causes membrane 

hyperpolarization through the influx of Cl. Doses administered are repeated if after 5 
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minutes of the first dose treatment there is no sign of abortion. The aim here is to ensure 

an aggressive treatment that will arrest the seizure within the first 1 hour in order to reduce 

the risk of damage. However, in about a third of the number of CSE patients in the 

emergency clinic, tend not to stop the seizures, this calls for a medically induced coma 

for the patient to be continuously infused with anti-seizure drugs. This model of treatment 

is not dependable and creates the need for better treatment options.  

 

1.2.5. Epilepsy effect on Emotional behavior and Cognition 

Although, CSE is aborted in the 70% of the episodes that get aborted in the clinic, 

the later-life   sequelae are still a major cause for clinical concern. The risk of these 

comorbidities is high because the drugs abort the seizure symptoms (i.e. convulsions) but 

fail to stop the abnormal hyperexcitability and intermittent firing in the brain which can 

still be observed electrographically in the EEG. When sustained, this could result in 

diffused brain cell damage that portends other pathology and sometimes lead to death. 

The origin of TLE is the limbic system which modulates emotions and learning behavior, 

therefore psychiatric deficit often persists beyond the CSE events.  

The prevalence of depression is a psychiatric effect in with a 40% in diagnosed patients 

and in the TLE, the psychological downturn and reduced quality of life put extra stress 

on patients which also increases the risk of epilepsy.   Hence, TLE patients are at higher 

risk of depression and are prone to contemplating suicide underscoring the grave impact 

of epilepsy if not managed.  

TLE also affects the cognitive behavior, this is due to the fact that the 

epileptogenesis occurs in a temporal lobe region responsible for modulating memory and 

learning. Epileptogenic disruption of this circuitry facilitates learning disability seen in 
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about 30% of peri adolescents presenting with TLE in the clinic. These deficits are not 

limited to the younger aged patients alone, hippocampal sclerosis resulting from TLE has 

been associated with memory problem. However, the severity and risk are higher in 

children. This is because findings show that childhood on set TLE shows significantly 

poorer cognitive performance in TLE patients younger than 5 years than older categories. 

While infant with onset TLE had a reduced white matter size, this is correlated to lower 

cognition and learning difficulty. In addition to these, the duration of illness worsens the 

prognosis of the cognitive comorbidity.  

 

 

1.3 The Limbic System  

The limbic system comprises the amygdalar and hippocampal networks. The 

complex and strong connection between these 2 components serves as the main regulator 

of emotional and cognitive behaviors. The is interconnected by glutamatergic pyramidal 

cells serving as primary mediators and long-range gamma amino butyric acid -

GABAergic projections in the limbic system. Together, the synergy between these 

inhibitory and excitatory mediators help maintain homeostasis in a healthy brain (Fig.2.). 

 

1.3.1. Amygdala and Hippocampal circuitry 

The amygdalar comprise a complex interconnected network of nuclei 

arrangements located in the medial temporal lobe anterior to the hippocampus. Majorly, 

the amygdalar nuclei are divided into 3; the cortical amygdalar nuclei, the basolateral 

amygdalar nuclei and the centromedial nuclei group. Similar to the projections in the 
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cortex, 85% of the basolateral and cortical nuclei are made up of glutamatergic pyramidal 

neurons with spiny dendrites. The remaining 15% comprise GABAergic dendrites.  

The amygdalar receives specific inputs that relates to sensory stimulated learning 

and memory inputs from specific sensory nuclei and intra-amygdalar connections and 

transmits these to the hippocampus. In the case of emotional memory, the basolateral 

nuclei help in fear conditioning, it is involved in associating conditioned stimulus 

(perceived cues) with unconditioned sensation like pain, these inputs are processed in 

form of learned behavior to drive conditioned response like aversion. Also, memory 

consolidation. This consolidation is most likely through the later-life   potentiation 

process, studies are showing that projections from the amygdalar to the hippocampus help 

to modulate this process.   

 

 

Figure 2. Schematic Mid-sagittal Section of the brain. Panel A. Amygdala and 
hippocampus in the anterior section 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) 

The hippocampus is made up of the cornus ammonis (CA) regions CA1, CA2, 

CA3, CA4, the dentate gyrus, subiculum and entorhinal cortex (ERC). Inputs to the 
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hippocampus goes through the ERC, from there efferent neurons project to other parts of 

the hippocampus (fig3). 

 

 

Figure 3. Image of the hippocampal neuronal circuitry.  Pyramidal neurons of the 
CA1 region gets it excitatory stimulations from the entorhinal cortex (direct) and the 
Schaffer collaterals of the CA3 neurons these in turn received stimulations from the 
mossy fibers of the Dentate Gyrus (DG) granule cells. The DG cells receive their 
stimulations from the entorhinal cortex  

 

1.3.2. Behavioral studies for Emotion and Learning  
 

There are several studies that ca be used to assess later-life   behavioral and 

cognitive effect of the function of the hippocampus and amygdalar injury. In this 

particular model of KA-induced injury.  These tests are optimized to simulate as much as 

possible the traits of the human psychiatric disorders due to the fact that feelings cannot 

be directly examined in these models. Hence, although there are limitations with respect 

to the variations between the rodents’ brain circuitry and that of humans, the focus for 

these tests is to enable researchers measure emotional behaviors in rodents for 

emotionally-relevant learning and memory, including adaptive behavioral changes in new 

situations. With these, certain relevant and reproducible conclusions can be drawn to 

juxtapose the rodent’s responses to that obtainable in humans. The optimal behavioral 

test is as variable-proof as possible due to its delicate complicated nature.  
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To asses for anxiety, depression, and emotionally-relevant learning and memory 

behaviors, the light-dark box test (LDT) and open field test (OFT) are conventionally 

used. While the forced swim test (FST) helps to study depressive-like behaviors, 

struggling behaviors and sometimes motivation. The Morris water maze (MWM) is used 

to assess the visual-spatial navigation skills and associated memory function while the 

modified active avoidance (MAAV) studies the learning behavior using both auditory 

emotional cues and hippocampal-dependent contextual emotional cues to develop 

adaptive shock-avoidance behaviors. 

Table 2.  Conventional behavioral panels used to study the function of the 
amygdalohippocampal circuit in epilepsy rodent models  

Testing Panels Test Illustration Aim of the Test 

Light-Dark Box 

Test (LDT) 

 

 

To check for hyperactivity, 

exploratory and anxiety-

like behaviors 

Open Field Test 

(OFT) 

 

 

To check for depressive-

like behaviors 

Forced Swim Test 

(FST) 

        To check for anxiety-like 

behaviors 



 

 22

      

Morris Water Maze 

(MWM) 

 

To check for the 

visuospatial learning 

Modified Active 

Avoidance Test 

(MAAV) 

    

 

To check for the 

emotionally relevant 

learning of auditory and 

contextual cues and 

adaptive shock-avoidance 

behaviors 

 

 

1.4. The CSE mechanism of action underling refractory epilepsy and Long-term 

effects 

The specific mechanism of action involved in TLE remains to be uncovered. 

Generally, increased in excitatory signaling correlates with increased excitatory synaptic 

function on one hand and decreased inhibitory synapse function on the other in addition 

to different conformational changes that occurs in the process of synapse formation and 

cognitive activity of the hippocampus. 
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1.4.1 Inhibitory GABAA Channels  

The balance between excitatory and inhibitory neural transmission is mediated by 

GABAergic neurons and glutamate respectively GABAergic neurons counterbalance the 

glutamate signaling as the major inhibitory neuron in the brain. During events of seizure, 

GABAergic signaling pathway are altered and there is marked changes in the properties 

of interneurons along with cell depolarization. All these decreases inhibition in the brain.   

GABA is an inhibitory neurotransmitter that acts on both the GABAA and GABAB 

isoforms of receptors. The main target of fast synaptic inhibitory activity is GABAA 

predominantly found in the hippocampal area and usually the main victim of seizure-

induced hippocampal sclerosis. The GABAA receptor type can be further divided into 

sub-categories based on sub unit compositions including one or more of the varieties: α1- 

α6, β1-β3, γ1-γ3, δ, ε, θ, π, ρ1- ρ3. Of all these sub-units, two β, and one γ is the most 

prominent and readily available for binding. Anti-seizure drugs like Benzodiazepines are 

also able to bind to these major GABAA subunits, and can modulate inhibitory signaling. 

CSE alters the expression of these receptors in the amygdalohippocampal circuit and 

cause a decrease in their actions, endocytosis of the GABAA receptors and loss of 

inhibitory postsynaptic GABAA receptors. This reduction in receptor also affects the 

efficacy of administered anti-seizure like benzodiazepines and explains the reason status 

epilepticus may become refractory. 

 

1.4.2. NKCC1 and KCC2 cotransporters structure and function 

NKCC1 and KCC2 are main secondary active transporters that regulate the inflow 

and outflow of CL- in the neurons33. They are major homeostasis regulators of GABA-A 

receptor (GABAAR) activity in maintaining [Cl-] homeostasis32.  Various pathologies 
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could change the balance between them leading to loss of inhibition and thus 

hyperexcitability34. Inhibitory post synaptic potential is generated when the GABA 

neurotransmitters activates chloride-gated GABAAR leading to the inflow of chloride ion 

(Cl-).  which is dependent on the postsynaptic neuron's intracellular13,35. 

NKCC1 mediates chloride ion inflow into the cells and KCC2 facilitates it outflow across 

the membrane. Under normal condition, GABA hyperpolarizes the neurons, however, 

this could be revered to become depolarizing due to continuous inter-ictal activities in the 

brain, this downregulates KCC2 and affects chloride ion outflow33.  

In mature neurons, low NKCC1 and a high KCC2 expression creates a potential 

difference across the membrane that facilitates a net influx of chloride ion. An imbalance 

in this distribution where the KCC2 is downregulated and NKCC1 is upregulated 

increases the amount of chloride ion inside the neuron, this reverse the potential and there 

is net outflow of chloride ion across the membrane leading to depolarization36. The 

depolarization occurs when GABAARs is stimulated37. Increased production of 

endogenous BDNF occurs during seizure, this binds to TrkB and through cascade of 

events downregulates the expression of KCC2, build-up of calcium ion also contributes 

to this downregulation34,38.  
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Figure 4. GABAA receptor-mediated responses in immature and mature adult 
neurons are regulated by chloride concentration systems. Panel A.: KCC1 is 
downregulated to create a upregulation of NKCC1.  Cl− uptake is facilitated in immature 
CNS neurons. (Right) In mature CNS neurons, KCC2 is the primary K-Cl cotransporter, 
with NKCC1 being subsequently downregulated. The Na+/K+-ATPase creates an 
electrochemical gradient of Na+ and K+, NKCC1 and KCC2 transport Cl-. The value of 
ECl− in relation to the membrane potential (Vm) is determined by the relative activity of 
NKCC1 and KCC2, as well as their opposing effects on [Cl−]. Upon the binding of 
GABA to GABAA receptors, ligand-gated Cl− channels open that are permeable to 
HCO3−. At different stages of development, the expression profiles of NKCC1 and 
KCC2 change. Panel B. Neurons are remodeled in pathologic conditions like epilepsy, 
this Expression and functional abnormalities in NKCC1 and KCC2 are caused by 

molecular cascades. ① NKCC1 and KCC2 mRNA expression levels, ② protein levels, 

and③ identified regulatory pathways have all been found to be altered 

 
1.4.3. Regulatory action of TRKB/BNDF pathway  

Epileptogenesis results from disturbances in the communication of dentate gyrus 

granule cells23,39. These cells are regulated by the brain derived neurotrophic factor 

(BDNF) and its tyrosine receptor kinase-B (TrkB) receptor. BDNF and TrkB receptor are 

involved in the control of neuronal growth, neuronal plasticity, learning, synaptic 

transmission and epilepsy development40. The activation of this TrkB/BDNF receptor 

pathway facilitates epileptogenesis due to status epilepticus and induce TLE40,41. BDNF 

works to increase excitation by depolarizing the neurons through its activation of 

TRKB42. To maintain homeostasis, BDNF expression is increased in granule cells after 

seizures, and TrkB receptors are activated during epileptogenesis43. The upregulation of 

the BDNF/TrkB signaling in the mossy fiber pathway is directly correlated with the 

severity of the seizure44. There are structural changes in the mossy fiber pathway 

projections that have been implicated in the maintenance of the hyperexcitable circuitry45  

In depression and anxiety pathologies, BDNF/TrkB have been identified as major 

modulators. Disruption of the TrkB signaling pathway contributes to the development of 

emotional-behavioral disturbances is and abnormal synaptic plasticity42. The light-dark 
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box test shows that reversing TrkB activation after KA-induced SE not only suppresses 

seizures but also reduces anxiety-like behaviors. The means by which TrkB controls the 

morphology of granule cells is still being studied.   

 These suggest that TrkB activation due to TLE can affect behavioral and 

cognitive performance in seizure models46. Hence, CEP-701-mediated TrkB blockade is 

a promising aspect of study in addressing behavioral deficits as shown from findings data 

in our lab that confirms the efficacy of this drug against anxiety and depression in animal 

models. 

1.4.4. Plasticity of Mossy fibers in Epilepsy 

The effect of temporal lobe epilepsy causes the hippocampal network formation 

particularly the mossy fibers in the dentate gyrus region to undergo structural reformation 

as a physiologic response to neuronal changes. Synaptic plasticity is a common 

mechanism by which functional remodeling occurs32. This helps mediate learning and 

memory functions. In the case of TLE, there is neuronal death in the pyramidal cells in 

regions CA1, CA2/3, and hilar region, thus one of the morphologic changes we see is the 

projection of mossy fibers towards the CA3 pyramidal cells which helps to modulate 

short-term memory and long term potentiation (LTP) .45 Plasticity of the mossy fibers 

synapse could be in form of rearrangement of its synaptic projections hippocampal 

mediated learning or pre- and postsynaptic bouton changes seen in the LTP45. These 

cellular changes due to seizure-induced cellular apoptosis may be implicated as the cause 

of possible cognitive and behavioral deficits seen in TLE model of the CSE45,47. 

Histological assay of the Neuronal cell count, the synaptophysin protein, and the Glial 

fibrillary acidic protein (GFAP) are common tests to assess this plasticity48.  
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1.5. Translational animal model  
 

Based on extensive studies to understand the interplay between the cognitive and 

emotional behavioral, as well as psychiatric deficits, researchers have been able to 

established preclinical animal models, that can comprehensively study the electrographic, 

behavioral and pathological effects of CSE49.  

Animal models that can been successfully replicated in studies have been used to 

study the impact of hippocampal seizures on learning, memory and emotions as they 

simulate, in a controlled environment, the pathological deficits seen in patients with 

temporal lobe seizures49. The distinction of being able to observe a latency period, the 

development of recurrent spontaneous seizures, and TLE lesions enables to easy adoption 

of the Post-SE models.  

 

1.5.1.  Kainic Acid model  
 

Kainic Acid (KA) is an L-glutamate analogue that activates ionotropic Kainate 

receptors and glutamate AMPA receptors11. It can be administered systemically, intra-

hippocampal or intra-amygdalar to induce long-term neuronal depolarization and 

epileptic episodes in rodents37,47,50. The sustained neuronal depolarization that occurs as 

a result of this Kainate action generates seizures clinically characterized by behavioral 

changes including facial twitches, incessant grooming, ‘wet dog’ shakes and repetitive 

clonus24. Adult rats also develop extrahippocampal damage after systemic kainic acid-

induced SE.  Intra-amygdalar KA injections are used to focalize injury specifically to the 

amygdala51.  This is important to compare the effects of epilepsy itself and the chemo-

convulsive agent in other brain areas. KA models are reproducible, and the resulting SE 

is electrographically similar to that seen in human patients. 
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1.6. Current CEP-701 Use in Clinical setting 
 

Lestaurtinib (CEP-701) is an FDA-approved drug that acts as a nonspecific 

inhibitor to several receptor tyrosine kinases and inhibits ATP binding to the TRK kinase 

domain1. It has a very remarkable safety profile, as it has been approved and used in 

cancer disease management as a chemotherapeutic adjuvant. It’s half-life of 6.8 to 9.2 

hours in the body system and is processed in the liver's P450 enzyme system1.  

In our laboratory we have been able to show that CEP-701 reduces the risk of HS-induced 

seizures, most likely via inhibiting TrkB and attenuates short-term hyperexcitability. 

CEP-701 blocks the TrkB pathway and prevents the endocytosis of GABAAR to decrease 

hyperactivity. Therefore, the possible protective effect of CEP-701 against SE, would 

facilitate it repurposing for use in clinical trials on SE patients where neuroprotective 

therapy options is greatly needed.   
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CHAPTER 2 

AIMS AND HYPOTHESIS 
 

The behavioral comorbidities involved in temporal lobe epilepsy has been well 

established in the clinical setting. This burden, including deficits in the emotional and 

cognitive behaviors seen in patients. Hence, there is an important need to develop novel 

treatment option to combat these comorbidities.  

This study investigated the effect of CEP-701 as a potential adjuvant therapy option in 

the treatment of CSE. Here, using he periadolescent rat model, the drug was given to 

reverse the behavioral effect of KA-induced temporal lobe epilepsy. This is a translational 

study on an FDA-approved drug that could potentially be used in future clinical studies 

for epilepsy management. 

Aim 1: To assess the effect of CEP-701 in preventing spontaneous recurrent seizures 

when combined conventional anti-seizure drugs. 

Hypothesis 1: CEP-701 will help prevent the risk of future recurrence of spontaneous 

seizures. 

Aim 2: To check for the later-life effect of CEP-701 treatment in reversing emotional 

behaviors using testing panels for anxiety-like behavior and depressive-like behavior. 

Hypothesis 2: CEP-701 treatment will prevent later-life cognitive behavioral deficit 

associated with KA-induced CSE origination from the temporal lobe. 

Aim 3: To check the later-life effect of CEP-treatment on cognition and learning behavior 

using tasks that require amygdalohippocampal circuitry like audiovisual learning 

(MAAV)and spatial navigation (MWM). 
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Hypothesis 3: CEP-701 will prevent epileptogenesis and enable optimal function of 

normal neuronal synaptic network that would be involved in plasticity needed for 

cognitive process. 
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CHAPTER 3 

MATERIALS AND METHODOLOGY 
 

 
3.1 Experimental Paradigm 

 
Approval for this experiment which covers animal handling, care, and the full-

panel behavioral study was applied for and granted by the American University of 

Beirut’s (AUB) Institutional Animal Care and Use Committee (IACUC). The male 

Sprague Dawley rats used in this study were acquired at 35 postnatal days (P35) old. They 

were housed in a room configured to maintain a regular 12-hour-light-dark cycle and 

optimal room temperature of 22°C with access to fresh food and water. 

Using 60 rats divided into 3 successive batches, the experiment was designed as a later-

life   clinical study that spans 70 days from arrival to sacrifice. Following 5 days of 

habituation, the intra-amygdalar cannula was surgically implanted. To replicate the 

clinical model of peri adolescent CSE, we introduce KA through the cannula at P42 to 

trigger TLE which leads to CSE onset. This is validated both electrographically using 

EEG (Nautus Software) and clinically by observing the progression of seizure intensity 

based on Racine’s scale (Racine, 1972). Rats included in this study all displayed signs of 

the 4th stage (rearing, falling, and forelimb clonus) on Racine’s scale.  

Rats were treated either with CEP-701 (15mg/kg) or DMSO 15 minutes post-CSE onset 

followed by a diazepam dose (35mg/kg) 3 hours after onset. Administration of treatments 

was done intraperitoneally (i.e.) while under continuous EEG monitoring for 48 hours to 

identify the onset and offset used in recording seizure duration.  Duration and dose of 

treatment were determined by approximating the best real-time clinical simulations and 

optimization of previous studies carried out in our lab respectively. After one week, at 
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P50, rats went through the full behavioral panels including Forced Swim Test, Open Field 

Test, Light Dark Test, Morris Water Maze, and 2-way Modified Active Avoidance tests 

to check for behavioral and learning deficits. This was followed by 1-month long 

continuous EEG monitoring to assess for spontaneous recurrent seizures (SRS) 

commonly observed in this model.  Perfusion was carried out at P100 for histological 

assays. (Figure 5.) 

 

 

Figure 5. LKCEP study Long-Term Experimental Paradigm. Surgery is carried out 
at P35 to implant electrodes and an intra-amygdalar cannula with the aid of a stereotaxic 
frame. This is followed by 7 days rest period. At P42, the rats are connected to the EEG, 
and CSE is induced through KA introduced via the cannula. Alternatively, controls are 
given saline via the same route. 15 mins post-CSE onset, CEP-701 or its vehicle 
(DMSO) (15mg/kg) treatment is administered intraperitoneally followed by diazepam 
(35mg/kg) injection 3 hours after. 48 hours of continuous EEG monitoring followed by 
a resting period prior to the behavioral panel.  Rats at P50 are subjected to Light Dark 
Test (LDT), Open Field Test (OFT), Forced Swim Test (FST), Morris Water Maze 
(MWM), and 2-way Modified Active Avoidance (MAAV). At P73 post-behavioral, the 
rats are reconnected to the EEG recording device for 1 month. Finally, perfusion and 
sacrifice were carried out at P100. 

 
 
 
 
This study involves rats divided into 2 controls and 2 injured groups: 
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1. LKCEP (Long Term Kainic Acid +CEP):   Administered K.A. (i.a.) and treated 

with CEP-701 (i.p.)  

2. LKV (Long Term Kainic Acid + Vehicle): Administered K.A. (i.a.) but given 

vehicle DMSO 

3. LSCEP (Long Term Saline + CEP): Saline (i.a.) and subsequently injected with 

CEP-701(i.p.) 

4. LSV (Long Term Saline + Vehicle): Saline (i.a.) is administered followed by 

DMSO vehicle injection (i.p.) 

 
3.2. Surgical implantation of EEG Electrodes with Intra-amygdalar Cannula using 
Stereotaxic Frame   

The rats were subjected to surgery at P35 days old to insert the intra-amygdala 

cannula and affix the 6 epidural EEG electrodes to be used for EEG recording (including 

the ground). The surgery involved the administration (i.p.) of anesthesia which contains 

50 ml/kg of Ketamine and 15 ml/kg of Xylazine. The top of the rat head is shaved from 

between the ears towards the eyes. Thereafter, it is affixed to the stereo frame by fitting 

holding bars into the ears on either side of the head which is supported by a pad. A swab 

of ointment is applied across both eyes to prevent irritation and dryness. The surgery 

starts with a 2 cm incision at the midline to expose the soft tissues on the skull. This tissue 

is scraped to expose the skull cranium which is cleaned with 3% hydrogen peroxide. The 

bregma is located and using the Paxinos and Watson rat brain atlas, we use this as a point 

of reference to locate the positions for the 2 frontal electrodes on the right and left 

hemispheres -2 mm anterior and 3 mm lateral to the bregma. The 2 electrodes for the 

parietal lobe -5 mm posterior and 3 mm lateral on either side of the bregma, we also locate 

the loci for the reference electrode which is 6 mm anterior to the bregma along the 
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midline. The atlas is also used to get the coordinates for the amygdalar cannula and a hole 

7.7 mm deep is drilled to fit the length of the cannula up to the left basolateral amygdala.  

The electrodes are screwed into the skull and along with the ground electrode -tucked 

beneath the skin over the neck- they are fitted into a 6-channel pedestal. Thereafter, the 

amygdalar cannula is gently placed using the stereo frame. Acrylic dental cement 

prepared in a cement powder to the diluent ratio of 1:1 is used to affix all the implantations 

and cover the exposed skull. Finally, the antibiotic powder was applied to the ridge around 

the dental cement and the rat is placed in its cage supplied with 1mg/ml Panadol syrup in 

100 ml water (3 days) as an analgesic. (Figure 6) 

 
Figure 6. Surgical implantation of EEG Electrodes with Intra-amygdalar Cannula 
using Stereotaxic Frame. Image A. shows rats affixed by the sides of its head and 
skull exposed. B. The frame is used to identify the bregma. The coordinates recorded 
were used to calculate the loci for the frontal and parietal electrodes as well as the 
amygdala holes to be drilled. C. Placement of 5 electrodes (including the reference) and 
the intra-amygdala cannula. D. Shows the pedestal that contains all electrodes.  

 

 

 

 

 
3.3. EEG Recording  

At P42, all rats are transferred from the recovery cages to the EEG cages, the 

pedestal is connected with the EEG machine recording devices attached by a commutator 
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to each cage. The device -Xltek Natus Medical, USA – is connected to the system. 

Validation and quantification of the seizure-induced in each rat were done by EEG 

recording. For subjects to be included in this study, they must display abnormal electrical 

wave discharge from the brain in form of sharp waves, slow waves, and very fast waves 

like -spikes and polyspikes. Also, seizure duration had to be compared within each batch.  

We also re-connected the rats to the EEG recording device after the behavioral 

experiment at age P-73 for the long-term study. This is to assess the results for 

spontaneous recurrent seizures (SRS). EEG recording analysis was carried out blindly (of 

respective rat groups) by the reader to eliminate bias. (Figure 7) 

 

 
Figure 7. A. EEG Recording cage. Each cage is fitted with mobility-friendly 
commutators. Figure B. Rat attached to commutators for EEG recording.  
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3.4. Behavioral Tests 

5 panels of behavioral tests were used to assess the potential later-life   psychiatric 

and cognitive behavioral effects of the TLE model of convulsive status epilepsy. Based 

on our paradigm, the tests were carried out in sequence from The Light dart test to the 

open field test followed by the forced swim test. The last 2 tests were the Morris water 

maze and the 2-way modified active avoidance test. In order to decrease contextual 

variables and other forms of interference, the 5 tests are all scheduled chronologically 

with respect to the increasing level of difficulty and aversion. In line with our peri-

adolescent model, the behavioral tests are carried out between the rats aged P50 and P73. 

 

3.4.1. Light Dark Test  

This test involves the use of a shuttling box with 2 compartments divided equally 

(Height:34 cm, Width: 27 cm, Length: 27 cm) by a metallic wall which also links the 2 

sides by a 9cm2 entryway in this case, we use the Coulbourne Instruments device, Harvard 

apparatus, USA. White and dark forms are used to cover each of the Light and Dark 

chambers respectively. The light chamber which is on the left side is also fitted with novel 

objects (dices and beads struck on its side wall) and is lit up. This 1-day test is used to 

compare the exploratory behavior versus the anxiety-like behavior in the rat model. It 

involves a 5 min session of uninterrupted free movement of the rats once it is placed in 

the right (dark) chamber. Using the Graphic State 4 software (of the same shuttling box 

apparatus) protocol, we measure the time spent in each chamber. Each test is carried out 

after the box has been cleaned with ethanol and odorless detergent. (Figure 8) 
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Figure 8: The Light Dark Box (LDT) apparatus. The image shows the right (dark-
paneled) and left chamber (lit) with white wall panel. 

 
 
 

 

3.4.2. Open Field Test (OFT) 

The open field test carried out in this model helps us to assess the hyperactive, 

anxiety-like, and exploratory behaviors. It involves the use of an opaque plexiglass square 

field 40 cm high and 80 cm across its length and width.  The test is carried out in 3 

sessions carried out successively on 3 different days. A novel object is introduced to the 

set-up each day starting with a cube on the first day, a ball on the second day, and a bottle 

on the third day. Each rat is placed into the field from the nearest corner to the newly 

introduced object and allowed to freely move for 5-minutes only. 70% ethanol and 

odorless detergent are used to clean the box after each trial. The trials are recorded and 

the rats’ motions are tracked and analyzed with Panlab Smart video tracking software 3.0. 

(Figure 9) 
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Figure 9. The Open Field Test (OFT) box. The image shows the three novel objects 
introduced each day, rats are allowed to freely move inside the box for 5 mins on each 
day and the recording of this experiment is analyzed.  Red mark and locus indication 
show tracking done by the Smart Software (Panlab, Harvard Apparatus, USA) 
used for analyses. 

 
 
 
 
 
3.4.3. Forced Swim Test (FST) 

The forced swim test was done to assess immobility percentage, a parameter for 

measuring depressive-like behavior in rats. FST was done using a clear cylinder of 50 cm 

in length and a diameter of 20 cm, placed on an elevated platform to facilitate recording. 

Water is filled up to 35 cm in the cylinder and modulated at a temperature of 250C. The 

trial is done twice each session runs for 10 mins and is repeated 24 hours later. SMART 

software (Panlab, Harvard Apparatus, USA) is used to analyze the recordings of this test 

by calculating the percentage of time spent immobile by the rat. The immobility threshold 

is calibrated to lesser than 90-120 m/s (based on control group movements) for about 0.5 
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seconds. Each rat is trialed in fresh water, after a successful trial, rats are then transferred 

to a drying cage placed under the heat lamp. (Figure 10) 

 

 
Figure 10. Forced Swim Test (FST) Apparatus. Each Cylinder is filled to 35 cm and 
Rats are placed in them for 10-minutes. For analysis, the red arrow indicates camera 
used to record each trial session.  

 

  
3.4.4. Morris Water Maze (MWM) 

This is a 7-day test conducted to study the visuospatial navigation and memory 

retention skills of rats with the aid of image cues. It was done in a pool made from a large 

plastic container 150cm in diameter and 80cm high, it is divided into 4 equal quadrants 

comprising North-East (NE), North-East (NW), South-East (SE), and South-West (SW) 

by locating the 4 cardinal points -North, South, East, and West. Visual cues are mounted 

on the 4 walls in each of these points. The pool is filled up to the 30 cm mark and the 

water temperature is modulated at 25 0C. On Day 1, the rats are habituated by allowing 

them to swim for 2 mins without any escape platform.  Thereafter, the test is conducted 

with an invisible platform placed in the North-East quadrant, each rat is given 4 attempts 

and introduced into the pool from the four different locations other than the quadrant 
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containing the escape platform. The test was recorded and analyzed using SMART 

software (Panlab, Harvard Apparatus, USA) to measure the amount of time needed to 

reach various landmarks. Each Trial lasts for 2 minutes followed by a 30 seconds rest, 

rats that are unable to find the platform within the allotted time are placed on the escape 

platform to teach them the location. The sequence of the four-point of introduction to the 

pool is changed for each day. Finally, the Last day protocol involves testing the rat’s 

spatial memory of the location of the invisible quadrant. This time, no escape platform is 

placed in the pool and they are allowed to swim freely for 2 mins. In addition to this, a 

probe trial is conducted using a visible escape platform placed in the SE quadrant this 

time, this helps us to ascertain that all rats undergoing the MWM test have uniformly and 

optimal visual and motor function. (Figure 11) 

 

 
Figure 11. The Morris Water Maze Pool. It shows 4 quadrants North-West (NW), 
North-East (NE), South-West (SW), and South-East (SE). Each 4 trial starts from a 
different introduction point with changing sequence each day. The arrow in the North-
East quadrant (NE) indicates the location of the invincible quadrant  
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3.4.5. 2-Way Modified Active Avoidance Test (MAAV) 

This is a 7-day-long novel experiment that was developed and optimized based 

on the conventional test for active avoidance to cater to our model. It involves studying 

the contextual Pavlov learning using 2 chambered shuttling boxes. On the left 

compartment of the box, we assess shock avoidance with respect to the auditory context 

of tone-signal while on the right, we also study the behavioral pattern of shock avoidance 

based on visual context using distinct novel patterns and objects placed in this 

compartment.  The test set-up involves the shuttling box, fitted with infra-red sensors and 

a metal bar base that are connected to The Graphic State 4.0 (GS4) software (Coulbourne 

Instruments, Allentown, PA, United States). The graphic state is programmed to sense 

the location of the rat in either chamber. In addition to these, Tone signals and electrical 

shock is sent through the bar from the Modular Habitest System Device also connected 

to the apparatus.  

The rats are habituated by placing them in the box to freely move without any 

stimulation for 5 minutes. Both the anterior and posterior wall of each compartment is 

covered in white foam to preclude any difference in variables. The contextual training is 

done for 7 days, in the left compartment, the walls remain the same as the habituation set-

up while for the right compartment we used white and black stripe panels (Figure 12) and 

visual contextual cues of beads and dice affixed to the partitioning wall. The experiment 

itself comprises the rat taking up 30 trials from both the right and left parts of the box 

combined. The rat was first placed in the right compartment and after 8 seconds spent it 

gets an electric foot shock (0.5 mA) for 15 seconds.  The rat can either shuttle ‘before’ 

the shock Avoid or ‘during’ an ongoing shock to Escape. On the Left side, there is a 20-

second inter-trial interval (ITI) to allow the rat to rest. Thereafter, additional 15 seconds 
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on the left leads to a 15 seconds tone-signal warning followed by a 0.5 mA foot shock. 

Like the right compartment, the same concept of avoiding an incoming shock based on 

signal warning or stopping an ongoing one by escaping to the other compartment. This 

trains the rats to associate unconditioned stimulus (shock in both compartment) with 

conditioned stimulus (left -tone-signal and right -visual cues). Finally, a 2-part retention 

assessment is carried-out on the last day. The first part assesses retention of contextual 

learning, to achieve this both compartments are left in the same set-up as the training 

days, the rats are placed from the right compartments and allowed to shuttle freely for 2 

minutes between both right and left sides without any tonal cue or shock delivery.  The 

second part of the test assesses the retention of auditory cue using the same tone-signal 

delivered during training. To do this, both sides of the box are made visually identical 

using white foam panel, after 5 minutes habituation, the rats is placed from the right side 

to take 30 trial cycle from both compartments combined. Each trial on either side consists 

of a 15 seconds tone-signal warning followed by a shock (0.5mA) for 15 seconds. An 

inter-trial-interval period of 30 seconds is given for rest between 2 completed cycles. 

Shuttling between both right and left lets the rat avoid an incoming shock or terminate a 

current shock by ‘escaping’. After 30 trials, a 2 minutes continuous tone signal is given 

to test for adaptive avoiding behavior, here we look at the freezing response. (Figure 12) 
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Figure 12. The 2-Way Modified Active Avoidance Test Apparatus. A Shuttling box 
in a soundproof enclosure. The box has 2 compartments with a linking entryway in the 
metallic partition wall between them. Shocks are delivered through the stainless-steel 
grid at the base. Video recording of both right and left side is made from the transparent 
glass overhead. B. Habituation set-up for the box showing the white foam panel 
covering the anterior and posterior glass walls. C. Training days set-up for the box, the 
left side is left as in the habituation while the anterior and posterior part of the right side 
is covered with white-black stripped foam panels, contextual cues including bead rows 
and 4 dices attached to the partitioning wall. D. Schematic representation of the 
experimental paradigm during training days. 

  
3.5. Euthanasia and Cardiac Perfusion Surgery for Histological Studies 

For Histological assay, the subject’s brain needed to be harvested at age P100 

after perfusion. The rats were anesthetized and pinned by their 4 limbs once they are 

unresponsive to stimulation. The abdomen skin is incised at the midline to expose the 

guts and underlying organs, the rib cages are cut open to expose the heart.  A needle is 

inserted at the apex of the heart on the left ventricle and the right aorta is cut to allow the 

blood to drain out. 100 ml of Phosphate Buffer Solution (PBS 1X) is pumped through the 

left ventricle to perfuse all organs until the liver turns pale thereafter, 100 ml of 
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Paraformaldehyde (PFA) solution (4%) is also pumped to fix the tissues. Upon successful 

perfusion, the head is decapitated and the brain is extracted wholly using forceps and 

spatula. Thereafter, the brain tissue is kept inside 4% PFA solution and stored at 40C. 

 

3.6. Tissue embedding using paraffin and Sectioning 

Embedding of brain tissues involved initial fixation in 10% formalin and washing 

with 0.9% saline. Thereafter, the sample is dehydrated by immersing in different ethanol 

solutions of increasing concentration (75% - 95% - 100%) for 2 hours each. Xylol was 

used as clearing agents and then the brain sample is flattened and infused with paraffin. 

Microtome was used to cut the paraffin blocks into sections into specified 8 µm thickness 

which was placed on slides for Immunohistochemistry (IHC) assay. 

 

3.7. Histological Assay – Immunohistochemistry (NeuN, GFAP) 

We were able to assess the later-life   effect of this study using the IHC NeuN 

staining and glial fibrillary acidic protein. Neuronal Nucleus is a biomarker for developed 

neural cells in the brain while GFAP are expressed due to astrocytosis. De-paraffinization 

was first carried out but washing the slides containing the sections 3 times (10 mins each) 

in xylene. Thereafter, they were successively rehydrated in several solutions of ethanol 

with decreasing concentration 100% - 95% - 70% - 50%, each step took 5 minutes and 

distilled water was used to wash for 5 minutes. Antigen retrieval was done next in citrate 

buffer incubated for 60 minutes at 90 o C followed again by washing with distilled water. 

Blocking of endogenous peroxidase activity was carried out using peroxidase block 

solution from Novolink Polymer Detection Kit- 500 Tests (Leica Biosystems, Germany) 

this was added to the slides for 10 minutes followed by washing with phosphate buffer 
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solution (PBS). Finally, 50 µL of anti-mouse NeuN antibody (A60-MAB377;1/100; 

Sigma-Aldrich) or GFAP (1:250) prepared with normal goat serum, phosphate buffer 

saline (PBS), triton (1X) and bovine serum albumin (BSA) diluted was dropped on the 

sections. The slides were kept at 4o C overnight. On day 2 the slides were washed for 10 

mins 2 times in PBS and incubated in a post-primary antibody (rabbit anti-mouse) for an 

hour to detect the anti-mouse antibodies and then a Novolink anti-rabbit polymer solution 

is added for 30 minutes to detect the rabbit immunoglobulins. The DAB chromogen 

substrate buffer is dropped on the sections for 2 mins until it reacts with the peroxidase 

at the antigen site to produce brown precipitate. The section is washed and counterstained 

with hematoxylin for 5 min before gradual dehydration in several concentration of 

ethanol up till 100% for 5 mins each. The stained sections are mounted with cover slips 

and later imaged at 40X microscope camera resolution using the uScope 4.3 program 

device (uScope MXII, USA).  

 

3.8. Statistical Analysis 

Statistical quantification of all results for the various tests and assay were done on 

GraphPad Prism 7 Software (USA). To analyze the IHC, one-way analysis of variance 

(one-way ANOVA) and post-hoc Fisher test for the least significant difference was done. 

Due to the limited number of sample size, no statistical analysis was done for the 

behavioral tests.  While independent sample t-test was performed for the seizure durations 

and latency relevant to this study.  
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CHAPTER 4 

RESULTS 
 
 
4.1. KA-Induced CSE and EEG Recording 

Rats were connected to the EEG device to record brain baseline, thereafter they 

were subjected to KA-induced CSE. Normal EEG recording at baseline shows 

synchronous slow theta wave patterns with an average of 6 hertz, this is correlated to the 

posterior dominant rhythm in humans. All rats qualified to be included in the study post-

KA injection by reaching at least stage 3 on the Racine’s scale. Electrographic 

representation of CSE is seen as a spatio-temporal repetitive paroxysmal synchronous 

polyspike and wave form discharge. In this study, the latency to seizure in all rats across 

both groups that received KA was comparable onset (17.5±2.751 minutes for SKCEP and 

19.92±3.14 minutes for SKV, p=0.5692). This was correlated by behavioral observation 

of the various CSE manifestations on the Racine scale including mouth twitching, 

salivation, repetitive chewing, staring, wet dog shakes, and forelimb clonus with rearing. 

(Figure 13) 
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Figure 13. CSE Duration (in hours) through a duration of 24 hours post KA-
induced 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 show comparable duration of CSE in 
the CEP-701-treated rats compared to the vehicle treated group (CSE: Convulsive 
Status Epilepticus, LKCEP: Long Term Kainic Acid CEP, LKV: Long Term Kainic 
Acid Vehicle)  

 

We assessed the effect of CEP-701 treatment the abortion of CSE-induction by measuring 

the seizure duration. The injured LKV group had more seizure duration than the treated 

one LKCEP ((p>0.05). The saline vehicle (LSV) and saline CEP-701 (LSCEP) treated 

groups did not develop seizure, this indicates that saline did not cause seizure induction.  

 

4.2. Immunohistological assay of Neuronal loss (IHC NeuN) 

CSE is associated with neuronal damage.  Therefore, we assessed the level of 

hippocampal neuronal nuclei loss 24 hours post-KA-induced CSE using IHC NeuN 

staining.  The number of neurons of both the left and right hippocampi was quantified 

and normalized by the surface area (Figure 20). The preliminary data showed that the 

injured untreated group (LKV) had a lesser number of neuronal nuclei compared to the 
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CEP-701 treated (LKCEP), while the control saline group (LSV) had a greater number 

of neurons compared to the saline treated group (LSCEP). (Figure 14) 
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Figure 14. Hippocampal Neuronal Loss. Graph shows the number of hippocampal 
neurons per mm² in the right and left hippocampi of the injured groups (LKV) was 
lesser than the control group No test for significance was done due to the sample size 
(LKCEP). Also, the control saline (LSV) had higher number compared to the control 
treated group (LSCEP). (CSE: Convulsive Status Epilepticus, LKCEP: Long Term 
Kainic Acid CEP, LKV: Long Term Kainic Acid Vehicle) 

 

4.3. LDT and OFT Findings on Hyperactivity, Exploratory-like and Anxiety-like 
behaviors  

Being nocturnal, rats generally prefer darker spaces and would instinctively tend 

to avoid lighted areas, however, another important component of their behavior is the 

tendency to explore novel sensations like objects and new environments especially in 

peri-adolescent stage. Here, by assessing the level of each rat’s activity, we were able to 

study the exploratory-like and anxiety-like behaviors in a closed and open setting.  The 

LDT which simulates a closed system reveals that the injured group (LKV) spent more 

time in the left lit chamber compared to the control group (LSV) but showed no difference 

relative to the treated (LKCEP). The treated control group (LSCEP) also spent 

comparably more time in the lit chamber compared to the saline control group (LSV). 
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The number of left chamber entries was uniformly comparable across all groups. (Figure 

15)  

 

Figure 15. 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. No test for 
significance was done due to the sample size (LKCEP: Long Term Kainic Acid with 
CEP, n=12; LKV: Long Term Kainic Acid with Vehicle, n=12; LSCEP: Long Term 
Saline with CEP, n=6; LSV: Long Term Saline with Vehicle, n=7) 

 

The OFT test to assess the behaviors in an open system showed that the injured 

group (LKV) travelled more total distance than the control group (LSV) in the first 2 

sessions. For session 1, the treated group (LKCEP) travelled a lesser distance than the 

LKV group and was comparable to the controls (LSV, LSCEP). 

The result of the total distance travelled in the periphery was comparable between 

the normal control (LSV) and injured (LKV). However, the injured treated group 

(LKCEP) travelled more distance than the injured untreated (LKV) in session.  

All groups spent comparable time in the peripheral cumulative across the 3 sessions. 

However, during session 1, the treated group (LKCEP) spent lesser time compared to the 

A B 
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injured (LKV) group while the control treated group (LSCEP) spent more time than the 

control group (LSV) across the 3 session. (Figure 16) 

           

 

Figure 16. Open Field Test. Panel A. On the right side, total distance travelled in three 
testing sessions. LKV group travelled more distance compared to the LSV and the 
LKCEP groups Panel B. On the right side, Total distance travelled in the periphery 
LKV group and the LKCEP group were comparable across the 3 sessions, however the 
LKCEP travelled more peripheral distance than the LKV in session 1.  Panel C. Down, 
the time spent in the periphery across the 3 sessions the LKV and the LSV group were 
comparable, the LKCEP was also comparable to the LKV group.  However, the LSCEP 
group spent more time in the periphery compared the LSV group. Mean ± SEM are 
reported. No test for significance was done due to the sample size (LKCEP: Long Term 
Kainic Acid with CEP, n=11; LKV: Long Term Kainic Acid with Vehicle, n=10; 
LSCEP: Long Term Saline with CEP, n=5; LSV: Long Term Saline with Vehicle, n=7)                              

 

 

4.4. FST – Test for Depressive-like Behavior 

Depressive-like behavior in the rats after CSE induction and subsequent treatment 

with CEP-701 were studied using the forced swim test. The injured rats LKV had a 

C 
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progressively higher percent of immobility across all minutes compared to the control 

group (LSV) on day 1. Also, the treated group (LKCEP) also showed lesser immobility 

percentage at 10 minutes. Compared to the saline controls (LSV), the CEP-treated 

controls (LSCEP) also had a lesser immobility percentage with a trend of apparent 

divergence at minutes -8, 9, and 10.  On the second test day, the injured group (LKV) had 

similar immobility rate compared to the control (LSV). (Figure 17) 

 

Figure 17. Percentage of immobility over the 10 min session of FST.  Panel A. The 
of the LKV show more immobility compared to the LSV control group across 10 mins 
with notable divergence at the 9th and 10th minutes. The treated LKCEP also displayed 
lesser immobility compared to the injured LKV group. The control treated LSCEP 
group showed comparable immobility percentage with the normal control with 
prominent divergence at the 9th minutes. Panel B. Shows the immobility percentage on 
day 2, here both control LSK and injured LKV were comparable, while the treated 
control group had more immobility percentage compared to the injured untreated 
(LKV) group. LSV and LSCEP were comparable across 10 minutes. Mean± SEM are 
reported. No test for significance was done due to the sample size (LKCEP: Long Term 
Kainic Acid with CEP, n=11; LKV: Long Term Kainic Acid with Vehicle, n=10; 
LSCEP: Long Term Saline with CEP, n=5; LSV: Long Term Saline with Vehicle, n=6) 

 
 
 
4.5. MWM -Effect on Learning and Memory through Visuospatial Navigation  

We assessed the cognitive effect of Morris water maze test using visuospatial 

recognition system. Across 5-days training period, rats across all the groups gradually 

learned to find the escape platform and all showed similar escape latency. However, the 
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injured group (LKV) needed more time to reach the platform compared to the vehicle 

control (LSV) group that had a lower escape latency. The KA-treated group (LKCEP) 

showed higher latency compared to the injury on days 3, 4, and 5. The CEP-treated 

control group (LSCEP) also showed higher escape latency compared to the saline controls 

(LSV). (Figure 18) 

  

Figure 18. Morris Water Maze Escape Latency and Time learning and probe trial 
results. Panel A. 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 control group LSV spent more time in the 
NE quadrant where the escape platform was previously located unlike all other groups 
that did not shw preference for any particular 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). Mean± 
SEM are reported. No test for significance was done due to the sample size (LKCEP: 
Long Term Kainic Acid with CEP, n=11; LKV: Long Term Kainic Acid with Vehicle, 
n=11; LSCEP: Long Term Saline with CEP, n=6; LSV: Long Term Saline with 
Vehicle, n=7) 

 

The experiment also involved assessing the retention for learning in the probe trial, here 

we see that within the NE quadrant where the rats were trained to associate with the 

escape platform, the control group (LSV) spent more time compared to all other groups 

including the injured group (LKV). We also see that the LKV group spent more time than 

the injured-treated group (LKCEP) in the NE region. Across the 4 quadrants, the control 
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group (LSV) spent more time in the NE unlike the injured group that spent comparable 

amount of time across all the quadrants. Finally, visual acuity test was conducted for all 

rats on the last day of the experiment. The escape latency to the visible platform was 

comparable. (Figure 19) 
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Figure 19. 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. No test for significance was done due to the sample 
size (LKCEP: Long Term Kainic Acid with CEP, n=11; LKV: Long Term Kainic Acid 
with Vehicle, n=11; LSCEP: Long Term Saline with CEP, n=6; LSV: Long Term 
Saline with Vehicle, n=7) 

 
4.6. MAAV- Auditory and Contextual Learning 

This experiment evaluated the rats learning behavior based on tone-signal and 

context-cue shock.  During the test for acquisition of auditory learning, the rate of tone-

signal shock avoidance was comparable across all groups across 6 days. However, on 

days 2 and 3 the saline treated group (LSCEP) performed lower than the saline control 
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(LSV).  All groups also showed comparative performance during the auditory-cued 

retention test.  

In the contextual-cued learning tests, all rats showed a similar increasing trend in 

learning behavior by avoiding the shock. The KA injured group (LKV) had a higher 

avoidance rate compared to both saline controls (LSV) and the CEP-treated group 

(LKCEP). While the saline treated (LSCEP) had a higher avoidance rate than the controls 

(LSV) on day 6. The retention of contextual-cue on the right side that has been associated 

with shock revealed that all groups spent comparable amount of time in the left chamber. 

(Figure 20) 

 

Figure 20. Learning deficits in the MAAV Test. Panel A. LKV group showed a 
higher percentage of avoidance of the context-signaled shocks compared to normal 
control group LSV. The LKV group also showed a higher percentage of shock 
avoidance across 5 days compared to the LSV group. LSCEP group had a comparable 
percentage of avoidance compared to LSV group. Panel B. In the contextual learning 
retention, all groups were comparable in avoiding the tone-signaled shocks. Panel C. In 
the acquisition of auditory learning subtest, all groups revealed comparable trends in 
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learning to avoid the tone-signaled electrical foot-shocks in the right chamber but with a 
slow learning percentage. 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. Mean± SEM are reported. No 
test for significance was done due to the sample size (LKCEP: Long Term Kainic Acid 
with CEP, n=11; LKV: Long Term Kainic Acid with Vehicle, n=11; LSCEP: Long 
Term Saline with CEP, n=6; LSV: Long Term Saline with Vehicle, n=7) 
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CHAPTER 5 

DISCUSSION 

Episodes of CSE calls for emergency care in the clinic setting because of its 

drastic later-life emotional and cognitive behavior. Studies have shown that these later 

life deficits could prevail for up to as much as 10 years after incidence of CSE52. Here, 

we have been able to successfully reproduce the translational model of this study in rats 

to show correlating behavioral pathologies in KA-induce CSE.   However, there is no 

standard clinical treatment that can adequately address these cognitive and behavioral 

decline. Furthermore, the standard treatment currently available is ineffective in helping 

to aborting seizure in about one-third of cases in the clinic, while in others that were 

aborted the risks of later life psychologic decline persists. As a result of these, the critical 

importance of a new drug that can be used to attenuate it behavioral sequelae cannot be 

overemphasized.  

 Some studies have shown that blocking of the TrkB pathway in mice prevented 

spontaneous recurrent seizure. Here, our study designed a more reproducible model to 

block the TrkB pathway using Lestautinib (CEP-701). This study showed the effect of 

CEP-701 treatment convulsive on CSE-induced cognitive and behavioral co-morbidities. 

In our laboratory, our preliminary data suggests that CEP-701 improves the efficiency of 

presently used anti-seizure drugs in the clinic by aborting CSE in a timely manner.   

With respect to neuronal damage, behavioral comorbidities of TLE has been 

associated loss of neurons in the hippocampus. Our preliminary result from the 

histological assay of the neuronal count done show that KA-induced TLE cause neuronal 
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loss in the LKV group which is comparable in the treated injured group (LKCEP). This 

is probably because the TrkB which has been blocked is also involved in neuronal growth.  

CEP-701 was able to reverse emotional-behavioral deficit in this model, as seen in the 

OFT, the treatment of injury in LKCEP reversed the hyperactivity and anxiety-like 

behaviors induced in the injured group LKV. However, we noticed a trend of long-term 

adverse effect of the drug in the third session of the OFT test.  

The data also suggests that CEP-701 reverses anxiety-like behaviors. We see the 

LKCEP group showing a tendency to spend less time in the periphery when compared to 

the injured group (LKV).  However, we observed a possibility of this drug having possible 

side effects in healthy subject. The CEP-701 treated controls (LSCEP) displayed anxiety-

like behavior compared to controls by spending a higher amount of time in the periphery 

of the OFT box.  

CEP-701 also reduced depressive-like traits seen in the rats on the first day of the 

forced swim test. we discovered that CSE-induced hyperactivity observed in injured 

group (LKV) was reduced in the treated rats (LKCEP).  

Our data showed the possibility of CEP-701 being used to reverse CSE-induced 

depressive-like traits. This agrees with the previous preliminary data from our lab. Here, 

we discovered that the treated group (LKCEP) displayed fewer immobility on the first 

day of the FST test compared to the injured group (LKV).  

CSE- induced depression was reduced movement in treated, depressive-like trait 

in FST increased mobility in the treated (LKCEP), cognitive deficit in the MAAV in the 

injured, no apparent reversal in treated group.  
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Unlike in the psychiatric behavioral tests, CEP-701 does not seem to reverse the 

cognitive deficit observed in this model. The MWM and MAAV results shows that 

treatment had no effect on cognitive learning process. This could Although, the injured 

group showed a higher contextual cue avoidance rate compared to other groups, this 

shuttling could possibly be due to CSE-induced hyperexcitability that have also been 

observed in other tests carried out. Histological assay shows a preliminary data suggesting 

that CEP did not fully protect against Neuronal damage which could be the reason for its 

inability to reverse some of the behavioral deficits observed. The behavioral results were 

mostly comparable and needs a higher number of sample size to reach the optimal power 

number for statistical significance. 
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CHAPTER 6 

LIMITATIONS AND FUTURE PERSPECTIVES 
 

This study faced several constraints including financial and operational. Due to 

the restricted budget, the study was unable to meet up with the optimal power number of 

sample size (n) needed to show statistically significant results. Our group size ranged 

from 6 -12 which is quite low compared to the ideal 15-20 usually needed for behavioral 

studies in rat models. Future studies in our lab aim at increasing this sample to reach the 

ideal size. Another limitation is the mortality rate of this experimental model, inducing 

onset temporal lobe CSE in rats’ model has risks of non-survival, also drugs like 

diazepam which are clinically used to abort episodes can cause respiratory depression and 

other cardiovascular complication is rat models that contributed to mortality which also 

affects the sample size of this study. 

Finally, only male rats were used in order to reduce variability. This is due to the 

difference in the rate of maturation and neuro-development especially at the peri-

adolescent stage which is the focus of this model. Future studies, tailored to factor in the 

female developmental process which can then be used to replicate this study would be 

vital in furthering our understanding of this field.  
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CHAPTER 5 

CONCLUSION 

CSE is one of the most common neurological condition with life-altering co-

morbidities in the world but still lacks effective treatment plan. Hence, the critical need 

for a drug that can prevent the its later-life   behavioral sequelae.  

In this study, although our preliminary histological result has not shown a clear 

reversal of neuronal loss and astrogliosis by CEP-701, but we were able to demonstrate 

that CEP-701 reduces seizure duration and latency. More importantly, the pilot EEG 

results is showing that the treatment could prevent spontaneous recurrent of seizures.  

Also, we have proven that CEP-701 has shown a trend of restoring hyperactivity, 

anxiety-like and depressive-like behavioral deficits in this model. However, it did not 

reverse cognitive effect in learning and memory tasks. Furthermore, like several clinically 

approved anti-seizure drugs currently used today, CEP-701 has a long-term side effect 

when given to normal control groups. We believe that these other effects could be due to 

its non-specific target binding property. However, this is a promising study of a drug that 

can be repurpose after clinical trials in the future to help improve the effects of currently 

available anti-seizure drugs. In order to achieve this, more studies with an increased size 

are needed to further understand the restorative effect of this medication on behavioral 

sequelae. Finally, as an FDA-approved drug that has been safely used in humans, CEP-

701 is an attractive option as a drug that can be easily used in further clinical trials to help 

improve the prognosis of temporal lobe convulsive status epilepticus.  
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