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Abstract 
Epilepsy is the most common acquired neurological disorder and is 

characterized by spontaneous, recurrent seizures. Of the various forms of epilepsy, 

Temporal Lobe Epilepsy (TLE) has received intense clinical and research interest. 

Current therapeutic options for TLE are anti-convulsive and purely symptomatic. 

Improved treatments are needed that either (1) prevent epilepsy development or (2) 

ameliorate existing disease. TLE is commonly induced by a preceding episode of 

prolonged seizure activity (status epilepticus, or SE). Our lab previously demonstrated 

that disruption of TrkB-PLCγ1 signaling after SE prevented development of epilepsy, 

identifying a critical molecular signaling pathway in SE-induced TLE.  

SE-induced TLE is analogous to associative memory formation in that both 

involve activity-determined plasticity. Memories can be “erased” by re-exposure to the 

inciting stimulus and inhibition of molecular mechanisms necessary for initial learning. 

Given the proposed parallels between epilepsy and memory as well as the central role of 

TrkB-PLCγ1 signaling in the development of TLE, I sought to test the effect of 

disrupting TrkB-PLCγ1 signaling following a seizure using the kindling model. I 

demonstrate that disruption of TrkB-PLCγ1 after an evoked seizure, but not TrkB- 

PLCγ1 inhibition in the absence of a preceding seizure, prevents progression in 

subsequent seizure severity and, in a subset of animals, results in partial remission.  
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In specimens from patients who underwent surgical resection for medically 

refractory TLE there is a striking increase in expression of the ligand for TrkB, BDNF. In 

a second study, I demonstrate that this increase, as well as an increase in TrkB-PLCγ1 

signaling, is also seen in an animal model of SE-induced epilepsy exhibiting 

spontaneous seizures. I then demonstrate that administration of a peptide uncoupling 

TrkB from PLCγ1 induced a remission in seizure frequency that persists after treatment 

termination, while producing minimal overt unwanted consequences.  

These studies elucidate a signaling pathway (TrkB-PLCγ1) underlying epilepsy 

progression and persistence, connect TLE to other disorder of pathologic plasticity like 

PTSD and neuropathic pain, and open the door to a novel therapeutic approach for 

treating patients with existing epilepsy. 
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1. Introduction 

1.1 Clinical Background on Temporal Lobe Epilepsy 

Epilepsy is the most common acquired chronic neurological disorder. This 

disease is characterized by spontaneous seizures, which are episodes of uncontrolled, 

synchronous neuronal firing within the central nervous system producing behavioral 

changes (Fisher et al 2014). Epileptic seizures are subdivided based on the origin of 

seizure onset, with focal seizures originating in a localized brain region and generalized 

seizures generated over a widespread brain area (Fisher et al. 2017). Over 10% of the 

population will experience a seizure in their lives, and 65 million individuals are 

diagnosed with epilepsy (Ngugi et al. 2010); in the United States alone the care of 

epileptic patients exceeds $15 billion annually (Sander 2003). Current treatments are 

purely symptomatic, reducing seizure occurrence but not inducing a remission or 

inhibiting the progression of the disease (Pitkanen 2010). This therapeutic shortcoming 

in part contributes to the significantly increased mortality in patients with epilepsy 

(Thurman et al. 2017), highlighting the need for increased study of this disease.  

Of the various forms of epilepsy, Temporal Lobe Epilepsy (TLE) has received 

intense clinical and research interest. TLE is the single most common form of focal 

epilepsy, affecting approximately 35% of epileptic patients (Tellez-Zenteno and 

Hernandez-Ronquillo 2012). For patients with TLE, frequent seizures hinder ability to 

gain employment, operate a motor vehicle, and participate fully in society. In addition, 
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TLE is commonly associated with psychiatric co-morbidities such as depression and 

anxiety disorder (Torta and Keller 1999), which patients report as having a greater 

impact on quality of life than seizure frequency alone (Choi et al. 2014, Boylan et al. 

2004). Current therapy aims to augment inhibitory neurotransmission, suppress 

excessive excitatory neurotransmission, or reduce intrinsic neuronal excitability. These 

purely symptomatic anti-seizure medications are limited by their propensity to produce 

adverse effects—over 80% of patients on anti-seizure treatment will experience some 

form of these effects (Marson et al. 2005). Furthermore, despite the presence of over 20 

FDA-approved drugs for the treatment of epilepsy, an estimated 30% of TLE patients 

remain refractory to medical therapy and exhibit seizures despite therapeutic blood 

levels of medication (Pitkanen et al. 2000). Improved treatments are needed that are 

disease modifying. A disease modifying treatment is one that either (1) prevents 

epileptogenesis, the process by which the brain is transformed from to epileptic or (2) 

ameliorates existing disease (i.e. is administered in a symptomatic patient and induces a 

reduction in seizure frequency).  

Clinical observation of patients with TLE frequently identifies a preceding brain 

insult (e.g. infection, stroke, traumatic brain injury) in the months to year preceding 

onset of seizures. In particular, retrospective clinical studies have demonstrated a 

correlation between severe TLE and a previous episode of prolonged seizure activity, 

termed status epilepticus (SE), in otherwise healthy individuals (Cendes et al. 2003, 
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Falconer et al. 1964). In the laboratory, SE is sufficient to produce TLE in various animal 

models (Mouri et al 2008). Once established, TLE is frequently progressive with 

worsening of clinical course, co-morbidities, and structural lesions (Elwes et al. 1988, 

Kwan and Brodie 2000). This progression was first observed by the astute 19th century 

British neurologist Sir William Gowers, who noted that “seizures beget seizures” 

(Gowers 1901).  

1.2 Animal Models of TLE 

1.2.1 Kindling Model 

The kindling phenomenon, first described by Graham Goddard in the 1960s 

(Goddard 1967, Goddard et al. 1969), is an extension of Gowers’s observation regarding 

the progressive course of TLE and is a commonly used model of prolonged 

epileptogenesis. In this model, a stimulating electrode is implanted into various brain 

regions and repetitive stimulations are given to elicit focal electrographic seizures. The 

evoked electrographic seizures are initially brief, localized to the region of stimulation, 

and unaccompanied by detectable behavioral abnormalities.  Repeated administration of 

this low intensity stimulus results in evoked seizures of increasing duration and more 

widespread propagation, the behavioral correlates of which are similar to temporal lobe 

and secondarily generalized tonic-clonic seizures of humans.  This enhanced sensitivity 

to an initially subconvulsive stimulus persists for the life of the animal.  This model has 

been extensively studied and characterized (McNamara 1999), which allows for 
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classification of behavioral seizure severity on a simple 0-6 scale (Borges et al., 2003; 

Racine, 1972): 0, normal activity; 1, arrest and rigid posture; 2, head nodding; 3, 

unilateral forelimb clonus; 4, rearing with bilateral forelimbs clonus; 5, rearing and 

falling; 6, tonic-clonic seizures with violent running and/or jumping. 

The definition of an animal being “kindled” varies but one common definition is 

the occurrence of three consecutive class IV seizures with duration lasting greater than 

ten seconds. At this stage, the enhanced sensitivity to stimulation notwithstanding, 

animals do not exhibit spontaneous seizures.  In contrast to the 10-15 stimulation evoked 

electrographic seizures required to induce “kindling”, evoking an additional 80 or so 

electrographic seizures causes the emergence of seizures occurring in the absence of a 

stimulation (i.e. spontaneous recurrent seizures or epilepsy—Figure 1).  Persistent 

evoked seizures in these animals will ultimately lead to spontaneous recurrent seizures 

(SRS), hippocampal gliosis, and neuronal death (Cavazos et al. 1991, Lothman and 

Williamson 1993, Cavazos et al. 1994). A key advantage of this model is that seizure 

induction is controlled by the investigator. 
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Figure 1: Pathologic activity induced epileptogenesis in the kindling model. In 
the kindling model, repeated evoked seizures lead to an increase in seizure class for 

subsequent evoked seizures. This persists for the life of the animal. However, 
spontaneous seizures in this model only appear after more than 80 stimulations. 

1.2.2 Intra-Amygdala Kainic Acid-Induced Status Epilepticus 

A shortcoming of the kindling model is the large number of stimulations 

required for the animal to exhibit SRS. By contrast, studies in animal models have 

demonstrated that a single episode of SE is sufficient to induce the occurrence of both 

SRS as well as histologic hallmarks of TLE like gliosis and neuronal death (Curia et al. 

2008). Common methods of inducing SE include systemic administration of 

chemoconvulsants such as the cholinergic agonist pilocarpine or the kainite receptor 
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agonist kainic acid (Moriomoto et al. 2004). However, in contrast the unilateral 

histological damage seen in human TLE patients (Lewis et al. 2014), systemic 

administration of these agents frequently produces symmetric, bilateral damage 

(Sloviter et al. 2007). Furthermore, these models are complicated by mortality exceeding 

30% (Helgager et al. 2013). To overcome these limitations, a common approach is focal 

injection of kainic acid (KA) into limbic structures such as hippocampus or amygdala. 

The intra-amygdala KA (IAK) model of SE was originally described in cats (Tanaka et al. 

1985) and later adapted to rodents (Tanaka et al. 1988, Li et al. 2008, Mouri et al. 2008). In 

this model, KA is infused into the right amygdala with EEG recordings obtained from 

the left hippocampus. SE ensues 2-15 minutes after infusion, and is terminated by 

administration of the benzodiazepine diazepam 40 min later, with a dose of lorazepam 

given 60 min after diazepam (Mouri et al. 2008, Liu et al. 2013, Gu et al. 2015). SRS 

emerge beginning 3-5 days after SE. This model results in unilateral hippocampal 

damage (Mouri et al. 2008) with seizures observed first in the CA3 region of 

hippocampus ipsilateral to the site of infusion (Li et al. 2008); mortality is less than 

5% (Liu et al. 2013).  In stark contrast to the kindling model, SRS emerge on a much 

faster timescale. However, a commonality in both models is that epileptogenesis and 

emergence of SRS are induced by electrographic seizure activity.  
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1.3 Cellular and Molecular Mechanisms of Epileptogenesis 

Use of both models has allowed for study of the cellular and molecular 

mechanisms underlying epileptogenesis, which would help facilitate identification of 

targets for either preventative or remission-inducing therapy. This section will focus on 

mechanisms of epilepsy development; a subsequent section will discuss studies on 

epilepsy persistence and targets for remission.  

A prominent feature in both resected specimens from patients with medically-

refractory TLE (Klein et al. 2017) and animal models of SE-induced TLE (Li et al. 2008, Liu 

et al. 2013, Gu et al. 2015) is reactive astrogliosis, a situation where astrocytes increase in 

number, change their molecular expression, and alter their morphology to be come 

enlarged while sending out multiple projections (Fawcett and Asher 1999). In clinical TLE, 

this is commonly found along the blood-brain barrier as well as in both neocortex and 

subcortical white matter and is thought to contribute to the MRI abnormalities in these 

patients (Garbelli et al. 2012). Studies in animal models have demonstrated that this 

pathology occurs in the days following induction of SE (Guo et al. 2017, Pernot et al. 2015) 

and persists when animals exhibit SRS (Liu et al. 2013, Gu et al. 2015, Sierra et al. 2015). 

The consequences of this cellular change on neural function is not completely 

understood, though changes in ionic gradients, metabolism of neurotransmitters, 

and expression of receptors are thought to play deleterious consequences (Sofroniew 

2009). Understanding the cause and consequences of this process may lead to advances in 
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treatment options given the finding in genetically-modified mice that induction of 

progressive astrogliosis is sufficient to cause hyperexcitability and SRS (Robel et al. 2005).  

In both SE and the kindling model, structural neuronal plasticity is thought to play 

pivotal role in the disease process. One example found in both animal models (Okazaki et 

al. 1995, Danzer et al. 2010, Jinde et al. 2012, Singh et al 2013), as well as in clinical TLE 

(Pitkanen et al. 2000) is mossy fiber sprouting. Here, the mossy fiber output from the 

dentate gyrus produces additional axon collaterals that frequently form synapses back 

on dentate granule cells, creating a recurrent excitatory loop. Other examples of 

structural changes occurring in TLE include the presence of ectopic granule cells 

(aberrantly located newborn neurons), increase in dendritic spines (Singh et al. 2013), and 

death of inhibitory interneurons (Sloviter 1987, De Lanerolle et al. 1989).  

A central role for inflammation in epileptogenesis is well established and may 

serve as a target for prevention of SRS development. A broad array of inflammatory 

mediators, including cytokines, chemokines, and receptors are upregulated during the 

epileptogenic process. For example, expression of the cytokine HMGB1 is increased in 

both animal models and specimens from TLE patients (Maroso et al. 2010). Injection of a 

monoclonal antibody targeting this protein prevented the progression of seizure severity 

in the kindling model and reduced the frequency of seizures during treatment, though it 

had no effect on the number of SRS after treatment termination compared to control 

animals (Zhao et al. 2017).  
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Adenosine kinase represents another potential target for prevention of SRS 

development. Adenosine is an endogenous inhibitory neuromodulator whose levels are 

regulated via phosphorylation by adenosine kinase; inhibition of adenosine kinase 

increases levels of adenosine (Fedele et al. 2004). Adenosine kinase levels are known to be 

upregulated in both animal models of SE-induced TLE and human specimens (Li et a. 

2008, Aronica et al. 2011). Brain specific upregulation of adenosine kinase results in 

hippocampal hyperexcitability and ultimately generation of spontaneous recurrent 

seizures (Li et al. 2008). Notably, implantation of adenosine kinase KO ES cell–derived 

neural progenitor grafts reduced SRS and astrogliosis in a model of SE-induced TLE (Li et 

al. 2008). In addition to its role in epileptogenesis, adenosine plays a critical role in 

survival from the epileptogenic insult, since upregulation of adenosine kinase results in 

uniform lethality after SE (Li et al. 2008) and knockout of the adenosine receptor results in 

lethal SE after experimental traumatic brain injury (Kochanek et al. 2006).  

mTOR, a protein kinase with a variety of biologic functions, also plays a critical 

role in epileptogenesis. The role of mTOR signaling in genetic epilepsy syndromes has 

been long studied given the upregulation of this signaling cascade in the neurocutaneous 

disorder tuberous sclerosis (Curatolo and Moavero 2012). mTOR signaling plays a role in 

acquired epilepsies like TLE as well. Excessive activation of mTOR signaling complexes 

has been observed in hippocampus and temporal cortex of TLE patients refractory to 

medical therapy (Talos et al. 2018). Blockade of mTOR signaling by the FDA-approved 
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inhibitor rapamycin ameliorates histologic damage and cognitive co-morbidities 

characteristic of TLE, though seizure frequency was not reduced (Keng et al. 2013, 

Brewster et al. 2013).  

1.4 BDNF-TrkB-PLCg1 Signaling is a Key Molecular Mechanism 
of Epileptogenesis 

BDNF is a trophic factor released from neurons in an activity dependent manner 

(Hedrick et al. 2016, Harward et al. 2016) where it binds to the receptor tyrosine kinase 

TrkB, resulting in receptor dimerization and autophosphorylation of various serines and 

tyrosines along the intercellular domain. Phosphorylated residues serve as docking sites 

for adaptor proteins, subsequently activating a complex series of signaling cascades 

(McNamara et al. 2006). Two canonical pathways are activated by phosphorylation of 

TrkB Y515 and Y816. Phosphorylation of Y515 leads to recruitment and phosphorylation 

of adaptor proteins in the Ras/MAP kinase signaling cascade, resulting in neuronal 

differentiation, growth, and survival (McNamara et al. 2006). Phosphorylation of Y816 

leads to docking and phosphorylation of the enzyme PLCγ1, which hydrolyzes 

phosphatidylinositol-4,5-bisphosphate (PIP2) to generate inositol- 1,4,5-trisphosphate 

(IP3) and diacylglycerol (DAG). IP3 promotes the release of calcium from intracellular 

stores while DAG stimulates isoforms of protein kinase C, one consequence of which is 

gene transcription (Minichiello et al. 2002).   

Several converging lines of evidence suggest a critical role for TrkB signaling in 

epileptogenesis. Biochemical and immunohistochemical studies have demonstrated 
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increases in BDNF, as well as levels of a surrogate marker of TrkB activation 

(phosphorylated TrkB) following SE (Isackson et al. 1991, Binder et al. 1999). 

Intraventricular infusion of TrkB “receptor bodies” (antibodies which sequester BDNF) 

impaired the development of TLE (Binder et al. 1999). In addition, knockout of TrkB in 

synapsin-expressing neurons eliminated the development of TLE in the kindling model 

(He et al. 2004).  

These findings support a role of TrkB in epileptogenesis but do not directly 

address whether SE-induced TrkB activation is required for SE-induced TLE – 

answering this question requires the ability to selectively and transiently inhibit TrkB 

kinase after SE. To that end, a chemical-genetic strategy was utilized with a transgenic 

mouse (termed TrkBF616A mouse) containing a point mutation within the ATP binding 

pocket of TrkB, rendering this mouse uniquely susceptible to TrkB kinase inhibition by 

1NMPP1, a blood-brain-barrier permeable small molecule derivative of the kinase 

inhibitor PP1 (Chen et al. 2005). Importantly, 1NMPP1 does not have any detectable 

effect in WT mice, and there are no detectable differences in TrkB kinase activity in the 

TrkBF616A compared to WT mice in the absence of this compound (Liu et al. 2013, Chen et 

al. 2005). This approach bypasses the off-target effects of available TrkB kinase inhibitors 

while permitting the temporal precision of pharmacological inhibition. Using this mouse 

in the IAK model, it was found that transient inhibition of TrkB kinase initiated 

following SE prevented development of TLE and co-morbid anxiety-like behavior (Liu 
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et al. 2013). The implications of this finding include: (1) it is indeed possible to intervene 

transiently following an insult and prevent epilepsy; and (2) TrkB is a potential 

therapeutic target to prevent epileptogenesis. To determine the downstream pathway by 

which TrkB mediates the development of epilepsy, genetic studies first demonstrated 

impairment of epileptogenesis in the kindling model in mice with point mutations of 

Y816 preventing the phosphorylation of this residue (TrkBY816F), as well as in mice 

heterozygous for PLCγ1. This motivated the development of a membrane-permeable 

3kDa peptide comprising HIV-1 Tat protein transduction domain and the 14aa sequence 

of TrkB required for binding of PLCγ1 (termed “pY816”). This peptide was shown to 

uncouple TrkB from PLCγ1 in vivo (Gu et al. 2015). Administration of pY816 

immediately following SE prevented the development of SRS and psychiatric co- 

morbidities (anxiety-like behavior) without exacerbating SE-induced neuronal death (Gu 

et al. 2015). 

1.5 Cellular & Circuit Mechanisms of Epileptogenesis: TrkB-
Mediated Synaptic Plasticity at Excitatory Synapses 

The cellular and circuit consequences of enhanced TrkB activation that contribute 

to SE-induced TLE are beginning to be identified. One appealing hypothesis is that SE-

induced TrkB activation promotes functional plasticity in hippocampal circuits. 

Plasticity is defined as the CNS response to stimuli, and functional plasticity is focused 

on changes in the strength of synapses, the site of contact between individual neurons. 

In the 1960s, studies in hippocampal slices demonstrated that high-frequency 



 

13 

stimulation of the perforant path (the primary input into hippocampus, forming 

synapses onto dentate granule cells) resulted in a robust increase in dentate granule cell 

responses to subsequent stimulation (Lomo 1966); this was subsequently termed “Long-

Term Potentiation” or LTP (Douglas and Goddard 1975). Since its discovery, LTP has 

been hypothesized to be the cellular mechanism of learning and memory (Lynch 2004) 

as well as a cellular mechanism of epileptogenesis (Jarero-Basulto et al. 2018). 

Importantly, TrkB Y816 signaling plays a critical role in LTP at excitatory hippocampal 

synapses (Minichiello et al. 2002), leading to the hypothesis that TrkB-induced LTP of 

hippocampal excitatory synapses drives epileptogenesis following SE.  

Evidence in support of this hypothesis includes prominent SE-induced TrkB 

activation in hippocampal mossy fiber giant boutons, an excitatory pre-synaptic 

terminal that synapses onto an excitatory post-synaptic neuron – CA3 pyramidal cells 

(Helgager et al. 2013). Because of the known role of TrkB-PLCg1 signaling in 

potentiating this excitatory synapse in slice preparations (Musumeci et al. 2009, Schildt 

et al. 2013, Kang and Schuman 1995, Stoop and Poo 1996), SE-induced activation of TrkB 

may serve to potentiate this synapse and thereby enhance excitatory transmission 

through the tri-synaptic hippocampal circuit. Such excessive excitatory transmission 

could result in epileptiform activity. Additional evidence includes the finding that prior 

induction of LTP at the perforant path input into the hippocampus accelerates kindling 

development (Sutula and Steward 1987). Furthermore, in a rat model of SE, LTP at the 
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MF-CA3 synapse is occluded (Goussakov et al. 2000) suggesting that potentiation has 

already occurred at this synapse as a consequence of prolonged seizure activity.  

1.6 Cellular & Circuit Mechanisms of Epileptogenesis: TrkB-
Mediated Modulation of Inhibitory Neurotransmission 

The effect of TrkB on development of SRS may also be through alterations in 

inhibitory neurotransmission. Immunohistochemistry studies following SE have shown 

an increase in BDNF levels at axon terminals of dentate granule cells synapsing onto 

inhibitory interneurons (Danzer and McNamara 2004). Furthermore, in vitro studies 

suggest that TrkB negatively modulates inhibitory transmission since BDNF 

heterozygote mice have reduced frequency of mIPSCs in dentate granule cells 

(Olofsdotter et al. 2000), a finding confirmed using the BDNF scavenger TrkB-Ig. 

Furthermore, BDNF reducing evoked IPSPs in the CA1 region in a dose dependent 

manner (Tanaka et al. 1997). These findings raise the possibility that TrkB activation in 

inhibitory neurons may reduce synaptic inhibition and promote SE-induced TLE.  

One way TrkB-PLCg1 signaling may modulate inhibitory transmission is via 

downregulation of the chloride transporter KCC2 (River et al. 2004). Reduced expression 

of KCC2, seen under physiologic conditions in the immature brain, results in decreased 

extracellular chloride and loss of GABA-mediated inhibition (Ben-Ari et al. 1989). This 

change in neuronal intrinsic properties might led to the reduction in synaptic inhibition 

and promote the generation of SRS. Importantly, studies in surgically-resected tissue 

from TLE patients found a 30% reduction in the number of cells expressing KCC2 
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mRNA (Huberfeld et al. 2007), suggesting that this is a plausible mechanism by which 

seizures originate.  

1.6 Mechanisms of Epilepsy Persistence 

A striking feature of epilepsy is that this disease is chronic, lasting for the lifetime 

of the patient. Insight into the mechanisms of epilepsy persistence may help identify 

therapeutic targets that can result in disease remission. Identified mechanisms of 

epilepsy persistence include the serine/threonine kinase mTOR, chronic inflammation, 

and aberrant granule cell integration. Inhibition of mTOR using rapamycin resulted in a 

reduction in seizure frequency when administered in epileptic animals following both 

SE-induced epileptogenesis (Zeng et al. 2009), trauma-induced epilepsy (Guo et al. 

2013), and in the genetic epilepsy syndrome tuberous sclerosis (Zeng et al. 2008), though 

only in trauma-induced epilepsy was treatment transiently administered, hindering 

interpretation regarding whether the effect was curative or simply anti-convulsive. With 

regards to chronic neuro-inflammation, antagonism of the innate immune receptors IL-

1R1 and TLR4 using a cocktail of inhibitors in the IAK also induced a partial reduction 

in seizure frequency (Iori et al. 2017). Finally, a pair of studies examined the effect of 

ablating newborn dentate granule cells following SE using selective expression of DTr in 

these cells, testing whether aberrant integration of these newly-generated neurons 

contributes to the expression of SRS. Ablation of peri-SE generated granule cells reduced 
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the frequency of SRS and prevented disease progression (Hosford et al. 2016, Hosford et 

al. 2017).  

1.7 Parallels Between Epileptogenesis and Associative Learning  

Associative learning, one example of which is classical conditioning, involves 

associating a response with a previously neutral stimulus (Pavlov and Anrep 1928). In 

rodents this is commonly modeled with classical fear conditioning (CFC). In this model, 

a mouse is placed in a novel context and presented with an auditory tone. The final 

seconds of tone presentation coincides with a mild foot-shock. Subsequent exposure of 

the mouse to the context or presentation of the tone produces a robust freezing response 

by the mouse, which can be quantified and serves as a surrogate marker of defensive 

fear behavior (Morrison and Ressler 2014, Maren 2001). The circuitry involved in this 

process has overlap to those generating seizure activity in TLE, and includes both 

hippocampus and amygdala (Phillips and LeDoux 1992).  

Like epileptogenesis, LTP is thought to play a critical role as the cellular 

mechanism of associative memory. Electrophysiological recordings of auditory 

pathways from MGN thalamus to the amygdala show increased synaptic efficacy in 

mice following CFC compared to naïve controls (McKernan and Shinnick-Gallagher 

1997). Infusion of NMDAR antagonists, which are known to prevent induction of forms 

of amygdala LTP in vitro (Chapman et al. 2003) impairs acquisition of fear conditioning 

memory (Fanselow and Kim 1994). Using modern optogenetic techniques to specifically 
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activate auditory inputs from MGN thalamus into amygdala, it was recently 

demonstrated that depression (LTD) of neural pathways potentiated after CFC 

suppressed freezing behavior and this was rescued by subsequent restoration of LTP 

(Nabavi et al. 2014).  

1.8 Processes in Associative Learning: Consolidation & Re-
Consolidation 

Formation of associative memories involves a two-step process. Short-term 

memory, which occurs on the scale of minutes, is mediated by an early phase of LTP (E-

LTP) that is independent of protein synthesis and instead involves post-translational 

modification (e.g. phosphorylation) of existing proteins (Mansuy et al. 1992). Long term 

memory, whose cellular correlate is the late phase of LTP (L-LTP), occurs following a 

process termed “consolidation.” Conceptually, consolidation involves the stabilization 

of the memory via LTP of subsets of neurons distributed among various nodes 

throughout the brain (Rajasethupathy et al. 2015, Rothschild et al. 2017, Kitamura et al. 

2017). Mechanistically, both L-LTP (Huang et al. 1994, Nguyen et al. 1994, Huang et al. 

2000) and memory consolidation require protein synthesis (Schafe et al. 1999, Schafe and 

LeDoux 2000). More precise mechanisms of memory consolidation continue to be 

studied (Johansen et al. 2011) but a critical role for TrkB signaling has been 

demonstrated using both genetic and pharmacologic approaches (Musumeci et al. 2009, 

Ou and Gean 2006, Liu et al. 2004, Ou et al. 2010, Choi et al. 2012, Andero et al. 2007).  



 

18 

Recall of a memory can occur several months after consolidation has occurred 

(De-Monte et al. 2015). Importantly, following recall, memories are rendered “labile” 

and erasable (Misnin 1968) and an additional stage of protein synthesis is required for 

preservation of the memory (Nader et al. 2000, Alberini 2005). This process is termed 

“reconsolidation” (Alberini 2005), and when protein synthesis following the recall is 

inhibited, the memory erasure is termed “reconsolidation inhibition.” In contrast to 

extinction learning, in which repeated presentation of the tone or exposure to the context 

reduces subsequent freezing behavior, reconsolidation inhibition is not a form of new 

learning because of key behavioral differences in the two processes (Duvarci and Nader 

2004). Instead, reconsolidation inhibition is thought to involve LTD of synapses 

previously potentiated following learning (Ryan et al. 2015). The molecular mechanisms 

of reconsolidation inhibition-- upstream of protein synthesis-- are just beginning to be 

elucidated. Roles for mTOR signaling (Blundell et al. 2008), PKA activity (Kida et al. 

2002), and β-adrenergic signaling (Przybyslawski et al. 1999) have been identified. In 

contrast to consolidation, a specific role for TrkB signaling in reconsolidation has not 

been examined.  

Of note, reconsolidation inhibition occurs in other animal models besides CFC. In 

a model of neuropathic pain involving intraplantar injection of capsaicin, subsequent 

mechanical hyperalgesia could be reversed by a combination of capsaicin re-injection 

and intrathecal anisomycin but not administration of either compound alone. 
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Furthermore, the LTP of spinal cord dorsal horn synapses seen after capsaicin injection 

was depotentiated after optogenetic activation of nerve fibers and anisomycin 

administration (Bonin and De Koninck 2014). These results suggest that reconsolidation 

inhibition is not specific to CFC and may extend to other models of plasticity, including 

pathologic forms. 
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2. Hypotheses 

2.1 Disease Modification by Combining Seizure Activity with 
Inhibition of TrkB-PLCγ1 Signaling 

Inhibition of seizure-evoked TrkB-PLCγ1 signaling in a kindled animal reduces 

the progression in subsequent seizure severity and induces a reversion to earlier stage of 

epileptogenesis. 

2.2 Seizure Remission in The IAK Model of Epilepsy Using pY816 
Peptide 

In the IAK model of TLE signaling, administration of pY816 peptide induces a 

remission in SRS while producing minimal undesired effects. 
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3. Methods and Materials 

3.1 Animals 

All described animal procedures were approved by the Institutional Animal Care 

and Use Committee (IACUC) at Duke University and conform to the National Institute 

of Health and Duke University institutional guidelines for the care and use of 

experimental animals. Animals were maintained on a 12-hour light/dark cycle with food 

and water available ad libitum. All experiments were conducted during the light portion 

of the cycle.  

3.1.1 Wild Type Mice 

Wild type (WT) adult (8-12 wk) C57/bl6 male mice were purchased from Charles 

River.  

3.1.2 TrkBF616A Mutant Mice 

TrkBF616A mice were originally obtained from Dr. David Ginty (Chen et al. 2005) 

and backcrossed to the C57/bl6 line for at least seven generations. This knockin mouse 

harbors a point mutation on the TrkB allele, substituting an alanine for phenylalanine 

within the ATP binding pocket of the TrkB kinase domain. This mutation renders TrkB 

protein uniquely susceptible to kinase inhibition by small molecule derivatives of 

protein phosphatase 1, including 1-(1,1-dimethylethyl)-3-(1-naphthalenylmethyl)-1H-

pyrazolo[3,4-d]pyrimidin-4-amine (1NMPP1). Importantly, 1NMPP1 does not have any 

detectable effect in WT mice, and there are no differences in TrkB kinase activity in the 
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TrkBF616A compared to WT mice in the absence of this compound (Chen et al. 2005, Liu et 

al. 2013). Both male and female adult homozygous mice were used.  

3.1.3 PLCγ1 Mutant Mice 

PLCγ1 heterozygous knockout mice were previously generated by targeted gene 

disruption of the PLCγ1 SH2 domains (Ji et al. 1997). Homozygous deletion of PLCγ1 

results in embryonic lethality; therefore heterozygotes and WT littermate controls were 

used. All animals were backcrossed at least seven generations to C57/bl6.  

3.2 Treatments and Reagents 

3.2.1 pY816 and Scr Peptides 

Peptides were prepared as previously described (Gu et al. 2015). The human 

sequence of TrkB amino acids 807-820 (LQNLAKASPVpYLDI) with the tyrosine at 

residue 817 phosphorylated (note that this corresponds to residue 816 in mouse and rat 

TrkB protein) was conjugated at the N-terminus to the HIV trans-activating protein 

transduction domain (tat; YGRKKRRQRRR) to allow membrane permeability. The HIV 

tat sequence conjugated to a scrambled peptide (LVApYQLKIAPNDLS) served as a 

control. Peptides were synthesized and purified by Tufts Peptide Core Facility, 

dissolved in sterile PBS at 2 mg/mL, stored at -80°C, and thawed just prior to treatment 

administration. Unless otherwise stated, treatments were given at a dose of 20 mg/kg IP.  

For experiments using biotinylated-pY816 (bio-pY816) the N-terminus of the 

pY816 sequence was conjugated to biotin without the tat sequence present.  
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3.2.2 1NMPP1 

1NMPP1 was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 100 

mM and stored at -80°C until use. Prior to each administration, stock 1NMPP1 was 

dissolved in a solubilization buffer containing 0.9% NaCL and 2.5% Tween-20 to a 

concentration of 1.67 mg/mL and provide a dose of 16.6 ug/g IP. For oral treatments, 25 

µM of 1NMPP1 was dissolved in solubilization buffer and provided as drinking water. 

Injection of DMSO and application of DMSO to solubilization buffer served as IP and 

oral treatment controls, respectively.  

3.2.3 Carbamazepine 

For experiments involving IP injections, carbamazepine (Sigma) was dissolved in 

a solubilization buffer of 2% Tween-80 and 70% propylene glycol at a concentration of 2 

mg/mL and administered at a dose of 20 mg/kg. Solubilization buffer was used as a 

control. For experiments involving chronic administration of carbamazepine the drug 

was incorporated in 1 g chocolate flavored pellets at a dose of 5 mg/pellet (Bio-Serv). 

Mice were given 5 fresh pellets each day, corresponding to a dose of 800 mg/kg/day for a 

25 g mouse; animals routinely ate 4-5 pellets each day and any uneaten pellets were 

removed. This treatment strategy has been previously demonstrated to result in 

therapeutic blood levels of carbamazepine in rodents as well as a marked anticonvulsant 

effect in animal models of TLE (Ali et al. 2012, Iori et al. 2017).  
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3.3 Surgical Procedures  

Adult mice (8-12 wks of age) were anesthetized using isoflurane and placed on a 

stereotaxic frame.  

3.3.1 Surgical Procedure for Kainic Acid Microinfusion 

Once aligned in the stereotaxic frame, a 3.6 mm guide cannula (Plastics One) was 

inserted above the right amygdala (1.0 mm posterior, 2.9 mm lateral to bregma). A 

bipolar recording electrode was placed in the left dorsal hippocampus (2.0 mm 

posterior, 1.6 mm lateral to bregma; 1.7 mm below dura). A skull screw was placed over 

the left frontal lobe for mechanical stability and as a ground electrode. Dental cement 

was then used to create a skull cap. Animals were allowed to recover for 5-7 days before 

subsequent experimentation.  

3.3.2 Surgical Procedure for Kindling 

Once aligned in the stereotaxic frame, a bipolar stimulating and recording 

electrode was inserted above the right amygdala (1.0 mm posterior, 2.9 mm lateral to 

bregma; 4.6 mm below dura). A skull screw was placed over the left frontal lobe for 

mechanical stability and as a ground electrode. Dental cement was then used to create a 

skull cap. Animals were allowed to recover for 5-7 days before subsequent 

experimentation.  
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3.4 Induction of Status Epilepticus by Kainic Acid Microinfusion 

Induction of status epilepticus (SE) was performed by microinfusion of kainic 

acid (KA) as previously described (Mouri et al. 2008, Liu et al. 2013, Gu et al. 2015). After 

a postoperative recovery period, animals were gently restrained and a 4.6 mm infusion 

cannula (Plastics One) was inserted through the guide cannula to target the amygdala. 

KA (Sigma, 0.3 µg in 0.5 µL PBS) or vehicle (0.5 µL PBS) was infused at a rate of 0.11 

µL/min. The infusion cannula remained in place for two minutes after infusion to reduce 

reflux.  

Continuous hippocampal EEG telemetry and time-locked video monitoring were 

performed using the PolyView software (Grass Instruments). Monitoring started 10 min 

before infusion to obtain a baseline of EEG and behavioral activity. Status epilepticus 

(SE) was defined as the onset of high frequency, high amplitude EEG patterns consistent 

with electrographic seizure activity (Liu et al. 2013); SE generally began between 2-10 

minutes after infusion. Behavioral seizures were classified according to a modification 

of the Racine scale for mice (Borges et al., 2003; Racine, 1972): 0, normal activity; 1, 

arrest and rigid posture; 2, head nodding; 3, unilateral forelimb clonus; 4, rearing with 

bilateral forelimbs clonus; 5, rearing and falling; 6, tonic-clonic seizures with violent 

running and/or jumping. Forty minutes after the onset of SE, diazepam (10 mg/kg IP) 

was administered. A dose of lorazepam (6 mg/kg IP) was administered one hour later. 
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The duration and number of electrographic seizures as well as the severity of 

behavioral seizures were determined by analyses of video and EEG data by blinded, 

trained observers. In addition, quantitative analysis of EEG energy content was 

performed using a method described previously (Lehmkuhle et al. 2009, Liu et al. 2013, 

Gu et al. 2015). A custom MATLAB (Mathworks Inc.) script calculated the running 

power in the 20-50 Hz band at a one-second resolution and smoothed the resulting time-

series using a 5 min moving average filter. The values of the smoothed power time-

series during SE were averaged and normalized to the average of the baseline to give 

ratios representing gross power increase during SE. 

3.5 Video-EEG Monitoring for Detection of Spontaneous 
Recurrent Seizures 

After termination of SE with diazepam and lorazepam, animals underwent 

continuous video-EEG monitoring using the Nicolet EEG system (Natus Medical) for 

varying periods of time. Recordings were analyzed for spontaneous recurrent seizures 

(SRS) by two blinded, trained observers. The consistency of identifying SRS between 

observers was verified to exceed 90%; in rare instances in which readers disagreed, such 

events were not scored as seizures. SRS were defined as high frequency (> 5Hz) high 

amplitude (> 2x baseline) rhythmic activity lasting at least 5 seconds. Animals were 

monitored for a 6-8 week period divided into three epochs. The first 2-4 weeks were a 

baseline period to observe for the occurrence of SRS. Only animals that exhibited at least 

one SRS were included in the final analysis. During the next two weeks, mice continued 
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to be monitored while also receiving treatment. pY816 and Scr peptides were 

administered at a dose of 20 mg/kg IP BID. Mice receiving carbamazepine received 20-25 

mg/day in pellet form. In the final two weeks, treatment was terminated while animals 

continued to undergo continuous video-EEG monitoring. At the completion of this 

epoch animals were sacrificed for cannula and electrodelocalization.  

3.6 Kindling Model of Temporal Lobe Epilepsy  

Kindling experiments were performed as previously described (He et al. 2010, 

He et al. 2014, Liu et al. 2014). After a postoperative recovery period of at least 5 days, 

animals were connected to a Grass Stimulator (Astro-Med) and monitored by both video 

and EEG telemetry using the PolyView software. The electrographic seizure threshold 

(EST) was determined by applying a 1 s train of 1 msec biphasic-rectangular pulses at 60 

Hz beginning at 20 µA. Additional stimulations were given in 20 µA increments at 1 

min intervals until an electrographic seizure was detected. Animals then received two 

stimulations per day at the EST, with the behavioral seizure scores classified according 

to a modification of the Racine scale for mice (Borges et al., 2003; Racine, 1972): 0, normal 

activity; 1, arrest and rigid posture; 2, head nodding; 3, unilateral forelimb clonus; 4, 

rearing with bilateral forelimbs clonus; 5, rearing and falling; 6, tonic-clonic seizures with 

violent running and/or jumping. The criterion for “kindled” was the occurrence of three 

consecutive seizures of class 4 or greater, with limb clonus/tonus lasting greater than 12 s. 

Once kindled, any subsequent seizures were evoked by determining the EST using the 
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approach previously described (application of pulses in 20 µA increments every 1 min, 

beginning at 20 µA, until an electrographic seizure was detected); a reduction in the EST 

after kindling has previously been established (Racine 1975). 

3.6.1 Effects of Chemical-Genetic Inhibition of TrkB Kinase Following 
a Kindled Seizure 

Six days after kindling, seizures were evoked at the new EST for one subset of 

animals. A separate cohort of animals was connected to the stimulation system for 10 

minutes (the average duration to determine an animal’s EST) but not stimulated. 

Animals were removed from the Grass Stimulator and immediately given a 16.6 µg/g 

dose of 1NMPP1 or vehicle IP. Mice were then singly housed for two days with access to 

25 µM 1NMPP1 or vehicle in drinking water, while continuing to receive 16.6 µg/g IP 

BID. Six days following termination of treatment, the EST was again determined. Upon 

completion of these experiments animals were sacrificed for histology. 

3.6.2 Effects of pY816 Peptide Administered Following a Kindled 
Seizure 

Analogous to experiments described previously, seizures were evoked at the 

new EST for one subset of kindled animals while a separate cohort of animals were 

connected to the Grass Stimulator for 10 minutes but not stimulated. Mice were then 

given either pY816 or Scr peptide at a dose of 20 mg/kg IP. Treatments were continued 

for 2 days at 20 mg/kg BID, before allowing for either 6 (Section 4.4) or 14 days (Section 
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4.5) to elapse at which time the EST was again determined. Upon completion of these 

experiments animals were sacrificed for histology.  

3.6.3 Effects of Carbamazepine Administered Following a Kindled 
Seizure 

Given the extremely short half-life of carbamazepine in the rodent (Loscher 2007) 

and variability in the number of stimulations to reach kindling, all animals had their 

post-kindling EST determined on the same experimental day (15-27 d after final kindled 

seizure; contrast with 6d latency for experiments in Section 3.6.1 and 3.6.2). After an 

evoked seizure, animals were treated with either carbamazepine IP (20 mg/kg) or 

vehicle, the dose of carbamazepine previously shown to exert anticonvulsant effects in 

the kindling model (Albertson et al. 1984) and produce therapeutic blood levels 

(Grabenstatter et al. 2007). Animals then received additional treatments Q4h for two 

days, before allowing for a 14-day treatment-free period. Subsequently, the EST was 

again determined. Upon completion of these experiments animals were sacrificed for 

histology.  

3.6.4 Analysis of Kindling Experiments 

Video and EEG recordings were analyzed by a blinded, trained observer. In 

addition to the EST and seizure score, the electrographic seizure duration and 

behavioral seizure duration was determined.  
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3.7 Lysate Collection 

Lysate collection was performed as previously described (Gu et al. 2015, He et al. 

2010). Animals were anesthetized with isofluroane and decapitated; the head was 

quickly immersed in liquid nitrogen and the hippocampi subsequently dissected on ice 

and homogenized in RIPA buffer. Homogenates were centrifuged at 200,000 g for 10 

min at 4°C and the supernatant collected, protein content quantified using a Bradford 

assay, and samples stored at -80°C until further analysis.  

3.8 Plasma Collection 

Falcon tubes were coated with 0.5M CaEDTA and then a mixture of 100 µL 

CaEDTA, 100 µL 20x Protease Inhibitor Cocktail (Roche), and 50 µL 100 mM sodium 

orthovanadate was added to each tube. Animals were anesthetized with isoflurane, 

decapitated, and blood collected in each tube. After collection, 700 µL of sterile PBS was 

added and the mixture was transferred to an eppendorf tube and centrifuged at 2000 g 

for 10 min at 4°C. The supernatant was collected, protein content quantified using a 

Bradford assay, and samples stored at -80°C until further analysis.  

3.9 Perfusion for Histology 

Following deep isoflurane anesthesia, animals underwent transcardial perfusion 

through the left ventricle with 10 mL of chilled 1 U/mL heparin (Sigma) in PBS at a rate 

of 5 mL/min, followed by 40 mL of 4% paraformaldehyde (Sigma) and 2 mM sodium 

orthovanadate at 5 mL/min. Brains were dissected and postfixed overnight at 4°C in 4% 
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paraformaldehyde, then cryoprotected in 30% sucrose. After cryoprotection, brains were 

frozen by slow immersion in chilled 2-methylbutane and stored at -80°C until 

cryosectioning. Sections were obtained at 40 µM thickness and stored in 30% sucrose at -

80°C until further analysis.  

3.10 BDNF ELISA 

BDNF sandwich ELISA was performed with the BDNF Emax ImmunoAssay 

System (Promega) using the manufacturer’s guidelines and as previously described 

(Helgager et al. 2014, Szapacs et al. 2004). A 96-well plate was coated with a monoclonal 

mouse anti-BDNF antibody (1:1000) overnight at 4°C. Samples and standards were 

prepared and added to wells for two hours at room temperature, washed, and incubated 

with a polyclonal rabbit anti-BDNF antibody (1:500) for two hours at room temperature. 

This was followed by a wash and incubation with a peroxidase conjugated anti-IgY 

secondary antibody (1:200) for one hour at room temperature, followed by incubation 

with the provided detection reagent and absorbance reading with a SpectraMax 

Microplate Reader (Molecular Devices) at 450nm. BDNF concentrations for each sample 

were then normalized to a standard curve. Sensitivity of detection is reported to be 15 

pg/mL and cross-reactivity is less than 3% (Promega).  

3.11 Western blot 

Western blotting was performed as previously described (He et al. 2010, 

Helgager et al. 2014, Gu et al. 2015). Samples were diluted to 1 mg/mL using lysis buffer 
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and SDS-PAGE sample buffer containing beta-mercaptoethanol (Sigma) and then loaded 

onto SDS-Page gels and electrophoresed, transferred onto nitrocellulose membranes, 

blocked with 5% BSA, and probed with the following antibodies (1:1000 dilution, Cell 

Signaling unless otherwise specified): p-PLCγ1 (pY783), PLCγ1, p-TrkB (Y705/706, Santa 

Cruz), TrkB (1:2000), and beta-actin (1:10,000, Sigma). Immunoreactivity was measured 

using ImageJ (NIH).  

3.12 Cresyl Violet Staining & Electrode/Cannula Localization 

For localization of cannula or electrode targeting, serial 40 µm sections 

encompassing the cannula/electrode trajectory were obtained every 80 µm. Slides were 

stained with cresyl violet as previously described (Tureyen et al. 2004). Sections were 

then imaged by a blinded, trained observer on an epifluorescent microscope and the 

cannula and/or electrode was localized using a standard mouse brain atlas (Paxinos 

2013). Localization was determined by tracing the cannula/electrode track to the deepest 

point in the tissue.  

3.13 pY816 ELISA 

In order to eventually detect the tat-pY816 ex vivo, a competitive ELISA strategy 

was developed. High-capacity streptavidin coated plates (Pierce) were incubated 

overnight at 4°C with a super-saturating amount of biotinylated-pY816 peptide and 

blocked with BSA. To generate a standard curve, antisera from a rabbit immunized 

against the amino acids 806-819 of phosphorylated mouse TrkB (LQNLAKASPVpYLDI) 
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was diluted 1:500K and incubated with 25 µg of plasma and varying concentrations of 

tat-pY816. After incubating the antisera/tat-pY816/plasma mixture on the streptavidin 

plate coated with biotinylated-pY816 for 1 hour at room temperature, the plate was 

incubated with an HRP-conjugated goat anti-rabbit secondary antibody for 1 hour at 

room temperature and detected with SuperSignal ELISA Pico Chemiluminescent 

Substrate (ThermoFisher) using an Amersham Imager 600 (GE). Images were quantified 

using ImageJ (NIH). 

3.14 Open Field Testing  

Animals were brought to an antechamber ~3 hours before testing began in order 

to habituate. Mice were then singly transported into the behavioral room and placed in a 

12 inch x 12 inch x 24 inch (L x W x H) chamber and given free exploration of the 

chamber for five min under ~300 lux illumination. Animals were video recorded during 

this period and movement was analyzed using a publically available MATLAB script 

(Patel et al. 2014) to determine extent of locomotion in inches. 

3.15 Classical Fear Conditioning 

Classical fear conditioning (CFC) experiments were performed as previously 

described (Musumeci et al. 2009). Mice were brought to an antechamber ~3 hours before 

testing began in order to habituate. Animals were then singly transported into the 

behavioral room and placed in the fear conditioning chamber (San Diego Instruments; 

12 inch x 12 inch x 12 inch; steel beam floor; clear glass walls; acetic acid scent). After 120 
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s of habituation to the chamber, a tone of 2800 Hz frequency and 80 dB intensity was 

presented for 30 seconds, with the last two seconds coinciding with a footshock (0.5 

mA). The animals were kept in the chamber for an additional 120 s before another tone-

footshock pairing was administered, then kept in the chamber for an additional 30 s 

before being returned to their home cage. 

To test for recall of context, animals were placed in the original fear conditioning 

chamber 24 hours after conditioning for four minutes (no tone or foot shock was 

presented during this period).  

To test for recall of the cue (tone), animals were placed in a modified fear 

conditioning chamber (felt floor; signs on walls; vanilla scent). Animals were allowed to 

explore this chamber for two minutes, before the tone was presented for an additional 

two minutes.  

Animal movement was determined by photobeam interruption of a 16 x 16 array 

spaced 0.75 inches apart. Freezing was defined as failure to break three new beams, a 

metric that has been previously described to have strong correlation with both manual 

freezing determination (Valentinuzzi et al. 1998) as well as video capture (Patel et al. 

2014).  

3.16 Rotorod Testing 

Mice underwent rotorod testing as previously described (Laskowitz et al. 2007). 

For training and habituation, mice were placed on an automated rotating rod (Ugo 
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Basile) for two 60-second training trials at a constant speed (16 rpm). Testing trials 

involved four consecutive trials with the accelerating rotational speed of 4-40 rpm over 

five minutes, with an inter-trial interval of at least 15 minutes. Latency to fall was 

determined by break of a photobeam located below the rotorod.  

 3.17 Statistical Analysis 

All data analysis was performed by individuals blinded to treatment group or 

experimental condition. Data analysis was done in MATLAB (MathWorks) and Prism 7 

software (GraphPad). Sample sizes were chosen based on power analysis. Unless 

otherwise stated, data are presented as mean + standard error of the mean (SEM), with 

individual data points depicted. Unless otherwise stated, comparisons between two 

groups were analyzed using an unpaired Student’s t-test, while multi-group 

comparisons were analyzed using an ANOVA and post-hoc Bonferroni’s test. A p < 0.05 

was considered significant.  
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4. Results: Disease Modification by Combining Seizure 
Activity with Inhibition of TrkB-PLCγ1 Signaling 

4.1 Evoked Seizure in Kindled Mice Activates TrkB & PLCγ1 

To determine whether a seizure evoked in a kindled animal induced activation of 

TrkB-PLCγ1 signaling, we stimulated mice at the EST until kindled. Six days after 

kindling, a seizure was evoked and pooled bilateral hippocampal lysates were collected 

at varying timepoints (6h, n = 4; 24h, n = 4; 72h, n = 3), as depicted in Figure 2A. Kindled 

mice that did not receive an additional evoked seizure were used as controls (n = 4). 

Western blots were performed to detect p-TrkB and p-PLCγ1, surrogate markers for 

TrkB and PLCγ1 activation respectively; these were normalized to TrkB and PLCγ1 and 

presented as percent of sham control. Representative Western blots are shown in Figure 

2B. An increase in the ratio of p-TrkB/TrkB was seen beginning six hours after an evoked 

seizure, peaked at 24 hours, and returned to baseline by 72 hours (Figure 2C). A similar 

pattern was seen for p-PLCγ1/PLCγ1 (Figure 2D). No differences were found in 

TrkB/Actin (sham: 100.0 + 11.2%, 6h: 95.9 + 5.9%, 24h: 108 + 5.8%, 72h: 100 + 10.0%) or 

PLCγ1/Actin (sham: 100.0 + 8.6%, 6h: 98.7 + 5.0%, 24h: 74 + 25.3%, 72h: 108.3 + 4.1%).  
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Figure 2: Seizure Evoked in Kindled Mice Activates TrkB & PLCγ1. (A) 
Schematic of experimental design for assessment of hippocampal lysates by western 
blot after an evoked seizure. (B) Representative western blots of p-TrkB (pY705/706), 

TrkB, p-PLCγ1 (Y783), PLCγ1, and Actin. (C-D) Quantification of p-TrkB/TrkB and p-
PLCγ1/PLCγ1 following an evoked seizure, normalized to sham controls (n = 2-4). (D) 
Quantification of p-PLCγ1/PLCγ1, normalized to sham controls. Data are presented as 
mean ± SEM and analyzed using two-way ANOVA with post hoc Bonferroni’s test; * 

p < 0.05 

4.2 Transient Inhibition of TrkB Kinase Only Following an 
Evoked Seizure Reduces Class and Duration of Subsequent 
Seizures 

Given the above results, we tested the effect of TrkB kinase inhibition following 

an evoked seizure using a chemical-genetic approach. Initiating inhibition of TrkB 

kinase with 1NMPP1 immediately following an evoked seizure in TrkBF616A mice (left 

side of Figure 3A) significantly reduced the electrographic seizure duration (Figure 3B: 

1NMPP1 Post Sz: 29.2 + 3.8 s, Vehicle Post Sz: 56.6 + 7.6 s; p < 0.01, two-way ANOVA 
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with repeated measures & post-hoc Bonferroni) and behavioral seizure duration (Figure 

3C: 1NMPP1 Post Sz: 63.5+ 10 s, Vehicle Post Sz: 139.8 + 16.5 s; p < 0.01, two-way 

ANOVA with repeated measures & post-hoc Bonferroni) when compared to vehicle 

post-seizure controls. The severity of the subsequent seizure when compared to vehicle 

post-seizure controls, as evidenced by behavioral seizure class, was also reduced but did 

not reach statistical significance (Figure 3D). Furthermore, the administration of 

1NMPP1 after an evoked seizure showed a strong trend toward a reduction in seizure 

threshold when compared to controls (Figure 3E). 

Importantly, inhibition of TrkB kinase in the absence of a previous seizure (as 

depicted on the right side of Figure 3A) did not reduce the severity of subsequent 

seizures. Kindled TrkBF616A mice that received 1NMPP1 alone were indistinguishable 

from vehicle-treated mice with regards to subsequent increase in electrographic (Figure 

3F) or behavioral (Figure 3G) seizure duration, increase in seizure class (Figure 3H), and 

reduction in EST (Figure 3I).  

TrkB kinase inhibition following an evoked seizure not only prevented 

progression in seizure duration and class, but also exhibited a reversion to an earlier 

state of epileptogenesis in a subset of animals: 4 of 16 animals receiving 1NMPP1 post-

seizure had a sub-convulsive seizure (less than Class IV) compared to one vehicle post-

seizure control (p = 0.2, Fisher’s exact test). All animals receiving 1NMPP1 or vehicle in 

the absence of a preceding evoked seizure had a convulsive seizure. Furthermore, 
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electrographic seizure duration post-treatment in animals receiving 1NMPP1 following 

an evoked-seizure was significantly reduced compared to the final kindled seizure 

(Post-Treatment: 29.2 + 3.8, Final Kindling Sz: 43.8 + 4.5s; p < 0.05, two-way ANOVA 

with repeated measures & post-hoc Bonferroni; Figure 3B).  

In addition to comparing measurements as averages of individual animals, we 

analyzed the same data comparing the post-treatment seizure to the penultimate 

stimulation (final seizure for kindling in animals receiving 1NMPP1 or vehicle alone, in 

order to allow for each animal to serve as its own control. As depicted in Supplemental 

Figure 8, this analysis further illustrates that animals receiving 1NMPP1 following an 

evoked seizure showed a reduction in electrographic seizure duration, behavioral 

seizure duration, and average seizure score compared to vehicle post-seizure controls. A 

trend towards a reduction in EST was seen as well. In contrast, the average 

electrographic seizure duration, behavioral seizure duration, and seizure class exhibited 

similar increases and seizure threshold showed similar decreases for kindled animals 

treated with 1NMPP1 alone or vehicle alone.  

These findings demonstrate that elapsed time following kindling results in 

increase in seizure class and duration (Figure 3F-I). Induction of a seizure following 

kindling enhances the severity of subsequent evoked seizures, and inhibition of TrkB 

kinase, only if administered following an evoked seizure, prevented the progressive 

increase in seizure duration and class, reduced seizure class to subconvulsive levels in a 



 

40 

subset of animals, and reduced electrographic seizure duration post-treatment to less 

than that seen in the final kindled seizure (Figure 3B-E).  

 

Figure 3: Chemical-Genetic Inhibition of TrkB Kinase Only After an Evoked 
Seizure Reduces Severity of Subsequent Seizures. (A) Schematic of experimental 
design. (B-E) Electrographic seizure duration, behavioral seizure duration, seizure 

score, and EST in animals receiving 1NMPP1 (n = 16) or vehicle (n = 15) following an 
evoked seizure. (F-I) Electrographic seizure duration, behavioral seizure duration, 

seizure score, and EST for animals receiving 1NMPP1 (n = 10) or vehicle (n = 10) in the 
absence of a preceding evoked seizure. Data was analyzed by two-way ANOVA with 

repeated measures and post-hoc Bonferroni. * p < 0.05, ** p < 0.01, *** p < 0.001 

Meaningful interpretation of the above chemical-genetic approach requires that 

the effect of 1NMPP1 be mediated by TrkB kinase inhibition. 1NMPP1 treatment 

following an evoked seizure in WT kindled animals had no effect on subsequent seizure 

threshold or severity (Figure 4A-D)  
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Figure 4: No Effect of 1NMPP1 After an Evoked Seizure in WT Animals. 
Change in (A) EST, (B) seizure score, (C) behavioral seizure duration, (D) 

electrographic seizure duration for post-treatment stimulation relative to pre-
treatment stimulation. 

4.3 pY816 Treatment Only After an Evoked Seizure Reduces 
Class and Duration of Subsequent Seizures 

Might inhibition of a single signaling pathway downstream of TrkB, when 

introduced following an evoked seizure, be sufficient to reduce the severity of 

subsequently evoked seizures? The pivotal role of TrkB-mediated PLCγ1 signaling in 

SE-induced TLE (Gu et al 2015) together with seizure-evoked activation of p-PLCγ1 

(Figure 2), led us to test the effect of the pY816, a peptide that uncouples TrkB from 

PLCγ1 (Gu et al 2015). As shown on the left of Figure 5A, administration of pY816 

peptide immediately following an evoked seizure in a kindled animal reduced the 

electrographic seizure duration (pY816 Post-Sz: 27.4 + 8.5, Scr Post-Sz: 64.5 + 9.8; p < 

0.001, two-way ANOVA with repeated measures & post-hoc Bonferroni) and behavioral 

seizure duration (pY816 Post-Sz: 48.9 + 5.7, Scr Post-Sz: 115.8 + 19.8; p < 0.001, two-way 

ANOVA with repeated measures & post-hoc Bonferroni) compared to Scr post-seizure 

controls (Figure 5B-C). Furthermore, the seizure class for animals receiving pY816 

following an evoked seizure was significantly reduced compared to Scr post-seizure 
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controls (Figure 5D: pY816 Post-Sz: 3.7 + 0.4, Scr Post-Sz: 5.4 + 0.18; p < 0.05, two-way 

ANOVA with repeated measures & post-hoc Bonferroni). In addition, the administration 

of pY816, but not Scr, after an evoked seizure significantly increased threshold for 

subsequent seizures (Figure 5A: pY816: 70.9 + 8.9% of Kindling EST, Scr: 44.5 + 7.8%; p < 

0.05 two-way ANOVA with repeated measures & post-hoc Bonferroni). 

Animals that received pY816 alone (without preceding seizure activity, as 

depicted on the right side of Figure 5A) appeared indistinguishable from Scr-treated 

mice with regards to subsequent increase in seizure duration (Figure 5F-G) and seizure 

class (Figure 5H), as well as reduction in EST (Figure 5I).  

Treatment with pY816 after an evoked seizure not only inhibited seizure 

progression but also, in a subset of animals, exhibited a reversion to an earlier state of 

epileptogenesis. Of the animals receiving pY816 following an evoked seizure, 5 of 17 had 

subconvulsive seizures (less than Class IV) while all Scr post-seizure controls had 

convulsive seizures (p < 0.05, Fisher’s exact test). All animals receiving pY816 or Scr in 

the absence of a preceding evoked seizure had a convulsive seizure post-treatment. 

Seizure class post-treatment in animals receiving pY816 following an evoked-seizure 

was significantly reduced compared to the final kindled seizure (Post-Treatment: 4.5 + 

0.2, Final Kindling Sz: 3.7 + 0.3; p < 0.05, two-way ANOVA with repeated measures & 

post-hoc Bonferroni; Figure 5D).  
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Again, the same data was analyzed comparing the post-treatment seizure to the 

penultimate stimulation, shown in Supplemental Figure 9, allowing each animal to serve 

as its own control. Mice receiving pY816 following an evoked seizure showed a 

reduction in electrographic seizure duration, behavioral seizure duration, and average 

seizure score compared to vehicle post-seizure controls, as well as a reduction in EST. In 

contrast, the average electrographic seizure duration, behavioral seizure duration, and 

seizure class exhibited similar increases and seizure threshold showed similar decreases 

for kindled animals treated with pY816 alone or Scr alone.  

These findings again demonstrate that elapsed time following kindling results in 

increase in seizure class and duration and induction of a seizure following kindling 

enhances the class and duration of subsequent evoked seizures. In addition, disruption 

of TrkB- PLCγ1 signaling, only following an evoked seizure, prevented the progressive 

increase in seizure class and duration and in a subset of animals reduced seizure class to 

subconvulsive levels.  
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Figure 5: pY816 Treatment Only After an Evoked Seizure Reduces Severity of 
Subsequent Seizures. (A) Schematic of experimental design. (B-E) Electrographic 
seizure duration, behavioral seizure duration, seizure score, and EST for animals 

receiving pY816 (n = 17) or Scr (n = 13) after an evoked seizure. (F-I) Electrographic 
seizure duration, behavioral seizure duration, seizure score, and EST for animals 

receiving pY816 (n = 16) or Scr (n = 14) in the absence of a preceding evoked seizure. 
Data was analyzed by two-way ANOVA with repeated measures and post-hoc 

Bonferroni test. * p < 0.05, ** p < 0.01, *** p < 0.001 

4.4 Effect of pY816 Treatment After an Evoked Seizure Persists 
Up to Two Weeks After Treatment 

How long after treatment do the effects of pY816 after an evoked seizure persist? 

To address this question, a separate kindled cohort were administered pY816 or Scr 

immediately following an evoked seizure (pY816: n = 13, Scr: n = 13) and allowed 

fourteen days for peptide clearance before being re-stimulated, as depicted in Figure 6A. 

Seizure duration (Figure 6B: electrographic duration—pY816 post sz: 25.2 + 4.1s, Scr post 
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sz: 48.9 + 5.5s; p < 0.01, two-way ANOVA with repeated measures & post-hoc 

Bonferroni; Figure 6C: behavioral seizure duration— pY816 post sz: 61.7 + 10.8s, Scr post 

sz: 113 + 9.6s; p < 0.001, two-way ANOVA with repeated measures & post-hoc 

Bonferroni) and seizure class (Figure 6D: pY816 post sz: 3.0 + 0.4, Scr post sz: 5.2 + 0.2; p 

< 0.001, two-way ANOVA with repeated measures & post-hoc Bonferroni) were 

significantly reduced in animals that received pY816 following their evoked seizure 

compared to Scr post-seizure controls, even with a fourteen day clearance period. No 

effect was seen on seizure threshold (Figure 6E). Comparing the severity of the post-

treatment stimulation to the penultimate stimulation confirmed that the reduction in 

seizure class and duration was seen even given a 14d clearance period following 

treatment (Supplemental Figure 10).  

Again, treatment with pY816 after an evoked seizure not only inhibited seizure 

progression but also resulted in modification to a pre-kindled state in a subset of 

animals. Of the animals receiving pY816 following an evoked seizure, 8 of 13 had 

subconvulsive seizures (less than Class IV) while all Scr post-seizure controls had 

convulsive seizures (p < 0.05, Fisher’s exact test). Furthermore, electrographic seizure 

duration post-treatment in animals receiving pY816 following an evoked-seizure was 

significantly reduced compared to the final kindled seizure (Post-Treatment: 25.2 + 4.1, 

Final Kindling Sz: 47.2 + 7.3s; p < 0.05, two-way ANOVA with repeated measures & 

post-hoc Bonferroni; Figure 6B). 
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Figure 6. Effect of pY816 Treatment After an Evoked Seizure Persists Up to 
Two Weeks After Treatment. (A) Experimental schematic. (B-E) Electrographic seizure 

duration, behavioral seizure duration, seizure score, and EST for animals receiving 
pY816 (n = 13) or Scr (n = 13) following an evoked seizure. Data was analyzed by two-
way ANOVA with repeated measures and post-hoc Bonferroni test. * p < 0.05, ** p < 

0.01, *** p < 0.001 

4.5 Treatment with Carbamazepine After an Evoked Seizure Has 
No Effect on Subsequent Seizure Class or Duration 

Finally, we sought to confirm that the inhibition of reconsolidation found 

following TrkB kinase inhibition or pY816 administration does not occur if treatment 

with the standard of care for TLE, carbamazepine (CBZ), was provided following an 

evoked seizure. A separate cohort of mice was stimulated until all animals were kindled. 

Fifteen to twenty-seven days after the last kindled seizure, animals were administered 

an evoked seizure followed by either CBZ or vehicle (Figure 7A; CBZ, n = 7, vehicle, n = 

6) at 20mg/kg IP. Treatments continued every 4 hours for two days, mimicking the 

duration of 1NMPP1 or pY816 treatment. Fourteen days after the last dose, the EST was 

determined and seizure analyzed. As shown in Figure 7, CBZ treatment following an 
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evoked seizure had no effect on the increased duration (Figure 7B-C), increased seizure 

class (Figure 7D) or reduced threshold (Figure 7E) of subsequent seizures.  

 

 

Figure 7: Treatment with Carbamazepine After an Evoked Seizure Has No 
Effect on Subsequent Seizure Class or Duration. (A) Experimental design. (B-E) 

Electrographic seizure duration, behavioral seizure duration, seizure score, and EST 
for animals receiving CBZ or Veh following an evoked seizure. Data was analyzed by 
two-way ANOVA with repeated measures and post-hoc Bonferroni test. * p < 0.05, ** 

p < 0.01, *** p < 0.001  
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4.6 Supplemental Figures 

 

Supplemental Figure 8. Change in electrographic seizure duration, behavioral 
seizure duration, seizure score, and EST of post-treatment stimulation relative to 
penultimate stimulation for animals receiving either 1NMPP1 or vehicle in the 

presence or absence of a preceeding evoked seizure. Data was analyzed by one-way 
ANOVA & post-hoc Bonferroni. * p < 0.05, ** p < 0.01, *** p < 0.001 

 

 

Supplemental Figure 9. Change in electrographic seizure duration, behavioral 
seizure duration, seizure score, and EST of post-treatment stimulation relative to 
penultimate stimulation for animals receiving pY816 or Scr in the presence or absence 
of a preceeding evoked seizure, with post-treatment stimulation 6d after treatment 
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termination. Data was analyzed by one-ANOVA & post-hoc Bonferroni. * p < 0.05, ** 
p < 0.01, *** p < 0.001 

 

 

Supplemental Figure 10. Change in electrographic seizure duration, behavioral 
seizure duration, seizure score, and EST of post-treatment stimulation relative to 

penultimate stimulation for animals receiving pY816 or Scr in the presence a 
preceeding evoked seizure, with post-treatment stimulation 14d after treatment 

termination. Data was analyzed by one-ANOVA & post-hoc Bonferroni. * p < 0.05, ** 
p < 0.01, *** p < 0.001 

 

 

Supplemental Figure 11. Change in electrographic seizure duration, behavioral 
seizure duration, seizure score, and EST of post-treatment stimulation relative to 
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penultimate stimulation for animals receiving pY816 or Scr six hours prior to evoked 
seizure. Data was analyzed by two-ANOVA with repeated measures & post-hoc 

Bonferroni. * p < 0.05, ** p < 0.01, *** p < 0.001	
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5. Discussion: Disease Modification by Combining 
Seizure Activity with Inhibition of TrkB-PLCγ1 Signaling 

We sought to test the effect of disruption of TrkB- PLCγ1 signaling following a 

seizure evoked in a kindled animal. Four principal findings emerged: 1) Evoked seizures 

in kindled animals activate TrkB & PLCγ1 signaling, with a peak at 24h and a return to 

baseline by 72h; 2) Chemical-genetic inhibition of TrkB kinase only after an evoked 

seizure reduces class and duration of subsequent seizures, and in a subset of animals 

reduces seizure class to subconvulsive levels; 3) treatment with pY816 only after an 

evoked seizure reduced class and duration of subsequent seizures, and in a subset of 

animals reduces seizure class to subconvulsive levels, with the effect persisting up to 2 

weeks after treatment termination; 4) Treatment with the standard of care for TLE, 

carbamazepine, following an evoked seizure has no effect. We conclude that seizure-

evoked TrkB-PLCγ1 signaling is necessary for progression of epileptogenesis in kindled 

animals and disrupting TrkB-PLCγ1 signaling after an evoked seizure produces a trend 

towards disease modification.  

The experimental design deployed here uniquely enables study of seizure-

evoked molecular consequences during epileptogenesis (the transformation of the brain 

from normal to epileptic) using the kindling model. In this model, repeated 

administration of initially subconvulsive electrical stimuli to a limbic structure induces 

progressive enhancement of sensitivity to subsequent stimuli evidenced by lowering of 

focal seizure threshold and enhanced duration and propagation of electrographic 
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seizures (Goddard 1969, Racine 1975). This enhancement is paralleled by behavioral 

seizures of increasing severity and duration, with tonic-clonic seizures evident following 

10-15 stimulations (Racine 1975). While there is heterogeneity in the definition of a 

“kindled” state, we used the previously established criterion of three consecutive tonic-

clonic seizures with duration of longer than 10s (He et al. 2010, He et al. 2014). At this 

stage, enhanced sensitivity to stimulation notwithstanding, animals do not exhibit 

spontaneous seizures. Repeatedly evoking seizures in these animals will ultimately 

lead to spontaneous seizures (i.e. seizures arising in the absence of stimulation) and 

other features characteristic of TLE, including hippocampal gliosis and neuronal 

death (Cavazos et al. 1991, Lothman and Williamson 1993, Cavazos et al. 1994). The 

critical causal variable in kindling epileptogenesis is the occurrence of an electrographic 

seizure because stimuli that fail to evoke ictal activity do not induce seizure progression 

(Racine 1972). Restated, consequences of the evoked electrographic seizure are what 

cause progression in this model. The standard method for testing potential therapeutics 

in kindling deploys treatment before each stimulation-evoked electrographic seizure 

(Baker-Haliski et al. 2015), with the primary readout being the number of stimulations to 

reach a kindled state. If the drug is present during the evoked electrographic seizure, its 

effects on epileptogenesis may be due to either attenuation of the electrographic seizure 

itself (McNamara et al. 1988) or disruption of the consequences of the electrographic 

seizure; critically with such a design the contribution of each cannot be disentangled. 
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Our experimental design sought to address the molecular consequences of an evoked 

electrographic seizure and therefore utilized interventions introduced following, not 

preceding, the evoked seizure. Our studies demonstrate progression of epileptogenesis 

as a consequence of both time (Figure 5, compare post-treatment stimulation to final 

kindled seizure for Scr-treated animals) and, more significantly, as a consequence of an 

additional evoked seizure (Figure 3, Figure 5, Figure 6; compare post-treatment 

stimulation to final kindled seizure for Scr-treated and Scr post-seizure animals). 

Intervention with either TrkB kinase inhibition or pY816 following an evoked seizure 

prevented subsequent seizure progression and returned severity to that seen during the 

final kindled seizure.  

One possible confound in the interpretation of these results, that the reduction in 

seizure class and duration is due to retained 1NMPP1 or peptide, is unlikely for several 

reasons. First, the chemical-genetic strategy for the experiments depicted in Figure 3 

utilized the small molecule 1NMPP1, a compound with a half-life in the brain of 

approximately 30 minutes (Wang et al. 2003), and would be cleared well before the post-

treatment stimulation six days after treatment termination. Second, pY816 exhibits a 

robust anti-convulsant effect in the intra-amygdala kainate model of status epilepticus if 

administered 10 minutes to 24 hours before induction, but no effect if given 72 hours 

before induction (Gu et al. 2015), providing indirect evidence that the peptide is cleared 

from the brain within this time frame. Furthermore, administration of pY816 six hours 
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prior to stimulation in a kindled animal significantly reduces seizure duration and 

behavioral seizure score (Supplemental Figure 11), while administration six days prior 

to stimulation has no effect (Figure 5F-I). Finally, the reduction in seizure class and 

duration persisted when the latency between pY816 treatment termination and post-

treatment stimulation was increased from six days to two weeks (Figure 6). 

Our approach to the study of kindling is similar to previous studies in classical 

fear conditioning (CFC) and neuropathic pain, two other models where a fleeting 

experience causes persistent plasticity in the adult CNS (McKernan and Shinnick-

Gallagher 1997, Woolf and Ji 2001). In CFC, a mouse is placed in a novel context and 

presented with an auditory tone; the final seconds of tone presentation coincide with a 

mild foot-shock. Subsequent exposure of the mouse to the context or presentation of the 

tone produces a freezing response by the mouse, which serves as a surrogate measure 

for memory recall (Morrison and Ressler 2014). Long-term memory recall is prevented 

by administration of the protein synthesis inhibitor anisomycin in the hours following 

foot-shock (Schafe et al. 1999, Schafe and LeDoux 2000), and this period of protein 

synthesis-dependent memory formation is termed “consolidation” (Johansen et al. 2011). 

Notably, re-exposure to the tone results in a period of “reconsolidation” where 

additional protein synthesis is required for subsequent memory retrieval (Nader et al. 

2000). In a model of neuropathic pain, a period of reconsolidation also exists since the 

behavioral phenotype in this model (mechanical hyperalgesia) can also be reversed by a 
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combination of neuronal activity and anisomycin (Bonin and De Koninck 2014). 

Importantly, in the absence of re-exposure or neuronal activity, anisomycin alone has no 

effect in either model (Nader et al. 2000, Bonin and De Koninck 2014). Our findings in 

kindling share a requirement for neuronal activity since inhibition of TrkB kinase or 

pY816 administration in the absence of an evoked seizure had no effect on subsequent 

seizures. Notably, in contrast to the complete reversal of freezing behavior or 

mechanical hyperalgesia, disruption of TrkB-PLCγ1 signaling after an evoked seizure 

only produced sub-convulsive seizures in a subset of animals. This partial reduction is 

similar to studies in CFC that showed administration of the mTOR inhibitor rapamycin 

during the period of reconsolidation only slightly reduced subsequent freezing behavior 

(Blundell et al. 2008). Future experiments will test whether, like CFC, anisomycin 

administration after an evoked seizure returns an animal to a pre-kindled (i.e. naïve 

unstimulated) state. An additional outstanding question is whether multiple seizure- 

treatment pairings produces a more robust effect and complete reverses the enhanced 

sensitivity to low intensity electrical stimulations. These findings underscore the 

requirement for perturbing molecular signaling cascades after induction of neuronal 

activity, and inform future studies on memory reconsolidation by raising the possibility 

that TrkB-PLCγ1 signaling may be an upstream mechanism driving protein synthesis 

during this process.  
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What are the cellular and circuit consequences by which disruption of seizure-

evoked TrkB-PLCγ1 prevents subsequent seizure progression? In answering this 

question, it is important to note that one consistent finding from these experiments is 

that effects of TrkB kinase inhibition or pY816 following an evoked seizure are more 

robust for seizure class and duration than for seizure threshold. One plausible 

explanation stems from the hypothesis that repeated evoking of electrographic seizures 

induces LTP of excitatory synapses between excitatory neurons at various “nodes” 

throughout the limbic system (Sutula and Steward 1987, Represea et al. 1989, Danzer et 

al. 2010), which mediates the increase in seizure class and duration; in contrast, 

reduction in EST is likely caused by changes in excitability in the immediate vicinity of 

the stimulating electrode. Any elevation of seizure threshold requires alterations 

specifically in the “driver” of ictal activity-- the stimulated amygdala-- while disruption 

at any of the synapses having undergone LTP would lead to a reduction in seizure class 

and duration. With regard to seizure threshold, electrophysiological studies of slices 

from amygdala-kindled rats suggests that the mechanisms of such changes in local 

excitability involve both enhanced gluatmatergic transmission as well as reduction of 

both spontaneous and evoked inhibitory transmission (Rainnie et al. 1992). With regard 

to which synapses having undergone LTP are subsequently disrupted after inhibition of 

seizure-evoked TrkB-PLCγ1, insight from other models of epileptogenesis may prove 

informative. Previous studies have demonstrated SE-induced TrkB activation at the 
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presynaptic MF-CA3 and postsynaptic Schaffer collateral-CA1 synapses (Helgager et al. 

2013). TrkB activation has been shown at the MF-CA3 synapse after partial kindling as 

well (Binder et al 1999). The seizure-induced activation of TrkB at these synapses 

suggests that these may be the sites for the effects of TrkB-PLCγ1 disruption following 

an evoked seizure in this study. The CA3-CA1 synapse is a particularly appealing locale 

because electrophysiological studies suggest that reconsolidation of LTP occurs at this 

synapse. Researchers induced LTP in the Schaeffer collateral pathway from CA3 to CA1 

and then waited 6-8 hours before either applying anisomycin or combining anisomycin 

with tetanic stimulation (Foncesca et al. 2006). Only in the latter case was functional 

plasticity reversed.  

These findings inform strategies for targeting TrkB signaling in the treatment of 

epilepsy, suggesting that the optimum timing for inhibiting TrkB-PLCγ1 in the 

treatment of epilepsy is following an individual’s seizure. There is evidence that a 

patient with TLE symptomatically controlled by anti-convulsive medication can exhibit 

a “breakthrough” seizure, after which their disease progresses to becoming medically-

refractory (Ettinger and Adiga 2008). A clinical trial design for disruption of TrkB- 

PLCγ1 might involve administration of treatment after such a seizure, with the hope of 

preventing subsequent progression of disease to a medically-refractory state. An 

important caveat of these findings is that, at this stage in kindling, mice do not exhibit 

spontaneous seizures, the defining characteristic of epilepsy. However, the kindling 
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model features both pathologic activity (in the form of evoked seizures) as well as an 

increase in the activation of TrkB- PLCg1. Increased expression of the ligand for TrkB, 

BDNF, in resected hippocampi from medically refractory TLE patients (Murray et al. 

2000, Mathern et al. 1997, Takahashi et al. 1999) suggest that disruption of this signaling 

pathway may have therapeutic benefits in patients already exhibiting seizures. This 

hypothesis remains to be tested in animal models.  
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6. Results: Seizure Remission in The IAK Model of 
Epilepsy by Peptide that Uncouples BDNF Receptor 
TrkB from Effector PLCγ1 

Our previous work (Chapter 4-5) demonstrated that fleeting treatment with 

pY816 prevented progression of epileptogenesis and partially reversed the enhanced 

excitability in the kindling model. Importantly, these beneficial effects of pY816 were 

detected only in the presence of enhanced TrkB-PLCg1 signaling. Interestingly, the 

presence of enhanced expression of BDNF mRNA and protein in hippocampal neurons 

of patients with severe TLE suggests persistent increases of BDNF/TrkB/PLC signaling. 

Together these findings led us to ask: might epileptic animals in the IAK model exhibit 

increased BDNF like human TLE as well as persistent activation of TrkB signaling? And, 

if so, might fleeting treatment with pY816 reverse the enhanced excitability evident as 

SRS? We addressed these questions with the following experiments.  

6.1 Upregulation of BDNF Protein and TrkB-PLCγ1 Signaling in 
the IAK Mouse Model of TLE  

To determine whether the striking increase in BDNF mRNA (Murray et al. 2000, 

Mathern et al. 1997) and BDNF protein (Takahashi et al. 1999) in hippocampi of 

surgically resected specimens from patients with medically-refractory TLE was also seen 

in our animal model, we sacrificed mice 25-28 days after either KA or PBS infusion into 

the amygdala and collected hippocampal lysates ipsilateral and contralateral to infused 

amygdala. We analyzed BDNF protein levels in a subset of lysates (KA n = 11, PBS n = 4) 



 

60 

by ELISA. A significant increase in BDNF protein in KA-infused animals was found in 

hippocampus ipsilateral (KA: 953.6 + 105.2 pg/mg, PBS: 515 + 69.7 pg/mg; p < 0.05, 

Student’s t-test) but not contralateral (KA: 539.5 + 80.3 pg/mg, PBS: 433.7 + 51.4 pg/mg; p 

= 0.46, Student’s t-test) to the site of infusion (Figure 12A-B). 

Using Western blot, we analyzed p-TrkB and p-PLCγ1 (surrogate markers for 

TrkB and PLCγ1 activation). Values were normalized to total TrkB and PLCγ1 and then 

presented as a percentage of the average PBS-infused control. Representative Western 

blots are shown in Figure 11C. A significance increase in p-TrkB/TrkB (KA: 153.1 + 9.6%, 

PBS: 100 + 5.0%; p < 0.01, Student’s t-test; Figure 12D) ipsilateral to the site of infusion 

was seen. A two-fold increase in p-PLCγ1/PLCγ1 ipsilateral to infusion was also found 

(KA: 193 + 42.8%, PBS: 100 + 12%; p = 0.18, Student’s t-test; Figure 12E) but did not reach 

statistical significance. This was likely due to the variability in PLCγ1 protein levels in 

KA-infused animals (standard deviation for PLCγ1/Actin in KA group: 50.8% vs PBS 

group: 21.2%, Figure 12F). Contralateral changes in p-TrkB/TrkB (KA: 98.4 + 9.4%, PBS: 

100 + 13.9%; p = 0.9, Student’s t-test) and p-PLCγ1/PLCγ1 (KA: 71.4 + 3.9%, PBS: 100 + 

22.8%; p = 0.08, Student’s t-test) were examined in a subset of lysates (KA n = 9, PBS n = 

4), and no significant differences were found between the two groups (Figure 12G-H). 
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Figure 12: Upregulation of BDNF protein, p-TrkB, and p-PLCγ1 Ipsilateral to 
Infusion Site in IAK Model. (A) BDNF ELISA for ipsilateral hippocampus. (B) BDNF 
ELISA for contralateral hippocampus. (C) Representative Western blot for ipsilateral 

hippocampus. (D) p-TrkB/TrkB for ipsilateral hippocampus. (E) pPLG1/PLCγ1 for 
ipsilateral hippocampus. (F) PLCγ1/Actin for ipsilateral hippocampus. (G) p-

TrkB/TrkB for contralateral hippocampus. (H) p-PLCγ1/PLCγ1 for contralateral 
hippocampus. All data was analyzed using unpaired Student’s T-test. * p <0.05, ** p < 

0.01 

6.2 Remission of SRS Following Two Week pY816 Treatment in 
Epileptic Animals 

Based on these biochemical findings, we next asked what effect administration of 

pY816 would have on mice exhibiting SRS in the IAK model. Over the course of five 

independent experiments, mice were infused with KA and monitored using continuous 

24/7 video-EEG telemetry for two weeks for the occurrence of baseline SRS, as depicted 

in Figure 13A. Mice exhibiting at least one SRS subsequently received either pY816 (n = 

13) or Scr (n = 11), administered IP at 20 mg/kg BID for two weeks. Treatment was then 

terminated while animals continued to be monitored for the final two weeks of 

experimentation.  
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 As depicted in Figure 13B, we found a trend toward a reduction in the frequency 

of SRS in the pY816 group during the two-week treatment phase (median frequency: 

pY816: 0 SRS, Scr: 5 SRS; p = 0.24, Mann-Whitney test). Remarkably, this reduction 

persisted after treatment termination (median frequency: pY816: 0 SRS, Scr: 4 SRS; p < 

0.05, Mann-Whitney test). Almost 70% (9/13) of pY816 treated animals were seizure-free 

after treatment, while fewer than 20% (2/11) of Scr treated animals showed a remission 

(p < 0.05, Fisher’s exact test; Figure 13C).  

 Previous studies of the IAK model by multiple investigators including ourselves 

reveal persistence of SRS after SE (Mouri et al. 2008, Iori et al. 2017, Liu et al. 2013, Gu et 

al. 2015). Thus we were puzzled to find remission of SRS in two Scr treated animals. 

Histological analyses by blinded investigators localized the injection site to the caudate 

in these two animals, in contrast to localization in amygdala/pyriform cortex for the 

other control animals. Importantly, kindled seizures evoked by stimulation of amygdala, 

but not caudate, induce striking increases of hippocampal BDNF levels, suggesting that 

seizures arising from amygdala but not caudate activate distinct circuits and only the 

latter induces activation of BDNF/TrkB/PLCγ1 signaling. This potential confound was 

recognized in analyses performed after the third cohort was studied. Rather than relying 

solely on post-hoc analysis, two additional cohorts were studied prospectively with 

inclusion criteria for a subgroup analysis requiring verified site of injection in limbic 

structures (amygdala or pyriform cortex).  
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Analyzing animals with verified site of injection in limbic structures showed no 

remission of SRS in any Scr treated animal. Once again there was a significant reduction 

in the number of SRS following treatment with pY816 (median frequency: pY816: 0 SRS, 

Scr: 12 SRS; p < 0.01, Mann-Whitney test; Figure 13D). Moreover, seven of nine pY816 

treated animals were seizure-free after treatment, while all Scr treated animals had at 

least one SRS (P < 0.01, Fisher’s exact test; Figure 13E).  

These findings demonstrate that fleeting treatment of epileptic animals with 

pY816 induces a remission of SRS in the majority of animals.  
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Figure 13: Remission of SRS Following 2wk pY816 Treatment in Epileptic 
Animals. (A) Experimental schematic. (B-C) Results for all animals exhibiting SRS at 
baseline, depicted as total SRS frequency (B) as well as proportion of animals seizure 

free after treatment (C). Animals with cannula not localized to amygdala/piriform 
cortex are depicted with as an ‘x’. (D-E) Results for animals with cannula localized to 
amygdala/piriform cortex, depicted as total SRS frequency (D) as well as proportion 
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of animals seizure free after treatment (E). Data was analyzed with Mann-Whitney 
test (B, D) or Fisher’s Exact test (C, E). * p < 0.05, ** p < 0.01 

6.3 Transient Reduction in SRS by Carbamazepine is Insufficient 
to Induce Remission 

Given that pY816 treatment reduced the frequency of seizures during the two-

week treatment period, the possibility exists that transient inhibition of SRS in the IAK 

model is sufficient to induce a remission. We therefore infused additional animals with 

KA and monitored them for four weeks to observe the development of SRS. Six animals 

had at least one SRS during this baseline period and were administered carbamazepine 

pellets, a commonly used anticonvulsant for treatment of TLE, for two week at a dose of 

800mg/kg/day. Carbamazepine treatment effectively suppressed SRS in all but one 

animal, which had a single seizure while on treatment. Termination of treatment 

resulted in recurrence of SRS in all animals, at a frequency similar to that seen in the 

baseline period (Figure 14). This result suggests that the transient inhibition of SRS is 

insufficient to induce a remission.  
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Figure 14: Transient Reduction in SRS by Carbamazepine is Insufficient to 
Induce Remission. Mice that exhibited SRS during the baseline period had a 
reduction in SRS frequency on treatment but not after treatment termination. 

6.4 Prolonged Treatment With pY816 Does Not Produce Overt 
Unwanted Consequences 

The promising finding that two-week treatment of an epileptic animal with 

pY816 induced a remission of SRS in 75% of treated animals coupled with the identity of 

TrkB sequence in both mouse and human raises the possibility of using pY816 peptide 

as a therapeutic biologic for the treatment of patients with TLE. One possible limiting 

factor in advancing pY816 to the clinic is the presence of overt toxicity from treatment 

administration as a result of chronic inhibition of TrkB-PLCγ1 signaling. To begin to 

address these questions, a separate cohort of animals underwent two week, twice-daily 

IP treatment with 20mg/kg pY816 (n = 6) or Scr (n = 6). Daily body weight was recorded. 

In addition, animals were monitored in the open field test on the eighth day of 



 

67 

treatment. No difference in body weight or locomotion was seen between the two 

groups, providing evidence against overt toxicity from two-week pY816 treatment 

(Figure 15A-B). In addition, rotorod testing was done on the tenth day of treatment to 

more rigorously assess motor function. No difference was seen between the two 

treatment groups for average latency to fall (pY816: 258.2 + 7.0s, Scr: 233.9 + 17.0s; p = 

0.2, Student’s t-test).  

Previous studies have demonstrated a critical role for TrkB signaling in LTP in 

both the hippocampus (Kang and Schuman 1995, Schildt et al. 2013, Stoop and Poo 1996) 

and amygdala (Meis et al. 2011, Musumeci et al. 2009). As LTP may be the cellular 

mechanism underlying learning and memory (Lynch 2004), one potential undesired 

consequence of chronic inhibition of TrkB-PLCγ1 signaling is amnesia.  

To address possible impairments in learning and memory from two-week 

treatment with pY816, a separate cohort of animals received two week, twice-daily IP 

treatment with 20mg/kg pY816 (n = 5) or Scr (n = 5). Three hours after the last treatment, 

mice underwent the CFC protocol as previously described (Musumeci et al. 2009). 

Briefly, mice were placed in Context A and administered two tone-shock pairings 

spaced two minutes apart, with 30s of monitoring after the final tone-shock pairing. One 

day later the mouse was re-exposed to Context A for four minutes. The mouse was 

placed in Context B two days after training for four minutes, with tone presentation in 

the final two minutes. Both groups of animals exhibited minimal freezing behavior 
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before foot shock (pY816: 13.8% + 1.8%, Scr: 13.9% + 1.5%; p = 0.9, Student’s t-test). 

Furthermore, both groups demonstrated increased freezing behavior following foot 

shock (Figure 15C; pY816: 49.9% + 4.5%, Scr: 46.0% + 11.4%; p = 0.8, Student’s t-test), as 

well as upon exposure to the shock context (Figure 14D; pY816: 83.8% + 3.0%, Scr: 82.1% 

+ 3.3%; p = 0.7, Student’s t-test) and upon exposure to the cue in a novel context (Figure 

15E; pY816: 69.2% + 3.4%, Scr: 71.7% + 43.3%; p = 0.7, Student’s t-test), with no difference 

in freezing behavior between pY816 and Scr treated animals. As a positive control, the 

identical experiment was carried out in animals heterozygous for PLCγ1 (n = 9) and WT 

littermate controls (n = 11). PLCγ1 heterozygotes displayed equivalent increased 

freezing behavior following foot shock (Figure 15F), demonstrating acquisition of the 

memory. However, in contrast to animals treated with pY816, PLCγ1 heterozygotes 

displayed impaired freezing behavior upon both exposure to the shock context (Figure 

15G; PLCγ1 heterozygotes: 47.4 + 6.2%, WT: 72.0 + 3.5%; p < 0.01, Student’s t-test) and 

presentation of the cue (Figure 15H; PLCγ1 heterozygotes: 46.1 + 7.2%, WT: 66.0 + 3.9%; 

p < 0.05, Student’s t-test) when compared to littermate controls. 

These results suggest that two-week treatment with pY816 produces no overt 

unwanted consequences.  
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Figure 15: Prolonged Treatment With pY816 Does Not Produce Overt or On-
Target Toxicity. (A) Body weight for pY816 or Scr treated animals. (B) Ambulation in 
open field for pY816 or Scr treated animals. (C) Freezing immediately following CFC 

training for pY816 or Scr treated animals. (D) Freezing upon re-exposure to CFC 
context 24h after training for pY816 or Scr treated animals. (E) Freezing upon 

presentation of tone cue 48h after training for pY816 or Scr treated animals. (F) 
Freezing immediately following CFC training for PLCγ1 Heterozygote & WT Mice. 

(G) Freezing upon re-exposure to CFC context 24h after training for PLCγ1 
Heterozygote & WT Mice. (H) Freezing upon re-exposure to tone cue 48h after 

training for PLCγ1 Heterozygote & WT Mice. Body weight analyzed using 
RMANOVA. All other data analyzed using unpaired Student’s t-test, * p < 0.05, ** p < 

0.01 
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7. Discussion: Seizure Remission in The IAK Model of 
Epilepsy by Peptide that Uncouples BDNF Receptor 
TrkB from PLCγ1  

We sought to test the pY816 peptide in an IAK model of epilepsy after 

spontaneous seizures occurred. Four principal findings emerged: 1) In alignment with 

the clinical phenotype, there is an upregulation of BDNF protein and TrkB-PLCγ1 

signaling in the hippocampus ipsilateral to the infused amygdala in the IAK model; 2) 

Two-week treatment with pY816 induced a remission in SRS following treatment 

termination; 3) Transient reduction of SRS using the standard of care for TLE, 

carbamazepine, was unable to induce a remission in SRS; 4) Two-week treatment with 

pY816 produced no signs of overt toxicity and did not impair hippocampal- or 

amygdala –dependent memory.  

Increase in BDNF protein and TrkB- PLCγ1 activation aligns the IAK model with 

the clinical phenotype of TLE and provides a rationale for studying disruption of this 

signaling cascade. An increase in BDNF protein has been observed in hippocampi of 

surgically resected specimens from patients with medically-refractory TLE (Takahashi et 

al. 1999). The cellular source of this increase is likely the dentate granule cells, given the 

increase in BDNF mRNA in these cells in epileptic human tissue (Murray et al. 2000, 

Mathern et al. 1997). Our lab has previously demonstrated an increase in TrkB-PLCγ1 

signaling immediately following SE (Liu et al. 2013, Gu et al. 2015), presumably as a 

consequence of activity-driven release of BDNF (Harward et al. 2016, Hedrick et al. 
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2016) and subsequent activation of TrkB. Increases in p-TrkB localized to the boutons of 

mossy fiber synapses with CA3 pyramidal cells and spines of apical dendrites of CA1 

pyramidal cells in two different animal models immediately following SE (Helgager et 

al. 2013). However, we are the first to examine BDNF levels and TrkB-PLCγ1 signaling 

chronically (weeks to months) following SE, after the emergence of seizures.  

What accounts for the increased BDNF and activation of TrkB- PLCγ1 seen in the 

more chronic stages of the disease? One hypothesis is that the emergence of pathologic 

activity following the latent period of epileptogenesis drives the release of BDNF and 

subsequent activation of TrkB-PLCγ1. TrkB is known to regulate the expression of 

BDNF through CaM KIV and CREB (Sheih and Ghosh 1999, Vaynman et al. 2004), which 

are known to be downstream of PLCγ1 (Minichiello et al. 2002, Musumeci et al. 2009). 

Since BDNF protein itself is increased in these hippocampi, a positive feedback loop 

may result in the persistent upregulation of this signaling cascade, with pathologic 

activity driving BDNF release and TrkB-PLCγ1 activation, which subsequently 

increased BDNF expression (Figure 16). This feedback loop may play a role in other 

diseases like addiction, where it was recently demonstrated that each episode of cocaine 

administration activates TrkB and potentiates synapses in the nucleus accumbens, and 

administration of a brain-penetrate noncompetitive TrkB antagonist tat-peptide reduces 

motivation for cocaine self-administration (Verhij et al. 2016).  
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Figure 16: Model for BDNF-TrkB-PLCγ1 mediated persistence of SRS in TLE. 
Pathologic activity drives the release of BDNF and downstream activation of TrkB-
PLCγ1. This persistently upregulated signaling cascade drives the cellular changes 

underlying persistence of epilepsy. 

What is the nature of activity that drives the release of the upregulated BDNF 

and persistent TrkB-PLCγ1 activation in TLE? One possible explanation is that ictal 

activity is the source. The fact that carbamazepine treatment suppresses seizures but 

does not induce a remission suggests that seizure activity per se does not drive the 

hypothesized feed-forward loop. It may be that other forms of pathologic activity may 

persist during carbamazepine treatment and drive BDNF release. For example, interictal 

spikes are not suppressed following carbamazepine treatment in the kindling model 

(Gigli and Gotman 1991). Another potential form of activity is high frequency 
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oscillations (Jones et al. 2015). Surgical resection of brain regions generating this activity 

achieves better seizure control than removal of the seizure focus alone (Jacobs et al. 

2010), suggesting that this form of activity may play a critical role in epilepsy 

persistence. Future experiments will record from hippocampus ipsilateral to the site of 

infusion and attempt to identify the nature of activity that drives the elevation of BDNF-

TrkB-PLCγ1 signaling in epileptic animals.  

What is the cellular source of the increased BDNF and locale of increased p-TrkB 

and p-PLCγ1 required for epilepsy persistence, and what are the subsequent molecular 

consequences of persistent activation of this signaling cascade? BDNF mRNA is 

increased in the dentate granule cells of patients with TLE (Murray et al. 2000, Mathern 

et al. 1997). Furthermore, in the IAK model, seizures are thought to originate in the 

ipsilateral CA3 region (Li et al. 2008). Therefore, one hypothesis is that the increased 

BDNF is localized to the mossy fibers, with the persistently elevated TrkB-PLCγ1 

signaling located at the presynaptic MF-CA3 terminals as seen immediately following 

SE (Helgager et al. 2013). An alternative hypothesis is based on the extensive gliosis seen 

in human patients with TLE (Wolf et al. 1997) and in the IAK model (Jiminez-Pacheco et 

al. 2016). Since BDNF released from microglia can result in enhanced plasticity in 

neocortex (Parkhurst et al. 2013), microglia may be the source of increased BDNF. With 

regards to molecular consequences, one potential molecular target is the potassium-

chloride co-transporter KCC2. This protein maintains the chloride gradient required for 
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GABA-mediated inhibitory transmission (Kaila et al. 2014), and reduced expression 

results in a shift to GABA-mediated depolarization (Ben-Ari et al. 1989). Such a change 

would led to reduced inhibitory transmission and might promote the generation of SRS. 

In support of this hypothesis, surgically resected specimens from patients with TLE 

show a 30% reduction in the number of cells expressing KCC2 mRNA, and these cells 

demonstrate depolarizing GABA potentials (Huberfeld et al. 2007). In animal models, 

genetic knockout of KCC2 leads to seizure development and lethality within the first 

three weeks of life (Woo et al. 2002). In adult mice, inhibition of KCC2 with an 

antagonist caused epileptiform activity both in vitro and when infused into dorsal 

hippocampus in vivo (Sivakumaran et al. 2015). Importantly, BDNF-TrkB-PLCγ1 

dependent regulation of KCC2 has been demonstrated. Exposure of rat hippocampal 

slice cultures to BDNF produces a TrkB-mediated reduction in both KCC2 mRNA and 

protein (Rivera et al. 2002), and KCC2 mRNA and protein was increased in the 

hippocampus of a kindled animal (Rivera et al. 2002). With regard to signaling cascades 

downstream of TrkB mediating KCC2 expression, studies in genetically modified mice 

demonstrate that in the absence of TrkB-PLCg signaling, KCC2 expression is increased 

(Rivera et al. 2004). This suggests that the mechanism by which pY816 induces a 

remission might involve upregulation of KCC2 to pre-epileptic levels, restoring 

inhibitory transmission.  
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Uncoupling TrkB-PLCγ1 signaling using pY816 has advantages over other 

therapeutic strategies identified in preclinical studies to induce SRS remission in TLE. It 

has been demonstrated that rapamycin, an FDA-approved inhibitor of mTOR signaling, 

reduces SRS frequency when administered in epileptic rats (Zeng et al. 2009). However, 

the treatment paradigm continued for the duration of the study. This not only limits the 

interpretation of the result, since the effect of treatment termination was not examined, 

but also limits the clinical applicability since the frequency of adverse effects following 

chronic rapamycin treatment is greater than 30%, leading to a 5% discontinuation rate 

(Yee et al. 2006). Others have tested the effect of eslicarbazepine, a voltage-gated calcium 

and sodium channel blocker, in both rat and mouse models of SE-induced TLE, and 

found that transient, six-week treatment beginning nine days following SE did reduce 

frequency of SRS. However, EEG recording was not initiated until two months after 

treatment termination, so whether animals exhibited SRS before beginning treatment is 

unknown. Furthermore, eslicarbazepine at therapeutic doses resulted in overt motor 

impairment in naïve mice (Doeser et al. 2015), limiting the clinical application of this 

compound. Other studies have targeted neuro-inflammatory responses during the 

epileptogenic process as disease-modifying targets. Antagonism of the innate immune 

receptors IL-1R1 and TLR4 using a cocktail of inhibitors in another mouse model of SE-

induced TLE did induce a reduction in seizure frequency, but importantly did not 

induce a remission. Furthermore, treatment was initiated after two observed seizures 
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(Iori et al. 2017), and whether this effect occurs if treatment begins in the more chronic 

stages of disease was not explored. In the IAK model, implantation of a silk polymer 

releasing adenosine 9 weeks after SE, in animals confirmed to be exhibiting SRS, did 

reduce seizure frequency (Williams-Karnesky et al. 2013), but did not induce a 

remission. However, the mechanism of action is thought to be via inhibition of 

adenosine kinase, limiting clinical application because of hepatic toxicity from systemic 

administration (Boison 2013). Transplantation of interneuron progenitors into epileptic 

mice (Casalia et al. 2017) and selectively ablation newborn dentate granule cells born 

around the period of SE (Hosford et al. 2016, Hosford et al. 2017) have both been shown 

to significantly reduced seizure frequency. However, the translatability of such a 

strategy is currently not feasible.  

Our current study may have profound implications for patients suffering from 

TLE. Seizures in this disease hinder quality of life and ability to obtain employment, and 

an estimated 25-35% of patients are refractory to current medical therapy (Kwon and 

Brodie 2000, Juul Jensen 1986). The results of this study, combined with the identity of 

TrkB pY816 sequence in mouse and human raises the possibility of pursuing pY816 

peptide as a therapeutic biologic. A challenge for clinical trials for epilepsy prevention is 

the large patient size needed (Franco et al. 2016) to achieve adequate power, since a 

small percentage of patients with identifiable brain insults ultimately go on to develop 

epilepsy. This is not an issue in a trial designed for remission, where the subject pool 
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already has SRS. A clinical trial design to test pY816 might involve enrollment of 

patients undergoing evaluation for temporal lobectomy. After being withdrawn from 

anti-seizure medications for foci localization, patients could receive transient treatment 

with pY816. Primary outcome would be lack of seizures after treatment termination; if 

seizures were to recur patients could continue on to surgical resection. The identification 

of a single signaling pathway whose disruption is sufficient to induce a remission 

represents a pivotal step forward in the treatment of epilepsy. 
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8. Conclusions and Future Directions 

8.1 Disease Modification by Combining Seizure Activity with 
Inhibition of TrkB-PLCγ1 Signaling 

It has previously been established that SE-induced TLE is a disorder of 

pathologic-activity determined plasticity, where a fleeting experience causes persistent, 

aberrant circuit activity in the adult CNS (Goddard et al. 1969, Lynch and Seubert 1989, 

Sutula and Steward 1987) that persists for the life of the animal. Specifically, TLE 

involves LTP of excitatory synapses between excitatory neurons (Goussakoff et al. 2000, 

Remigio et al. 2017, O’Leary et al. 2016). LTP is an attractive cellular mechanism of 

learning and memory (Lynch 2004), and memories have long been known to be 

“erasable”, with a critical role of neuronal activity in this process (Misanin et al. 1968). 

More recently, studies have demonstrated that re-exposure to a conditioned stimulus 

combined with inhibition of molecular pathways necessary for learning renders 

associative memories reversible (Nader et al. 2000, Blundell et al. 2008). This idea was 

subsequently extended to another disease of pathologic activity determined plasticity (Ji 

and Woolf 2001), neuropathic pain. Here, phenotypes of the induced plasticity— 

specifically hyperalgesia and LTP of dorsal horn synapses—were reversed by a 

combination of activity and inhibition of protein synthesis (Bonin and De Koninck 2014).  

Given the proposed parallels between epileptogenesis and memory formation 

(Goddard and Douglas 1975) as well as the central role of TrkB-PLCγ1 signaling in the 

development of epilepsy (Liu et al. 2013, Gu et al. 2015), I sought to test how the 
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combination of seizure activity and disruption TrkB-PLCγ1 signaling affected seizure 

progression in a model of TLE. I utilized the kindling model of TLE, where repetitive 

evoked seizures lead to subsequent seizure progression and eventually spontaneous 

recurrent seizures (Goddard 1967), in combination with chemical-genetic and 

pharmacologic perturbation of TrkB-PLCγ1 signaling. Three measures of seizure 

severity-- seizure class, behavioral seizure duration, and electrographic seizure 

duration-- served as surrogate markers for pathologic plasticity in this model. Four 

principal findings emerge from this study. 1) Evoked seizures in kindled animals 

activate TrkB & PLCγ1 signaling, with a peak at 24h and a return to baseline by 72h. 2) 

Chemical-genetic inhibition of TrkB kinase only after an evoked seizure reduces severity 

of subsequent seizures, and in a subset induced reversion to an earlier state of 

epileptogenesis. 3) pY816 treatment only after an evoked seizure reduced severity of 

subsequent seizures, and in a subset induced reversion to an earlier state of 

epileptogenesis, with the effect persisting up to 2 weeks after treatment termination. 4) 

Treatment with the standard of care for TLE, carbamazepine, following an evoked 

seizure has no effect.  

What is the node where the disrupted plasticity is seen after inhibition of TrkB-

PLCγ1 following an evoked seizure? Stated another way, where is the lability induced 

and reconsolidation disrupted in kindling following inhibition of this signaling cascade? 

Future directions will combine electrophysiology and imaging using in vitro 
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preparations to begin to answer this question. It has been shown that 2-photon 

glutamate uncaging over single spines results in enlargement in spine volume; this 

structural plasticity correlates with function (Harward et al. 2016, Hedrick et al. 2016). 

Using this in vitro approach we can test the cellular locales where reversal of plasticity 

can occur. Experiments will involve inducing structural plasticity by uncaging 

glutamate over single spines in various brain regions, followed by a latent period. Then, 

an additional uncaging pulse, in combination with chemical-genetic and 

pharmacological inhibition of TrkB-PLCγ1 signaling, will allow for examination for 

changes in spine volume. Electrophysiological readouts can complement interpretation 

of changes in synaptic structure. Once locales where plasticity reversal can occur have 

been identified, slices from kindled animals can be obtained to study (1) occlusion of 

structural plasticity at these sites and (2) whether spine size can be reduced by a 

combination of glutamate uncaging and TrkB-PLCγ1 inhibition. 

What is the pattern of activity needed to induce lability? Is ictal activity required, 

or is subconvulsive stimulation sufficient? A disadvantage to the kindling protocol used 

is a situation where testing the biologic system by necessity perturbed the system (i.e. 

determination of the EST necessarily induces a seizure). Future experiments will test 

whether a subconvulsive stimulation in a kindled animal is sufficient to induce lability, 

and whether different patterns of activity are more efficacious in allowing for 

reconsolidation inhibition.  
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What are the molecular mechanisms by which lability is induced and 

reconsolidation prevented? In both CFC and neuropathic pain, activation of NMDAR is 

required for subsequent reconsolidation inhibition (Bonin and DeKoninck 2014, Mamou 

et al. 2006); in CFC this is specifically NR2B-containing NMDARs (Milton et al. 2013, 

Holehonnur et al. 2016). In addition, protein synthesis is known to be essential for 

reconsolidation after exposure in both CFC and neuropathic pain (Bonin and DeKoninck 

2014, Nader et al. 2000, Blundell et al. 2008, Glover et al. 2014). However, the steps 

between NMDAR-activation and protein synthesis, as well as the consequences of 

protein synthesis, are unknown. This study raises the possibility that the sequence of 

molecular events involves NMDAR activation, TrkB-PLCγ1 signaling, and eventual 

protein synthesis. Subsequent experiments will test whether, like CFC and neuropathic 

pain, reconsolidation inhibition occurs if protein synthesis is inhibited after an evoked 

seizure. In addition, it is not known whether lability in the kindling model requires 

NMDAR activation. In order to address this question, it is first essential to determine 

whether ictal activity is required or whether a subconvulsive stimulation is sufficient to 

induce lability, since NMDAR antagonists are anti-convulsive in this model (Sato et al. 

1988, Morimoto et al. 1991, Gilbert 1988). If subconvulsive stimulations are sufficient to 

induce lability, the role of NMDAR activation can be directly tested; if ictal activity is 

required, low-doses of NMDAR antagonists may provide insight since these doses 
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prevent structural plasticity during kindling progression without suppressing seizures 

per se (Sutula et al. 1996).  

How might a seizure allow for subsequent reversion to an earlier stage of 

epileptogenesis? One possible consequence of NMDAR activation and downstream 

TrkB-PLCγ1 signaling is alteration of the DNA methylation landscape. DNA is 

hypomethylated following status epilepticus, allowing for subsequent gene 

transcription. In contrast, during the chronic stages of epilepsy the DNA becomes 

hypermethylated, suppressing gene transcription (Machnes et al. 2013, Williams-

Karnesky et al. 2013). A plausible, testable hypothesis is that kindling also induces 

hypermethylation which is reversed by an evoked seizure, allowing for subsequent gene 

transcription which is required for re-consolidation. 

My findings provide a more specific molecular mechanism for reconsolidation 

beyond protein synthesis. This allows for identification of the molecules whose synthesis 

is required for this process. Future studies can analyze the synaptic proteome of either 

hippocampal or amygdala lysates following an evoked seizure in the presence or 

absence of pY816. To start, excitatory synaptosomal fractions from these lysates will be 

analyzed using a traditional LS-MS/MS approach. Following this discovery proteomics 

experiment, candidate proteins will be chosen; proteins of interest are those regulated by 

an evoked seizure and normalized by pY816 treatment. From these candidates a peptide 

library will be generated for use in a subsequent Multiple Reaction Monitoring (MRM) 
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proteomics strategy (Wolf-Yadlin et al. 2007). Potential molecular targets will then be 

validated using traditional antibody-based approaches like Western blot, allowing for 

the identification of the molecular repertoire required for reconsolidation.  

8.2 Seizure Remission in The IAK Model of Epilepsy by Peptide 
that Uncouples BDNF Receptor TrkB from PLCγ1 

Previous studies have demonstrated that TrkB-PLCγ1 signaling is a molecular 

mechanism by which SE leads to the subsequent development of TLE (Liu et al. 2012, He 

et al. 2010, He et al. 2014). Administration of the pY816 peptide following SE was shown 

to prevent development of SRS and psychiatric co-morbidities without exacerbating SE-

induced neuronal death (Gu et al. 2015). While these results raise the possibility of 

pursuing TrkB-PLCγ1 inhibition as a therapeutic strategy to prevent the development of 

TLE, a related challenge is ameliorating existing disease. I therefore tested the pY816 

peptide in an IAK model of epilepsy long after seizures emerged. Four principal 

findings emerged. 1) In alignment with the clinical phenotype, there is an upregulation 

of BDNF protein and TrkB-PLCγ1 signaling in the hippocampus ipsilateral to the 

infused amygdala in the IAK model. 2) Two-week treatment with pY816 induced a 

remission in SRS following treatment termination. 3) Transient reduction in SRS using 

the standard of care for TLE, carbamazepine, was unable to induce a remission in SRS. 4) 

Two-week treatment with pY816 produced no signs of overt toxicity and did not impair 

hippocampal- or amygdala –dependent memory.  
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What is the nature of activity that drives the release of the upregulated BDNF 

and persistent TrkB-PLCγ1 activation in TLE? Based on the results from the kindling 

model (Chapter 4), one possible explanation is that ictal activity is the source. The fact 

that carbamazepine treatment suppresses seizures in both human patients and our 

model but does not induce a remission suggests that seizure activity per se does not 

drive the hypothesized feed-forward loop required for disease persistence. Importantly, 

it is not known what effect carbamazepine treatment has on BDNF protein and p-TrkB 

and p-PLCγ1; this will need to be determined in future experiments. I hypothesize that 

despite inhibiting SRS, carbamazepine-treatment does not normalize TrkB-PLCγ1 

signaling, which explains the recurrence of SRS after treatment termination. It may be 

that other forms of pathologic activity may persist during carbamazepine treatment and 

drive BDNF release. For example, interictal spikes are not suppressed following 

carbamazepine treatment in the kindling model (Gigli and Gotman 1991). Another 

potential form of activity is high frequency oscillations (Jones et al. 2015). Surgical 

resection of brain regions generating this activity achieves better seizure control than 

removal of the seizure focus alone (Jacobs et al. 2010), suggesting that this form of 

activity may play a critical role in epilepsy persistence. Future experiments will record 

from hippocampus ipsilateral to the site of infusion and attempt to identify the nature of 

activity that drives the elevation of BDNF-TrkB-PLCγ1 signaling.  
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What is the cellular source of the increased BDNF and locale of increased p-TrkB 

and p-PLCγ1 required for epilepsy persistence? Use of an antibody specific to TrkB Y816 

combined with confocal microscopy can shed light on this question. An experiment 

comparing TrkB Y816 immunoreactivity between epileptic mice and PBS-infused 

controls during the period where SRS is observed (4 weeks after SE) can identify the 

cellular locales of increased p-TrkB in epileptic animals; simultaneously examination of 

BDNF immunohistochemistry using an antibody rigorously assessed for specificity 

(Dieni et al. 2012) will add to the interpretation by identifying potential sites of BDNF 

release. Subsequent experiments analyzing p-TrkB and BDNF immunoreactivity in 

epileptic animals after pY816- and Scr-treatment animals can help identify changes 

following uncoupling of TrkB-PLCγ1 that may produce a remission in SRS.  

What are the molecular mechanisms by which upregulated TrkB-PLCγ1 

signaling drives epilepsy persistence? One hypothesis is that changes in either the 

hippocampal excitatory or inhibitory synaptic proteome, mediated by TrkB-PLCγ1 

signaling, may mediate the permanence of TLE. Future studies will pursue this question 

using a proteomics approach analogous to those used previously (Wolf-Yadlin et al. 

2007, Uezo et al. 2016). Excitatory and inhibitory synaptosomal fractions from epileptic 

animals treated with either pY816 or Scr, along with control animals infused with PBS 

will be analyzed using a traditional LS-MS/MS approach. Following this discovery 

proteomics experiment, candidate proteins will be chosen; proteins of interest are those 
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regulated by SRS and normalized by pY816 treatment. From these candidates a peptide 

library will be generated for use in a subsequent Multiple Reaction Monitoring (MRM) 

proteomics strategy (Wolf-Yadlin et al. 2007). Potential molecular targets will then be 

validated using traditional antibody-based approaches like Western blot.  
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