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Abstract 

Epilepsy is the oldest known neurological disorder in humans and has been extensively studied 

for decades. Nevertheless ~30% epilepsy patients remain refractory to pharmacological 

intervention today. Limitations of animal models that are used in anti-epileptic drug screening, 

and a lack of novel translatable therapeutic targets hamper progress in drug development. In the 

following projects, we have attempted to address these obstacles. First, we have developed a 

model for seizure kindling using inhaled chemo-convulsant flurothyl that can be rapidly 

developed and is appropriate to use in research for epileptogenesis as well as screening for 

potential disease modifying theories. Next, we have pharmacologically characterized Kv1.1 KO 

mice to be potentially incorporated in the anti-epileptic drug development program as a model for 

drug resistant epilepsy (DRE). We report that ~32% Kv1.1 KO mice are resistant to the first ASD 

in addition to exhibiting multiple other risk factors observed in human DRE patients. Finally, we 

have used Kv1.1 KO mice and other acute seizure models to evaluate ser273 phosphorylation of 

PPARγ as a potential anti-seizure target. We find that seizures are closely associated with 

increased ser273 phosphorylation of PPARγ. We also find dysregulation in gene transcription of 

PPARγ regulated histone deacetylates (SIRT3), anti-oxidants (SOD1), and mitochondrial solute 

carriers (FABP7 and SLC25a1). However, PPARγ modulators that block ser273 phosphorylation 

in adipose tissue could not block this phosphorylation in the hippocampus, and ser273 

phosphorylation did not seem to be associated with the gene set analyzed. In summary, we report 

(a) a novel model for chronic epilepsy with potential to use in screening procedures and to study 

epileptogenesis (b) that Kv1.1 KO mice are a potential model for drug resistant epilepsy (c) that 

ser273 phosphorylation of PPARγ may be a potential target for anti-epilepsy therapy. 
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Chapter 1: An Introduction to Epilepsy and Drug Resistance in Epilepsy 

The Oxford dictionary defines epilepsy as “a chronic disorder characterized by sudden, 

recurrent episodes of sensory or motor disturbances with or without loss of consciousness which 

are triggered by abnormal electrical activity in the brain”. To bring concordance between the 

definition and practical use of the term ‘epilepsy’, the International League against Epilepsy 

(ILAE) clinically defined epilepsy with “the following conditions: 

1. At least two unprovoked (or reflex) seizures occurring greater than 24 hours apart  

2. One unprovoked (or reflex) seizure and a probability of further seizures similar to the general 

recurrence risk (at least 60%) after two unprovoked seizures, occurring over the next 10 years 

3. Diagnosis of an epilepsy syndrome (epilepsy is considered to be resolved for individuals who 

had an age-dependent epilepsy syndrome but are now past the applicable age or those who have 

remained seizure-free for the last 10 years, with no seizure medicines for the last 5 years).” 

(Fisher et al., 2014). 

According to a recent report derived from systematic review of epilepsy patient data from 

1996 to 2016, 49.5 million people suffer from active epilepsy globally (Beghi et al., 2019). 

Globally, epilepsy incidence is the 5th highest for neurological disorders, following stroke, 

migraine, Alzheimer’s disease (AD) and other dementias, and meningitis (Carroll, 2019).  

Epilepsy is an umbrella term used to describe a wide variety of seizure disorders ranging 

from absence epilepsy characterized by brief staring spells to mesial temporal lobe epilepsy, 

where patients can experience severe generalized tonic clonic seizure. Seizures can be focal, i.e. 

the seizure generation zone in the brain is localized, or they can be generalized, i.e both 

hemispheres of the brain are simultaneously involved in precipitating seizures (Stafstrom and 

Carmant, 2015). 
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Accurate diagnosis of the epilepsy syndrome and identification of seizure types is 

essential for prescription of the best therapeutic options. Paradoxical seizure precipitation using 

anti-epileptic medication is commonly reported in clinical epilepsy (Perucca et al., 1998). 

Inaccurate prescription of high doses of anti-epileptic drugs (AEDs) and lack of knowledge about 

drug contraindications for specific seizure types might be factors that lead to precipitation of 

seizures by AEDs (Perucca et al., 1998). For example, initiation and use of carbamazepine has 

commonly been reported to exacerbate spike-wave seizures in idiopathic generalized epilepsy 

(Perucca et al., 1998; Thomas et al., 2006). Case reports also suggest exacerbation of seizures 

using broad spectrum AEDs like levetiracetam (Makke et al., 2015).  

Even with accurate diagnosis of the epilepsy syndrome, approximately 30% of the 

epilepsy patients continue to have seizures (Brandt et al., 2004; Kwan et al., 2011; Chen et al., 

2018; Kalilani et al., 2018). Uncontrolled seizures severely impact the quality of life in drug 

resistant epilepsy (DRE) patients (Ridsdale et al., 2017). DRE is also among the leading risk 

factors for sudden unexpected death in epilepsy (SUDEP) accounting for 14.7%-17.4% of deaths 

(Nashef et al., 1995; Ficker et al., 1998; Mohanraj et al., 2006; Mu et al., 2011; DeGiorgio et al., 

2017). Developing novel therapies for DRE patients requires a deeper understanding of the 

disease mechanisms that govern an epileptic brain. 

In epilepsy, targeting and controlling seizures is the major focus of drug development. 

Mechanisms which give rise to abnormal electrical activity in the brain have helped develop 

effective medications in the past, and continued research into disease mechanisms is essential to 

develop novel therapies in the future. The following are the major theories cited in literature 

today to give rise to neuronal hyperexcitability and seizure precipitation: 

Excitation-inhibition imbalance theory of epilepsy 

According to this theory, an imbalance caused by an increase in levels of glutamate 

(excitatory neurotransmitter) and decrease in levels of gamma amino butyric acid (GABA: 
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inhibitory neurotransmitter) in the brain. Reduced inhibition/ increased excitation can contribute 

to making neurons hyperexcitable (Tang et al., 2017a).  

Pre-clinical evidence for this theory comes from using glutamate receptor agonists like 

kainic acid to induce seizures in rodents (Sperk et al., 1983; Zhang et al., 2002; Reddy and 

Kuruba, 2013; Simeone et al., 2014; Seinfeld et al., 2016). The contributing clinical evidence to 

this theory includes the finding that seizure foci of patients with pharmaco-resistant seizures have 

a 70-80% increase in extracellular glutamate concentration at baseline (Haglid et al., 1994). 

Reduced glutamate uptake by astrocytes, due to reduced levels of enzymes like glutamate 

synthase, have been proposed to be responsible for this increase in glutamate concentrations 

(Coulter and Eid, 2012). N-methyl D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) responsive receptors are the two major types of glutamate 

receptors that have been tested for their anti-seizure potential. In rodent models, blocking NMDA 

glutamate receptors does not improve seizures or kindling, and can exacerbate neurotoxic effects 

(Loscher, 1998). But GYKI 52466, a non-competitive α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptor antagonist, terminates status epilepticus and prevents 

recurrent seizures induced by kainic acid (Fritsch et al., 2010). Recently, combination therapy 

using NBQX (NMDA blocker) and ifenprodil (AMPA blocker), has been shown to reduce seizure 

incidence in the intrahippocampal kainate model of epilepsy, possibly by reducing granule cell 

dispersion. However, this effect was not sustained beyond two weeks (Schidlitzki et al., 2017). In 

clinical practice, ketamine is the only NMDA antagonist that shows efficacy in refractory status 

epilepticus (Zeiler, 2015). Modulation of glutamate receptors has not been widely successful in 

treating seizures in human patients.  

In contrast, GABA receptor modulation has proven to be more successful. In preclinical 

models, blocking GABA receptor function using antagonists like flurothyl and pentylenetetrazole 

precipitates seizures (Applegate et al., 1997; Reddy and Kuruba, 2013; Kurt et al., 2016; Liu et 
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al., 2017). The primary mechanism of various AEDs, such as barbiturates and benzodiazepines, 

enhance GABAA receptor function via allosteric modulation mediated mechanisms. GABAA 

receptor modulation may also contribute to anti-seizure effects of retigabine, felbamate and 

stiripentol (Greenfield, 2013). In addition, allopregnolone analogues, especially ganoxolone, a 

hormonal therapy which shows promise in treating refractory seizures, potentially modulates 

GABAA receptors (Anovadiya et al., 2012; Greenfield, 2013; Yawno et al., 2017).  

 Due to the tight control of neuronal and astrocytic circuits governing GABA and 

glutamate concentrations in the brain, some researchers have raised questions about whether such 

an imbalance in glutamate- and GABA concentrations can be created in the brain at all 

(Scharfman, 2007). However, in clinical practice, improving excitation/inhibition imbalance, 

principally through GABAA receptor modulation has given rise to very effective medications.  

Ionic disturbance theory of epilepsy 

Neurotransmitters directly control neuronal excitability by opening or closing ion 

channels. For example, GABA receptors allow chloride ions to flow into the cell, whereas 

glutamate receptors like AMPA and NMDA allow sodium and calcium to enter the cell. Apart 

from neurotransmitter-mediated ligand gated ion channels, other ion channels, like voltage gated 

channels and leak channels are responsible for maintaining favorable ionic gradient. According to 

the ionic disturbance theory, a disturbance in neuronal function can develop if ion concentrations 

are not maintained in homeostatic conditions in the brain as a result of abnormally functioning 

ion channels (Tang et al., 2017b).  

Evidence for this theory is reported in genetic mutations resulting in loss of function of 

sodium and potassium channels. For example, loss of function mutations in the Scna1 gene 

coding for voltage gated sodium channels can lead to Dravet syndrome (Escayg and Goldin, 

2010; Kwong et al., 2012; Kim et al., 2018). Scna1-null mice have spontaneous seizures and 

experience SUDEP (Escayg and Goldin, 2010). Therapeutically, sodium channel blockers like 
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phenytoin and carbamazepine are effective at controlling seizures (Morrisett et al., 1987; Capella 

and Lemos, 2002; Szaflarski et al., 2010; Wat et al., 2019).  

Similarly, mutations in the Kcnq gene coding for voltage gated potassium channel Kv7 

have also been commonly reported in epilepsy patients (Villa and Combi, 2016; Vanhoof-

Villalba et al., 2018).  Also, heterozygous mutations in the Kcna1 gene coding for shaker type 

potassium channels can lead to ataxia, and seizures in humans (Chen et al., 2007). Kcna1- and 

Kcna2-null mice have developmental epilepsy and epileptic encephalopathy respectively (Smart 

et al., 1998; Rho et al., 1999; Wenzel et al., 2007a; Robbins and Tempel, 2012). Ezogabine is an 

anti-epileptic drug that activates potassium channels and is used clinically (Amabile and 

Vasudevan, 2013).  

Both loss of function and gain of function mutations in voltage gated calcium channels 

have been reported in patients with idiopathic generalized epilepsies (Rajakulendran and Hanna, 

2016). T-type calcium channel blockers like ethosuximide are useful in controlling absence 

seizures in idiopathic generalized epilepsies (Browne et al., 1975; Glauser et al., 2010).  

Apart from ion channels, ion transporters like sodium-potassium exchangers maintain ion 

gradients in an energy dependent process. Increased phosphorylation of sodium potassium 

ATPase can result in loss of function of the transporter and an increase in phosphorylation has 

been reported to in epileptic cortices and seizure conditions in humans (Grisar et al., 1992). 

Upregulation of NKCC1, a sodium potassium exchanger is reported to contribute to post-

traumatic seizures (Dzhala et al., 2005; Wang et al., 2017). However, clinically, there are no 

therapeutic agents that are available to target these transporters.  

The ionic theory, along with the excitation/inhibition imbalance theory, is the most 

widely accepted theory in epilepsy research, and has been helpful in the understanding of and 

development of effective anti-epileptic drugs. 
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Genetic theory of epilepsy 

Apart from the various genetic mutations mentioned in the previous section, other genetic 

mutations unrelated to ion channels can also result in epilepsy syndromes. Childhood epilepsies 

affect approximately 0.5- 1%, i.e. approximately 50 million people worldwide (Pal et al., 2010). 

Dravet syndrome is a well-recognized epilepsy syndrome associated with Scna1 gene mutations 

coding for voltage gated sodium channel detailed in the previous section (Verbeek et al., 2013). 

Angelman syndrome, caused by de novo deletion of gene Ube3A,, the gene coding for ubiquitin 

protein ligase E3A, on chromosome 5 results in a developmental disorder in which 85% patients 

present epilepsy like symptoms, 90% of which are refractory to drugs (Kishino et al., 1997; 

Fiumara et al., 2010). Recently, it was shown that deletion of Ube3A from GABAergic neurons 

was sufficient to cause seizures (Judson et al., 2016), and that gene therapy to reinstate Ube3A in 

mice successfully prevents seizure activity in young mice (Gu et al., 2019). Among other genes, 

missense of truncating mutations in the LGI1 gene can cause familial lateral temporal lobe 

epilepsy with auditory auras in humans (Irani et al., 2013; Boillot et al., 2014). Mutations in the 

LGI1 gene cause loss of protein epitempin, which has been reported to reduce the density of 

Kv1.1 and Kv1.2 potassium channels, possibly contributing to hyperexcitability in the CA3 

region of the hippocampus (Seagar et al., 2017). Metabolic syndromes with an epileptic 

comorbidity is caused by GLUT1 deficiency encoding for glucose transporters on the blood brain 

barrier (Suls et al., 2008). Though phenotypes for the GLUT1 deficiency syndrome have been 

characterized in detail, the exact relation between GLUT1 and seizures is not explained. Sub-

optimal availability of glucose as an energy source has been reported to interfere with cerebral 

development leading to seizures (De Giorgis and Veggiotti, 2013). Inherited and acquired 

mutations in a number of other genes, including but not limited to CDKL5 (Bahi-Buisson et al., 

2008), PCDH19 (Smith et al., 2018), Ring Chromosome 20 (Vignoli et al., 2016), FOXG1 

(Seltzer et al., 2014) are associated with genetic epilepsies.  
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Inflammation theory 

Inflammation is a protective mechanism in place to attack pathogens, or repair tissue 

injury. In recent years, a large body of literature has published compelling evidence that both 

central and peripheral immune cells are involved in neuronal hyperexcitability. For example, 

increase in levels of pro-inflammatory signaling molecules like interleukin-6 (IL-6) and IL-1 

receptor antagonist has been reported in plasma and cerebrospinal fluid of epilepsy patients 

(Peltola et al., 1998, 2000). Increased levels of IL4 and tumor necrosis factor alpha (TNFα) have 

been reported in children with febrile seizures (Ha et al., 2018). Though TNFα is considered pro-

inflammatory, conflicting reports suggest both a contributing (Patel et al., 2017) and a protective 

(Balosso et al., 2005) role in seizure pathology. Increase in IL-1b twenty-four hours after kainic 

acid induced status epilepticus has been reported. Astrocytes are suggested to be the major 

mediators of this response (Oprica et al., 2003). Not only cells comprising the innate immune 

system, but leukocytes, which are a part of the acquired immune system, are reported to 

contribute to epileptogenesis initiated by pilocarpine and kainic acid induced status epilepticus 

(Fabene et al., 2008; Zattoni et al., 2011). Disruption of the blood brain barrier after seizure 

activity has been reported to increase permeability of peripheral immune cells into the brain, 

contributing to aberrant inflammatory responses (Marchi et al., 2007, 2012; Goasdoue et al., 

2019).  

Prolonged exposure to high levels of inflammatory mediators can stimulate apoptotic 

signaling leading to cell loss. Increase in TNFα-related apoptosis-inducing ligand (TRAIL) (Alyu 

and Dikmen, 2017) and membrane metalloprotease 9 (MMP9) (Acar et al., 2015) has been 

reported to mediate apoptosis via chemokine CXCL3 signaling (Xu et al., 2012) and 

excitotoxicity, respectively (Bronisz and Kurkowska-Jastrzębska, 2016). Inflammatory signaling 

through interleukins and toll-like receptors can directly affect neuronal excitability and glutamate 

release (Vezzani et al., 2013a; Vezzani, 2014).  
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Inhibiting inflammatory markers like TNFα, IL-6, caspase-3 using molecules like 

silibinin significantly improves cell survival after pilocarpine-induced status epilepticus (Wu et 

al., 2018).  Anti-inflammatory therapies like glucocorticoid administration delays time of onset of 

status epilepticus in pilocarpine-injected rats, and also reduces seizure frequency and time of 

status epilepticus in pediatric patients, possibly through maintaining blood brain barrier integrity 

(Marchi et al., 2011). Selective and reversible inhibition of interleukin-converting enzyme VX-

765 interferes with IL1/ toll-like receptor (TLR) signaling and has been reported to improve 

seizures in a population with refractory complex partial seizures, even achieving seizure freedom 

in 12.5% patients in a Phase II study (Bialer et al., 2013). Also, multiple clinical trials with 

patients suffering from intractable epilepsy (Jyonouchi and Geng, 2016), febrile infection related 

epilepsy syndrome (FIRES) (Kenney-Jung et al., 2016), and epilepsy with persistent systemic 

autoinflammation (DeSena et al., 2018) have suggested anti-seizure potential of IL-1 receptor 

antagonist anakinra.  

Though promising molecules are in the development pipeline, none of the anti-

inflammatory drugs have been approved to treat epilepsy yet.  

Metabolic disturbance theory 

Neurons require energy to fire and to maintain a favorable ionic concentration gradient. A 

disturbance or abnormality in neuronal energy consumption can cause neurons to fire abnormally. 

Availability of energy in the form of glucose is dependent on facilitated diffusion by glucose 

transporters GLUT1 (expressed in endothelial cells), and GLUT3 (expressed in neurons) in the 

brain (Duelli and Kuschinsky, 2001). GLUT1 has been reported to play a crucial role in the 

development and integrity of the bloody brain barrier and associated microvasculature (Zheng et 

al., 2010). GLUT1 deficiency, and the resulting lack of glucose availability during development 

results in seizures, persistent encephalopathy, altered metabolism in neurons, motor and cognitive 

dysfunction (Suls et al., 2008; Brockmann, 2009). Interestingly, though GLUT3 deletion does 
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cause neurodevelopmental defects, an overt seizure phenotype has not been reported (Zhao et al., 

2010; Shin et al., 2018). Ketogenic diets, which aim to switch the source of fuel from glucose to 

ketones, highly effective in controlling seizures in GLUT1 deficiency syndrome (Klepper et al., 

2005; Kass et al., 2016; Cañedo Villarroya et al., 2018), do not affect stunting phenotype in 

GLUT3 deficient mice (Shin et al., 2018).  

Irrespective of the energy source, mitochondria are responsible for converting the 

available energy sources into ATP. Mitochondrial dysregulation has been reported in the brains of 

epileptic animals and humans (Kovac et al., 2012, 2017; Frye, 2015; Lee et al., 2019). Inborn 

errors of metabolism, especially syndromes like pyridoxine-dependent epilepsy and myoclonic 

epilepsy with ragged red fibers can result in severe seizure phenotypes (Sharma and Prasad, 

2017). Dysfunction in components of the electron transport chain (Waldbaum and Patel, 2010; 

Birsoy et al., 2015) and monocarboxylate transporter1 (Lauritzen et al., 2012) has been reported 

to precipitate seizures. Consistent with this theory, metabolic therapies like ketogenic diet, as well 

as pyridoxine, folinic acid and creatinine monohydrate supplementation improve seizures in 

patients with specific defects of metabolism (Lin Lin Lee et al., 2018).  

These theories of neuronal excitation and epilepsy pathology have resulted in the 

development of highly effective drugs and other therapies for seizure control. However, as 

mentioned before, over 30% of epilepsy patients are still refractory to available therapies (Chen et 

al., 2018). Continued research of the mechanisms of seizure production and propagation are 

important to find novel therapeutic targets for DRE patients. 

Drug development in epilepsy depends heavily on animal models. Hence, using 

appropriate models of epilepsy is essential. Ideally, models used in the drug development and 

screening process should closely resemble human epilepsy. The representation of the initial 

screening tests used to test potential novel AED molecules in shown in Figure 1. The maximal 

electroshock (MES), subcutaneous pentylenetetrazole injection (s.c.PTZ) and 6 Hz psychomotor 
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seizure (6 Hz) models are the gateway tests used in the GO/NO GO decision tree for taking a 

drug molecule further in the development process (Löscher, 2011a). All these tests are deigned to 

assess the acute seizure paradigms in which an efficacy of a drug against single acutely-induced 

seizure is measured. Factors like drug toxicity, sensitivity, and tolerance, which are important in 

chronic diseases like epilepsy, are not evaluated at this stage. This results in many drug molecules 

failing in further stages of the drug development process (Löscher, 2011a; Loscher and Schmidt, 

2011). Addressing a few limitations in the drug screening process could potentially increase 

efficacy of screening potential drugs, help identify and eliminate false positive results, and lead to 

the discovery of potential novel AEDs with high translational value.  This thesis is divided into 

three sections, each of which aims to improve existing knowledge and fills knowledge gaps to 

make epilepsy drug screening more effective.  

(1) Lack of chronic seizure models used in drug screening: Chronic seizure models 

attempt to recreate the progression of epilepsy in humans. In commonly used chronic seizure 

models like pilocarpine- or kainic acid-induced status epilepticus (SE), SE is followed by a 

quiescent period, after which spontaneous seizures emerge (Borges et al., 2003a; Zattoni et al., 

2011; Reddy and Kuruba, 2013; Gano et al., 2018). High mortality rates, laborious long-term 

monitoring of animals to detect spontaneous seizure emergence, and confounding factors such as 

the administration of AEDs like diazepam to terminate status epilepticus are some of the factors 

that make these models unsuitable for use in high performance screening procedures (Curia et al., 

2008; Loscher and Schmidt, 2011). Alternatively, kindling models are also used as chronic 

epilepsy models. Kindling is a process by which the seizure threshold of a brain is lowered by 

successive seizures induced by electrical current (Brandt et al., 2006; Bao et al., 2017a) or 

chemo-convulsants like PTZ (Dhir, 2012). Higher reproducibility in seizure induction and lower 

mortality can be achieved; however, kindling is an equally laborious process and may take 
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several weeks to complete, depending on the protocol used (Brandt et al., 2004; Zhvaniia et al., 

2009; Dhir, 2012; Bao et al., 2017a).  

Developing a chronic epilepsy model, that can be easily applied, and has reproducible 

seizure characteristics would be useful if it is incorporated into the drug screening protocol. 

Applegate et al have previously reported such a promising model using flurothyl as a chemo-

convulsant (Applegate et al., 1997). Progressive reduction in latency to clonic seizures was 

observed with every consequent seizure induction, and significant kindling was achieved in eight 

days. No robust neuropathology is evident (Ferland et al., 2002a, 2002b; Mhyre and Applegate, 

2003), but the mice experience spontaneous clonic and in some cases generalized tonic-clonic 

seizures one week following the kindling protocol, but seizures remit within one week (Kadiyala 

et al., 2016). Seizure thresholds can remain reduced up to four weeks after kindling (Applegate et 

al., 1997; Ferland and Applegate, 1998). In the first section, we aim to shorten the kindling 

protocol by inducing a more severe seizure phenotype i.e. generalized tonic-clonic seizures for 

five days to produce kindling. Thus, the mice will experience both mild and severe seizures, 

providing multiple seizure phenotype types to evaluate drug efficacy. In addition, we hypothesize 

that the more severe seizures could potentially cause greater damage in the brain resulting in 

robust neuropathology and prolonged spontaneous seizure activity. In this way, we aim to create a 

model with potential for inclusion in the drug screening process. 

(2) Lack of drug resistant epilepsy (DRE) models in drug screening: With 30% of 

epilepsy patients facing uncontrolled seizure activity, finding therapies to help these patients is 

imperative. Drug development for DRE patients also begins at the animal model drug screening 

process. However, two models used as gateway tests to determine drug potential- MES  and s.c. 

PTZ are not the models of DRE (PORTER et al., 1984; Mandhane et al., 2007; Higgins et al., 

2010). The third test used, the 6 Hz model has been reported to show resistance to a number of 

clinically relevant AEDs such as phenytoin, lamotrigine and carbamazepine when used at the 

higher 44 mA stimulation intensity (Barton et al., 2001). DRE drug development should 
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incorporate more than one DRE animal model in the screening process (Löscher, 2011a) In 

further steps of AED discovery, one other model of DRE i.e. the basolateral amygdala kindling 

model is used, if a drug shows potential in the 6 Hz test (Löscher, 2011b). Additional DRE 

models have been reported in epilepsy literature, which are not used in the screening process due 

to various limitations. For example, SV2A deficient mice have a pro-epileptic phenotype and 

show reduced efficacy with levetiracetam (Matagne et al., 2008; Kaminski et al., 2009), whereas 

human DRE is resistant to multiple AEDs. However, apart from resistance to AEDs, there are 

various other characteristics of human DRE that may affect ultimate therapeutic options. 

Spontaneous seizures, multiple seizure types, cognitive or behavioral comorbidities and 

hippocampal neuropathology are present in patients with DRE  but are not represented in 

currently used animal DRE models (Xue-Ping et al., 2019).  

One potentially useful model of epilepsy is the Kcna1-null mouse which lacks the alpha 

subunit of the Kv1.1 delayed rectifier potassium channel. Genetic deletion of the Kv1.1 

potassium channel in mice results in a spontaneous seizure phenotype with multiple other risk 

factors associated with human DRE. Kv1.1 knockout (KO) mice start exhibiting spontaneous 

seizure activity at second to third post-natal week(Wenzel et al., 2007b). The seizures in Kv1.1 

KO mice progressively worsen in both frequency and severity with age (Simeone et al., 2016; 

Chun et al., 2018). Finally, the mice succumb to SUDEP at ~P47 in our colony (Simeone et al., 

2016). Kv1.1 mice exhibit all seizure types from mild behavioral seizures like freezing or quick 

directed movements, to severe generalized seizures including clonic seizures with multiple rears 

and falls or generalized tonic-clonic seizures (Smart et al., 1998). Kv1.1 KO mice exhibit 

significant hippocampal neuropathology, sclerosis, cell loss, mossy fiber sprouting, and 

astrogliosis (Wenzel et al., 2007b; Simeone et al., 2014). Additionally, Kv1.1 KO mice have 

memory deficits (Scantlebury et al., 2017), and a sleep disorder that progressively worsens with 

age, with sleep deficiency increasing sharply just before SUDEP (Roundtree et al., 2016; Iyer et 

al., 2018). The characteristics displayed by the Kv1.1 KO mice closely recapitulate a number of 
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risk factors in DRE, making it a potential DRE model. Interestingly, detailed response of seizures 

in Kv1.1 KO mice to traditional AEDs has not been reported. In the second section, we aim to fill 

this research gap by testing four traditional AEDs (phenobarbital, phenytoin, carbamazepine, and 

levetiracetam) in these mice to determine whether they meet the criteria for the DRE and have a 

potential to be incorporated into the drug screening process.  

(3) Lack of novel translatable therapeutic targets: Though there is no single consensus 

theory for the development of drug resistance, the research community agrees that the reasons are 

possibly multifactorial. The potential theories of drug resistance in epilepsy are comprehensively 

reviewed by Tang and colleagues (Tang et al., 2017b). The transporter theory is the most 

extensively studied among all theories of drug resistance. Significant upregulation of P-

glycoprotein (P-gp: also known as multi drug resistant protein 1) xenobiotic efflux transporters in 

the blood brain barrier (Tishler et al., 1995) has been reported in DRE patients, potentially 

preventing the drug from reaching therapeutic levels at the site of action. In support of the 

possibility, reduced uptake of valproic acid in DRE patients, compared to healthy and drug 

responsive patients was also reported (Feldmann et al., 2013). However, P-gp inhibitors like  

cyclosporin A were not able to increase drug uptake (Shin et al., 2016). Other researchers have 

raised questions on this theory based on the fact that many EDs might not be substrates for the P-

gp enzyme.(Sills et al., 2002; Luna-Tortos et al., 2008). Multi drug resistant protein (MRP) 2 and 

MRP5 are the other proteins that can act as drug transporters. Overexpression of these protein has 

been reported in the blood brain barrier as well as neurons and astrocytes of DRE patients 

(Dombrowski et al., 2001). However, these transporters have not been targeted for potential 

therapeutic benefit.  

Other theories suggest that genetic variation in drug metabolizing enzymes (Tate et al., 

2005; Tate and Sisodiya, 2007; Löscher et al., 2009), formation of new hyperexcitable neural 

circuits inaccessible by AEDs (Fang et al., 2011), and high intrinsic seizure severity (Rogawski 

and Johnson, 2008) could explain drug resistance. Due to weak evidence and various 
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contradicting data, none of the drug resistance theories are specifically favored in the epilepsy 

research community.  

Apart from the promising compounds previously reviewed in Section X, there have been 

other potential targets studied for anti-seizure efficacy. The mammalian target of rapamycin 

(mTOR) is described by many groups as a potential anti-seizure target (Zeng et al., 2008, 2009; 

Guo et al., 2017) in temporal lobe epilepsy. Rapamycin is an inhibitor of the mTOR pathway. 

However, rapamycin has a very narrow therapeutic index that may require constant monitoring of 

the therapeutic level in humans (Trepanier et al., 1998). Recently, Okanishi et al (2019) described 

a clinical trial using everolimus, another mTOR inhibitor, in refractory seizures. In this study, 

33% patients became seizure free and 22% achieved more than 90% of seizure reduction 

(Okanishi et al., 2019) demonstrating that mTOR inhibition may yet be clinically useful in 

suppressing seizures in humans.  

Other therapies based on pH modulation have also shown moderate success in DRE. 

Acidosis induced by low level carbon dioxide (Tolner et al., 2011) or acetazolamide, a carbonic 

anhydrase inhibitor has anti-seizure effects in rodent models (Anderson et al., 1986). 

Acetazolamide may inhibit P-gp overexpression as reported in a rat model of temporal lobe 

epilepsy (Duan and Di, 2017).  Also, inhibition of histone deacetylases (HDACs) has been 

reported in animal models. Vorinostat, a broad HDAC inhibitor has exhibited promise in rodent 

models (Ibhazehiebo et al., 2018) and is currently in clinical trials for human DRE.  

Though not all drugs that show promise in animal models can be translated to human 

subjects, there have been successful transitions. Cannabidiol exhibits anti-seizure activity in acute 

seizure models like MES and PTZ, as well as in DRE models like 6 Hz psychomotor test (Patra et 

al., 2019). Cannabidiol was recently approved for clinical use by the United States Food and Drug 

Administration (FDA)  as an add-on therapy for seizures in the Lennox-Gastaut Syndrome 

(Devinsky et al., 2018; Chen et al., 2019). It has also showed potential in reducing seizures in 

patients with Dravet Syndrome (Devinsky et al., 2017; Chen et al., 2019).   
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Modulation of other targets like peroxisome proliferator receptor activator gamma 

(PPARγ) also has demonstrated promising results in pre-clinical studies of acute PTZ-induced 

seizures (Abdallah DM, 2010), acute flurothyl-induced seizures and spontaneous recurrent 

seizures in Kv1.1 KO mice (Simeone et al., 2017b, 2017a).  PPARγ agonists are widely used in 

humans in the field of diabetes, making this a target with promising translational potential. 

Though PPARγ agonists show significant promise in reducing seizures, agonism of PPARγ is 

associated with severe side effects that may make it prohibitive for the use in DRE patients 

(Ahmadian et al., 2013). Molecules that block ser273 phosphorylation of PPARγ are currently 

being tested in human clinical trials for anti-diabetic potential and potential against relapsing 

remitting multiple sclerosis (Weinstein et al., 2016), suggesting that they are safe and effective to 

use in humans. In the last section, we will determine whether blocking ser273 phosphorylation of 

PPARγ reduces seizures. 

In this thesis I will introduce two new preclinical models for epilepsy research. The 

flurothyl kindling model was aimed at filling the research gap for a reproducible chronic epilepsy 

model with low variability and non-invasive seizure induction. The second model is well-studied 

in literature, however, response of seizures in Kv1.1 knockout mice to antiepileptic drugs (AEDs) 

has not been well established. We test four AEDs in this model to determine whether these mice 

can be used as a model for DRE. In the last section, we will evaluate the role of ser273 

phosphorylation of PPARγ in epilepsy, and whether this protein can be targeted for anti-seizure 

effects. Additionally, this target has high translational potential since it has been deemed to be 

safe for use in humans. With these aims, we hope to further the understanding of mechanisms 

underlying epilepsy, and provide novel tools to develop drugs to treat DRE patients  
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Chapter 2: Development and characterization of a modified flurothyl kindling model of 

epilepsy 

Introduction:  

Animal models form an essential part of drug screening in anti-epileptic drug 

development. Currently, mice and rats are principally used in the pre-clinical screening of 

potential anti-epileptic medications. As mentioned in the previous chapter, initial steps in drug 

screening, which determine whether or not a drug continues in development, rely heavily on acute 

seizure induction models (Löscher, 2011a).  Efficacy of drugs in preclinical models of acute 

seizures does not accurately reflect the chronic nature of human epilepsy, where drug sensitivity 

(Karimzadeh and Bakrani, 2013) and drug tolerance (Loscher and Schmidt, 2006) are important 

therapeutic considerations. Additionally, acute seizure tests can only help determine efficacy 

against seizures. Effects on processes of long-term epileptogenesis or disease modifications 

cannot be studied in these tests. It is probable that distinct mechanisms govern an ongoing seizure 

and epilepsy neuropathology, and drugs that can abort an ongoing seizure may not affect 

epileptogenesis (Morrisett et al., 1987; Capella and Lemos, 2002; Wat et al., 2019)). As a 

corollary to that thought, it is possible that agents preventing epiletogenesis, may not have an 

acute anti-seizure effect. A resulting drug screen can result in a type-2 error eliminating them 

from drug development entirely. Additionally, all the current models in the GO/NO GO step of 

the anti-epileptic drug development (ADD) program test drug efficacy against a severe 

generalized tonic-clonic seizure phenotype (Löscher, 2011a)). As a result, milder seizure forms 

are not well represented in the array of models used for drug screening.  

Incorporating appropriate chronic seizure models in the initial anti-epileptic drug (AED) 

screening steps will ensure a more effective process for discovering novel therapies (Löscher, 

2011a; Loscher and Schmidt, 2011). There are several animal models available for chronic 

seizures, such as models of status epilepticus and kindling models, as mentioned in the previous 
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section. However, most of the currently available models for chronic seizures have several 

limitations which make them unsuitable for high performance screening procedures:  

1. They are labor intensive and take considerable time to develop either kindling or 

spontaneous seizure activity (Potschka, 212AD; Curia et al., 2008; Dhir, 2012; Bao et 

al., 2017b). 

2. They differ significantly in inter-animal consistency of chronic epilepsy development 

(Sperk et al., 1983; Turski et al., 1983; Reddy and Kuruba, 2013). 

3. They involve invasive surgeries (Bao et al., 2017a; Koneval et al., 2018) and multiple 

injections (Dhir, 2012) that can add stress related confounding factors. 

Another important factor that is often overlooked in drug development is the preferential use of 

male rodents in research. It was reported that the sex bias was the highest in the field of 

neuroscience (Beery and Zucker, 2011). Male rodents are often preferred in research due to the 

unfounded belief that female mice contribute to variability (Beery and Zucker, 2011). When both 

males and females are used, researchers often combine data instead of stratifying by sex. 

Fortunately, this gender bias has reduced in human clinical trials after NIH introduced mandatory 

inclusion of female participants in 1993 (LaRosa and Pinn, 1993). We have attempted to reduce 

this bias by testing both males and females and analyzing their behavior separately.  

Repeated exposure to flurothyl, a volatile compound that blocks GABAA receptors, has 

been previously reported to reduce seizure thresholds for generalized clonic seizures within a 

span of eight days. This kindling is sustained for at least four weeks after the kindling procedure 

is terminated (Applegate et al., 1997). Increased mitotic activity, neurogenesis, (Ferland et al., 

2002b, 2002a), and levels of brain derived neurotrophic factor (BDNF) in the brain (Mhyre and 

Applegate, 2003), accompany a seizure threshold reduction. This neuropathology indicates 

increased activity in some areas of the brain. However, robust neuropathological markers reported 
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in other models of epilepsy, like astrogliosis, mossy fiber sprouting, cell loss in the CA1 and hilar 

regions of the hippocampus, were not found.  Immediately following the kindling procedure, 

spontaneous seizures were reported in the first week post-kindling, but remitted spontaneously, 

and did not become chronic (Kadiyala et al., 2016). Diagram 1 depicts the protocol followed by 

Applegate and colleagues. Thus, the utility of this model in determining effects of drugs on 

chronic epilepsy is limited. 

 Diagram 1. Represents the kindling paradigm used by Applegate et al. (A) Depicts the 

seizure progression on each day of seizure induction. (B) Depicts the 8-day clonic seizure 

induction protocol, followed by four weeks of no treatment and re-challenge with flurothyl.  

Even though the described protocol did not produce long term seizure activity, the 

flurothyl model still has potential. Flurothyl is a volatile liquid that vaporizes at room temperature 

and is inhaled by the mice, thus conferring ease of seizure induction. Seizures terminate 

spontaneously when the flurothyl exposure is stopped, giving the ability to actively limit seizure 

type or duration. Flurothyl-induced seizures follow a reproducible behavioral sequence of 

myoclonic jerks, followed by one or multiple clonic seizures, followed by generalized tonic-

clonic seizures. In the Applegate et al. study, mice were only allowed to progress to the first 
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clonic seizure (refer to Diagram 1), which could potentially explain lack of neuropathological 

markers in their report.  

Overt neuropathology in human epilepsy is most often associated with frequent and 

severe generalized tonic-clonic seizures. Similarly, in animal models of post-SE acquired 

epilepsy, neuropathological changes and the development of spontaneous recurrent seizures are 

attributed to the occurrence of severe generalized tonic-clonic seizures during SE. Therefore, in 

the current study, we hypothesized that seizures of greater severity, i.e. prolonged generalized 

tonic-clonic seizures, induced by kindling, were companied by more robust neuropathology in the 

brain compared to the milder forms of generalized clonic seizures. This can be further used as a 

tool for screening the mechanisms of novel drugs. In addition, we hypothesized that kindling for 

generalized tonic-clonic seizures would result in non-remitting spontaneous seizures, i.e., chronic 

epilepsy. The protocol we followed is depicted in Diagram 2.  

. The objective in this section is to develop a model for chronic epilepsy that is 

rapidly induced and exhibits multiple parameters for evaluation of drug efficacy (for 

example, effect on latency to clonic seizures, latency to generalized tonic clonic seizures, 

kindling efficacy, neuropathology and epileptogenesis in the latent period). 

Materials and methods: 

Animals: Male and female C3Heb/FeJ mice (42 ± 5 days) were housed in the Animal 

Resource Facilities at Creighton University School of Medicine in a temperature (25°C), 

humidity (50-60%) controlled and pathogen-free environment. Mice were given food and water 

ad libitum and kept on a 12-hour light/dark cycle. All procedures involving animals were in 

accordance with National Institutes of Health guidelines, the EU Directive 2010/63/EU and were 

approved by the Institutional Animal Care and Use Committees at Creighton University School 

of Medicine. 
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Materials: All chemicals were purchased from Sigma Aldrich, St Louis, MO, USA 

unless otherwise specified. 

Flurothyl seizure induction protocol: In a fume-hood, mice were individually placed in 

a 2.7 L airtight plexiglass chamber and a solution of 10% flurothyl (bis-2, 2, 2 -trifluoroethyl 

ether) in 95% ethanol (vehicle) was dripped onto a filter paper using a syringe pump (50 nl min-1; 

KD Scientific) as previously described (Simeone et al., 2017b). Mice experienced seizures 

progressing from myoclonic jerks to forelimb/ hindlimb clonic seizures, and finally to a GTC 

seizure, after which the mouse was promptly moved into a recovery chamber, allowing expiration 

of flurothyl and termination of the seizure. This protocol was followed once per day for five 

consecutive days (induction period), after which the mice were left untreated in their individual 

home cages. Mice were re-challenged with flurothyl four weeks after completion of the induction 

period (retest day) (n= 33 males, 22 females). Control mice for seizure threshold experiments 

were treated with vehicle during the induction period but re-challenged with flurothyl (n= 4 

males, 5 females). Females underwent estrus cycle monitoring using vaginal cytology on Day 1- 

Day 5, and retest day of the protocol (refer to Diagram 2) (Byers et al., 2012). 
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Diagram 2. Represents the kindling paradigm used in this report. (A) Depicts the seizure 

progression on each day of seizure induction. (B) Depicts the 5-day GTC seizure induction 

protocol, followed by four weeks of no treatment and re-challenge with flurothyl. 

Behavioral analyses: Latency to seizures was measured as the time from the first drop of 

flurothyl fell onto the filter paper to the onset of the first clonic seizure. Duration of each clonic 

seizure including and following the first clonic seizure was quantified. Latency to GTC seizure 

was measured as time from the first drop of flurothyl on the filter paper, to onset of a generalized 

tonic clonic seizure. All statistical analyses were conducted using GraphPad Prism v.6 (La Jolla, 

CA) and all data were reported as mean ± SEM. Two-way ANOVA with Tukey’s post-hoc test 

was carried out to measure changes in seizure parameters within animals. Two-tailed student t-

tests were carried out to determine differences between males and females, and between kindled 

and control animals. A p-value of less than 0.05 was considered significant.  

Neuropathological studies: Kindled and retested mice from behavioral experiments 

were used as kindled mice in neuropathological characterization. A separate control group for 

neuropathology studies received vehicle (95% ethanol) throughout the experiment, and no 

seizures were elicited (n= 6 males, 6 females). Additional control groups were used only for 

GFAP staining, to determine effects of a single acute seizure were used as depicted in Diagram 3. 

Thirty to forty-five minutes after retest, mice were anaesthetized with isoflurane and euthanized. 

The brain was isolated, flash-frozen in 2- methyl butane, and stored at -80⁰C for future use. 

Frozen tissue was cryo-sectioned into 30 µm thick slices. The sections of dorsal hippocampus 

anterior and posterior to bregma at approximately -1.46 mm and -2.18 mm were chosen for 

analysis.  
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Diagram 3. Represents additional control groups used for neuropathological 

characterization. Control 1 was used for all neuropathological characterization, whereas Control 2 

and Control 3 were used to control for acute seizure mediated inflammatory conditions in GFAP 

staining only.  

Hematoxylin and Eosin staining (H&E staining): Sections were dried for 20 minutes, 

rehydrated and stained with hematoxylin and eosin and then dehydrated with increasing 

concentrations of ethanol and xylene. As a final step, sections were cover-slipped with Permount 

mounting medium (VWR, Radnor, Pennsylvania). Images were taken on the EVOS brightfield 

microscope system (Thermo Fischer Scientific, Waltham, MA, USA) and quantified using NIH 

ImageJ software. 

Quantification of hippocampal cells after H&E staining: For each section, 

measurements were conducted on both the left and right hippocampus. A 100 umX100 um grid 

was produced to conduct cell counts in the CA1 stratum pyramidale (sp), CA3 stratum 

pyramidale (sp), and dentate gyrus (DG) regions of the hippocampus using the cell count function 

in NIH ImageJ. The line measuring tool was used to calculate breadth of the CA1sp and the 

polygonal area measurement tool was used to calculate area of CA1sp cells. Pixel counts were 

converted to µm OR µm2 counts using the scale bar at the bottom of the image as a measure. 

Anterior and posterior dorsal hippocampus numbers were reported separately. All statistical 

analysis was conducted using GraphPad Prism v.6 (La Jolla, CA) and all data was reported as 
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mean ± SEM. Two tailed student t-tests were used to determine differences between control 1 and 

kindled animals. A p-value of less than 0.05 was considered significant.  

Immunofluorescence (IFC) staining: Frozen sections were dried and fixed in 

paraformaldehyde for 20 minutes. Epitope retrieval was carried out using 20% methanol and 

0.45% hydrogen peroxide. For zinc transporter staining (ZnT-3) the sections were incubated in 

0.2% hydrogen peroxide for an additional two hours. Then the sections were blocked using 1% 

normal goat serum for 1 hour at room temperature after which the following primary antibodies 

were applied (1:500) to individual sections and incubated overnight at 4ºC: Mouse anti-GFAP 

clone GA5 AlexaFluor 488 antibody (Millipore Corp, Billerica, MA), Rabbit polyclonal anti-Znt-

3 serum (Synaptic systems, Goettingen, Germany) or Rabbit polyclonal anti-prox1 serum 

(Biolegend, San Diego, CA). After washing, goat anti-rabbit AF 488 (Life technologies, 

Carlsbald, California) or goat anti-rabbit AF 594 (Abcam, Cambridge, UK) were applied for 2 

hours at room temperature. Slides were cover-slipped using Vectashield hard mount with DAPI 

counterstain (Vector Laboratories, Burlingame, CA, USA) and imaged using EVOS 

immunofluorescent system (Thermo Fischer Scientific, Waltham, MA, USA).  

Qualitative and quantitative analyses for hippocampal IFC staining: ZnT-3 staining 

and GFAP staining were reported qualitatively. Cell counting for Prox-1 positive cells was 

conducted manually for both left and right dentate gyri and reported as prox-1 positive cells per 

dentate gyrus. Anterior and posterior dorsal hippocampus numbers were pooled for analysis. All 

statistical analyses were conducted using GraphPad Prism v.6 (La Jolla, CA) and all data was 

reported as mean ± SEM. A two-tailed student t-test was conducted to determine differences 

between control 1 and kindled animals. A p-value of less than 0.05 was considered significant. 

Neurosurgery for subdural implantation of electroencephalogram (EEG)- 

electromyogram (EMG) electrodes: An additional group of five mice was kindled as previously 

described and was implanted with subdural EEG electrodes. Three weeks post-kindling, 
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neurosurgery was conducted as follows- mice were anesthetized with isoflurane (5% initiation 

and 3% maintenance). Two subdural, ipsilateral cortical electrodes were implanted at 1.2 mm 

anterior to bregma and 1 mm lateral to midline, and at 1.5 mm posterior to bregma and 1 mm 

lateral to midline. A reference electrode was implanted 1.5 mm posterior to bregma and 1 mm 

lateral to midline, contralateral from recording electrodes. EMG electrode wires were inserted 

into the nuchal muscles. Electrodes were soldered to the head mount (Pinnacle Technologies, 

Lawrence, KS, USA), and secured to the skull using Loctite 594 superglue (Henkel Corp, 

Westlake, Ohio) and Zipkicker solution (Pacer technology LLC, Rancho Cucamonga, CA). Mice 

were allowed to recover for 1 week. Video EEG recordings were carried out for 48 hours every 

month of six consecutive months. Thirty to forty-five minutes after the last recording was 

completed, the brain was isolated, flash-frozen in 2- methyl butane, and stored at -80⁰C for future 

use. Control mice (n=3) received ethanol treatment during the ‘kindling period’ and sustained no 

seizure activity (refer to diagram 4).  

Diagram 4. Represents the flurothyl kindling paradigm and video-EEG recording time 

points used for EEG experiments.  

EEG acquisition: The EEG system (Pinnacle 8206, Pinnacle Technology) comprised of 

a preamplifier unit connected by a tether to a conditioning/acquisition system. Signals were 

sampled at 2000 Hz (preamplifier gain at 100×, high pass EEG channel filter 0.5 Hz, low pass 

EEG filter 1000 Hz), digitized using a 14‐bit analog to digital converter, and routed to a PC 

(personal computer). 
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Seizure and sleep architecture analyses: Electronic Design Ltd, Cambridge, England) 

was used for sonogram visualization of EEG waveforms. For each animal, spike-wave discharges 

(internal frequency 8-10 Hz, duration 2-5 seconds) were manually recorded for two hours during 

the dark and light phases (at 12.00 am- 2.00 am and 12.00 pm- 2.00 pm, respectively).  The 

analysis of the sleep patterns was carried out using Sirenia Sleep Pro® software (Pinnacle 

Technologies, Lawrence, KS, USA) for 48h of recording.   

Briefly, the EEG recording was divided into 10 second epochs and power analysis was 

conducted on the trace with the following parameters-delta: 0.5-4 Hz; theta: 5.5-8.5 Hz; alpha: 

8.5-13 Hz; beta: 13-30 Hz; gamma: 35-44 Hz. The cluster scoring function was used to discern 

the segments with high EMG and high theta/delta ratio corresponding to the wake cycle 

(WAKE). In addition, the epochs with low EMG and low theta/delta ratio were defined as non-

rapid eye movement sleep (NREM) and those with low EMG and high theta/delta ratio were 

categorized as REM sleep (REM). Example traces are represented in Diagram 5. 

Diagram 5. Represents examples of EEG (top) and EMG (bottom) traces for a 20 second 

period for Wake, non-REM sleep and REM sleep.  

The traces were visually inspected for the first hour to improve accuracy of scoring. 

Unscored epochs were manually scored and epochs with electrographic seizures were not 

included in sleep analyses. All statistical analyses were conducted using GraphPad Prism v.6 (La 

Jolla, CA) and all data was reported as mean ± SEM. Student t-tests were conducted to compare 

between flurothyl and control animals. Two-way ANOVA was conducted to compare time points 

within individual groups between light and dark phase with Tukey’s post hoc test.  
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Results  

Flurothyl exposure related mortality rates have clear sex dependent differences  

Duing the five days of seizure induction, females had a significantly higher survival rate (77.3%; 

17/22 females) compared to males (51.5 %, 17/33 males; p= 0.0025, Gehan-Breslow-Wilcoxon 

test).  Most male deaths occurred after the first flurothyl exposure (2/5 females, 14/16 males, p> 

0.05, χ2 test) (Fig. 1A). Mice that survived the five-day kindling protocol were termed 

“survivors”, and the mice that succumbed in the course of kindling were termed “non-survivors”. 

All non-survivors succumbed to a severe GTC seizure within 10-20 seconds of GTC induction. 

No deaths were recorded between consecutive flurothyl sessions or after the induction period. In 

survivors, the latency to elicit both clonic and GTC seizures during the first test day was higher 

compared to non-survivors suggesting that mice destined to survive the kindling had higher initial 

seizure thresholds. These differences were significant in male mice (clonic seizures, p=0.024; 

GTC seizures, p < 0.0001; Fig 1 B,D), but not in female mice (Fig 1C, 1E).  
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Figure 1: Differential effects of sex on mortality and initial seizure threshold (A) Females have 

significantly higher survival during the kindling protocol compared to males (n=22 females, 33 

males, p=0.0025, Gehan-Breslow-Wilcoxon test). (B) Male survivors (n=17) have a significantly 

higher latency for clonic seizures compared to male non-survivors (n=16; p= 0.02, unpaired t-

test). (C) Female survivors (n=17) do not differ from non-survivors in latency to clonic seizures 

compared to female non-survivors (n=5; p>0.05 unpaired t-test). (D) Male survivors have a 
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significantly higher latency to GTC seizures compared to male non-survivors (p=<0.0001, 

unpaired t-test). (E) Female survivors do not differ from non-survivors in latency to GTC seizures 

(p>0.05, unpaired t-test).  

Repeated exposure to flurothyl results in sustained reduction in latency to clonic and GTC 

seizures with clear sex dependent differences 

Of the mice that survived the kindling protocol, 82% of females (14/17) and 59% of 

males (10/17) were fully kindled during the five-day induction period. A mouse was considered 

fully kindled if the latencies to both clonic and GTC seizures on day five were significantly lower 

than those on day one. Progressive reduction in latency to the first forelimb clonus occurred in 

both females and males beginning on the second day and were reduced by 38.7 ± 1.8 % (p < 

0.001) and 44.1 ± 4.2% (p < 0.001) on day five, respectively. Four weeks later, on retest day, 

clonic seizure latencies in the same mice remained reduced compared to those on day one 

(females: 28.2 ± 2.4 %, p<0.001; males: 27.5 ± 2.4%, p = 0.001) (Fig. 2A).  

Female kindled mice had significantly longer latencies to GTC seizures following the first 

exposure to flurothyl compared to those in male kindled mice (p=0.0052) (Fig. 2B, green “#”).  

The latency to GTC seizures remained the same or was increased slightly during the first three 

days, after which it reduced significantly by day five in both females (32.4 ± 4.2 %; p<0.0001) 

and males (24.6 ± 5.8 %; p = 0.03). The latency to GTC remained significantly lower on retest 

day in both sexes compared to day 1 (29.4 ± 2.4 %, p<0.001 in females; 26.8 ± 2.0 %, p = 0.01 in 

males) (Fig. 2B). Concurrent with the increase in latency to GTC seizures, we observed a rise in 

the number and total duration of clonic seizures before the onset of GTC seizure. An increase in 

the latency to GTC correlated significantly with total time spent in clonus in both male and 

female kindled mice (Fig.2C, 2D). To ascertain that vehicle exposure did not contribute to the 

kindling effect, age-matched control animals treated with vehicle alone during the induction 

period were exposed to flurothyl on retest day. The latencies to both clonic (p<0.0001 females, 
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p=0.03 males) and GTC seizures (p=0. 0072 males, p<0.0001 females) were higher in control 

mice compared to kindled mice, in both males and females, thereby confirming that the ethanol 

vehicle did not contribute to lowered seizure latencies (Fig 2E, 2F, 2G, 2H). 

 Figure 2: Kindling success is achieved in 59% males and 87% females, with clear sex 

dependent differences (A) Latency to clonic seizures for male and female mice over five days and 
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sustained reduction in latency to clonus over four weeks. (B) Latency to GTC seizures for male 

and female mice over five days and sustained reduction in latency to clonus over four weeks. (C) 

Correlation between total duration of clonus and latency to GTC seizures in males. (D) 

Correlation between total duration of clonus and latency to GTC seizures in females. (E) Latency 

to clonic and (F) GTC seizures is significantly lower in kindled females compared to control 

females on retest day. (G) Latency to clonic and (H) GTC seizures is significantly lower in 

kindled males compared to control males on retest day. P<0.05 (*/&), p< 0.01 (**), p< 0.001 

(***). 

The remaining survivors (male: 7/17; female: 3/17; p> 0.05, χ2 test) failed to become 

fully kindled during the incubation period. This resistance to kindling displayed sex-dependent 

differences. Specifically, during the induction phase, male mice were kindled for clonic seizures, 

but not to GTC seizures; thus, these mice were “partially” kindled. However, on retest day 

latencies to both clonic and GTC seizure threshold were reduced relative to day one suggesting 

that these mice have ultimately become fully-kindled (Fig, 3A). These mice too had a significant 

positive correlation between total duration of clonus and latency to GTC (Fig 3B). In contrast, the 

non-kindled surviving females were completely resistant to the kindling protocol (Figure 3C). 

Furthermore, there was no correlation between total duration of clonus and latency to GTC in 

these animals (Fig 3D). Collectively, these findings suggest that positive correlation between total 

duration of clonus and latency to GTC might be indicative of kindling success in the long term. 
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Figure 3: Male mice partially kindled during the induction period are fully kindled by 

retest, while non-kindled females are kindling resistant (A) Latency to clonic seizures in non-

kindled animals. (B) Latency to GTC seizures in non-kindled animals. (C) Positive correlation 

between total duration of clonus and latency to GTC in partially kindled males. (D) No significant 

correlation between total duration of clonus and latency to GTC in partially kindled males. 

P<0.05 (*), p< 0.01 (**), p< 0.001 (***). 

Phase of estrus cycle was monitored every day during the seizure induction for the female 

cohort. The latencies to clonic seizures (Fig 4A) or GTCs (Fig 4B) were not altered by phase of 

the estrus cycle. We did not find a correlation between time spent in each phase of estrus and 

degree of reduction in seizure threshold (Figure 4C).   
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Figure 4: Effect of estrus cycle on seizure latency and kindling success. (A) Latency to 

clonic seizures is not affected by phase of estrus cycle. (B) Latency to GTC seizures is not 

affected by phase of estrus cycle. (C) There is no correlation between the time spent in each phase 

of the estrus cycle, and the reduction in latency to GTC seizures during the 5 days kindling 

period. 

Collectively, these findings indicate that recurrent daily GTC seizures induced by 

flurothyl during a 5-day period reduced the threshold for clonic seizures and GTCs in the 

majority of male and female mice. These effects were sustained for up to four weeks. 
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Kindled mice demonstrate hypertrophic pyramidal cells in the CA1 region and atypical 

expression of zinc transporter-3 (ZnT-3) protein. 

Pathological findings in any of the tested neuropathological markers did not differ 

between kindled females and males; therefore, immunohistochemical data for the sexes were 

pooled. As controls for neuropathology experiments, a group of animals were treated with vehicle 

throughout the protocol, with no flurothyl exposure or seizure induction. In kindled animals the 

CA1 region displayed a broadening of the width of the stratum pyramidale (sp) in the anterior and 

posterior dorsal hippocampus (50.1 ± 12.6 %, p < 0.05 and 24.8 ± 6.7%, p < 0.01, respectively) 

(Fig. 5 A, B, C, D). We found that cell number in the CA1sp was unaffected (control anterior: 

31.31 ± 2.1, kindled anterior: 30.11 ± 1.9, p= 0.67; control posterior: 27.19 ± 1.1, kindled 

posterior: 29.33 ± 1.1,p= 0.19), whereas the size of kindled pyramidal cells was greatly increased 

(anterior: 120.2 ± 16.5 %, p < 0.001; posterior: 12.9 ± 6.5%) (Fig. 5 E), suggesting that 

hypertrophy of CA1 pyramidal cells was responsible for broadening of the CA1sp layer. CA3sp 

cell number (control anterior: 32.13 ± 1.8, kindled anterior: 33.22 ± 1.0, p= 0.61; control 

posterior: 28.36 ± 1.4, kindled posterior: 29.63 ± 1.3, p= 0.51) or breadth of pyramidal cell layer 

(control anterior: 130.9 ± 11.36, kindled anterior: 145.4 ± 9.5, p= 0.34; control posterior: 141  ± 

7.6, kindled posterior: 150.3 ± 15.17,p= 0.62) did not differ between kindled and control animals 

(data not shown).  
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Figure 5: Hypertrophy of cells in the Ca1 region in flurothyl-kindled mice (n=8 control, 9 

kindled) (A) Pyramidal cell layer in the anterior hippocampus of control animals. (B) Pyramidal 

cell layer in the anterior hippocampus of kindled animals. (C) Pyramidal cell layer in the posterior 

hippocampus of control animals. (D) Pyramidal cell layer in the posterior hippocampus of kindled 

animals. (E) Breadth of Ca1 region in anterior and posterior dorsal hippocampus. (F) Area of 
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pyramidal cells in anterior and posterior dorsal hippocampus. P<0.05 (*), p< 0.01 (**), p< 0.001 

(***). 

 In the hippocampus, ZnT-3 is expressed specifically in mossy fiber axons of dentate 

gyrus (DG) granule cells and has been used as a marker for mossy fiber sprouting. Many models 

of acquired and genetic epilepsy exhibit mossy fiber sprouting into the DG molecular layer and 

CA3 stratum oriens (Zhang et al., 2002; Borges et al., 2003a; Sharma et al., 2007; Buckmaster 

and Lew, 2011), which has been suggested to contribute to hippocampal hyperexcitability. No 

mossy fiber sprouting was observed in the inner molecular layer of the dentate gyrus in either 

kindled or control animals (not shown). However, concomitant with the development of 

hypertrophic pyramidal cells in anterior CA1 of our flurothyl kindled mice, we found aberrant 

ZnT-3 staining between CA1sp and stratum radiatum. The latter staining was contiguous from the 

DG hilar region through CA3 and into CA1 and appeared to be an extension of the stratum 

lucidum (Fig 6B). This was not found in the posterior region of kindled mice (Fig 6D) or anterior 

(Fig 6A) and posterior CA1 (Fig 6C) regions of the control mice.  



36 
 

Figure 6: Aberrant zinc transporter staining appears in the stratus lucidum concurrent to 

hypertrophy in CA1 pyramidal neurons. (Blue: DAPI, Green: ZnT-3) Anterior hippocampus of 

(A) control animals. (B) kindled animals. Posterior hippocampus of (C) control animals (D) 

kindled animals. 

 

 

 



37 
 

Kindling increases the number of granule cells in the dentate gyrus cell layer.   

It is well established that seizures increase hippocampal neurogenesis and alter migratory patterns 

of newly born granule cells resulting in ectopic neurons in the hilar region in mice (Dudek, 2004).  

We found that kindled mice demonstrated a significantly higher (~17%, unpaired t-test, p<0.01) 

number of granule cells in the superior and inferior blades of the posterior DG at one month after 

the kindling compared to control mice (Figure 7 A, B, C). Prox-1 is specifically expressed in 

granule cells and has been used to identify ectopic granule cells. We observed fewer Prox-1 

positive cells in the hilar region of both control or kindled mice compared to previously reported 

post-status epilepticus models of chronic epilepsy and human epilepsy (Buckmaster and Lew, 

2011). Nevertheless, we did detect a significant increase in Prox-1 positive cells in the hilar 

region of the dentate gyrus in flurothyl kindled animals (control:2.4 ± 0.42, kindled: 4.311± 0.44, 

p=0.0054) (Figure 7 D, E, F).  

Figure 7: Kindled animals showed neurogenesis in the dentate gyrus and increased 

expression of ectopic granule cells. (A) Dentate gyrus in control animals. (B) Dentate gyrus in 

kindled animals. (C) Increased cell number in dentate gyrus of kindled animals indicates 

neurogenesis following the kindling protocol. (D) Prox-1 staining in the dentate gyrus of control 
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animals. (E) Prox-1 staining in the dentate gyrus of kindled animals. (F) The increase in ectopic 

granule cells in the hilar region of the dentate gyrus. P<0.05 (*), p< 0.01 (**), p< 0.001 (***). 

Robust astrogliosis is observed after a single flurothyl-induced seizure and kindling.  

Reactive astrocytes appear acutely after seizures and in chronic epileptic conditions as a 

part of the neuroinflammatory response (Borges et al., 2003a). Glial fibrillary acid protein 

(GFAP) is specifically expressed in astrocytes and its’ expression is increased during excitotoxic 

and inflammatory conditions is termed “astrogliosis”. We measured GFAP expression 

qualitatively in the hippocampus : (1) control mice exposed to ethanol during the induction phase 

and ethanol on retest day (EtOH-EtOH), (2) kindled mice exposed to flurothyl on retest day 

(Flurothyl-Flurothyl), (3) control mice exposed to ethanol during the induction phase and 

flurothyl on retest day (EtOH-Flurothyl), and (4) kindled mice exposed to ethanol on retest day 

(Flurothyl- EtOH) (refer to diagram 4 in the methods section). Flurothyl-Flurothyl (Fig 8B) mice 

exhibited increased GFAP staining compared to EtOH-EtOH mice (Figure 8A). Five minutes 

after a flurothyl-induced GTC, we observed increased GFAP staining indicating immediate 

astrocyte reactivity in EtOH-Flurothyl animals (Fig. 8C). Flurothyl-EtOH animals also show 

increased GFAP staining compared to controls (Fig 8D). These data indicate that flurothyl-

induced seizures result in immediate and potent reactive astrogliosis that persists for up to four 

weeks post-kindling. 

. 
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Figure 8: Robust astrogliosis is observed after a single flurothyl-induced seizure and kindling. (A) 

GFAP staining in the dentate gyrus of control animals (EtOH-EtOH). (B) GFAP staining in the 

dentate gyrus of kindled animals (Flurothyl-Flurothyl). (C) GFAP staining in the dentate gyrus of 

animals with single flurothyl exposure (EtOH-Flurothyl). (D) GFAP staining in the dentate gyrus 

of kindled animals with no seizure induction on retest day (Flurothyl- EtOH). Confocal images of 

individual astrocytes are represented in the inset boxes. 

Kindling permanently increases spike wave discharges (SWDs) but does not affect sleep 

architecture.  

To determine whether flurothyl kindling results in spontaneous recurrent seizures (SRS), we 

performed video EEG recordings for a 48-hour period, once per month for six months starting 4 

weeks post-induction, i.e. on “retest day”. Control and flurothyl kindled mice were instrumented 

with subdural electrodes two weeks post-induction. We did not detect clonic or GTC seizures or 
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other overt seizure EEG signatures in any of the recording sessions. We did detect spike-wave 

discharges (SWDs) reminiscent of those reported in absence seizures in both control and kindled 

mice. The discharges were characterized by runs of rhythmic activity at 8-10 Hz lasting for 2-5 

seconds (Fig 9A) (Kelly, 2004). The occurrence of SWDs significantly increased by 5- to 10-fold 

in kindled mice compared to ethanol controls by month 6 (Fig 9B). Initially, the majority (91.2 ± 

5.4%) of SWDs occurred in the dark phase (active period for mice), but this ratio steadily 

declined (67.7 ± 5.6%) by month 6 as more SWDs occurred during lights on (rest period for 

mice) (Fig 9C).   

In absence epilepsy, SWDs often occur in NREM sleep, or between sleep-wake transition (Li et 

al., 2009; Leresche et al., 2014a). Theories of possible causes have suggested that SWDs arise 

from dysregulated normal sleep spindles during slow wave sleep (Kostopoulos, 2000; Leresche et 

al., 2014b).We determined whether the increase in SWDs was accompanied by a disturbance in 

the sleep architecture in kindled mice. To test this, we analyzed sleep stages, in control and 

kindled mice, but found no differences in wake, NREM or REM sleep at one- or six-months post-

kindling (Fig 9D (lights on), E (lights off), suggesting that the increase in SWDs was independent 

of the sleep architecture in kindled mice.  
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Figure 9: Kindling induces a sustained increase in the number of spike wave discharges (SWDs) 

but does not affect sleep architecture. (A) Representative image of a spike wave discharge as 

observed in a time-frequency plot of the EEG signature. (B) Frequency of SWDs is significantly 

higher by month 6 in kindled animals compared to ethanol controls. (C) Distribution of SWDs in 

the light and dark phase is altered with age in kindled animals. (D) Sleep architecture is not 

altered at one-month post kindling. (E) Sleep architecture is not altered at six months post 

kindling. 
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Hippocampal pathology reverses at six months following the kindling 

To determine whether neuropathological markers persist or worsen concomitant with 

increasing SWDs, we examined hippocampal tissue at six months post-kindling. Contrary to 

expectations, all histopathological alterations observed in kindled mice at one month after the 

kindling were no longer apparent at 6 months. Specifically, Ca1sp width and pyramidal cell size 

were not different than control (data not shown), however, there was an increase in Ca1sp cell 

number in kindled animals compared to control animals (Fig 10 A,B,C). There was no difference 

in DG granule cell number and ectopic granule cells were negligible in both control and kindled 

mice (data not shown). ZnT-3 staining was no longer present in anterior Ca1sp of kindled animals 

(Fig 10 D,E). GFAP staining in control animals was not significantly different than kindled 

animals (Fig 10 F,G). This suggests that SWDs may not be linked to severe neuropathology in the 

hippocampus. In the future, it will be valuable to study neuropathological markers in 

thalamocortical circuitry, believed to play an important part in setting up SWDs.   
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Figure 10: Hippocampal pathology recovers at six months post-kindling. (A) Ca1sp 

control and (B) Ca1sp kindled mice. (C) Increase in cell number in the anterior Ca1sp in kindled 

mice. (D) Absence of ZnT3 staining in Ca1 control. (E) No ZnT3 staining in Ca1 kindled. (F) 

GFAP staining control animals. (G) GFAP staining kindled animals. P<0.05 (*), p< 0.01 (**), p< 

0.001 (***). 

Discussion 

This study details the development and characterization of a modified flurothyl kindling 

model that involves induction of seizures once per day over five consecutive days. In addition to 

the quick and low labor kindling protocol, this model offers the additional benefits of (1) a high 

rate of kindling success with clear sex difference, (2) comparable mortality rates with available 

models, (3) neuropathological markers injury and (4) the progressive development of 

electroencephalographic epileptiform activity in the form of spike wave discharges.   

We report an average survival rate of 70% during the flurothyl kindling protocol. The 

survival rate for females (85.7%) is significantly higher than males (54.3%). Though comparable 

to other chronic seizure models, the high mortality in males remains a potential limitation of this 

model. This difference in mortality rates between genders has not been reported in sudden 

unexpected death in epilepsy in humans, suggesting that acute seizure induced death in mice and 

SUDEP in humans may not have similar pathologies. These mice cannot be used as a model of 

SUDEP. When comparing this survival with other chronic epilepsy models, the survival rate for 

male Wistaar rats in the pilocarpine SE model is 60-70% (Turski et al., 1983). However, 

depending on the protocol used, up to 100% mortality rates have been reported (Fujikawa et al., 

1999; Curia et al., 2008). Survival rate in electrical kindling models is higher (Bao et al., 2017b), 

and that in PTZ kindling models is not immediately clear from published reports (Dhir, 2012). 

Overall, the survival rate of mice in this model is higher than or comparable to status epilepticus 

models, depending on the protocol used, but lower than electrical kindling models. 
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Chronic seizure models often exclusively use male rats or mice (Turski et al., 1983; 

Bethmann et al., 2007; Dhir, 2012; Reddy and Kuruba, 2013). Rare reports explicitly state sex 

differences, for example, Kanzler et al., reported that females were used for PTZ kindling, 

because 100% males succumbed during dose determination for the PTZ kindling protocol 

(Kanzler et al., 2018). The modified flurothyl kindling, as we report, is one of the few kindling 

models to use both sexes in model development and characterization. This makes the model both 

physiologically relevant and provides an advantage to test whether epileptogenic process differ 

between males and females. To support this notion, we report sex-based differences in both 

survival and kindling success. 50% of male mice survived, and all of them were kindled at the 

end of four weeks whereas only 82.3% of surviving females were kindled. Such nuances are not 

commonly reported in other seizure models and may not be evident when only males are used for 

model development and drug testing. 

In the mice that survived, kindling for both clonic and GTC seizures could be achieved in 

a span of five days in a majority of the mice. In well-characterized epilepsy models like 

pilocarpine SE model, PTZ kindling or electrical kindling, lowering the seizure threshold takes 

two to three weeks (Cavalheiro et al., 1991; Stratton et al., 2003; Dhir, 2012; Arihan, 2015). The 

length of time required to produce kindling makes it difficult to incorporate these models into 

screening procedures. In contrast, the flurothyl kindling protocol can result in lower seizure 

thresholds within five days, sustained over a period of four weeks. Unfortunately, unlike 

pilocarpine and kainic acid induced SE models, spontaneous seizures do not develop over time. 

Kindling models are nevertheless useful to study anti-epileptogenic properties of drugs because 

epileptogenesis is more reliably produced than spontaneous seizure activity (Löscher, 2011a; 

Dhir, 2012; Potschka, 2012). 

In our study, we report that females have a higher seizure threshold on the first flurothyl 

exposure in both kindled mice, and in ethanol controls. During the kindling protocol, 100% of 
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surviving males get kindled in the long term, whereas only 87% surviving females exhibit 

kindling. Though not significantly different, these data suggest that a portion of the females are 

resistant to kindling, a phenomenon not observed in the male mice. There are several theories that 

suggest hormones, acting as neurosteroids affect seizure threshold (Reddy, 2009).  

In the past, estrogen was considered exclusively pro-convulsant, and progesterone was 

regarded as anti-convulsant(Wu and Burnham, 2018); however, recent studies have not supported 

this evidence (Stewart and Kahn, 2014; Kurt et al., 2016; Marchese et al., 2018; Mostacci et al., 

2018). Though overall incidence of epilepsy does not show strong gender based trends, 

catamenial epilepsy, a specific type of epilepsy, is linked to the female menstrual cycle (Herzog, 

2008). Open label human trials using progesterone have shown promising therapeutic results 

(Herzog, 1986, 1995).  Pre-clinical studies also suggest that specific neurosteroid replacement 

therapy may benefit patients with catamenial epilepsy (Reddy, 2009). Lack of correlation 

between the phase of estrus cycle and seizure threshold or kindling success, suggests that the 

flurothyl kindling model avoids the need to consider the estrus cycle, but at the same time argues 

against its use to study the involvement of specific hormones in epilepsy. However, this a suitable 

model to study sex differences in drug action or epileptogenic processes in the general 

population.   

Corresponding to the lower seizure threshold in kindled mice, several neuropathological 

markers were observed in the hippocampus. Notably, kindling resultant neuropathology did not 

differ between sexes, suggesting that it was solely a function of kindling success and similar 

mechanisms of seizure induction in both sexes. Hippocampal pathology is a good marker to test 

mechanisms of drug action, and possibly mechanisms of epileptogenesis. Hippocampal 

pathologies in the form of inflammation (Kan et al., 2012; Hubbard et al., 2013; Webster et al., 

2017), cell loss (de Lanerolle et al., 1989; Du et al., 1993; Swartz et al., 2006), hippocampal 

sclerosis (Berkovic et al., 1991; Blümcke et al., 2013), mossy fiber (Sutula et al., 1989) and 
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axonal sprouting (Magloczky, 2010) are commonly reported in post-mortem human brains 

(Thorn, 1997). Hippocampal sclerosis, evidence of gangliomas, and focal cortical dysplasia were 

common neuropathologies found in tissue resected from patients during epilepsy surgery 

(Blümcke et al., 1999; Blumcke et al., 2017). A small percentage of the patient population, 

around 8% of the brains from epilepsy patients analyzed from collaborative brain tissue registry 

involving 27 European centers, did not show any neuropathology (French and Friedman, 2018). 

We found evidence of acute inflammation evidenced by a robust increase (qualitative) in GFAP 

staining, however, other markers like cell loss, formation of lesions, and mossy fiber sprouting 

were not apparent in the flurothyl kindling model. 

Animal models like the pilocarpine SE model display robust neuropathological markers 

like cell loss and mossy fiber sprouting, making them useful in studying epileptogenesis (Borges 

et al., 2003b). Very few studies report significant neuropathology with electrical kindling (Brandt 

et al., 2003; Zhvaniia et al., 2009). In the modified flurothyl kindling model we found the 

evidence of astrogliosis, aberrant zinc transporter expression, neurogenesis and hypertrophy of 

Ca1sp cells in several hippocampal regions at one month after the kindling,; all of which resolved 

six months post-kindling. Zinc transporter staining in the Ca1 region is not reported as a part of 

pathological mossy fiber sprouting in the literature. Neuropathological markers are often tested in 

single sections of the hippocampus in each animal tested (Borges et al., 2003a; Brandt et al., 

2003; Wenzel et al., 2007a; Curia et al., 2008), and if this is a temporal phenomenon, it might 

have been missed in previous studies. Zinc transporters are generally expressed in unmyelinated 

axons (Wenzel et al., 1997). It will be interesting to test whether demyelination of unmyelinated 

axons can lead to zinc transporter expression, and whether demyelination occurs in Ca1 

pyramidal cell axons as a result of seizure activity. Demyelination of axons post-seizures has not 

been reported in either humans, or in preclinical studies. However, demyelinating diseases like 

multiple sclerosis often have seizures as a comorbidity (Gasparini et al., 2017; Lapato et al., 
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2017). It has been suggested that chronic inflammation can lead to interrupted remyelination (Han 

et al., 2019; Tobore, 2019) , and increased astrogliosis suggests increased inflammation in 

flurothyl kindled mice. Additionally, hypertrophy of cells in the Ca1 region, further suggests 

damage to cells in the pyramidal region. Demyelination after traumatic brain injury induced 

injury has also been reported previously (Marion et al., 2019). In the future, testing whether 

compromised myelination can result from acute seizure activity may provide a new direction for 

epileptogenic mechanisms.  

Inflammation after a seizure has been reported in the number of models but chronic 

inflammation has been implicated in epileptogenesis (Vezzani et al., 2011, 2013b, 2016; Cuartero 

et al., 2013; Alyu and Dikmen, 2017; Webster et al., 2017). In our model, flurothyl causes a 

robust increase in astrogliosis, followed by sustained astrogliosis for a period of four weeks, even 

after flurothyl exposure had been stopped. These data will make the flurothyl model appropriate 

for testing anti-epileptogenic potential of anti-inflammatory therapy. In addition, we observed an 

increased neurogenesis in the superior and inferior blade of the dentate gyrus, similar to that 

previously reported in the pilocarpine SE seizure model (Buckmaster and Lew, 2011). We also 

observed an increased number of ectopic granular cells in the hilar region of the dentate gyrus, ; 

however, since the number of cells counted all ranged below ten, this increase may not be 

physiologically relevant. However, the hypertrophy observed in the Ca1sp region may be 

physiologically relevant. Hypertrophy of cells in the neocortex and in the hippocampus has 

previously been reported in patients with temporal lobe epilepsy (Bothwell et al., 2001; Ryufuku 

et al., 2011). It has recently been suggested that cell hypertrophy can be involved in tissue repair 

after injury (Tamori and Deng, 2014), as opposed to being a marker for cell injury. In the long 

term, lack of cell loss, and an increase in cell number in the Ca1sp region suggests that potential 

injury to the Ca1sp region could be temporary and resolvable. 



48 
 

Though we did not see neuropathological characteristics like mossy fiber sprouting and 

cell loss, associated with emergence of spontaneous seizures in pilocarpine (Borges et al., 2003b; 

Curia et al., 2008) and kainic acid (Zhu et al., 2011) induced SE, we determined whether apparent 

hypertrophy in the CA1 region and chronic inflammation could result in emergence of 

spontaneous seizure activity long term. Most models for status epilepticus used for studying 

epileptogenesis exhibit spontaneous seizure following a latent period (Curia et al., 2008; Fritsch 

et al., 2010; Reddy and Kuruba, 2013). Electrical kindling models generally do not report 

spontaneous seizure activity (Bao et al., 2017b). However, Kadiyala et al. have reported 

spontaneous seizures in ~50% of flurothyl kindled mice one day after an 8-day protocol that only 

allowed the mice to progress to a generalized clonic seizure. In this study, approximately 95% of 

mice exhibited spontaneous seizures, of which 7-12% were GTC seizures when tested one week 

post flurothyl kindling (Kadiyala et al., 2016). However, all seizures remitted spontaneously one- 

month post kindling. To determine whether flurothyl kindling for GTC seizures resulted in more 

long-term activity, we began seizure monitoring one-month post kindling. It is possible that the 

mice exhibited spontaneous seizure activity before monitoring was started. We did not observe 

spontaneous seizure activity one-month post kindling. Interestingly, we observed a progressive 

increase in SWDs in kindled mice from one to six months post-kindling. SWDs are rhythmic 

oscillations followed by slow wave activity and are reminiscent of human absence epilepsy. Ictal 

SWDs are seen to originate in the thalamus while interictal SWDs involve the cortex (Li et al., 

2009). The cortex and caudate nucleus are also involved in symmetrical deactivation followed by 

predominant activation in the thalamus (Li et al., 2009). In animal models, SWDs are used as 

EEG correlates for absence seizures (Pearce et al., 2014). Additionally, SWDs are reported in 

control animals across species, albeit at a lower frequency (Kelly et al., 2001; Kelly, 2004; Pearce 

et al., 2014). We also saw a small number of SWDs in control animals; however, they were 

significantly lower than flurothyl kindled animals and did not change with age. These data 

suggest that kindling can result in abnormal electrical changes in the brain that precipitate SWDs. 
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Further characterization of the SWDs using ethosuximide (known to block SWDs), and 

carbamazepine (reported to increase SWDs), will determine similarity of SWDs recorded in this 

model to those in previously characterized rat model of absence seizures (Browne et al., 1975; 

Perucca et al., 1998; Glauser et al., 2010; Pearce et al., 2014). 

In the future, this model can be used to test novel pharmacological agents to determine 

their effect on the initial seizure latency, development of kindling long-term neuroprotection, 

prevention of the development of SWDs and effectiveness in acutely reducing SWDs. For 

example, single or multi dose administration of a potential anti-epileptogenic or disease 

modifying drug can be tested during the latent period post-kindling, and effect on seizure 

threshold at retest day can be used as a measure of anti-epileptogenic efficacy. Furthermore, 

detailed characterization of the SWDs can be assessed for comparability to rodent models of 

absence seizures, making it a potential model to test drugs for absence seizures. Once further tests 

are conducted, this model has promising potential in studying epilepsy mechanisms and 

contributing to epilepsy drug development.   
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Chapter 3: Pharmacological characterization of Kv1.1 KO mice: testing tradition anti-

epileptic drugs (AEDs) 

Introduction 

DRE is diagnosed in 30% of the epileptic patient population (Loscher and Schmidt, 

2011). The lack of relevant animal models to test novel therapies for DRE patients slows the drug 

development process. An ideal DRE animal model would recapitulate multiple features of human 

DRE. The following are risk factors for human DRE, as previously stated: 

1. Multiple types of seizures 

2. Severe seizure phenotypes 

3. Resistance to multiple AEDs 

4. Cardiac, respiratory, cognitive and behavioral comorbidities 

5. Neuropathology in the brain 

Animal models used for drug resistant epilepsy 

MES and PTZ seizures are the two gateway models used for preliminary drug screening 

along with the 6 Hz model. All these models are acute seizure models for DRE. The 6 Hz test in 

mice is currently the only DRE model used in the GO/NO-GO part of drug screening (Barton et 

al., 2001; Löscher, 2011a). In this model, efficacy of the drug is tested against a single acute 

seizure.  It is a model for phenytoin and lamotrigine resistance. At 32 mA current intensity, the 

standard used for the test, phenytoin fails to protect 48% of mice from seizures. Drugs like 

topiramate have no effect, whereas carbamazepine and lamotrigine  have submaximal efficacy to 

attenuate seizures and levetiracetam provides 100% protection (Metcalf et al., 2017). At 44 mA, 

seizures are resistant to all drugs except valproic acid and levetiracetam. The 6 Hz model is an 

important model to test whether novel molecules may show efficacy in drug resistant epilepsy, 

and is used in the ADD program (Barton et al., 2001; Metcalf et al., 2017). If drugs exhibit anti-
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seizure potential in a 6 Hz model, a basolateral amygdala kindling is the next paradigm for testing 

the potential DRE drugs (refer diagram 4) (Löscher, 2011a). 

 

Diagram 6: Flow chart of models used in pre-clinical evaluation of candidate AEDs at the NIH 

antiepileptic drug development program (Löscher, 2011b).  

Other than the animal models used in the reviewed screening process, there are few other 

animal models used for DRE research. Chronic AED administration in the pilocarpine post SE 

model produces resistance to that particular AED and also increases their sensitivity to toxicity 

(Potschka, 212AD; Morrisett et al., 1987). Other proposed models of DRE include lamotrigine-

pretreated corneal kindled rats resistant to lamotrigine (Postma et al., 2000; Koneval et al., 2018), 

pilocarpine-SE rats treated with PTZ that are resistant to valproic acid, phenobarbital and 

phenytoin (Blanco et al., 2009), and rats that are treated with methylazoxymethanol (a cholesterol 

biosynthesis inhibitor) and AY-9944 and display resistance to ethosuximide and sodium valproate  

(Serbanescu et al., 2004). 
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To reiterate the definition of DRE, ILAE defines it as “failure of adequate trials of two 

tolerated, appropriately chosen and used antiepileptic drug schedules (whether as monotherapies 

or in combination) to achieve sustained seizure freedom” (Kwan et al., 2010). Well-characterized 

and extensively used models like the 6 Hz model and basolateral amygdala kindling model 

categorically report rates of seizure freedom (Loscher et al., 1993; Barton et al., 2001; Bethmann 

et al., 2007; Metcalf et al., 2017). However, most reports using other DRE models define drug 

resistance as ‘failure to increase seizure threshold or latency to seizures’, or use group averages in 

reporting increase in seizure threshold (Postma et al., 2000; Serbanescu et al., 2004; Blanco et al., 

2009; Bao et al., 2017b). This approach in the data reporting results in unclear quantification of 

responders and non-responders, which is essential in accurately defining DRE.  

Another important factor that is lacking in rodent DRE models is the narrow scope of 

drug resistance. Though the 6 Hz model (Barton et al., 2001; Metcalf et al., 2017) and basolateral 

amygdala kindling model exhibit resistance to multiple drugs (Loscher et al., 1993; Bao et al., 

2017b), other models are only resistant to one or two drugs. For example. Lamotrigine pretreated 

kindling rats are only resistant to lamotrigine (Koneval et al., 2018), and SV2A deficient mice are 

selectively resistant to levetiracetam (Kaminski et al., 2009). 

Apart from inconsistent data reporting, and narrow scope of drug resistance, there are 

several other human DRE features that current rodent DRE models do not recapitulate. For 

example, they do not exhibit multiple seizure phenotypes, they do not exhibit behavioral or other 

physiological co-morbidities, and most of them do not report neuropathology in the brain. These 

factors limit the resemblance to human DRE, and incorporation of other models that better 

recapitulate DRE risk factors may provide current drug development for DRE a path to higher 

success.   

Kv1.1 knockout (KO) mice might be a viable alternative. KO mice have genetic deletion 

of the alpha subunit of the shaker type potassium channel, resulting in loss of function of the 
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channel. Loss of function of potassium channels interferes with repolarization of neurons. The 

resulting hyperexcitability of neurons in the hippocampus results in spontaneous seizure activity 

(Smart et al., 1998; Wenzel et al., 2007b). KO mice exhibit spontaneous seizure activity 

beginning at in the third post-natal week (Wenzel et al., 2007; Simeone et al., 2016). The seizures 

in KO mice progressively worsen in both frequency and severity with age (Simeone et al., 2016; 

Chun et al., 2018). Finally, the mice succumb to sudden unexpected death in epilepsy (SUDEP) at 

the median age of P46 and mean age of ~P42 in our colony (Simeone et al., 2016). KO mice 

make an excellent model to study developmental animal epilepsy (which correlates with early 

onset epilepsy in humans) (Rho et al., 1999) and SUDEP (Glasscock et al., 2010; Simeone et al., 

2016; Chun et al., 2018; Iyer et al., 2018); and have been extensively studied for their behavioral 

and neuropathological characters (Smart et al., 1998; Wenzel et al., 2007b). Thus, KO mice 

exhibit multiple risk factors for DRE.  

1. Kv1.1 mice exhibit all seizure types from mild behavioral seizures like freezing 

or quick directed movements, to severe generalized seizures including clonic seizures 

with multiple rears and falls or generalized tonic clonic seizures (Smart et al., 1998). 

2. Along with mossy fiber sprouting, hippocampal sclerosis and cell loss, which are 

markers of TLE  neuropathology, hippocampal hyperexcitability, mitochondrial 

dysfunction, and increased oxidative stress are also reported in Kv1.1 KO mice (Wenzel 

et al., 2007b; Simeone et al., 2014).  

3. Kv1.1 KO mice have cognitive memory deficits (Scantlebury et al., 2017), and a 

sleep disorder that progressively worsens with age, with sleep deficiency increasing 

sharply just before SUDEP (Roundtree et al., 2016; Iyer et al., 2018). 

4. Kv1.1 KO mice also exhibit cardiac and respiratory abnormalities (Glasscock et 

al., 2010; Simeone et al., 2018).  
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Interestingly however, a detailed pharmacological characterization in KO mice is lacking. 

Some clinically used drugs have been tested in KO mice. Seizures in KO mice were attenuated 

using retigabine, a third generation AED drug and potassium channel KCNQ activator (Vanhoof-

Villalba et al., 2018), but the anti-inflammatory adrenocorticotrophic hormone treatment did not 

significantly improve seizures (Scantlebury et al., 2017).  

Apart from traditional therapies, this model has also been used to test several novel 

therapies for seizures. Seizures in Kv1.1 KO mice were reduced by ~75% using metabolic 

therapies such as ketogenic diet (Simeone et al., 2016, 2017a, 2017b; Chun et al., 2018), or an 

alpha tocopherol, pyruvate, ascorbic acid-supplemented diet (Simeone et al., 2014). Other than 

dietary therapies, drugs which improve sleep,  ramelteon and almorexant, also reduce seizures in 

KO mice (Roundtree et al., 2016; Simeone et al., 2017a, 2017b). In addition, pioglitazone, an 

FDA approved anti-diabetic drug, and vorinostat, a broad HDAC inhibitor, have demonstrated 

efficacy in reducing seizures in Kv1.1 KO mice (Simeone et al., 2017a; Ibhazehiebo et al., 2018).  

However, pharmacological characterization, including seizure response to traditional 

anti- epileptic drugs (AED) is necessary to determine whether KO mice show any degree of drug 

resistance. To test this, we treated separate groups of KO mice with four clinically available 

AEDs: phenobarbital (PHB), phenytoin (PHT), carbamazepine (CBZ), and levetiracetam (LEV). 

These AEDs are used as monotherapy in adult and neonatal patients for the treatment of 

generalized and complex partial seizures (Milligan et al., 2008; Szaflarski et al., 2010; Klein et 

al., 2012; Wat et al., 2019). These AEDs have several distinct mechanisms of action (GABA 

modulation, sodium channel blockade, synaptic vesicle protein 2A-SV2A inhibition). 

Our objective in this section was to determine the response of seizures in Kv1.1 KO 

mice to commonly used AEDs. 
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Methods 

Animals: Breeding pairs of heterozygous Kv1.1 KO mice on a C3HeB/FeJ congenic 

background were purchased from Jackson Laboratories (Bar Harbor, Maine) and the colony has 

been maintained since 2009 in the Animal Resource Facility at Creighton University School of 

Medicine. Mice were given food and water ad libitum and kept on a 12-hour light/dark cycle with 

lights on at 08:00 AM and lights off at 08:00PM (for diurnal analyses these times were converted 

to zeitgeber times of ZT0 and ZT12, respectively). Tail clips were collected on postnatal day (P) 

12-14 and genotypes were determined by Transnetyx, Inc (Cordova, TN, USA). All experiments 

conformed to NIH guidelines in accordance with the United States Public Health Service’s Policy 

on Humane Care and Use of Laboratory Animals and were approved by the Institutional Animal 

Care and Use Committee at Creighton University School of Medicine. Kv1.1 knockout (KO) 

mice were used for testing drugs, and wildtype (WT) littermates were used as controls.  

Electroencephalography (EEG) and electromyography (EMG) neurosurgeries: Adult 

Kv1.1 KO mice P35- P38 were anesthetized with isoflurane (5% initiation and 3% maintenance). 

EEG and EMG electrodes were implanted in all mice. For cortical EEG surgeries, two subdural, 

ipsilateral cortical electrodes were implanted at 1.2 mm anterior to bregma and 1 mm lateral to 

midline. A reference electrode was implanted 1.5 mm posterior to bregma and 1 mm lateral to 

midline, contralateral from recording electrodes. EMG electrode wires were inserted into the nuchal 

muscles in all mice. Electrodes were soldered to the headmount (Pinnacle Technologies, Inc., 

Lawrence, KS, USA), and secured to the skull with Loctite 454 superglue and Zipkicker accelerant. 

Mice were allowed to recover for one week. During recovery and throughout the experiment, mice 

were housed individually and were given access to food and water ad libitum. After a week, the 

head mount was connected to the recording system using a preamplifier. Seizures and sleep were 

monitored using a continuous infrared video surveillance system time-synced to an EEG recording 
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system (Pinnacle Technology, Inc.) as we have described. EEG recordings were acquired with a 2 

kHz sampling rate and band-pass filtered between 0.5 and 40 Hz.  

Drug administration: Following recovery after surgery, mice were intraperitoneally 

injected with the appropriate vehicle matching the subsequent AED (sterile saline or 0.5% carboxy 

methylcellulose (CMC)) once daily between 9:30AM and 10:00AM for two consecutive days. The 

mice were then unhooked from the preamplifier for 24 hours to allow recovery from stress. 

Subsequently, one of the following drugs was administered daily for two consecutive days: PHB 

(30 mg/kg in saline), PHT (30 mg/kg in 0.5% CMC), CBZ (30 mg/kg in 0.5% CMC) and LEV (200 

mg/kg in saline). These doses represent values in the therapeutic range of doses tested in other 

mouse models. Before each injection, mice were lightly anesthetized with isoflurane to prevent 

handling-induced seizures and increasing ease of injections. For each treatment, time-synchronized 

video-EEG-EMG recordings were started immediately after the injection. 

Seizure analysis: EEG recordings were imported into Spike2 v7 software (Cambridge 

Electronic Design, Cambridge, England. U.K.) for initial seizure identification using short-time 

fast Fourier transform time-frequency analysis. Subsequently, EEG seizures were confirmed using 

Sirenia software (Pinnacle Technology, Inc.) that time-synced EEG and video recordings and 

behavioral manifestations were manually verified. Seizures were identified based on ictal cortical 

EEG activity, high EMG activity and previously defined seizure behaviors for this mouse strain. 

Seizure behavior was scored using a modified Racine scale, as we have previously described.  Scale 

1 – myoclonic jerk; Scale 2 – head stereotypy; Scale 3 – bilateral clonus manifested as hunched, 

forelimb clonus with or without rearing; Scale 4 – hindlimb clonus with a head tilt, tail extension 

with 1 or 2 rearing and falling events; Scale 5 – bilateral clonus and continuous rearing and falling 

of 3 or more times; Scale 6 – tonic-clonic seizures involving running and high “pops”, falling and 

limb tonus and clonus.      

Sleep analyses: Sleep analyses were conducted as previously described (Chapter 2: page 

18). The epochs during which an animal was seizing were excluded from the analyses.      
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Statistics: Seizure and sleep data were analyzed using a one-way ANOVA with Sidak’s 

or Dunnett’s post hoc test or paired t-test where appropriate. For correlation analyses, statistical 

dependence was determined using Spearman’s non-parametric rank correlation coefficient. A p-

value < 0.05 was considered statistically significant.  

Results:  

Description of Kv1.1 KO seizures and diurnal rhythmicity  

The epilepsy phenotype of Kv1.1 KO (KO) mice consists of multiple generalized seizure 

types. To determine the characteristics and frequency of each of these events during the baseline 

period for each mouse, we examined 48 hours of video-EEG recordings. Mice were administered 

vehicle intraperitoneal (i.p.) injections between ZT1:00 and ZT2:00. 

The EEG signature of generalized seizures was comparable across seizure types, in that 

the seizures begin with an initial spike, followed by a brief quiescence and then high frequency 

activity with a synchronized beta activity with or without superimposed gamma activity or 

scattered increases in all frequencies in between (Fig. 11 B-F). High frequency activity ended 

abruptly. Seizures accompanied by limb clonus had periodic spikes in the delta frequency range 

which sometimes evolved into EEG depression. Behaviorally, automatisms (Scale 2; Fig. 11B) 

consisted of head bobbing or swaying in an almost “sniffing”-like pattern. Bilateral limb clonus 

manifested as hunched, forelimb clonus with or without rearing (Scale 3; Fig. 11C) which could 

develop into hindlimb clonus with a head tilt, tail extension with 1 or 2 episodes of rearing or 

falling (Scale 4; Fig. 11D). A scale 5 seizure involved bilateral clonus and continuous rearing or 

falling three times or more (Fig. 11E). The most severe seizures were tonic-clonic seizures (scale 

6; Fig. 11F) which involved running and high “pops”, falling, limb tonus and clonus at the end of 

which the mouse was limp, but soon recovered. The most prevalent seizures were Scale 4 

followed by Scale 2 (Fig. 11G).  

The daily frequency of generalized seizures varied between mice (5.2 ± 1.5;  range 1 – 

33; coefficient of variation: CV: 1.36; n = 22), but the within-mouse daily seizure frequency was 
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more consistent (CV 0.53 ± 0.11). Daily seizure severity (averaged Racine Scale) and burden (Σ 

(Scale x duration)) were 3.48 ± 0.15 and 1052 ± 195, respectively. 

 

Figure 11: (A) The distribution of seizure severity in Kv1.1 KO mice. (B-F) Representative traces 

of Racine scale 2-6 seizures in a time-frequency plot and waveform. 

Consistent with previous reports, generalized seizures occurred with diurnal fluctuations 

with periodicity of 23.83 ± 0.35 hours and zenith and nadir at ZT8:00 and ZT20:00, respectively 

(Fenoglio-Simeone et al., 2009b; Wright et al., 2016) (Fig. 12A). Approximately two-thirds of 

generalized seizures occurred during the light phase when mice are least active (Fig. 12B). 

Examining sleep architecture in 2-four hour time bins separated by 12 hrs, we found that KO 

mice had significantly increased awake times and decreased NREM and REM sleep during the 
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light phase compared to their non-epileptic wildtype (WT) littermates, as we have reported 

previously (Fenoglio-Simeone et al., 2009b; Roundtree et al., 2016), whereas KO mice were not 

different from WT mice during the dark phase (Fig. 12C). Overall, the proportions of seizures 

that occurred during the awake and asleep stages were equal and were evenly split between 

NREM and REM phases (Fig. 12D). In summary, we found that KO mice exhibited multiple 

seizure types which have diurnal fluctuations, which are equally prevalent in sleep and awake 

stages.  

Figure 12: Diurnal rhythmicity of seizures in Kv1.1 KO mice. (A) diurnal rhythm of seizures in 

KO mice. (B) Distribution of seizures in light and dark phase. (C) Increased wake in KO animals 

during the light phase compared to WT littermates. (D) Distribution of seizures according to sleep 

stage. P<0.05 (*), p< 0.01 (**), p< 0.001 (***). 
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Effects of commonly used anti-epileptic drugs (AEDs) on seizures in KO mice 

All AEDs were injected once in the morning between ZT 1:00 and ZT 2:00. AEDs used 

in this study have distinct pharmacokinetic profiles. Table 1 details the available pharmacokinetic 

parameters for each AED in rodents.   

Drug Species 

 

Dose Half-life (hrs) Cmax (μg/ml) 

Phenobarbital (PHB) immature CD1 mice 
60 mg/kg 

15.8 

40.6 ± 7.2   adult mice (NMRI) 
 

7.5 

  rat 20-30 mg/kg 9 to 20   

Phenytoin (PHT) immature CD1 mice 
60 mg/kg 

16.3 

28.7 ± 2.0   adult mice (CFW)  16 

  rat 

10-40 mg/kg 

92μg/ml 

perfusate 1 to 8   

Levetiracetam (LEV) immature CD1 mice 200 mg/kg 3.2 

127.4 ± 24.1   adult mice (MRI)  1.5 

  rat 54 mg/kg 2 to 3   

Carbamazepine 

(CBZ) rat 

25-50 mg/kg 

1.2 to 3.5   

Ref: (Gerber et al., 1971; Farghali-Hassan et al., 1976; Brandt et al., 2004; Markowitz et al., 

2010) 

To consider varying pharmacokinetics, seizure analyses were divided into four-hour bins 

starting from the time of injection. Seizure frequency at the 24-hour time point was used to 

determine the degree of seizure freedom in PHB and PHT, owing to their long half-lives. In CBZ 
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and LEV the 4-hour time point was used to assess seizure freedom, due to their significantly 

lower half lives. Overall, 15/22 (68%) mice show seizure freedom when results from all four 

AEDs were combined. The remaining 32% of Kv1.1 KO mice were resistant to the AED that was 

administered first (Fig. 13). In human DRE trials ~50% patients respond to their first AED (Chen 

et al., 2018). In these studies, efficacy of individual drugs is rarely reported. However, more 

detailed characterization of the responses to specific drugs is necessary to compare this model to 

the other DRE models and clinical response of patients.  

 

Figure 13: Degree of seizure freedom and drug resistance to traditional AEDs observed in a 

cohort of 22 Kv1.1 KO mice: 68% mice achieve seizure freedom, 9% achieve reduction in 

seizure frequency, 18% show increased seizure frequency, and 4.5% show no change in seizure 

activity. 

Effect of phenobarbital on Kv1.1 KO seizures  

We found that PHB is highly efficacious against seizures in KO mice. PHB resulted in 

100% seizure freedom for all seizure types in all mice tested. PHB significantly reduced 

cumulative seizure probability and seizure frequency at every time point for 24 hours post 

injection compared to vehicle (Fig. 14A, B). Area under the curve (AUC) was calculated to gauge 

magnitude of effect for cumulative seizure probability. AUC was also significantly reduced with 

PHB treatment (Fig. 14C). Mice had seizures ranging from scale 2 to scale 5 in the vehicle-

Seizure free (n=15)
Decreased seizures (n=2)
Increased seizures (n=4)
No change (n=1)

Total=22
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treated group (Fig. 14D). PHB reduced the average seizure severity from 3.16 ± 0.297 to 0 (Fig 

14E), and the cumulative seizure burden from 647 ± 173.4 to 0 (Fig 14F). We conclude that PHB 

successfully alleviates seizures in KO mice for 24 hours after injection.  

 

Figure 14: Effect of phenobarbital on KO seizures (n=6). (A) Cumulative probability of seizures 

in KO mice on phenobarbital compared to vehicle. (B) Seizure frequency normalized to vehicle 

per four-hour bin. (C) Area under the curve for cumulative probability of seizures. (D) 
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distribution of seizure types during vehicle treatment in KO animals further treated with 

phenobarbital. (E) Average seizure severity in mice on phenobarbital compared to vehicle. (F) 

Seizure burden in mice on phenobarbital compared to vehicle. P<0.05 (*), p< 0.01 (**), p< 0.001 

(***). 

Effect of phenytoin on KO seizures  

Two out of six mice treated with phenytoin became 100% seizure free in this study. 

Another two mice had reduced seizure frequencies over 24 hours compared to that during the 

vehicle days, and the last two mice had increased seizures after drug injection. On average, 

phenytoin did not reduce cumulative seizure probability or seizure frequency at any time-point 

after injection (Fig. 15A, B). The AUC for cumulative probability also did not change (100 ± 8.08 

during vehicle injections vs 66.74 ± 32.69 during phenytoin injections, p= 0.347) (Fig. 15C). 

However, phenytoin treatment did completely abolish severe scale 5 and scale 6 seizures and 

caused ~90% reduction in scale 4 seizures (Fig. 15D). Thus, the severity of seizures was 

significantly attenuated by phenytoin (1.5 ± 0.48) compared to the vehicle (3.62 ± 0.28, p= 

0.0246) (Fig. 15E). The cumulative seizure burden was also reduced by 65% (p= 0.0229) (Fig. 

15F). In conclusion, 67% of KO mice were resistant to phenytoin treatment, but all mice 

experienced improved seizure severity and burden.   
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Figure 15: Effect of phenytoin on KO seizures. (A) Cumulative probability of seizures in KO 

mice treated with phenytoin or vehicle. (B) Normalized seizure frequency in phenytoin 

responders and non-responders. (C) Area under the curve for cumulative probability of seizures. 

(D) Distribution of different seizure types in phenytoin- and vehicle-treated KO mice. (E) 

Average Racine’s score in phenytoin- and vehicle-treated KO mice. (F) Seizure burden in mice 

on phenytoin compared to vehicle. P<0.05 (*), p< 0.01 (**), p< 0.001 (***). 
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 Effect of carbamazepine on seizures in KO mice 

In the first four hours after the injection, 4 out of 6 mice experienced seizure freedom on 

CBZ. Eventually, 12 hours after injection, seizures began to re-emerge and become more frequent 

in 50% mice. As a result, the overall cumulative seizure probability was the same in the CBZ- 

and vehicle-treated mice (Fig. 16A). However, normalized seizure frequency was significantly 

lower in CBZ treated animals during the first four hours compared to those receiving vehicle 

treatment (Fig. 16B). Area under the curve for cumulative probability was not significantly 

different between vehicle and carbamazepine treatment (Fig. 16C). Carbamazepine did not affect 

seizure distribution (Fig 16D), the average seizure severity (p=0.26) (Fig 16E), or cumulative 

seizure burden (p=0.54) (Fig 16F). These data suggest that 33% Kv1.1 KO mice were resistant to 

CBZ.  
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Figure 16: Effect of carbamazepine on Kv1.1 KO seizures. (A) Cumulative probability of 

seizures in KO mice treated with carbamazepine or vehicle. (B) Normalized seizure frequency in 

carbamazepine responders and non-responders. (C) Area under the curve for cumulative 

probability of seizures. (D) Distribution of different seizure types between carbamazepine- and 

vehicle- treated KO animals. (E) Seizure severity in mice on carbamazepine compared to vehicle. 

(F) Seizure burden in mice on carbamazepine compared to vehicle. P<0.05 (*), p< 0.01 (**), p< 

0.001 (***). 
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Effect of levetiracetam on seizures in KO mice 

Three of four mice treated with LEV became seizure free in the first 4 hours after 

injection. Cumulative seizure probability and area under the curve were not significantly different 

for any of the time points (Figs. 17A, 17C). Normalized seizure frequency for LEV responders 

was however significantly lower than vehicle treatment for 20 hours following drug injection (Fig 

17B). Seizure severity was reduced on average by 48% (p= 0.058) (Fig 17C), and seizure burden 

was reduced by 75% in LEV-treated mice compared to vehicle treatment (p=0.19) (Fig. 17D). In 

our cohort, resistance to LEV is observed in 25% KO mice. 
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Figure 17: Effect of levetiracetam on seizures in Kv1.1 KO mice. (A) Cumulative probability of 

seizures in KO mice treated with vehicle and levetiracetam. (B) Normalized seizure frequency in 

levetiracetam responders and non-responders. (C) Area under the curve for cumulative 

probability of seizures. (D) distribution of seizure types during vehicle and levetiracetam 

treatment in KO animals. (E) Seizure severity in mice on levetiracetam compared to vehicle. (F) 

Seizure burden in mice on levetiracetam compared to vehicle. P<0.05 (*), p< 0.01 (**), p< 0.001 

(***).  
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In conclusion, we showed that the degree of resistance, based on proportion of mice that 

experience seizure freedom, is PHT > CBZ > LEV > PHB in KO mice at the doses used in this 

study.   

Effects of AEDs on the disorders of sleep in KO mice 

We have previously reported that KO mice have a comorbid sleep disorder that worsens 

over age. When active period vs. rest period was calculated using actigraphy in non-epileptic WT 

mice and epileptic KO mice, it was reported that the rest period for KO mice was significantly 

lower than WT mice during the light period, and the difference increased as the mice were closer 

to SUDEP (Iyer et al., 2018). In addition, the wake period is increased, the sleep duration is 

reduced, and latency to sleep is  prolonged in KO mice compared to WT littermates (Roundtree et 

al., 2016).  Sleep disorders are often reported in epileptic patients. Sleep deprivation has been 

known to precipitate seizures in multiple epilepsy syndromes (Lawn et al., 2014). Here we 

assessed how AEDs affect these sleep disturbances in KO mice. We analyzed 4 hours in the light 

phase (0- 4 hours after injection), and 4 hours in the dark phase (12-16 hours after injection).    

In the light phase corresponding to the ‘rest phase’ for mice, sleep architecture was 

significantly altered by PHB and CBZ, but not by PHT and LEV. PHB and CBZ significantly 

decreased the duration of the wake state by increasing NREM and REM sleep. PHB and CBZ 

also reduced latency to non-REM and REM sleep, suggesting that these drugs make it easier for 

the mice to fall asleep. None of the AEDs altered sleep architecture in the dark phase or ‘active 

phase’. For reference, amount of time spent by WT mice (n=5) in each state of consciousness in 

the light and dark phases is represented by floating boxes in the figure (Fig 18 A-H). 
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Figure 18: Effects of AEDs on Kv1.1 KO Sleep Disorder (n=3-6 per drug). Solid bars represent 

LIGHT phase, and scored bars represent DARK phase. The white and black floating boxes 

represent WT values for LIGHT and DARK phases respectively.  (A) Phenobarbital reduces 

wake and increases NREM sleep in the light phase in KO animals. (B) Phenytoin does not 

significantly affect sleep architecture. (C) Carbamazepine reduces wake and increases NREM 
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sleep in the light phase in KO animals. (D) Levetiracetam has not significant effects on sleep 

architecture. (E) Phenobarbital reduces latency to sleep. (F) ) Phenytoin reduces latency to sleep. 

(G) Carbamazepine reduces latency to sleep. (H) Levetiracetam has no effect on latency to sleep. 

P<0.05 (*), p< 0.01 (**), p< 0.001 (***). 

 To determine whether there is a correlation between the duration of NREM sleep and 

seizure frequency, we combined the data for all animals and treatments and conducted a 

correlation analysis. Amount of time spent in NREM sleep for the first 4 hours after drug 

injection was plotted against number of seizures in the first 4 hours. We found a significant 

correlation between the amount of NREM sleep and number of seizures (R2= 0.053, P = 0016) 

(Fig 19). Though there is a significant correlation between these two factors, the goodness of fit is 

far from optimum, suggesting that multiple other factors probably influence seizure frequency in 

addition to NREM sleep. 

 

Figure 19: Seizure frequency positively correlates with amount of NREM sleep 
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Discussion 

In this study, we characterized seizure responses to four commonly prescribed 

anticonvulsants in KO mice. We hypothesized that the mice would not respond to one or more of 

the tested AEDs. Response was characterized as a bimodal all-or-none response, in that 

responders achieved seizure freedom, whereas non-responders continued experiencing seizures. 

Our study found that of the 22 mice tested, 32% percent KO mice do not respond to the first 

AED.    

In humans, the data suggest that ~50% patients are resistant to the first AED tested (Chen 

et al., 2018). Data for refractory seizures in humans is often reported at a cumulative failure of the 

prescribed therapy, while the resistance to individual drugs is not commonly reported (Gelisse et 

al., 2001; Aneja and Jain, 2014; Laxer et al., 2014). This makes it difficult to relate pre-clinical 

findings to the clinical data. Previous studies suggest that phenobarbital is not widely used in 

adult epilepsy except in the developing countries (Kale and Perucca, 2004). Phenobarbital use is 

largely restricted to neonatal and pediatric epilepsies (Slaughter et al., 2013). In fact, it is reported 

that refractory seizures respond to phenobarbital well, and that high dose phenobarbital is 

superior to other drugs treating severe refractory status epilepticus (Tiamkao et al., 2007; Byun et 

al., 2015).  Universal seizure freedom in KO mice on phenobarbital in our studies is consistent 

with potent anticonvulsant effects of phenobarbital in humans. Carbamazepine is effective in 

suppressing focal seizures while phenytoin and levetiracetam are prescribed for either focal or 

generalized seizures (Goldenberg, 2010). Drug resistance ranging from 25% in levetiracetam to 

67% in phenytoin was observed in KO mice in this study.  

Further, it is essential to compare the degree of drug resistance in KO mice to currently 

used DRE models in preclinical research, to determine if KO mice exhibit comparable or a higher 

degree of drug resistance. The 6 Hz model is the most accepted DRE model today (Potschka, 

2012). Dose-dependent and current-dependent efficacy of various drugs has been reported in this 
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model (Barton et al., 2001; Metcalf et al., 2017). At 32mA current, generally used in screening 

procedures, 74% mice show resistance to 20 mg/kg PHT, whereas resistance reduces to 47% 

when the dose is increased to 40 mg/kg phenytoin. We used 30 mg/kg phenytoin with 67% drug 

resistance in KO mice. Similarly, 62% and 25% of mice exhibit resistance to 20 mg/kg and 40 

mg/kg carbamazepine, respectively in a 6 Hz model. We used 30 mg/kg carbamazepine and 

found resistance to seizures in 33% KO mice. The major difference in drug resistance between 

the 6 Hz model and KO mouse model is for levetiracetam. Levetiracetam shows complete seizure 

protection at 32mA with an ED50 dose of 19.4 mg/kg.  When the current is increased to 44 mA, 

the ED50 dose for seizure protection using levetiracetam increases to 1089 mg/kg  (Barton et al., 

2001). We report 25% drug resistance to levetiracetam in KO mice using a dose of 200 mg/kg.  If 

drugs show significant efficacy in the 6 Hz model, the basolateral amygdala kindling model is 

used for further characterization of the drug (Löscher, 2011a). In the basolateral amygdala 

kindling model, around 60% rats had variable response to phenytoin, 20% were responders and 

20% were non-responders. These rats are also resistant to multiple other AEDs (Loscher et al., 

1993). Since multi drug resistance is a DRE characteristic, these models are used in the drug 

screening protocol. Other DRE models like lamotrigine pre-treated amygdala kindled rats are 

resistant to lamotrigine and carbamazepine (Koneval et al., 2018). Levetiracetam resistance is 

only reported in SVA2 deficient mice, since SVA2 is the proposed site of action of levetiracetam 

(Kaminski et al., 2009). We report that KO mice also exhibit varying degrees of resistance to 

phenytoin, carbamazepine and levetiracetam. 

KO mice also have a severe sleep comorbidity accompanying their epileptic phenotype, 

as reported in this study and in previous studies (Roundtree et al., 2016). The complex 

relationship between sleep and seizures is not well understood in humans or in animal studies. 

Sleep disturbances in epilepsy patients are commonly reported. In clinical practice, daytime 

drowsiness is one of the most commonly reported sleep problems, and the majority of them can 
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be attributed to AEDs (Malow et al., 1997; Jain and Glauser, 2014). Lack of sleep can trigger 

seizures as reported by many studies (Lawn et al., 2014). On the other hand, the lack of sleep can 

be caused by emotional or physical stress or other environmental factors. Whether increased 

seizures at night disrupt sleep architecture, or worsened sleep architecture can precipitate seizures 

is not clear, and not easily distinguishable. However, compelling evidence suggests that there is 

definitely a positive correlation between improved sleep and improved seizure activity (Lanigar 

and Bandyopadhyay, 2017).  

Contrary to that thought, studies have suggested that memory consolidation in sleep helps 

the brain strengthen seizure circuits and plays a role in epileptogenesis (Cobb et al., 1995; Halász, 

2013) . Other studies claim that oscillatory rhythms set up during spindle discharges in sleep can 

lead to seizures (Beenhakker and Huguenard, 2009). Some reports suggest that higher incidence 

of seizures occurs during REM sleep (Shuaib et al., 2018), while other reports suggest that 

seizures mainly arise from NREM sleep (Minecan et al., 2002). Still others report that seizure 

activity is highest during the transition from wake-NREM or NREM-REM (Minecan et al., 2002). 

Here, we find that seizures in KO mice occur in wake, NREM and REM sleep. However, there is 

significant negative correlation between amount of sleep and frequency of seizures. This 

correlation can be exploited to develop new therapies that improve sleep disorder in epilepsy 

patients. Reports have suggested that improving sleep in KO mice using sleep-promoting drugs 

like ramelteon (Fenoglio-Simeone et al., 2009a) and almorexant (Roundtree et al., 2016) can 

improve seizure control, providing a platform for future studies.  

Not all AEDs had the same effect on either sleep or seizures.  In our study, AEDs that 

improved NREM sleep and significantly reduced WAKE (i.e., phenobarbital and carbamazepine), 

showed 0% and 33% drug resistance, respectively. Levetiracetam showed 25% drug resistance 

and not affect sleep. In conclusion, a direct relation between seizure freedom and improvement in 

sleep is not apparent from these data. In humans, phenobarbital is known to cause somnolence. A 
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majority of complaints of daytime drowsiness were reported in patients on phenobarbital or 

primidone (CITE). Reduced sleep latency, reduced REM and increased NREM were some other 

findings reported for phenobarbital treatment (Karacan et al., 1981; Wolf et al., 1984; Manni et 

al., 1993; Jain and Glauser, 2014). Daytime sleepiness has also been observed with chronic 

carbamazepine treatment (Bonanni et al., 1997). Additionally, reduction in latency to sleep and 

improved NREM has been reported in patients on carbamazepine (Yang et al., 1989; Riemann et 

al., 1993; Gann et al., 1994). Effects of levetiracetam on sleep are contradictory. Though some 

reports suggest changes in sleep architecture and reduction in REM sleep, other reports suggest 

no significant changes (Bell et al., 2002; Cicolin et al., 2006). Phenytoin use also has conflicting 

results. Though some studies suggest a reduction in NREM sleep and reduced latency to sleep, 

this finding is not unanimous (Wolf et al., 1984; Röder-Wanner et al., 1987; Drake et al., 1990; 

Legros and Bazil, 2003). For most AEDs tested, effects on sleep in KO mice observed in this 

study closely resemble effects observed in human epilepsy patients.  

In conclusion, consistent with the finding in patients and in currently available pre-

clinical DRE models, KO mice also have populations of both responders and non-responders to 

phenytoin, carbamazepine, and levetiracetam. Additionally, KO mice have the advantage of 

spontaneous seizure activity, which resembles human epilepsy phenotypes better than induced 

seizures. KO mice exhibit multiple seizure types, which gives the ability to test effect of drugs on 

seizures of different severities in one model. KO mice also exhibit a severe sleep comorbidity that 

is not reported in other DRE models. Due to the multiple risk factors recapitulated in KO mice, 

these mice have promising potential to be helpful in screening novel AEDs when introduced into 

the drug screening protocol.  

Future studies testing the efficacy of other AEDs including valproic acid, lamotrigine, 

and vigabatrine, which have been used in characterization of other DRE models will further 

delineate degree of resistance in KO mice (Loscher et al., 1993; Barton et al., 2001). It will be 
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useful to determine dose-response curved using two to three doses of drugs to determine whether 

degree of resistance alters with dosage. The definition of DRE states that seizures are 

uncontrolled using two or more tested AEDs. To establish whether KO mice are resistant two or 

more AEDs, crossover studies where resistance of KO mice to two drugs will be essential. 

However, this study provides evidence pointing to drug resistance in a significant population of 

KO mice, and a solid platform to design further experiments. 
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Chapter 4: Evaluating the role of peroxisome proliferator activated receptor gamma 

(PPARγ) phosphorylation at ser273 in epilepsy 

In this section, I evaluate the potential role of ser273 phosphorylation of PPARγ in 

epilepsy. PPARγ is a transcription factor and regulates multiple genes involved in inflammation, 

oxidative stress, and metabolism (Diano et al., 2011; Scarpulla et al., 2012; Li et al., 2016). 

Dysregulation of these functions has been linked to abnormal neuronal functioning and 

epileptogenesis (Vezzani et al., 2013b; Kovac et al., 2017). Due to the complexity of signaling 

cascades involved in homeostatic processes like inflammation and oxidative metabolism, they are 

difficult to modulate without serious side effects. reducing their translational potential.   

PPARγ is a potential target, with high translational potential, since it used clinically to 

regulate blood glucose levels in type-2 diabetic patients (Day, 1999; Greenberg and Pittas, 2002). 

PPARγ is a transcription factor that binds to a specific consensus sequence called the PPAR 

response element on a target gene, increasing recruitment of RNA polymerase machinery, and 

promoting transcription of the gene (Smith, 2001). This is termed “trans-activation”. PPARγ is 

involved in regulating the transcription of a vast array of genes involved in cell growth and 

differentiation (Rosen and Spiegelman, 2001), lipid metabolism (Medina-Gomez et al., 2007), 

glucose homeostasis (Rosen and Spiegelman, 2001; Monsalve et al., 2013), anti-oxidation and 

anti-inflammation (Chawla et al., 2001; Masamune et al., 2002; Polvani et al., 2012; Monsalve et 

al., 2013). Alternatively, PPARγ can also block transcription of other genes by binding to 

cofactors of other transcription factors like NfKb. This is called “trans-repression” (Ricote and 

Glass, 2007). PPARγ exists as two splice variants PPARγ1 and PPARγ2. PPARγ2 is 30 amino 

acids longer than the PPARγ1 isoform. Both isoforms are expressed in the hippocampal 

parenchyma (Inestrosa et al., 2005; Jeong et al., 2011). However, previous studies in our lab have 

shown that the PPARγ2 isoform is undetectable unless a nuclear fraction is isolated from the 
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whole cell homogenate (Simeone et al., 2017). Major functional differences between the isoforms 

have not been reported.  

PPARγ activity is regulated by a variety of factors. Regulation of PPARγ activity has 

extensively been studied in adipogenesis, implicating pathways like the CCAAT/enhancer-

binding protein alpha (C/EBPα), post translational modifications like phosphorylation, and 

reliance on binding of endogenous substrates which have not been identified to date (Farmer, 

2005). Another factor that could lead to altered PPARγ activity is sub-cellular localization. The 

PPARγ protein contains nuclear localization signals that helps regulate sub-cellular shuttling of 

the protein, principally localizing it to the nucleus (Umemoto and Fujiki, 2012). Reports suggest 

that transporters like importins are involved in shuttling PPARγ in and out of the nucleus 

(Umemoto and Fujiki, 2012). However, in homeostatic conditions PPARγ is mainly localized to, 

and exerts its principal actions in the nucleus (Rosen and Spiegelman, 2001). Pathological 

conditions have been reported to trap PPARγ in the cytosol, and precipitate off target effects 

(Burgermeister and Seger, 2007; Unsworth et al., 2018).  

Activating PPARγ provides neuroprotection in various CNS disorders such as ischemic 

stroke, Parkinson’s disease, Alzheimer’s disease, and epilepsy (Bordet et al., 2006; Tsukuda et 

al., 2009; Carta et al., 2011). We and others have previously reported that pioglitazone and 

rosiglitazone (TZDs), both full PPARγ agonists, attenuate seizure-like activity in vitro in brain 

slices (Wong et al., 2015), and in vivo in rodent seizure models (Abdallah DM, 2010; Simeone et 

al., 2017b, 2017a). Some reports suggest that anti-oxidant promoting and anti-inflammatory 

properties contribute to anti-seizure potential of TZDs, but there is no solid evidence reporting the 

mechanism of anti-seizure action of TZDs (Abdallah DM, 2010). The role of PPARγ, and 

whether there is PPARγ dysfunction in an epileptic brain, without use of drugs, has not been 

reported.   
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As previously mentioned, post translational modifications play a major part in regulating 

PPARγ activity. PPARγ has two identified phosphorylation sites- ser112 and ser273 (Burns and 

Heuvel, 2007). Phosphorylation at both sites is mediated by distinct kinases. Phosphorylation at 

ser112 mediated by MAPK and ERK pathways reduces PPARγ transcriptional activity, whereas 

phosphorylation at this site by cyclin dependent kinase 7 (CDK7) or CDK9 increases 

transcriptional activity (Unsworth et al., 2018). Phosphorylation at ser273 is reported to alter 

activity of the protein in a way that transcription of a specific subset of the genes regulated by 

PPARγ is affected, without effect on the larger array of genes (Choi et al., 2010b). Apart from 

phosphorylation, ubiquitination and addition of lysine residues can also alter the activity of the 

protein by tagging the protein for lysis, and promoting phosphorylation at the ser273 residue, 

respectively (Wadosky and Willis, 2012).  

Among the various post-translational modifications, phosphorylation of PPARγ at ser273 

is of interest to this study. Cyclin dependent kinase 5 (CDK5)  is the only kinase that 

phosphorylates the ser273 site through the pathway illustrated in Diagram 8 (Choi et al., 2010b). 

In homeostatic conditions, CDK5 is attached to its receptor P35 and is localized to cellular and 

peri-nuclear membranes, where the CDK5-P35 complex phosphorylates target substrates and 

regulates their activity(Contreras-Vallejos et al., 2014). In pathologic conditions like chronic 

inflammation (Wu et al., 2014), oxidative stress (Páramo et al., 2013), or even seizure activity 

that result in increased intracellular calcium, the enzyme calpain is activated (Seinfeld et al., 

2016). Calpain cleaves the membrane bound P35 protein to a shorter P25 fragment. P25 can also 

bind to CDK5 and has 5-10 times longer half-life than its parent protein (Lee et al., 2000). In 

addition, P25 is non-membrane bound, which leaves the CDK5-P25 complex free to translocate 

to the nucleus and aberrantly phosphorylate non-CDK5 residues (Diagram 8) (Lee et al., 2000; 

Hisanaga and Saito, 2003; Kamei et al., 2007). Increase in CDK5 (Sen et al., 2006; Putkonen et 

al., 2011) and enrichment of CDK5 signaling (Xi et al., 2009) has been reported in animal models 
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and human DRE respectively. Interaction between P25, P35, CDK5, and PPARγ is represented in 

Diagram 7 below.  

 

Diagram 7. Illustration of CDK5 action under pathologic stimuli can increase phosphorylation of 

PPARγ at ser273 

Seminal work in the field of obesity suggests that pathological environments, especially 

chronic inflammation, can increase phosphorylation of PPARγ at ser273 residue (Choi et al., 

2010b). Whole cell homogenates from cultured adipocytes as well as diabetic adipose tissue from 

patients showed increased phosphorylation at ser273 of PPARγ (pPPARγ). This phosphorylation 

was exclusively mediated by CDK5, and blocked by full PPARγ agonist rosiglitazone (Choi et 

al., 2010b). It has been reported that increased phosphorylation might be associated with a 

diabetic phenotype, and that blocking phosphorylation using rosiglitazone can improve glucose 

control (Choi et al., 2010a, 2011). Clinical use of PPARγ agonists, especially thiazolidinediones, 

is well documented in type-2-diabetes (Day, 1999; Greenberg and Pittas, 2002); however, 

blocking pPPARγ as an essential part of their mechanism is fairly new knowledge. A limiting 

factor in the use of thiazolidinediones has been linked to a number of severe side effects such as 

edema, increased risk of cardiac failure and bladder cancer (Rizos et al., 2009; Consoli and 
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Formoso, 2013), which may make them less than desirable for use in patients suffering with 

multiple complications related to DRE.  

Targeted drug development in the diabetes field has resulted in the development of 

specific PPARγ modulators (SPPARM). It has been shown in preclinical and clinical studies that 

SPPARMs that can block pPPARγ without activating PPARγ show promising anti-diabetic 

potential without the side effects elicited by traditional full PPARγ agonists (Choi et al., 2010b, 

2011; DePaoli et al., 2014). CHS131 is one such SPPARM that has been progressed to Phase II 

clinical trials for type-2-diabetes (Weinstein et al., 2016). The role of pPPARγ in epilepsy or the 

use of SPPARMs in epilepsy models has not been reported previously.  

Piecing together the fact that pioglitazone blocks seizures in epileptic Kv1.1 knockout 

(KO) mice (Simeone et al., 2017a), and blocks pPPARγ in peripheral adipose tissue (Choi et al., 

2010b), in addition to studies showing increased activity of CDK5 as a result of seizures 

(Putkonen et al., 2011), led us to our hypothesis that increase in pPPARγ accompanies seizure 

activity, and that blocking pPPARγ will attenuate seizure activity.  

Our objective in this section was to determine whether seizures increase pPPARγ using 

various rodent models, and to test whether blocking pPPARγ is sufficient to attenuate acute as 

well as chronic seizure activity.  

Materials and methods: 

Animals 

Breeding pairs of heterozygous Kv1.1 KO mice on a C3HeB/FeJ congenic background 

were purchased from Jackson Laboratories (Bar Harbor, Maine), the colony has been maintained 

since 2009 in the Animal Resource Facility at Creighton University School of Medicine. Mice 

were given food and water ad libitum and kept on a 12-hour light/dark cycle with lights on at 

08:00 AM and lights off at 08:00PM. Tail clips were collected on postnatal day (P) 12-14 and 
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genotypes were determined by Transnetyx, Inc (Cordova, TN, USA). All experiments conformed 

to NIH guidelines in accordance with the United States Public Health Service’s Policy on 

Humane Care and Use of Laboratory Animals and were approved by the Institutional Animal 

Care and Use Committee at Creighton University School of Medicine. Kv1.1 knockout (KO) 

mice were used as a chronic epilepsy model, and wildtype (WT) littermates were used as controls 

and for inducing acute seizures. 

Two seizure models were used to determine effect of seizures on pPPARγ: 

Epileptic KO mice for chronic seizures: Naïve KO (n=11) and WT (n=11) animals 

were sacrificed by decapitation at P38-40. The group of six KO animals treated with 

phenobarbital for 2 days was used from previous experiments, to determine effect of seizure 

blockade on pPPARγ. Hippocampi were immediately micro isolated on ice and flash frozen in 

methyl butane. One hippocampus from each animal was conserved for RNA preparation for 

qPCR experiments and one hippocampus was used to isolate nuclear fractions for western blots. 

Nuclear extracts were prepared using the same EMD Millipore nuclear extraction kit using the 

manufacturer’s instructions. Additional phosphatase inhibitors were added to preserve 

phosphorylation.  

PTZ acute seizure induction: WT (n=7) animals were injected with vehicle (saline) or 

80 mg/kg pentylenetetrazole. All mice that receive PTZ exhibited behavioral seizures with a 

generalized tonic- clonic seizure phenotype. Seven minutes after the onset of the first seizure, the 

mice were sacrificed by decapitation and the hippocampi were immediately isolated and flash 

frozen. Nuclear extracts were prepared using the same EMD Millipore nuclear extraction kit 

using the manufacturer’s instructions. Additional phosphatase inhibitors were added to preserve 

phosphorylation.  

To determine effect of SPPARMs on seizures, two seizure models were used:  
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KO animals with chronic epilepsy: A separate set of six KO animals underwent the 

implantation of the EEG head-mounts. Implantation procedures were carried out as described in 

previous chapters. Post-surgery mice were allowed to recover for 5 days after which they were 

connected to the acquisition hardware using a preamplifier. The mice were injected with vehicle 

once a day for two consecutive days and 24 hours video EEG recordings were carried out. After 

24 hours, the mice were reconnected, and the same procedure was carried out using CHS131 (80 

mg/kg). In this way, every animal served as its own baseline control. EEG recordings were 

imported into Spike2 v7 software (Cambridge Electronic Design, Cambridge, England. U.K.) for 

initial seizure identification using short-time fast Fourier transform time-frequency analysis. 

Subsequently, EEG seizures were confirmed using Sirenia software (Pinnacle Technology, Inc.) 

that time-synced EEG and video recordings and behavioral manifestations were manually 

verified. Seizures were identified based on ictal cortical EEG activity, high EMG activity and 

previously defined seizure behaviors for this mouse strain. Seizure behavior was scored using a 

modified Racine scale, as we have previously described. Scale 1 – myoclonic jerk; Scale 2 – head 

stereotypy; Scale 3 – bilateral clonus manifested as hunched, forelimb clonus with or without 

rearing; Scale 4 – hindlimb clonus with a head tilt, tail extension with 1 or 2 rearing and falling 

events; Scale 5 – bilateral clonus and continuous rearing and falling of 3 or more times; Scale 6 – 

tonic-clonic seizures involving running and high “pops”, falling and limb tonus and clonus. 

Acute flurothyl seizure induction in WT animals: Six WT mice were injected with 1% 

carboxy methyl cellulose (CMC, with 14% DMSO) and six WT mice were injected with CHS131 

80 mg/kg. Four hours after injection, the mice were subjected to flurothyl treatment to induce 

seizures, similar to the previously used time scale used in evaluating anti-seizure efficacy of full 

PPARγ agonist pioglitazone (Simeone et al., 2017a). In short, mice were placed in a plexiglass 

chamber with an attached filter paper. Ten percent flurothyl (Indoklon Sigma Aldrich, St Louis, 

MO) solution in 95% ethanol was dripped onto the filter paper using a syringe pump. The 
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flurothyl solution evaporated into the chamber and was breathed in by the mouse resulting in 

seizure activity. Mouse was taken out of the chamber immediately after it experienced a stage 11, 

or generalized tonic-clonic seizure, and allowed to recover in a cage for five minutes, when it 

spontaneously stopped seizing (similar to chapter 2). Latency to first clonic seizure, number and 

duration of clonic seizures and latency to GTC seizure were recorded. The mouse was then 

decapitated, and the brain was flash frozen in methyl butane for further analysis.  

Western blots 

Capillary based Western blot: Nuclear samples were probed with anti-pPPARγ ser273 

(Bioss, Woburn, MA), anti-CDK5 (Proteintech Group INC, Rosemont, IL), and anti-P25/P35 

(Cell Signaling Technologies, Danvers, MA) using capillary based western blots. The service was 

performed at Ray Biotech laboratories, Norcross, GA. The results were peaks corresponding to 

amount of protein present at specific molecular weights, data were reported as area under the 

peak and were normalized to total protein.  

Conventional Western blots: PPARγ total protein detection was carried out using 

traditional western blotting in house. In short, 20 ug nuclear extracts in loading buffer and β-

mercaptoethanol were loaded on a 10 well 12% SDS PAGE gel and separated at 150 V for 1 

hour. Wet transfer was carried out on Immobilon western blot membrane. The membrane was 

blocked for 1 hour using 50% Odyssey blocking buffer and 50% PBST. Anti-PPARγ antibody 

(1:1000, Millipore) and Anti-β-actin (1:4000, Licor) primary antibody were added and the 

membrane was incubated overnight at 4ºC. On the following day, the membrane was washed 

using PBST and incubated with anti-mouse and anti-goat secondary antibodies (1:8000, Licor) 

for one hour at room temperature. After washing the membrane was imaged on the Odyssey at 

700 and 800 nm and the protein band intensity was recorded. The protein was normalized to β-

actin for each run.  
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Quantitative PCR: Total RNA was prepared using one hippocampus from animals using the 

Quiagen mini RNA kit using the manufacturer’s protocol. RNA was digested using DNAase to 

remove genomic DNA remnants, and cDNA was prepared using 1 ug of RNA using the Agilent 

cDNA kit. Optimization of cDNA concentration was carried out using pure cDNA diluted with 

nuclease free water in 1:1, 1:2, and 1:3 dilutions. One ul of 1:1 cDNA dilution was used in the 

qPCR reaction with SYBR green (Agilent Technologies, Santa Clara, CA) as a DNA binding dye. 

The following primers were used (all sequences are reported as 5’ to 3’ end):  

BioRad (Hercules, CA) primer PCR arrays:  

GLUT1- Slc2a1: 

GCGGAACTCCATGCTGATGATGAACCTGTTGGCCTTTGTGGCTGCTGTGCTTAT 

GGGCTTCTCCAAACTGGGCAAGTCCTTTGAGATGCTGATCCTGGGCCG 

GLUT3- Slc2a3: 

GATGGCCAGCAAGTTGACTAGAAGCATAGAGTTGCGTCTGCCAAAGCGGTTGAC 

AAAGAGTCCAACAGAAAAAGAGCCAATCATGCCACCAACAGAGAAGATGGCCAC 

ACATAAGGACCAGAGGGCAGTCAGCAGTCCCT 

 SLC25a1: 

ACTGGAATCATCAGAGTAGGTGGCGGGGGGTCTGGAATGGAGGAGCTGGGATA 

CCCCACTGCATCCTCCAGGGTTAGTCTGTCTTCCACACTTTATTGAGCAGCTTCA 

CCACTTCATCGTAGATGATGAATACGATGGCCAC 

GPX3: 

CCTTGAACTGAATGCACTACAAGAAGAACTTGGGCCATTTGGCTTGGTCATTCTG 

GGCTTCCCTTCCAACCAATTTGGCAAACAGGAGCCAGGCGAGAAC 

NRF2: 

ACTTACTCCAAGATCTATGTCTTGCCTCCAAAGGATGTCAATCAAATCCATGTCCT 
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GCTGGGACTGTAGTCCTGGCGGTGGCAACTCCAAGTCCATCATGCTGAGGGCG 

GACGCTGTGGTAGGGC 

Integrated DNA technologies (Newark, NJ) custom designed primers: 

Acadl F: ATACAGACGGTGCAGCATAAA 

Acadl R: GATTCCAGGATGTAGGCAGATG 

Acadm F: GGAACCTGTCTTCAGCTCTATG 

Acadm R: CAGTCTGACGTGTCCAATCTAC 

Acsl F: ACGGAACACTGCCTTACTTAC 

Acsl R: CTGGTCCACTGTGACTTTCTT 

Clu F: TCCACTCAAGGGAGTAGGTATATT 

Clu R: GTCCTGAAAGAGCGTGTCTATG 

Fabp7 F: TGAATTACGGTGGTGGGTAAG 

Fabp7 R: GCCACCTTCCTGACTGATAAT 

Sod1 F: GCAATGTGACTGCTGGAAAG 

Sod1 R: CTCAGACCACACAGGGAATG 

Sod2 F: GTCTCACCATCTTCCTGTCATC 

Sod2 R: AGCGGGCAAGTGCTTATT 

Cat F: GGCAAAGGTGTTTGAGCATATT 

Cat R: GAGTCTGTGGGTTTCTCTTCTG 

Sirt3 F: GTTCTGAGTCCTCGAAGGAAAG 

Sirt3 R: GTTGTGGTCTGGTTCATGTTTG 

Rpl30 R: AAGGCAAAGCGAAGTTGGTT 

Rpl30 F:ACCTGGGTCAATGATAGCCA 
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Statistical analyses: Unpaired t-tests were used to analyze WT/KO and VEH/PTZ groups. 

Latency to seizures and total duration of clonic seizures in the flurothyl treatment paradigm, and 

rt-PCR data were also analyzed using unpaired t-tests. Paired t-tests were used to analyze EEG 

data for seizure severity and seizure burden between vehicle and CHS131 treatment groups. One- 

way ANOVA was used to compare between more than two treatment groups, and two-way 

ANOVA was used to compare two variable analyses (for example, time after injection and 

vehicle/chs131 treatment). Correlations were carried out using Spearman’s non-parametric 

coefficient. All data are reported as mean ± SEM unless otherwise specified.  

Results: 

Ser273 phosphorylation may be associated with seizure activity 

KO mice are used as a model for chronic epilepsy. These mice begin exhibiting 

spontaneous seizure activity post-natal week two-three, as mentioned in Chapter 3 (Smart et al., 

1998). In this study we used KO mice aged P38-P42. By this point KO mice have experienced 

multiple severe generalized tonic-clonic seizures. We found an increase in CDK5 levels in 

nuclear extracts from hippocampi of KO mice (mean = 1.41± 0.201; CV = 48.29%) compared to 

WTs (mean= 1 ± 0.04; CV = 13.61%; p value unpaired t-test= 0.051) (Fig 20A). Additionally, 

P25 protein levels in the nucleus showed trends towards increasing, however, high variability was 

observed (mean= 1.69 ± 0.512; % CV = 99.83) compared to WT (mean=1 ± 0.207; % CV = 

68.66%) (Fig 20 A). Collectively, this suggests an increase in the CDK5-P25 pathway in KO 

mice. 

We found increased pPPARγ1 and pPPARγ2 in epileptic KO mice, however values had 

high variability, and the increase was not significant (Fig. 20 B). Total PPARγ1 levels in WT 

mice (mean= 1 ± 0.15; % CV= 39.78%) and KO mice (mean= 1.03 ± 0.21; % CV= 69.07%) did 

not show differences; however, total PPARγ2 levels in KO mice were significantly higher than 
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WT mice (p value= 0.0489, unpaired t-test) (Fig. 20C). In conclusion, trends of activation of the 

CDK5-P25-pPPARγ axis were evident in epileptic KO mice, however, robust, definitive results 

were not obtained. High variability in KO mice can results from a variety of factors including: 

large variations in seizure frequency, time elapsed since that last seizure, and stage of disease 

progression between mice can influence protein levels. Among these, time elapsed from onset of 

seizure activity can be controlled in acute seizure models, which we have evaluated in the next 

section.  

Figure 20: The CDK5-P25-pPPARγ axis is activated in epileptic KO mice (A) Increase in CDK5 

and P25 protein levels in the nuclear fractions isolated from KO hippocampi compared to WT 

littermates (B) Increase in pPPARγ1 and pPPARγ2 protein levels in the nuclear fractions isolated 
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from KO hippocampi compared to WT littermates (C) Total protein levels of PPARγ1 and 

PPARγ2 in WT and KO mice. P<0.05 (*), p< 0.01 (**), p< 0.001 (***). 

Hippocampal nuclear extracts from KO mice treated with phenobarbital (30mg/kg) for 

two consecutive days from the previous study (chapter 3) were used to test whether increase in 

pPPARγ observed in some mice could be mediated by seizure activity. We found that 

phenobarbital treatment reduced protein levels of pPPARγ1 and pPPARγ2 to WT levels, 

suggesting that blocking seizures reduces pPPARγ levels (Fig 21 A). Corresponding total 

PPARγ1or PPARγ2 levels also reduce in KO mice treated with PHB and are not significantly 

different from WT mice (Fig 21B). This data suggests that seizures may be responsible for 

increasing pPPARγ. 
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Figure 21: Increased ser273 phosphorylation is associated with seizure activity. (A) pPPARγ1 

and pPPARγ2 levels in KO mice treated with PHB are not significantly different compared to 

WT mice. (B) Total PPARγ1 and PPARγ2 levels are not significantly different in KO mice 

treated with PHB compared to WT mice. (C) pPPARγ1 and pPPARγ2 levels increase within 7 

minutes of a PTZ induced acute generalized tonic clonic seizure. (D) Total PPARγ1 and PPARγ2 

levels do not change after PTZ induced acute generalized tonic clonic seizure. P<0.05 (*), p< 

0.01 (**), p< 0.001 (***). 

Based on data from phenobarbital treated KO mice, we tested whether acute seizures 

were sufficient to increase pPPARγ. We induced acute generalized tonic-clonic seizures in non-

epileptic WT mice using 80 mg/kg pentylenetetrazole (PTZ). Seven minutes after a generalized 

clonic seizure, mice were euthanized, and their hippocampal nuclear phosphorylation levels 

measured. We observed a 32% increase in pPPARγ1 and a 30% increase in pPPARγ2 (Fig. 21C).  

Increase in pPPARγ2 was significantly higher in PTZ treated mice compared to controls (p 

value= 0.0408, unpaired t-test). Total PPARγ protein levels for either isoform did not change 

significantly (Fig. 21D).  

Since the total protein and phosphorylated protein were determined using distinct 

methods, direct ratios of phosphorylated protein/total protein could not be calculated, making it 

difficult to assess alterations in pPPARγ with respect to total pPPARγ. The physiological effects 

of potentially altered phosphorylated and total protein levels could only be determined by 

assessing the functional efficiency of the protein.  

The primary function of PPARγ is promoting transcription of genes with a peroxisome 

proliferator response element (PPRE) in their promoter region. Choi et al have reported that 

increased phosphorylation at ser273 of PPARγ reduces the transcription of anti-inflammatory 

adipokines in cultured adipocytes (Choi et al., 2010b, 2011). Since PPARγ2 is the only isoform 

expressed in adipose tissue (Vidal-Puig et al., 1996), increased phosphorylation has been reported 
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only at this isoform. It has also been reported that PPARγ regulates mRNA levels of Alzheimer’s 

disease associated IDE, BACE1 and APP in an in vitro model of Alzheimer’s disease using Aβ 

induced toxicity (Quan et al., 2019). To fit the scope of our study and as a functional readout for 

PPARγ activity, we chose genes that are reported to be regulated by PPARγ using the PPAR gene 

database (marked with *)  (Li et al., 2016), and which overlap with genes reported  to be altered 

in animal models and human epilepsy (references provided in the list below). The genes we 

analyzed belonged to separate functional groups and are classified as follows: 

1. Genes involved in combating oxidative stress: Sod1*, Sod2*, Cat*, Gpx3*, 

Ucp2*, and Nrf2 (Cho et al., 2010) 

2. Genes for glucose uptake: Glut1*, Glut3 (Leroy et al., 2011; Dasgupta and Rai, 

2018) 

3. Genes involved in mitochondrial energy production: Adacl (Bogacka et al., 

2005), Acadm (Coletta et al., 2009), Clu (Masamune et al., 2002), Cpt2 (Jeong et 

al., 2019), Fabp7 (Harris and Kletzien, 1994), and Slc25a1*.  

4. Deacetylases: Sirt3 (Gano et al., 2018)  

We found a significant increase in Sirt3 mRNA and significant reduction was observed in mRNA 

levels of Sod1, Sod2, Fabp7 and Slc25a1 in the hippocampal mRNA of KO mice (Fig 22). These 

changes are similar to previously reported changes, where a subset of PPARγ regulated genes are 

altered by increased pPPARγ while other genes remain unaffected (Choi et al., 2010a, 2011).   
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Figure 22: Genetic dysregulation in PPARγ regulating genes is observed in epileptic mice. 

P<0.05 (*), p< 0.01 (**), p< 0.001 (***). 

Pioglitazone treatment increases pPPARγ in the hippocampus of epileptic mice 

In the peripheral adipose tissue, it has been reported that both, pioglitazone and 

rosiglitazone, full PPARγ agonists, also successfully block ser273 phosphorylation. (Choi et al., 

2010b). It has been suggested that this is an essential part of the anti-diabetic action of PPARγ 

agonists. Recently it has been shown that pioglitazone can block PPARγ ser273 phosphorylation 

in cultured primary neurons (Quan et al., 2019), suggesting that effects of pioglitazone may be 

similar in cultured adipocytes and cultured neuronal systems. Pioglitazone shows significant anti-

seizure activity in epileptic KO mice, as we have previously reported (Simeone et al., 2017a). To 

determine whether blocking pPPARγ plays any role in the anti-seizure action of pioglitazone, KO 

mice were treated with 10 mg/kg pioglitazone for 5 consecutive days according to the previous 

protocol (Simeone et al., 2017a), euthanized 4 hours after the last injection and their hippocampi 

were isolated. Nuclear extracts from these hippocampi were probed with pPPARγ and PPARγ 

antibodies.  

In WT mice, pioglitazone treatment had no effect on pPPARγ levels nor total PPARγ 

protein levels in WT mice (Fig 23A and B). In contrast, we found that pioglitazone significantly 
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increased both pPPARγ1 (p value= 0.037) and pPPARγ2 (p value=0.0076) compared to vehicle 

injected KO mice (Fig 23A). Pioglitazone did not affect PPARγ1 levels but did increase PPARγ2 

levels by ~150% in KO mice, but this was not reach statistically significantly (p value=0.0802) 

(Fig 23D). The increase in pPPARγ was limited to KO mice. In contrast to the reported results in 

the periphery (Choi et al., 2010), this data suggests that pioglitazone does not block pPPARγ in 

nuclear extracts of epileptic hippocampi. One possibility for the contrasting results from the 

periphery and hippocampus might stem from use of whole cell homogenates in the previous 

studies versus nuclear extracts used in this study.    

To determine the effect of pioglitazone treatment on gene transcription, we measured 

mRNA levels for Sirt3, Sod1, Sod2, Fabp7 and Slc25a1 for vehicle- and pioglitazone-treated 

mice. Pioglitazone treatment significantly increased mRNA levels of Sirt3, Sod1, and Slc25a1. It 

had no significant effect on Fabp7 and Sod2 levels (Fig 23E). Pioglitazone is a PPARγ agonist, 

and its principal action is to increase levels of PPARγ regulated genes. The increase in PPARγ 

regulated genes is therefore expected with this treatment; however, an increase in PPARγ 

regulated genes, accompanied by an increase in pPPARγ levels suggests that regulation of this 

gene set may not be affected by phosphorylation at ser273. Dysregulation in these genes may be a 

result of seizure activity.  
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Figure 23: Pioglitazone promotes an increase in pPPARγ in the hippocampus of epileptic mice. 

(A) Pioglitazone does not alter pPPARγ1 levels in WT mice (B) Pioglitazone does not alter total 

PPARγ levels in WT mice. (C) Pioglitazone increases pPPARγ levels in KO mice. (D) 

pioglitazone does not alter total PPARγ1 levels but increases total PPARγ2 levels in KO mice. 
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(E) Pioglitazone treatment increases mRNA levels of 3/5 dysregulated genes in the KO 

hippocampus. P<0.05 (*), p< 0.01 (**), p< 0.001 (***). 

These results suggest that-  

(A) Blocking phosphorylation in vivo may not be possible using pioglitazone in doses used to 

block phosphorylation in the peripheral adipose tissue or in vitro assays.  

(B) Epileptic and non-epileptic phenotypes may respond differently to pioglitazone, compared to 

diabetic phenotypes.           

(C) Blocking ser273 phosphorylation may not be a part of the anti-seizure mechanism of PPARγ 

agonists. 

(D) Dysregulation of PPARγ regulated genes tested in this study may not be mediated by ser273 

phosphorylation. 

CHS131 fails to block phosphorylation of ser273 in the hippocampus 

SPPARMs are specifically designed to block ser273 phosphorylation in the peripheral 

adipose tissue without having full agonist activity on PPARγ (Taygerly et al., 2013). We chose to 

use CHS131 in our study because it is blood brain barrier (BBB) permeable unlike other 

SPPARMs such as MRL24 and SR1664 that have limited BBB permeability. In addition, its use 

in phase 2 clinical studies increases its translational value (Weinstein et al., 2017). 

KO mice were administered 80 mg/kg CHS131 once per day for two consecutive days 

via intraperitoneal injections. This is the highest reported non-toxic dose in rodents (Taygerly et 

al., 2013). Failure to block phosphorylation by administration of a therapeutic dose of 

pioglitazone, sufficient for anti-seizure activity (Simeone et al., 2017a), we decided to use the 

highest non-toxic dose of CHS131 reported, to ensure that adequate levels of drug were achieved 

in the brain. On testing the hippocampal neuronal extracts in CHS131 treated mice 24 hours after 
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the last injection, we found that CHS131 did not significantly block pPPARγ (Fig 24A), nor did it 

affect total protein levels of PPARγ significantly (Fig. 24B). The half-life of CHS131 is not 

available due to the proprietary nature of the drug. However, distribution studies suggest 

maximum distribution in adipose tissue 4-8 hours after drug injection. (Xie et al., 2017). Since 

distribution into brain tissue is more comparable to adipose tissue than skeletal muscle, we tested 

the effect of CHS131 4 hours post-injection. An additional group of mice was treated with 80 

mg/kg CHS131/ vehicle and euthanized 4 hours after the injection. This study was conducted to 

ensure that the time window of drug action was not missed when assessing pPPARγ levels 24 

hours after the last injection. CHS131 did not significantly alter pPPARγ levels at this timepoint 

(Fig 24C).    

Surprisingly, CHS131 reduced Sirt3 levels compared to control KO mice, and also 

reduced levels of Sod1 and Slc25a1 significantly compared to control (Fig 24D). When KO mice 

were euthanized 4 hours post-injection, CHS131 did not significantly alter any genes tested 

(Fig24F). 
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Figure 24: CHS131 does not block phosphorylation in the hippocampi of epileptic KO mice. (A) 

pPPARγ levels do not change with 2 consecutive treatments of once per day 80mg/kg CHS131. 

(B) CHS131 does not change total PPARγ levels with 2 consecutive treatments of once per day 

80mg/kg CHS131. (C) CHS131 does not change pPPARγ levels 4 hours after injection. (E) 

CHS131 further reduces mRNA levels of dysregulated PPARγ genes after 48 hours of treatment. 

P<0.05 (*), p< 0.01 (**), p< 0.001 (***). 
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We recorded EEG-EMG signals from the six mice treated with vehicle followed by 80 

mg/kg CHS131 once per day for two consecutive days. CHS131 resulted in seizure freedom in 1 

out of 6 mice. CHS131 reduced seizure frequency modestly in 3 out of 6 mice. In the remaining 

two mice, seizure frequency increased compared to vehicle injection. The average cumulative 

seizure probability was higher, with significant variability, in KO mice treated with CHS131 

compared to vehicle (Fig 26A). Therefore, normalized seizure frequency (NSF) was plotted 

separately for mice with reduced seizure frequency (decr), increased seizure frequency (incr), and 

seizure freedom (seizure free). In the group with modest reduction in seizure frequency, the NSF 

remained equal to vehicle for the duration of 24 hours. In the group with increased seizure 

frequency, NSF increased eight hours after the injection and remains high throughout the 24 

hours (Fig. 26B). CHS131 increased the proportion of severe seizures (Fig. 26C) and did not 

reduce seizure severity (Fig. 26D) or seizure burden (Fig 26E). 
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Figure 25: Effect of CHS131 on spontaneous seizures in Kv1.1 KO mice. (A) Cumulative seizure 

probability for KO mice on CHS131 compared to vehicle. (B) Normalized seizure frequencies of 

CHS131 treated KO mice. (C) Proportion of seizure types on vehicle. (D) Proportion of seizure 

types on CHS131. (E) CHS131 does not significantly reduce seizure severity. (F) CHS131 does 

not significantly alleviate seizure burden. P<0.05 (*), p< 0.01 (**), p< 0.001 (***). 

To ascertain that CHS131 has no effect on seizure threshold, we pre-treated wildtype 

mice with 80 mg/kg CHS131 or vehicle, and induced acute seizures using flurothyl treatment 4 

hours after injection. We recorded the latency to the first clonic seizure, number of clonic 

seizures, total time spent in clonus, latency to a generalized tonic clonic seizure, and time to 
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progress from a clonic to GTC seizure. We found that CHS131 did not alter latency to either 

clonic or GTC seizures (Fig. 25A, 25B). However, it significantly decreased the time spent by the 

animal in clonic seizures (Fig. 25C). The progression from clonic seizures to the GTC seizure 

was unaffected (Fig. 25D)  

 

 Figure 26: Effect of CHS131on flurothyl-induced acute seizures. (A) Latency to first clonus does 

not change significantly with 80 mg/kg CHS131 treatment. (B) Latency to GTC seizure does not 

change significantly with 80 mg/kg CHS131 treatment. (C) Total duration of clonus reduces 

significantly in CHS131 treated mice. (D) Time for progression from clonic to GTC seizure 

remains unchanged after CHS131 treatment. P<0.05 (*), p< 0.01 (**), p< 0.001 (***). 
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In summary, these data suggest that- 

(A) BBB permeable CHS131 did not block phosphorylation in the hippocampus of 

epileptic mice 

(B) CHS131 treatment did not have significant anti-seizure activity on SRS in KO 

mice, nor acute seizures in WT mice.  

(C) CHS131 treatment worsened PPARγ target gene dysregulation in KO mice 

 

Discussion: 

In this study we have reported that increase in CDK5-mediated ser273 phosphorylation of 

PPARγ may be associated with seizure activity. Drugs that block ser273 phosphorylation in 

peripheral adipose tissue did not replicate those effects in the hippocampal tissue. Due to the 

inability to block ser273 phosphorylation significantly in the brain, we were unable to evaluate 

ser273 phosphorylation of PPARγ as a potential anti-seizure target in this study. However, this 

study was the first study to evaluate ser273 phosphorylation of PPARγ in the brain and provides 

novel assessment of PPARγ-associated gene regulation in epilepsy and the effects of PPARγ 

drugs on seizures.  

In patients with DRE, integrative analysis of large-scale gene expression profiling studies 

report that the CDK5 signaling pathway is enriched (Mirza et al., 2011). Other clinical studies 

conducting gene expression analyses in DRE patients also report increased CDK5 mRNA levels 

in the anterior neocortex (Xi et al., 2009) and studies evaluating epilepsy patient samples have 

also shown a positive correlation between increased CDK5-P25 levels and hippocampal sclerosis 

in severe epilepsies (Sen et al., 2006). Preclinical epilepsy induction models suggest that the 

CDK5 pathway is involved in cell degeneration after a kainic acid injection (Putkonen et al., 

2011) and CDK5 inhibition attenuates axonal impairment caused by PTZ kindling (Liu et al., 
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2017). However, one clinical report suggests caution before implicating CDK5 and P25 as 

pathologic, suggesting from their results that  CDK5 and P25 may increase as a homeostatic 

mechanism for recovery after seizure activity (Hawasli et al., 2009). These data suggest that 

CDK5 activation is a promising pathway to explore further in epilepsy. Here, we report a strong 

trend toward increased CDK5 protein levels (p = 0.051) in hippocampal nuclei of epileptic KO 

mice; however, there are no alterations in its partner protein P25. This suggests that though 

increase in CDK5 might be associated with seizures, pathways activating cleavage of P35 to P25 

may not be associated with seizure activity in epileptic KO mice.  

One downstream effect of increased CDK5 protein levels in the nucleus is the potential of 

increased PPARγ phosphorylation at ser273 (Choi et al., 2011). There are no studies evaluating 

altered PPARγ phosphorylation at ser273 in the central nervous system in in vivo models. In 

preclinical seizure models, phosphorylation of other transcription factors such as CREB and AP1 

has been associated with seizure activity. Phosphorylated CREB levels increase 3-8 minutes after 

seizures induced by PTZ (Moore et al., 1996). Increased phosphorylation acts as a transcription 

activator and increases expression of CREB regulated genes like cFos (Moore et al., 1996). 

Increased Nfκβ phosphorylation post status epilepticus has also been reported (Kim et al., 2011). 

Thus, alteration of phosphorylation status of transcription factors is previously reported in 

epilepsy.  

This is the first study to report changes in ser273 PPARγ phosphorylation in an epileptic 

mouse model. We found increased pPPARγ1 and pPPARγ2 in hippocampal nuclei, however, 

widely variable amounts in KO mice prevented the results from reaching significance. An 

increase in total PPARγ levels in KO mice further confounded interpretation of results. However, 

we observed that increase in pPPARγ2 was significantly higher after acute seizure induction 

without compensatory increases in total protein levels, and that pPPARγ was reduced 

significantly, when seizures were blocked in epileptic KO mice. These data suggest that there is 
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an association between pPPARγ levels and seizure activity. However, the variability of pPPARγ 

in KO mice may be due to diverse recent seizure histories of individual mice. 

To evaluate the pPPARγ as a potential anti-seizure target, we administered reported 

pPPARγ blockers pioglitazone and CHS131. In contrast to reported effects in peripheral adipose 

tissue and in vitro neuronal cultures, pioglitazone increased pPPARγ1 and pPPARγ2 in the 

hippocampus of KO mice while also increasing total PPARγ levels non-significantly. CHS131 

did not affect phosphorylated or total PPARγ levels.  

Though adipose tissue and hippocampi are completely different tissue systems, it is not 

mechanistically clear why both pioglitazone and CHS131 have distinct actions on the same 

protein. Studies in primary neurons have reported that CHS131 and pioglitazone are able to block 

ser273 phosphorylation in in vitro primary neuronal cultures (Godoy et al., 2017; Quan et al., 

2019). In the future it will be essential to address the limitations of this study and determine- 

(A) whether inability to block phosphorylation is due to inability of drug to cross blood 

brain barrier. Direct intra hippocampal injections of pioglitazone and CHS131 may help 

overcome the blood brain barrier.  

(B) whether adipose tissue in epileptic and non-epileptic animals shows reduced pPPARγ 

on drug administration. This will determine whether two tissue systems in fact respond distinctly 

to pioglitazone and CHS131. 

(C) whether CDK5 inhibition can reduce ser273 phosphorylation indirectly and provide 

seizure protection in epileptic KO mice.   

(D) whether conducting studies on whole cell homogenates is significantly different from 

testing nuclear extracts. 
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An alternative possibility is that ser273 phosphorylation of PPARγ plays a protective, as 

opposed to a pathologic role in the brain post-seizure activity. For example, PPARγ 

phosphorylation at ser273 has been reported to protect actively dividing cancer cells, and 

blocking this phosphorylation increases the efficacy of anti-cancer agents like cisplatin 

(Khandekar et al., 2018). In support of this possibility, pioglitazone reduces SRS in KO mice and 

increases thresholds for acute, induced seizures in WT (Simeone et al., 2017, 2018), whereas 

CHS131 had no effect on SRS or seizure thresholds. However, we cannot rule out the possibility 

that increased PPARγ phosphorylation is an effect of seizure activity but does not play a 

significant role in epilepsy pathology.   

The major function of the PPARγ transcription factor is regulation of target genes. 

Ser273 phosphorylation has been reported to dysregulate a subset of PPARγ regulated genes in 

adipocytes (Choi et al., 2010b, 2011; Quan et al., 2019). We found a degree of dysregulation in 

known PPARγ-regulated genes in the hippocampi of epileptic mice. Mitochondrial fat and solute 

carriers like Fabp7 and Slc25a1 were reduced, signaling mitochondrial dysfunction, which has 

been reported in KO mice previously (Simeone et al., 2014). Additionally, Sod1 and Sod2 were 

reduced pointing to a deficiency in quenching reactive oxidative species, which can also be linked 

with mitochondrial dysfunction. A significant increase in Sirt3 is also seen in KO mice. Increase 

in Sirt3 mRNA has been reported to prevent neuronal death, and might be a compensatory 

protective increase in KO mice (Cheng et al., 2016). However, a reduction in SIRT3 protein 

levels has been reported in kainic acid kindled rats (Gano et al., 2018). It will be important in 

future studies to test whether changes in proteins are parallel to changes in mRNA expression of 

these dysregulated genes in KO mice. Underlining the potential importance of the change in these 

genes in the epileptic phenotype KO mice and therapeutic effects, pioglitazone increased 4 of the 

5 genes whereas CHS131 decreased 4 of the 5 genes.   
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Collectively, our data fail to support the hypotheses that ser273 phosphorylation of 

PPARγ is either detrimental or protective in epilepsy. Rather our results suggest that ser273 

phosphorylation is a consequence of seizure activity but does not play a significant role in 

epilepsy pathology. Nevertheless, PPARγ full agonists are a potential therapeutic agent for 

epilepsy as they attenuate seizures; and according to our data this is due to increased nuclear 

enrichment and agonist-induced transcription. 
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Chapter 5: Concluding Remarks 

In my doctoral thesis, I have tried to address multiple obstacles in drug development for 

novel anti-epileptic drugs.  

Development and characterization of the modified flurothyl kindling model: In this 

study, I have demonstrated that kindling for generalized tonic-clonic seizures can be achieved in 

mice within 5 days. This was accompanied by a sustained reduction of seizure threshold over a 

period of four weeks after the kindling process. This model has several advantages over currently 

available chronic seizure models.  

(1) It takes considerably less time to develop compared to status epilepticus induced 

seizures and kindling models. Seizure development is predictable, consistent, and 

reproducible over a large number of mice. 

(2) It does not involve injection or surgery related stressors, or injection of anti-epileptic 

drugs to terminate seizures, reducing effects of confounding factors in analyzing 

results.  

(3) Flurothyl is exhaled unchanged and does not affect body organs other than causing 

seizure induction. 

(4) Both behavioral and neuropathological markers are observed after kindling 

(5) Epileptiform activity develops over the course of six months. 

Significant astrogliosis after seizure induction suggests that this may be a good model to 

study effect of inflammation on epileptogenesis. Additionally, both sexes are used in the 

development and characterization of this model providing valuable insights into sex-based 

differences in kindling procedures, but also providing a tool to test sex differences for novel or 

traditional AEDs. The increase in spike wave discharges observed in kindled mice as they age, 
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even after termination of the kindling process, are reminiscent of absence epilepsy in humans, and 

may be further characterized to develop a potential model for absence seizures. 

We observed that in the long term, hippocampal neuropathology was restored to normal, 

suggesting that kindling-resultant neuropathological changes did not persist at the month time 

point. One exception to this fact was the increased number of Ca1 neurons in kindled mice. It will 

be interesting to test the hypothesis that increased Ca1 neurons contribute to increased SWD 

activity.  

However, there are limitations to this study. The high mortality rate in male mice, though 

comparable to other epilepsy models, is a limiting factor. We have tested neuropathological 

markers at one month and six months post-kindling. Using this data, a time-course for resolution 

of hippocampal pathology cannot be estimated. Additionally, we did not test the seizure threshold 

for these mice at the end of 6 months, making it impossible to correlate increased SWDs to 

prolonged reduction in seizure thresholds beyond the one-month mark. As stated before, SWDs 

often involve structures like the cortex and thalamus, which we have not characterized in our 

study. Further, we have not conducted drug testing to validate use of this model. We have also not 

confirmed whether spike wave discharges in these mice are characteristic of absence epilepsy. 

Conducting these experiments will help add further nuance to this model, however, it can be used 

in its current form to test effects of drugs on kindling.   

Flurothyl was first used as an inhaled convulsant in psychiatric clinics as an alternative to 

electroconvulsive shock therapy (ECT). Its use was discontinued due to the fear of accidental 

inhalation by medical technicians. Recent reports have suggested reintroducing flurothyl into 

psychiatry clinics, due to trials showing equivalent efficacy to ECT, but better outcomes with 

memory loss, compared to ECT. Evidence that repeated induction of flurothyl GTC seizures can 

reduce long term seizure threshold suggests that caution should be used if this agent is 

reintroduced into psychiatric clinics to replace electroshock therapy, and that more phase I 
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clinical trials testing safety and efficacy of the drug may be necessary before it is reintroduced to 

human use.  

Pharmacological characterization of seizure response to traditional antiseizure 

drugs in Kv1.1 KO mice: In this study we tested the response of seizures in KO mice to 

traditional AEDs. Our aim was to determine whether this model can be used as a model for DRE, 

to employ in the drug screening process for novel drugs. We found that 32% of KO mice are 

resistant to the first AED administered. Highest resistance was observed on phenytoin, followed 

by carbamazepine and then levetiracetam. Phenobarbital was highly efficacious in controlling 

seizures in KO mice. These mice present an opportunity to study drug resistance in early onset 

epilepsy and temporal lobe epilepsy. Due to the relatively short lifespan of the KO mice, this 

model is also ideal to test effects of drugs on longevity.  

There are over thirty FDA-approved drugs to treat various types of seizures. Though 

initial tests with four anti-epileptic drugs suggest some degree of drug resistance, many more 

anti-epileptic drugs, along with a range of doses need to be tested in KO mice for complete 

characterization. The fact that mice can succumb to SUDEP may be a limiting factor in achieving 

high sample sizes. SUDEP also limits the time available to test drugs. On an average, there is a 

twenty-five-day window between onset of spontaneous seizure activity and SUDEP. Trials with 

crossover studies and large washout periods between drugs may not be feasible using this model.  

However, KO mice have an advantage over existing DRE models in that possess multiple 

risk factors for human DRE. They exhibit spontaneous seizures, multiple seizure phenotypes, 

32% mice show resistance to their first AED, and they have a significant sleep comorbidity, 

making this a promising model for further characterization and incorporation into novel epilepsy 

drug screening.  
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Novel drug discovery relies heavily on use of rodent models and using the appropriate 

animal models is essential in drug screening procedures (Löscher, 2011b; Potschka, 2012). 

Currently available animal models have been useful in screening and developing many useful 

medications. However, there are technical and biological limitations that make it impossible to 

recapitulate every human epilepsy aspect in rodents. Though many animal models of epilepsy are 

available, not all of them are suitable for research that involved drug screening, as a result 

primary drug screening is reliant on acute seizure models, with chronic seizure models only 

coming into play at later stages of drug characterization (Löscher, 2011a). Incorporating chronic 

seizure models in the early stages of drug screening with the status quo seems unfeasible due to 

the severe limitations of chronic seizure models, as discussed in Chapters 2 and 3.  Limited 

availability of drug resistant epilepsy models truly recapitulating human DRE severely hampers 

research in this area. However, developing novel chronic seizure models with the aim of using 

them in drug screening procedures is not impossible, and we have demonstrated that in the first 

two sections of this thesis.  

We have introduced two models, one with induced epileptogenesis, and one with genetic 

mutation causing spontaneous seizures. These models can add value to the battery of animal 

models available in literature by their reproducibility and robust seizure characterization for 

flurothyl kindled mice, and in case of Kv1.1 KO mice, closer resemblance to human DRE 

compared to available models, and drug resistance. These models have promising potential to be 

used in early stages of drug screening for anti-epileptics, so drug effects on epileptogenesis as 

well as spontaneous seizures can be detected and characterized in early stages of drug 

development. 

Testing PPARγ phosphorylation at ser273 as a novel anti-epileptic target: In the last 

section, I tested PPARγ phosphorylation at ser273 as a potential target in epilepsy. Acute seizures 

induced by PTZ significantly increased pPPARγ2. In chronic epilepsy, changes in pPPARγ in 
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epileptic KO mice did not reach significance. However, blocking seizures attenuated pPPARγ 

levels in KO mice, suggesting that phosphorylation is associated with seizure activity. In addition, 

epileptic mice displayed some gene dysregulation in PPARγ target genes.  

Treatment with pioglitazone reversed dysregulated mRNA levels, while also providing 

seizure protection and increase pPPARγ levels in the nucleus. This suggested that though 

blocking pPPARγ might not be essential to the anti-seizure activity of pioglitazone, it improves 

gene dysregulation and increases total PPARγ levels, which might contribute to anti-seizure 

efficacy. CHS131, a partial PPARγ agonist, did not attenuate seizure activity or block 

phosphorylation. It also did not alter the total PPARγ level and did not reverse genetic 

dysregulation. This suggests that full PPARγ agonist action is likely important for anti-seizure 

mechanisms.  

Though we were unable to conclusively prove whether pPPARγ played a role in 

attenuating seizures, we have collected evidence to suggest that pPPARγ is not essential in 

epilepsy pathology. However, its alteration with seizure activity suggests that it might be an 

epiphenomenon. Additionally, this study provides some evidence that full PPARγ agonist activity 

is essential for anti-seizure mechanisms of pioglitazone, and that further study in this direction 

should concentrate on exploiting these effects to maximize therapeutic benefit.  
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