






 

ABSTRACT 

 

Peroxisome proliferator activated receptor gamma (PPARγ) is a ligand-modulated transcription 

factor belonging to the nuclear receptor superfamily. PPARγ regulates genes involved in 

adipocyte differentiation, insulin homeostasis, neuroprotection and anti-inflammation.  As such, 

PPARγ is under consideration as therapy for ischemic stroke, Alzheimer's disease, Parkinson's 

disease, multiple sclerosis and traumatic brain injury. Previous in vivo experiments using acute 

seizure models and preliminary studies in our laboratory using chronic seizure models suggest 

PPARγ agonists have anticonvulsant efficacy. These results, however, need to be replicated at a 

more concentrated level to understand tissue-specific effects. Thus, we performed extracellular 

electrophysiological experiments with a PPARγ agonist (pioglitazone) and an antagonist (GW 

9662) to test their efficacy in an in vitro model of seizure using high potassium. We observed that 

pioglitazone delayed the latency to seizure-like events (SLE) onset and decreased the intraSLE 

frequency by increasing the duration of each SLE in WT slices. It also decreased the severity of 

SLEs, as indicated by a significant decrease in the linelength of the WT slices. GW 9662 reversed 

all of pioglitazone effects except the delayed SLE onset. Furthermore, pioglitazone failed to 

reduce high potassium-induced hyperexcitability in slices from PPARγ neuronal knock out 

(NKO) mice. These results support the hypothesis that activation of PPARγ via pioglitazone 

attenuates various parameters of high potassium-induced hyperexcitability. The effectiveness in 

this in-vitro acute hippocampal slice high potassium model of SLE affords a reduced system to 

study the anticonvulsant mechanism of pioglitazone via PPARγ activation. 
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CHAPTER 1 

INTRODUCTION TO EPILEPSY, THE KETOGENIC DIET. PEROXISOME 

PROLIFERATOR-ACTIVATED RECEPTOR γ AND PIOGLITAZONE 

 

 

1. PURPOSE:  

 

Epilepsy is a chronic neurological disorder that affects about 50 million people worldwide. About 

30% of these patients are refractory (unresponsive) to medications.  Hence, there is a constant 

need of development of new non-pharmacological treatment strategies. The ketogenic diet (KD) 

is a low carbohydrate, high fat and adequate protein diet, which has been proven to be highly 

efficacious in pediatric patients with refractory epilepsies. The exact mechanism for its efficacy is 

yet unknown, although, several hypotheses have been proposed, including its neuroprotective and 

anti-inflammatory action. 

A role of PPARγ is suggested in this KD effector pathway, but, its action has not been  elucidated 

in the brain. Preliminary in vivo studies in our laboratory have shown i) an increase in brain 

PPARγ levels following KD treatment and ii) seizure control by pioglitazone (PPARγ agonist) 

treatment. These results suggest that PPARγ activation may play a central role in the KD efficacy 

mechanism. The purpose of this study was to develop and evaluate an in-vitro system as to study 

the relative effects of PPARγ activation in reducing hyperexcitability. The overall goals of this 

study were to 1) study the effects of pioglitazone via PPARγ activation in WT hippocampal 

slices, 2) confirm the pharmacological site of action of pioglitazone through studies in PPARγ 

neuronal knock outs. This study will help to establish a condensed system to study the 

downstream anticonvulsant mechanism of action of PPARγ activation. 
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2. EPILEPSY: 
 

Seizures are a clinical manifestation of an abnormal, excessive and hyper synchronous discharge 

of a group of cortical neurons (American Epilepsy Society, 2006).  A seizure episode may vary 

from an increase/ decrease in muscle tone to convulsions (as in tonic-clonic seizures) to a brief 

loss of responsiveness (as in absence seizures). 

 

Figure1: Electrographic representation of a seizure. The high frequency discharges characteristic 

of a seizure are represented in the red box (http://www.freecpapadvice.com, 08/15/13).  

Epilepsy is a spectrum of chronic disorders of the central nervous system characterized by  

recurrent seizures unprovoked by any systemic or neurological insults (American Epilepsy 

Society, 2006). It is considered to be the fourth most common neurological disorder affecting 

around 50 million people worldwide (http://www.epilepsyfoundation.org/aboutepilepsy, 

08/10/13, http://www.who.int/mediacentre/factsheets/fs999/en/index.html, 08/10/13). The current 

statistics, according to the Institute of Medicine, suggests that 1 in every 26 people, in the United 

States, are affected by epilepsy (England et. al., 2012; Hesdorffer et al., 2011). It is important to 

http://www.freecpapadvice.com/
http://www.epilepsyfoundation.org/aboutepilepsy
http://www.who.int/mediacentre/factsheets/fs999/en/index.html
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correctly diagnose and distinguish epilepsy from a singular seizure episode because the treatment 

of an isolated seizure episode is dependent on the underlying cause,whereas the management of 

epilepsy involves chronic therapy with medications, diet or possibly surgical intervention. 

2.1 CLASSIFICATION OF SEIZURES: 

 

 

Table.1: ILAE Proposal for Revised Terminology for Organization of Seizures and 

Epilepsies 2010. 

The International League Against Epilepsy (ILAE) classification of epileptic seizures 

(Commission on Classification and Terminology of the ILAE, 1981, 1989) was formally 

proposed based on the knowledge accumulated over several decades. However, with the advent of 

genome sequencing and other genomic technologies; the previous classification system fails to 

incorporate the vast amount of new information in a systematic transparent manner (Berg & 

Scheffer, 2011). Thus, the most recent classification system (Berg et al., 2010) by the ILAE 

classifies epileptic syndromes on the basis of mode of seizure onset and the spread of discharges 

into three major categories.  
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1) Focal seizures: When seizures originate and remain in only one hemisphere of the brain, they 

are known as focal seizures. These are the most common seizure type, experienced by 60% of 

people with epilepsy. The involvement of specific regions of the cortex results in focal 

symptomatology. The newer classification into sub-categories is based on their semiological 

features. This identification of neuroanatomical site of seizure onset is determined by studying 

a patient’s medical history, video-EEG and neuroimaging techniques like MRI, fMRI , FDG-

PET and MEG. The earlier classification, however, indicated  two categories depending on 

the spread of discharge: 

a) Simple Partial seizures:  These seizures affect very small regions of the brain. People 

retain their consciousness, but, may experience a number of different physical, emotional 

or sensory symptoms, depending on the brain region involved. They start suddenly and are 

very brief lasting 30-60 seconds. (Hart & Sander, 2008). The common symptoms include 

aura (further defined in section 2.1 (b)), sudden jerking, sensory phenomena, transient 

weakness or loss of sensation (www.epilepsyfoundation.org, 07/26/13).  

b) Complex Partial seizures: Seizures originating in one area of the cerebral hemisphere may 

spread to affect larger regions of the brain and thus, alter consciousness. Such seizures are 

termed as complex partial seizures. The episodes last for 1-2 minutes. The common 

symptoms include aura, automatisms (such as lip smacking, picking at clothes or 

fumbling), wandering movements, amnesia to seizure events and mild to moderate 

confusion during or after sleep (www.epilepsyfoundation.org, 07/26/13). 

     Focal seizures may spread to involve both hemispheres, or progress to a generalized tonic-

clonic seizure; they are then, categorized as secondarily generalized seizures, or now known 

as, bilateral convulsive seizures. 

http://www.epilepsyfoundation.org/
http://www.epilepsyfoundation.org/
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2) Generalized seizures: When the epileptic activity appears to start in both hemispheres of the 

brain simultaneously, the syndrome is classified as generalized seizures. Many such seizures 

start and progress very rapidly, such that, their source becomes unidentifiable. In these cases, 

surgery can no longer be a treatment option (www.hopkinsmedicine.org, 07/26/13). These are 

further classified into a number of different categories: 

a) Absence seizures: A type of very brief (less than 15 seconds) generalized seizures with 

sudden onset and termination. Absence seizures may occur many times a day (50-100) and 

may be mistaken for daydreaming or lack of attention. Clinically, the hallmark of absence 

seizure  is an  abrupt and brief impairment of consciousness with interruption to the 

ongoing activity and usually unresponsiveness (Panayiotopoulos, 1999). They are 

categorized as atypical, typical or absence seizures with special features.  

i) Typical absence seizures ictal EEG shows a >2.5Hz generalized symmetrical spike- 

and-wave or multiple spike-and-slow wave complexes.   

ii) The ictal EEG of atypical absence seizures show <2.5 Hz slow spike-and-wave or 

multiple spike-and-wave discharges.  

iii) Absence seizures with special features include two major features. 1. Myoclonic 

absence seizure which is characterized by concurrent myoclonic jerks during absence 

seizure events. 2. Eyelid myoclonia (also known as Jeavons syndrome), which consists 

of marked jerking of eyelids often associated with jerky upward deviation of the 

eyeballs. It is often associated with or followed by loss of consciousness (Striano et al., 

2009). 

b) Tonic-Clonic seizures:  They are the most common type of generalized seizure, each 

episode lasting 1-3 min. Each episode can be divided into two phases which are preceded 

by aura. 

http://www.hopkinsmedicine.org/
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i) Tonic phase: The primary indication is increase in the muscle tone which causes the 

body to stiffen. The other manifestations include rolling back of eyes, chest and limb 

contraction and/or arching of back. As the chest muscles contract, it becomes more 

difficult for the person to breathe. As the result, the lips and face attain a bluish hue 

and the person may also make gargling noise. Loss of consciousness may or may not 

occur. This phase typically lasts for about 1 min. 

ii) Clonic phase: This phase is characterized by muscle jerks and spasms caused by their 

rapid contraction and relaxation. The convulsions may range from exaggerated 

twitches of the limbs to violent shaking of the stiffened extremities. It does not last 

longer than a few minutes. 

Due to physical and nervous exhaustion, a tonic-clonic seizure episode may be followed 

by postictal sleep with stertorous breathing (characterized by harsh snoring or gasping 

sound) (www.hopkinsmedicine.org, 08/10/13).  

c) Atonic seizures: Also known as ―Akinetic seizures‖ (without movement), this category 

represents the type of seizures that consist of a brief lapse in muscle tone, caused by the 

temporary alterations in brain function. They are very brief, lasting less than 15 seconds, 

where the muscles go limp. As a result, the eyelids may droop, head may nod, patient 

body may slump or crumple to the ground. Atonic seizures may sometimes be indicative 

of Lennox-Gastaut syndrome (www.hopkinsmedicine.org, 08/10/13).  

d) Tonic seizures. 

e) Clonic seizures. 

f) Myoclonic seizures: (Myo= muscle, clonic= jerk). These seizures are brief, shock-like 

jerks of the body muscles lasting less than a second. They are often a kind of 

manifestation of a mixed seizure disorder, which can be very serious.  The current ILAE 

http://www.hopkinsmedicine.org/
http://www.hopkinsmedicine.org/
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classification further categorizes myoclonic seizures into myoclonic-tonic and myoclonic- 

atonic (Myoclonic-Astatic; otherwise known as ―Doose Syndrome‖) seizures. 

3) Unknown: This category includes the seizure types that cannot be classified specifically as 

either focal or generalized. Epileptic spasms, for example, are described as paroxysmal 

epileptic seizure type that consists of a series of motor movements, involving sudden flexion 

or extension predominantly of axial and/ or proximal limb muscles, occurring a noticeable 

periodicity, outside the age of infantile spasms, but have otherwise not been well 

characterized or described (Goldstein & Slomski, 2008).  

 

3. TEMPORAL LOBE EPILEPSY: 

 

About 60% of all adult epilepsy cases can be categorized as focal onset epilepsies. Amongst them, 

Temporal Lobe Epilepsy (TLE) is the single most common form representing two-thirds of 

intractable (i.e non-responsive or refractory to anti-epileptic medications)  epilepsy population 

(Blair, 2012; Wiebe, 2000).  TLE is a localization–related chronic neurological condition where 

seizure onset is located in either one or both the temporal lobes.  The discharge may be localized 

or may spread to adjacent frontal or parietal lobes and thus, result in complex partial seizures.  

3.1 CARDINAL SEMIOLOGY: 

 

a) Prodrome: These are pre-ictal events experienced by some patients which serve as a 

warning for oncoming seizure. These events include headache, irritability, anxiety, 

nervousness or personality change. The period may last for several minutes, hours or even 

days. 

b) Aura: It is actually a simple partial seizure which may occur alone, but mainly occurs at 

the onset of a complex partial seizure. It can last from a few seconds to 1-2 minutes. Many 
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sensory auras have been closely linked with TLE. These include viscerosensory symptoms 

(rising epigastric sensation) and experiential phenomena such as fear, déjà vu, jamais vu, 

visceral and auditory illusions and complex auditory and visual hallucinations (Fogarasi 

et. al., 2007; French et. al, 1993; Gloor et. al., 1982; Sadler, 2006).   

c) Altered consciousness: The term ―consciousness‖ includes several aspects viz., cognition, 

perception, affect, memory and voluntary motility (Blair, 2012). Alteration of any one of 

these aspects can be associated with decreased activity of normal neuronal network. 

d) Amnesia: Patients with TLE may sometimes be unable to recall having seizure episodes. 

The degree of retrograde and anterograde amnesia is variable from person-to person. As 

has been reported in some studies, stimulation of mesial temporal lobe that produce after- 

discharge affects both the formation and retrieval of long-term memories (Halgren & 

Wilson, 1985; Halgren et. al., 1985). Thus, this post-ictal amnesia may be a result of 

bilateral impairment of hippocampal function. 

e) Automatisms: Automatisms represent coordinated involuntary motor activity that is 

stereotyped and virtually always accompanied by altered consciousness and subsequent 

amnesia(Blair, 2012).  They often involve the hands (fumbling, picking, fidgeting), or 

mouth (chewing, lip smacking, swallowing). Other less likely automatisms observed 

includes vocalizations, ictal speech and affective behaviors such as crying or laughing. 

Automatisms have been reported in about 66% patients with TLE (Fogarasi et al., 2007; 

Sadler, 2006). 

3.2 CAUSES:  

 

Mesial Temporal Sclerosis (MTS) and Hippocampal sclerosis (HS) are the most common 

causes of TLE, accounting for  more than 80% (Williamson et. al., 1993). Other causes 

include perinatal injury, anteriovenous malformations, malformations of cortical development, 
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CNS infections, glial tumors, head trauma and limbic encephalitis (Harvey et. al., 1995; 

Williamson et al., 1993).  

3.3 TYPES:  

 

a) Mesial TLE: The mesial temporal lobe is the deep inner part of the temporal lobe 

including hippocampus and parahippocampal gyrus. This region is mainly concerned with 

memory. 

b) Lateral TLE: The lateral temporal lobe is the outer layer, a part of neocortex. This region 

is principally involved in high-level auditory processing and also contributes to memory. 

The symptomatic, physical and EEG finding differences between mesial TLE and lateral TLE 

are illustrated in Table.2. 

 

4. MECHANISMS UNDERLYING TLE:  

 

4.1 HIPPOCAMPUS: 

 Located in the medial temporal lobe, the hippocampus is a part of the limbic system. It plays 

an important role in the formation of new memories about experienced events (known as 

episodic/ autobiographical memory) (Burgess et. al., 2002; Konkel & Cohen, 2009) by 

recognizing novel environments, events and stimuli (Vanelzakker et. al., 2008).  It has also 

been implicated in spatial or topographic memory in humans (Maguire et. al., 1996; J O’Keefe 

et. al., 1998; Spiers et. al., 2001) which is consistent with the cognitive map theory 

characterization of hippocampal function (O’Keefe & Lynn, 1978). In other studies, Burgess 

et. al.,  observed that while processing of spatial scenes require parahippocampus, the right 

hippocampus appears particularly involved in memory for locations within an environment, 

whereas the left hippocampus is more involved in context-dependent episodic or 
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autobiographical memory (Burgess et al., 2002). And thus, memory loss and disorientation 

can be considered the first signs to indicate hippocampal damage. The causes of such damage 

may be hypoxia to the tissue or encephalitis. Bilateral hippocampal damage may cause a 

person to suffer from anterograde amnesia. 

 

Figure2. Neuronal network in Hippocampus (http://www.bristol.ac.uk/synaptic/pathways, 

08/15/13). 

The hippocampus generally consists of 3 major regions: subiculum, hippocampus proper 

(Cornu Ammonis) and dentate gyrus (DG). The hippocampus forms a uni-directional network 

with input from the Entorhinal Cortex (EC). The EC forms connections with the dentate gyrus 

and CA3 pyramidal neurons via the medial and lateral perforant pathway respectively. CA3 

neurons also receive input from DG (granule ells) via Mossy Fibers. These CA3 neurons then, 

send axons to CA1 pyramidal cells via Schaffer’s Collateral (SC) Pathway, as well as to CA1 

cells in the contralateral hippocampus via the Associational Commissural (AC) Pathway. CA1 

neurons also receive input directly from the perforant path and send axons to the subiculum. 

These subicular neurons in turn send the main hippocampal output back to EC completing a 

loop. 

Interneurons (such as basket cells) are local inhibitory cells present in the hippocampus region 

that influence the activity of neighbouring principal neurons. Feed-forward inhibition and 

http://www.bristol.ac.uk/synaptic/pathways/
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recurrent inhibition (Fig.3) are normal mode of activity of these cells which prevent the pool 

of target principal neurons from becoming synchronously over-activated. A reduction in 

inhibition due to a dysfunctional inhibitory circuit, interneuron loss or compromised 

interneuron function invariably results in spontaneous seizures (Sebe & Baraban, 2012).  

 

Figure 3. Feedback and Feed-forward inhibition in the Dentate Gyrus (DG).  

 

(Babb & Brown.  Pathological findings in epilepsy. In: Engel J editors. Surgical treatment of 

the epilepsies. New York: Raven Press; 1987;p. 511–540) 

 

This balance between excitation and inhibition of neurons when disturbed, as in the case of 

epilepsy, results in neuronal hyperexcitability and hypersynchrony.  

The potential causes of hyperexcitability, thus, can be summed up as: 1) Increased excitatory 

synaptic neurotransmission. 2) Decreased inhibitory synaptic neurotransmission. 3) Changes in 

voltage-gated ion channel function. 4) Alterations in local ion concentrations. 
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5. ETIOLOGY:  

 

 The 1989 ILAE classification identified 40 different types of partial epilepsies that were 

classified into symptomatic, idiopathic or cryptogenic categories on the basis of their etiology. 

These categories were replaced by newer terms in the classification scheme proposed by ILAE in 

2010. Current developments in molecular genetics and neuroimaging led to a rational system for 

characterizing and categorizing the causes based on mechanisms (Berg & Scheffer, 2011). 

a) Genetic: Epilepsies are classified as genetic when a genetic defect can be identified and when 

the seizures are core symptoms of epilepsy. Genetic epilepsies include electroclinical 

syndromes, channelopathies and neurotransmitter receptor mutations as well. Examples are 

given in Table.3. 

b) Structural-Metabolic: Epilepsy may be a secondary result of a structural or metabolic 

condition of the brain. This term includes epilepsy due to acute injuries or developmental 

errors in the brain. Examples are given in Table.3. 

c) Unknown:  If the cause of epilepsy is remains unidentified, it is now classified as unknown. 

The cause may turn out to be genetic, structural or metabolic, on further investigation. 

Thus, to summarize the increase in neuronal excitability in epilepsy may be  due to alterations in 

ion channel function, inhibitory and/or excitatory synaptic transmission, neuronal circuitry, 

protein levels (e.g. neurosteroids, neuropeptides) and/or the expression of genes encoding for 

critical proteins (e.g. receptors, trophic factors). These changes may occur in response to a brain 

injury, developmental brain malformation and genetic mutation or be of  an unknown origin (Sebe 

& Baraban, 2012). 
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6. MANAGEMENT: 

 

At present, a number of different treatment strategies are available for management of different 

types of epilepsies. 

6.1 MEDICATIONS:  

The vast etiology of epilepsy warrants development of a variety of drugs that may exert their 

effects through different mechanisms (Table. 4). These drugs are developed with an intention 

to prevent paroxysmal discharge without affecting normal transmission (Rang & Dale's 

Pharmacology, 2007). The primary mechanisms through which these antiepileptic drugs show 

their effect are: 

i) Enhancement of GABA action: GABA is the chief inhibitory neurotransmitter in human 

brains. Thus, many AEDs target it by either causing allosteric modulation of GABA 

receptors (e.g barbiturates), or preventing degradation of GABA from synaptic space (e.g. 

vigabatrin, tiagabine). 

ii) Inhibition of sodium channel function: Many AEDs such as phenytoin, valproate, 

lamotrigine etc. block the voltage-dependent sodium channels thus, preventing generation 

of an action potential. These drugs preferentially bind to channels in their inactivated state, 

and prevent them from returning to resting state, which decreases the overall number of 

neurons participating in the generation of an action potential. 

iii) Inhibition of calcium channels: Drugs such as Ethosuximide and Valproic acid act on 

calcium channel component, which have been recognized as essential for rhythmic 

discharges associated with absence seizures (Khosravani et al., 2004). 

iv) Other mechanisms of action include inhibition of glutamatergic or glycine transmission or 

activation of potassium channels. 
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However, even with the ever-increasing number of anti-epileptic drugs in the market, the 

overall therapeutic efficacy in management of epilepsy has not improved, as 30-40% patients 

are refractory to medications (Löscher & Schmidt, 2011;Mohanraj & Brodie, 2005). Hence, 

there is a constant need of development of new treatment strategies.  

6.2 SURGICAL METHODS: 

 Surgery is a very feasible option to treat intractable epilepsy, if the seizures are localized to 

an accessible part of the brain. Acquired epilepsies due to tumor, cyst, lesion or other growth 

in the brain present a strong case for surgical removal of the injured region of the brain and 

thus, render the patient seizure-free. But, the single most important determinant of the surgical 

outcome is the patient selection. This requires detailed presurgical evaluation to characterize 

seizure type, frequency, site of onset, psychosocial functioning and degree of disability in 

order to select most appropriate treatment from the varied surgical options 

(http://neurosurgery.mgh.harvard.edu/functional/ep-sxtre.htm, 07/31/13). These options 

include: 

i) Focal resections: It involves surgical removal of the epileptogenic region of the brain. The 

techniques such as lesionectomy, lobectomy, hemispherectomy, corticectomy etc. 

generally yield the best surgical results.  

ii) Hemispherectomy: Hemispherectomy is another form of cortical excision that is limited to 

patients that tend to have severe epilepsy with wide spread independent epileptic 

discharges that often extend to the contralateral (normal) hemisphere. This technique 

attempts to reduce the risk of superficial cerebral hemosiderosis by minimizing cortical 

resection while maintaining complete functional disconnection (Rasmussen, 1983). 

iii) Corpus Callosotomy: This technique is designed to interrupt the pathway through which 

seizures spread, thus, confining the discharge to a smaller part of the brain 

(www.hopkinsmedicine.org, 07/31/13). It is indicated when the patient has a severely 

http://neurosurgery.mgh.harvard.edu/functional/ep-sxtre.htm
http://www.hopkinsmedicine.org/
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damaged hemisphere but motor, sensory or visual function that would be valuable to 

preserve.  

Even though cerebral surgery is a valid alternate option to pharmacotherapy; many patients 

with focal seizures are not optimal candidates for intracranial surgery. 

6.3 VAGAL NERVE STIMULATION:  

In 1997, the U.S FDA approved the use of VNS as an adjunctive treatment for refractory 

partial-onset seizures in adults and adolescents aged> 12 years(Schachter & Saper, 1998). It is 

a non-pharmacological treatment therapy, also described as pacemaker of the brain. The 

stimulation intensity, duration and frequencies can be altered using an external dose 

adjustment system. The external hand magnets when held over the implant site produces extra 

dose of stimulation, which then can shorten decrease the intensity of or altogether stop the 

seizure (―(Source: Cyberonics.com),‖ 2013). The side-effects, observed only during the 

stimulation, include hoarseness or change in voice tone, sore throat, shortness of breath and 

coughing (Morris, 1999). About 33% patients experienced a >50% reduction in seizure 

frequency and less than 5% patients became totally seizure free. The number of cases is 

limited as is the follow up and therefore no definitive conclusions can be made regarding this 

technique. 

 

6.4 DIETARY THERAPY:  

A non-invasive, non-pharmacological treatment option that has shown sustained results in 

controlling seizure frequency in refractory patients is dietary therapy. These Low 

Carbohydrate diets (LChD) have become very popular in their use to reduce weight and treat 

various disorders such as diabetes, nonalcoholic fatty liver disease, polycystic ovary syndrome 

amongst many others (Frigolet et. al., 2011).  Currently, there are two types of diet therapies 
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in the market, ketogenic diet and modified atkins diet. Both these diets are associated with 

ketosis, which plays a critical role in seizure suppression, however, it is not clear if ketosis is 

altogether essential for seizure control (Kossoff et al., 2006). The diets are tedious to follow 

consistently, so compliance is facilitated greatly by presence of early efficacy, as is observed 

in the case of ketogenic diet(Abou-Khalil, 2009). 

i) Ketogenic Diet: Developed by Wilder in 1921, this high fat, low carbohydrate diet is still 

one of the most popular therapies to control intractable seizures in pediatric patients 

(Vining, 1999). Though, there is still much to be learned about the precise mechanism of 

action and the biochemical basis of the diet’s therapeutic effects; there is no denying the 

efficacy of the therapy (further discussed in section 6). Potentially new treatment 

strategies will be developed once the mechanism of ketogenic diet’s efficacy is 

established. 

ii) Modified Atkin’s Diet: Atkin’s diet was modified (lesser carbohydrate intake; restricted to 

10-20g/day indefinitely) to use in epileptic patients, when it was discovered in 2003 that 

the induction phase of Atkin’s diet helped to control seizures. It is also a low 

carbohydrate, high fat diet inducing ketosis similar to ketogenic diet without restriction on 

calories, fluids, proteins or need of inpatient fast or admission (Kossoff et al., 2006). 

Recent studies have shown that, it reduces seizure frequency by more than 50% in 43% of 

patients who try it and by more than 90% in 27% of patients (Kosoff et. al., 2009). The 

side effects include: constipation, weight loss, acidosis and over-ketosis (dizziness, 

nausea, stomachache, headache, and fatigue), kidney stones, hyperlipidemia 

(http://www.carsonharrisfoundation.org/pdf/mad_webinar.pdf, 07/31/13). 

 

 

 

http://www.carsonharrisfoundation.org/pdf/mad_webinar.pdf


18 
 

7. KETOGENIC DIET:  

 

As a high fat, low carbohydrate, adequate protein mainstream non-pharmacological diet; 

ketogenic diet (KD) has proved to be very effective against many medically intractable types of 

epilepsy for over 80 years (fig.4). The diet mimics the state of starvation; where the body utilizes 

fats instead of carbohydrates. The fats are converted to fatty acids and ketone bodies which cross 

the blood-brain barrier and serve as the main source of energy instead of glucose. It is known to 

have a broad spectrum anticonvulsant profile and is efficacious in many seizure types, etiologies, 

severities and across patient ages (Acharya et. al., 2009). 

 

Figure 4A.Efficacy of KD in pediatric patients (Thiele, 2003;Vining et. al., 2013). 

 

 

 

 

 

 

 

Figure 4B. Composition of American Diet v/s Ketogenic Diet (Thiele, 2003). 
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7.1 HISTORY: 

 Fasting as a therapy for epilepsy has been described in texts from the middle ages as well as 

in the New Testament (e.g., Matthew 17:15-21) (Thiele, 2003). In 1921, studies carried out at 

Mayo Clinic presented the ―ketogenic diet‖ as a diet designed to mimic starvation (Wilder, 

1921).  The diet was widely studied and used until the mid-1930s, when diphenhydantoin was 

introduced. Compared to the drug, the diet was then considered rigid, difficult and expensive. 

However, with the invention of newer techniques, the ketogenic diet and the search for its 

mechanism have become favored topic of research anew. 

7.2  DIET: 

 The KD is a 4:1 ratio (by weight) diet implying ratio of fats to combined protein and 

carbohydrate intake. It is radically different from a normal American diet (fig.4B). The fat 

requirements of the diet are met by a combination of heavy cream, butter and mayonnaise. 

The foods are carefully measured and weighed. In addition, modest intake of particular fruits, 

vegetables, poultry, and fish is allowed; but, starchy fruits or vegetables, bread, pasta or grains 

or any other simple sugar is strictly prohibited. This limitation on sugar intake also includes 

medications, non-nutritive sweetener formulations and also toothpaste. The protocol for 

initiating the diet is fairly standard, with little adaptations by different centers where it is 

administered (Kossoff & Turner, 2006). 

7.3 SIDE-EFFECTS:   

The diet is not a benign, holistic or natural treatment for epilepsy and hence, complications are 

possible. However, compared to other treatment strategies, they are less frequent and less 

severe (Kossoff &Turner, 2006). Common side-effects include constipation, low-grade 

acidosis and hypoglycemia, raised blood lipid levels in kids (Bergqvist, 2012) and around 

30% increase in cholesterol levels in adults (Kossoff & Turner, 2006). Long-term use may 
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precipitate kidney stones (Kosoff  et al., 2009). Some studies report atherosclerosis and 

cardiomyopathy (Sperling & Nei, 2004). 

7.4  POSSIBLE MECHANISM OF ACTION:  

The mechanisms underlying the diet’s efficacy are still unclear, but, several hypotheses have been 

proposed: 

1. Direct anticonvulsant effects of ketone bodies i.e acetoacetate (Rho et. al., 2002) and 

acetone (Likhodii et. al., 2008). It is known that ketosis (i.e elevated ketone levels in the 

body) is essential but, not always sufficient for seizure control with the KD. The studies 

carried out on Fringe audiogenic seizure-susceptible mice suggest that the cerebral ketone 

bodies such as acetone and acetoacetate may show their anticonvulsant actions through 

non-specific general anaesthatic action (Rho et al., 2002). In a larger study carried out on 

several animal models, acetone was confirmed to be anticonvulsant at therapeutically-

relevant non-toxic concentrations (Likhodii et al., 2008).  

2. Decrease in the availability of excitatory neurotransmitters (aspartate and glutamate) and 

increase GABA availability, by altering the TCA cycle (Yudkoff et. al., 2009). Previous 

studies have reported that ketosis condition activates mitochondrial metabolism and flux 

thorugh the TCA cycle (Melø et. al.,2006.; Yudkoff et al., 2007). The ketone bodies serve 

as a substrate to the TCA cycle and are primarily oxidized in astrocytes (Waniewski & 

Martin, 1998). This shift in site of oxidation results in increased formation of glutamine 

and, thus, increased synthesis of glutamate, an important GABA precursor (Yudkoff et al., 

2009). 

3. Influence the action of other biomolecules such as polyunsaturated fatty acids, arachidonic 

acid and docosahexanoic acids, all of whose levels are increased in ketogenic conditions 

(Fraser et al., 2003; Voskuyl et. al., 1998; Xu et al., 2008). PUFAs may show their 

anticonvulsant effect through a number of different mechanisms such as modification of 



21 
 

the composition of CNS membranes, activation of nuclear receptor PPAR and/or 

attenuation of inflammation (Auvin, 2012).  

7.5 OTHER STUDIES: 

Studies done in the field of neurodegenerative disorders such as Alzheimer’s and Parkinson’s 

disease have led to the hypotheses that ketogenic diet may not only provide symptomatic 

assistance, but, also could have disease-modifying characteristics applicable to a broad range of 

brain disorders characterized by the death of neurons (Gasior et. al., 2008). Some studies carried 

out using kainic acid (KA) model of seizure induction observed that the neuronal degeneration 

induced by KA treatment was reversed to some extent by ketogenic diet via diverse mechanisms, 

including inhibition of Caspase-3-mediated apoptosis, increasing calbindin, or inhibiting nuclear 

clusterin accumulation in hippocampal neurons (Noh et. al., 2008). Other studies reported that the 

ketogenic diet increased the amount of fatty acids available than in normal or high carbohydrate 

diet, which  then prevented the worsening of cognitive performance in Alzheimer patients 

(Cunnane et. al., 2002.; Henderson, 2004; Young et. al.,  2005). 
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Figure 5 Hypothetical diagram of neuroprotective and anti-inflammatory pathways 

modulated by the KD via PPARγ activation. Modified from Fong et. al, 2010. 

 

Fong et. al. described the anti-apoptotic action of PPARγ in cerebral ischemia (Fong, et. al., 

2010). As in cerebral ischemia, disruption in the mitochondrial bioenergetics is believed to be one 

of the underlying mechanisms of pathogenesis in epilepsy too (Sullivan et. al., 2003; Ziegler et 

al., 2003). Also, biochemical studies of epileptic brain homogenates have revealed a decrease in 

the ATP levels (Kovac et. al., 2012). Since, mitochondria are involved in the production of 

reactive oxygen species (ROS) and maintenance of cellular redox state, mitochondrial 

dysfunction may lead to increased levels of ROS, thus, further the oxidative damage to cellular 

proteins, lipids and DNA (Jarrett et. al., 2008; Patel, 2004). These ROS through activation of 
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different inflammatory mediators lead to apoptosis and neuronal cell death. These events can be 

blocked or reversed by KD. It is an established fact, that KD exerts a wide range of effects 

including, but, not limited to, anti-inflammation, restoring bioenergetics homeostasis and 

increasing blood PUFA levels (Jarrett et. al., 2008; Sullivan et al., 2004; Yang & Cheng, 2010). 

KD exerts it’s anti-inflammatory action by a) regulating of ROS levels and promoting anti- 

apoptotic agents such as superoxide dismutase (SOD), catalase and Bad phosphorylation (Jarrett 

et al., 2008; Noh et al., 2006; Yu et al., 2008)  and b) reducing pro-inflammatory cytokines such 

as IL-6 and NF-κB (Yang & Cheng, 2010; Yu et al., 2008). Then, KD helps in re-establishing 

bioenergetics homeostasis upregulating mitochondrial genes such as uncoupling protein-2 (UCP-

2) (Sullivan et al., 2004).  Finally, oxidation of PUFAs cause a) rise in the levels of ketone bodies, 

which act as anticonvulsants themselves (Likhodii et al., 2008; J. M. Rho et al., 2002) and b) 

increase in ATP levels of the cell, thus, restoring cellular homeostasis (Rho, 2010). Moreover, 

PUFAs are endogenous ligands to Peroxisome Proliferator-Activated Receptor γ (PPAR-γ) 

(further discussed in section 7). The receptor on activation a) increases 14-3-3ε levels, these 

molecules then sequester p-Bad and reverse the apoptotic effects of Bcl-2 b) increases IκB, which 

then downregulates NF-κB and inflammation and c) increases SOD/ catalase and decreases 

NADPH oxidase activities, thus, reducing ROS production (Fong et al., 2010). This similarity 

between the effects of KD and that of PPARγ after activation strongly suggests that the molecular 

target in this KD effector pathway may involve PPARγ. 

 

8. PEROXISOME PROLIFERATOR ACTIVATED RECEPTORS: 

 

Discovered in 1990, PPARs are ligand-modulated transcription factors (α, β/δ,γ) belonging to 

nuclear receptor superfamily (Issemann & Green, 1990). They form heterodimers with RXR and 

bind to peroxisome proliferator response elements (PPRE) in the promoter regions of the target 
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genes. Polyunsaturated fatty acids (PUFA) and several fatty acid derivatives such as leukotrienes 

and prostaglandins have been identified as endogenous ligands to PPARs. Thiazolidinediones are 

considered the most prominent pharmacological ligands for this class of nuclear receptors. 

8.1 NOMENCLATURE & TISSUE DISTRIBUTION:  

PPARs form the group C in the subfamily 1 of the superfamily of nuclear hormone receptors i.e 

NR1C. The three isoforms are expressed distinctly and exhibit different functions: 

a) PPAR-α: (NR1C1). It has 468 amino acid (a.a) residues. It is transcribed by the gene present 

on chromosome 22q 12-13.1 (www.omim.org, 07/31/13). It is expressed in liver, kidney, 

muscle, heart and vascular endothelial cells and essentially regulates lipid metabolism.  

b) PPAR-β/δ: (NR1C2, NUC-1 or FAAR). It consists of 441 a.a residues. It is transcribed by the 

gene present on chromosome 6p 21.2-21.1 (www.omim.org, 07/31/13).   It is expressed in 

muscle and adipose tissue and regulates lipid metabolism in the respective tissues. 

c) PPAR-γ: (NR1C3). It is made up of 479 a.a residues. It is transcribed by the gene present on 

the chromosome 3p25 (www.omim.org, 07/31/13).  It is further expressed in three isoforms 

γ1, γ2 and γ3. PPARγ2 has an additional 30 a.a at the N-terminal; resulting from differential 

promoter use and alternative RNA splicing (Giusti et al., 2003.; Zhu et al., 1995), which 

confers a ligand-independent activation domain that is several folds more effective than 

PPARγ1(Werman et al., 1997).  The isoforms γ1 and γ3 are identical when fully translated 

and thus, only differ in splice variants. (Gelmanet. al., 1999). The isoform γ1 is expressed in 

nearly all tissues except muscles and γ2 is expressed mainly in adipose tissue and intestine. 

The activation of this receptor promotes cell differentiation in hepatocytes, fibroblasts, 

myocytes, and breast and colon epithelial cells. The effect of PPARγ activation (as described 

in section 7.3) on adipocyte differentiation and anti-inflammatory pathway are of major 

interest. 

http://www.omim.org/
http://www.omim.org/
http://www.omim.org/
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Hereditary disorders of PPARs mainly include loss of function resulting in lipodystrophy, insulin 

resistance and acanthosis nigricans (Meirhaeghe & Amouyel, 2004). 

8.2 PPAR STRUCTURE:  

The nuclear receptor has 5 structural regions (A-F) with four functional domains(Vamecq & 

Latruffe, 1999). 

a) A/B- NH2 terminal region. It contains activation function 1 which is independent of the 

presence of ligand. 

b) C- DNA binding domain (DBD) 

c) D- Flexible hinge region 

d) E- Ligand Binding Domain (LBD). It is implicated in ligand recognition. It contains 

activating function 2 which is dependent on the presence of ligand and is necessary for the 

heterodimerization with RXR. 

e) F- C-terminal region. 

The DBD contains two zinc finger motifs, which bind to specific sequences of DNA known as 

Peroxisome Proliferator Response Elements (PPRE) when the receptor is activated. The LBD 

has an extensive secondary structure consisting of 13 alpha helices and a beta sheet (Zoete et. 

al., 2007). Natural and synthetic ligands bind to the LBD, either activating or repressing the 

receptor. Activation of PPAR γ can be depressed by phosphorylation of a serine residue in 

A/B region, mediated by mitogen-activated protein (MAP) kinase (Shao et. al., 1998).  
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Figure 6. Schematic representation of the structure of PPARs (Blanquart et. al., 2003). 

8.3 PPAR ACTIVATION PATHWAY: 

 

 

 

 

 

 

 

 

 

Figure 7. Schematic diagram to represent the receptor–mediated transcription in response to 

ligand-activation of PPARs (http://www.cmtc.psu.edu/peters_group/images/regulationLg.jpg, 

08/12/13).  

 

http://www.cmtc.psu.edu/peters_group/images/regulationLg.jpg
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The PPAR is usually bound to co-repressors such as NCOR (Nuclear Receptor Co-repressor) and 

SMRT (Silencing Mediator for Retinoid and Thyroid Hormone Receptor). On activation by 

ligand, the co-repressors dissociate themselves; the receptor undergoes heterodimerization with 

RXR (Retenoic Acid Receptor). This in turn causes activation of co-activators such as CBP/p300 

(CREB-Binding protein). The recruitment of Histone AcetylTransferase (HAT) complex allows 

for the chromatin to decondense, so that the dimer complex may bind to the promoter region of 

the target gene at the Peroxisome-Proliferator Response Element (PPRE). The dimer-PPRE 

binding thus, induces downstream transcription and translation of required proteins.  

The transcriptional activity of PPARs is regulated by post-translational modifications, such as 

phosphorylation and ubiquitination. 1. PPARα and γ, both being phosphoproteins, are thus, 

regulated by kinases activated by numerous extracellular signals. Therefore, PPAR activity is 

subject to modulation by a wide variety of physiological changes (Blanquart et al., 2003). 2. 

Recent studies have shown ubiquitin-proteasome degradation system to affect the activity of a 

large number of nuclear receptors families. This pathway is associated with regulation of many 

proteins involved in different cellular functions such as cell cycle control, transcription regulation 

and signal transduction (Mimnaugh et. al., 1999). Studies have shown PPARα and γ to be 

degraded by this pathway which directly regulated it’s transcriptional activity (Blanquart et. al., 

2002; Hauser et al., 2000). Thus, this pathway seems to be an important mechanism for regulation 

of cellular PPAR protein levels. 

PPARγ plays an important role in the anti-inflammatory pathway. Molecular studies done in-vitro 

have shown it to interfere with many mediators such as NF-κB by physically interacting with p50 

and p65 (Chung et al., 2000). Also, glitazones (specific agonists of PPARγ) have been shown to 

inhibit expression of c-fos in vascular smooth muscle cells, which may represent the mechanism 

of repression of AP-1 pathway by the PPARγ (Law et al., 1996). Thus, PPARγ interferes with 
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different steps of inflammatory response by modulating expression of chemokines, chemokine 

receptors and adhesion molecules in the endothelial cells, smooth muscle cells, monocytes and 

macrophages (Blanquart et al., 2003; Chawla et al., 2001; Escher & Wahli, 2000; Li et. al., 2000).  

Studies on CNS neurodegenerative disorders such as stroke, cerebral ischemia, CNS injury, 

Parkinson’s disease and Alzheimer’s disease has brought into light, the neuroprotective actions of 

PPARγ. A group of PPARγ agonists (esp. Pioglitazone and Rosiglitazone) have shown extreme 

potential in the realm of drug discovery for CNS injury due to their ability to increase functional 

recovery and decrease lesion volumes following injury (Yonutas & Sullivan, 2013). Recent 

studies have demonstrated that activation of PPARγ attenuates ischemia-induced ROS species and 

subsequently lessen the postischemic degradation of Akt and Bcl (Fong et al., 2010). Activation 

of PPARγ has proved to be neuroprotective against NMDA excitotoxicity studies (Zhao et. al.,  

2006), against lipopolysaccharide-induced neuronal death in cortical neuron-glial co-culture 

studies (Kim et al., 2002) and also against death of cerebellar granule cells in response to pro-

inflammatory cytokines (Heneka et. al., 2001).  
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Figure 8. Overview of the anti-inflammatory and neuroprotective effects of selected PPAR 

agonists in central nervous system (CNS) injury, as exemplified in the setting of traumatic brain 

injury. Abbreviations: PPAR: peroxisome proliferator-activated receptor; 2-AG, 2-arachidonyl 

glycerol; NF-κB, nuclear factor-κB; CNS, central nervous system (Yonutas & Sullivan, 2013). 

 

9. PIOGLITAZONE: 

 

Pioglitazone (Brand name: Actos®), a selective agonist for PPAR gamma, is an antidiabetic drug 

from the class Thiazolidinediones. It is one of the two FDA approved Thiazolidinediones still 
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present in market for the management of Type II diabetes; the other drugs of this chemical class 

are no longer available on market owing to their large adverse effects profile. 

 

IUPAC name: (RS)-5-(4-[2-(5-ethylpyridin-2-yl)ethoxy]benzyl)thiazolidine-2,4-dione. 

Figure 9. Chemical structure of pioglitazone. 

9.1 PHARMACOLOGY:  

It modulates the transcription of insulin-sensitive genes involved in the metabolism of glucose 

and lipid in adipose tissue, muscle and liver. It also decreases the level of triglycerides and 

increases that of high-density lipoproteins (HDL) and total cholesterols to some extent in 

patients with disorders of lipid metabolism. Some recent studies have shown pioglitazone to 

bind to the outer mitochondrial membrane protein known as mitoNEET with an affinity 

comparable to that of the drug to PPARγ (Colca et al., 2004; Paddock et al., 2007). 

9.2 PHARMACOKINETICS:  

 

a) Absorption: Absorbed quickly. Presence of food delays the time but not the extent of 

absorption. 

b) Distribution: the drug and its metabolites are extensively protein bound (>99%) primarily 

to serum albumin. the drug may attain a concentration of 18% in the brain after crossing the 

blood-brain barrier (Schütz et al., 2005; Maeshiba et al., 1997). 
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c) Metabolism: it is extensively metabolized by hydroxylation and oxidation. The 

metabolites may also partly convert into glucuronide of sulfate conjugates. Metabolites (MI- 

MIV) are pharmacologically active. In vitro studies have shown that the major cytochrome 

enzymes involved in the metabolism are CYP2C8 and CYP2C9 (Muschler et al., 2009; Okuda 

& Motohashi, 1996). 

d) Elimination: 15-30% of the drug is recovered in the urine as the metabolites and their 

conjugates. It is presumed that most of the oral dose is excreted in the bile either unchanged or 

as metabolites and excreted in feces. 

9.3 ADVERSE EFFECTS:  

The most common adverse effects include weight gain and upper respiratory tract infection. 

The less common side-effects (1-10%) include edema, fatigue, headache, hypoglycemia, 

anemia, myalgia, sinusitis, pharyngitis.  

9.4 OTHER STUDIES: 

 

 Thiazolidinediones, in addition to their action against diabetes and lipid disorders, have also 

been studied for their potential role in brain disorders (Dehmer et. al., 2004; Luna-Medina et 

al., 2007; Rosa et. al., 2008). PPARγ agonists have been shown to improve cognitive function 

in Alzheimer’s disease (Denner et. al., 2013). Pioglitazone has been shown to exhibit 

neuroprotective action in cerebral ischemia (Breidert et al., 2002; Feinstein et al., 2002) and 

stroke (Zhao et. al., 2006). It is postulated that pioglitazone exerts its beneficial effect via 

inhibiting the activation of NF-κB in in vitro ischemic model mediated by oxygen-glucose 

deprivation (OGD) in cultured primary neurons (Zhang et al., 2011). 

TZDs have also been studies for their effect in animal models of acute seizures, where they 

have demonstrated potent anticonvulsant action (Maurois et al., 2008; Sun et al., 2008; Yu et 

al., 2008). Studies done on genetically epilepsy-susceptible EL mice (Okada et. al., 2006) 
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show that pioglitazone increased the seizure threshold levels during stress-induced seizures. 

Also, mRNA levels of inflammatory cytokines, such as that of TNF-α, IL-1β and IL-6 before 

and after seizures were reduced in the brains of mice treated with pioglitazone. Thus, they 

hypothesized that the ameliorative effects of the drug may be partly due to its effect on 

inflammatory mediators. Similar results were obtained in studies carried out on WT mice; 

where seizures were induced using pentylenetetrazole injections and kindling (Abdallah, 

2010).   
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Table.2 The symptomatic, physical characteristic and EEG differences of mesial TLE and 

lateral TLE  (French, 1993; Kim et al., 2003; http:// professionals.epilepsy.com). 

FEATURE MESIAL TLE LATERAL TLE 

A) SYMPTOMS 

Ascending epigastric aura Y N (very rare) 

Fear aura Y N 

Eye blinking Y N 

Aggressive behavior  Y N 

Hyperventilation  Y N 

Automatisms involving mouth Y N 

Auditory hallucinations/ illusions N (few) Y 

Vestibular/ vertiginous phenomena N Y 

Experiential symptoms N Y 

Visual Hallucination N Y 

 Language disturbances N Y 

Olfactory hallucinations Not common Y 

Gustatory hallucinations Not common Y 

Complex memory flashback N Y 

Unformed vocalizations N Y 

Contralateral dystonia N Y 

Restlessness N Y 

Post-ictal cough or sigh N Y 

Complex childhood febrile convulsions Y  N 
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Legends: Y- Yes, N- No, HS- Hippocampal Sclerosis, EEG- Electroencephalogram. 

 

FEATURE MESIAL TLE LATERAL TLE 

B) PHYSICAL CHARACTERISTICS 

MRI abnormality Hippocampal volume is 

often abnormal 

A lesion or 

abnormality in 

>90% cases. 

Hippocampal sclerosis Common, often in 

refractory cases. 

N 

Hypometabolism of glucose observed in 

mesial region 

Y N (rare) 

C) EEG FINDINGS 

FEATURE MESIAL TLE LATERAL 

TLE 

Interictal EEG background Normal Posterior 

lateralized slow 

waves  

Ictal EEG background Rhythmic slow activity (4-7 Hz) that appears 

over the affected temporal lobe region, before 

or simultaneously with the clinical events. 

Ictal EEG spikes Fast spiking is exceptional Fast spiking is 

more common. 
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Table.3. Classification of etiologies according to ILAE 2010 guidelines. 

 

 

GENETIC CAUSES STRUCTURAL-METABOLIC CAUSES 

1. CHANNELOPATHIES: Trauma 

Stroke 

Encephalitis 

Electrolyte Disturbances 

Tumor 

Febrile seizures 

Meningitis infection 

Congenital disorders  

Brain malformation 

Sodium channel: SCN1A, SCN1B, 

SCB2A1 

Chloride channel: CLCN2A 

Potassium channel: KCNA1, KCNQ2, 

KCNQ3,KCND2,KCNMA1  

 

2. NEUROTRANSMITTER 

RECEPTOR MUTATIONS: 

GABRG2 (GABA receptors) 

GABRA1 

CHRNA4 (Cholinergic receptors) 

CHRNB2 
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Table.4. Currently available Antiepileptic drugs for the management of seizures (Meldrum 

& Rogawski, 2007; Rang & Dale's Pharmacology, 2007; Rogawski & Löscher, 2004; White, 

1999). 

 

DRUG CLASS MOA INDICATION SIDE-EFFECTS 

Phenytoin Hydantoins Blocks Na
+
 channel, 

Blocks Ca
+2

 channel 

in higher doses 

 

Partial seizures 

GTC seizures 

SE 

Ataxia, Vertigo, 

Gum hypertrophy, 

Hirsutism, 

Megaloblastic 

anaemia, 

Fetal malformation, 

Hypersensitivity 

reactions 

Carbamazepine Carboxamides Blocks Na
+
 channel, 

Potentiates post-

synaptic GABA action 

Most commonly 

used drug 

TLE, Tonic-Clonic 

seizures 

Sedation, Ataxia, 

Blurred vision, 

Water retention, 

Leucopenia, drowsiness 

Respiratory depression, 

drowsiness, vertigo, 

diplopia, Idiosyncratic 

blood dyscrasias 
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DRUG CLASS MOA INDICATION SIDE-EFFECTS 

Phenobarbital Barbiturates Binds to GABA 

receptor; prolongs 

opening of Cl
- 
 

channel, 

Blocks excitatory 

responses induced by 

glutamate (AMPAR)  

Recurrent Tonic-  

Clonic seizures 

Sedation, Ataxia, 

Nystagmus, Vertigo, 

Nausea,  

Morbilliform rash, 

Agitation and  

Confusion 

Primidone Pyrimidinedione Metabolises to 

phenobarbital, 

MOA similar 

Focal seizures More liable to produce 

hypersensitivity 

reactions in addition to 

side-effects of 

phenobarbital 

Sodium 

valproate 

Derivative of 

Valproic acid 

Blocks Na
+
 channel, 

Inhibit  GABA 

transaminase 

Myoclonic seizures, 

Absence seizures, 

Tonic-Clonic 

seizures 

Nausea & vomiting, 

Ataxia, Sedation, 

Tremors, Rash and 

Alopecia 

Ethosuximide Succinimides Blocks L-type calcium 

channel 

Absence seizures Nausea, Anorexia 

Mood changes 

Headache 

Benzodiazepines Benzodiazepines Modulation of GABA 

receptor 

Absence and 

Myoclonic seizures, 

SE 

Sedation, Fatigue, 

Ataxia, Respiratory & 

Cardiac depression 
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DRUG CLASS MOA INDICATION SIDE-EFFECTS 

Lamotrigine Triazines 

 

Blocks Na
+
 channel, 

Blocks voltage-gated 

Ca
+2

 channels, 

Decreases synaptic 

release of glutamate 

from receptors 

Focal seizures, 

Myoclonic seizures 

and Absence 

seizures in pediatric 

patients 

Dizziness, Headache, 

Diplopia, Nausea, 

Somnolence, Skin rash 

(potentially life- 

threatening dermatitis)  

Felbamate Carbamates Blocks Na
+ 

channel, 

Inhibits glutamate 

transmission  

Focal seizures, 

Lennox-Gastaut 

syndrome  

Aplastic anemia, 

Hepatic failure 

Gabapentin GABA analogs Interferes with 

voltage-gated Ca
+2

 

channels 

Focal seizures Few side-effects 

mainly sedation 

Topiramate Fructose 

derivative 

Blocks Na
+
 channel,  

Modulates GABA 

receptor at a site 

different from that of 

BZDs or barbiturates, 

Acts on KA/ AMPA 

receptors  

 

Refractory focal 

seizures, 

Bilateral convulsive 

seizures 

Sedation 

Tiagabine Fatty acids Inhibits GABA re-

uptake 

Focal seizures 

(adjunctive 

treatment) 

Sedation 
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DRUG CLASS MOA INDICATION SIDE-EFFECTS 

Zonisamide Sulfonamides Blocks Na
+
 channel, 

Also acts on voltage- 

dependent Ca
+2

 ,K
+
 

channels 

Focal seizures, 

GTC seizures, 

Infantile spasms 

Drowsiness, 

Cognitive impairment, 

Serious skin rashes, 

Appetite suppression  

Levetiracetam Pyrrolidines May inhibit 

presynaptic Ca
+2

 

channels 

Refractory focal 

seizures 

Somnolence, 

Asthenia, Dizziness 
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10. HYPOTHESIS 

 

Pioglitazone has been proven to show anticonvulsant effects in in vivo acute and chronic seizure 

models, although, the complete mechanism remains unclear. We hypothesize that Pioglitazone 

will attenuate high potassium-induced seizure-like events in an in vitro system via activation of 

PPARγ. We have evaluated the effects of pioglitazone on a number of different parameters such 

as latency, duration and severity of seizure-like events on hippocampal slices, which co-relate 

with its efficacy in vivo. In addition, we evaluated the effects of pioglitazone on hyperexcitability 

of the slices in PPARγ neuronal knock out mouse model to verify that the pharmacological site of 

action of pioglitazone was PPARγ. This study, thus, substantiates the proposition that activation 

of PPARγ via pioglitazone significantly amends different parameters of high potassium-induced 

seizure-like events. Furthermore, the study confirms the viability of use of this in vitro seizure 

model to study the downstream mechanisms of PPARγ anticonvulsant action.  
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1. INTRODUCTION 

Seizures are a transient occurrence of signs and symptoms manifested due to an abnormal 

excessive or synchronous neuronal activity of the brain (Fisher et al., 2005). This hypersynchrony 

and/or hyperexcitability may result from increased excitatory neurotransmission, decreased 

inhibitory neurotransmission, an alteration in voltage-gated ion channels or a change in intra- or 

extracellular ion concentrations (American Epilepsy Society, 2006). The study of neural circuits 

and their functioning, thus, presents a good route to learn about the pathophysiogenesis of 

epilepsy as well as mechanism of action of different treatment strategies.  

In vivo model of seizures (such as kindling, PTZ-induced seizures, acute-stress induced seizures, 

local application of convulsants) etc. help to understand about seizure propagation throughout the 

brain, regional seizure susceptibility and seizure-induced neuropathology. However, they lack the 

opportunity for detailed physiological studies. Various in vitro models have now been used, 

including exposure to GABAA receptor antagonists, low calcium, no magnesium, or 4- 

aminopyridine. These in vitro seizure models afford better control over tissue environment and 

thus, are more helpful for cellular analysis. 

Electrophysiology is one such in vitro technique that facilitates the study of the neural circuitry 

with high spatiotemporal resolution (Chorev et. al., 2009). The technique is based on the principle 

that, the changes in the local membrane potentials that reflect electrical activity both within (intra) 

and outside (extracellular) of a neuron can be detected by appropriately placed electrodes; the 

signals then amplified and analyzed. Though, both intra-and extracellular recording can be used to 

study electrical activity at a micro-level; the main advantage of the latter over the former is that it 

allows for the study of functional connections between neurons. This, in turn, gives a clear picture 

of the entire network. Furthermore, the study of these interactions within a network requires 
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simultaneous recordings from different regions within a sample. Hence, multi-unit extracellular 

recording can be used, which involves contact of one or more closely spaced electrodes with the 

brain slice.  

MED64 is a multi-electrode array (MEA) system used for stimulation and recording of field 

potentials (extracellular signals) from multiple areas within a brain slice over long periods of 

time. The hippocampal slices are placed on a grid of 64 planar microelectrodes, which serve a 

dual purpose of stimulus-delivery and signal recording. The low impedance planar microelectrode 

(10kΩ at 1kHz, typically) is used which enables data acquisition with low-noise and superior 

signal-to-noise ratios (http://www.med64.com, 08/01/13). The system has been used to study: a) 

Evoked and spontaneous activities (fEPSP, Spikes). b) Synaptic plasticity (LTP, LTD). c) 

Spontaneous rhythmic activities (oscillations) (Simeone et. al., 2013). 

The in vitro extracellular electrophysiological studies also permit to test the effects of 

pharmacological manipulation of the slices such as high potassium recording aCSF model of 

seizure induction (Fig.1). The high potassium recording aCSF model is based on development of 

a positive feedback loop in high extracellular potassium ion concentration. This increase in the 

basal concentration through a number of different modulations may result in an increase in 

number and/ or synchrony of CA1 pyramidal cells which receive their input from CA3 axons. 

This, in turn, may further increase the efflux of potassium ions into the CA1 extracellular space 

following each interictal burst; the result of which is that the cycle becomes regenerative. The 

increase in baseline potassium conc. may lead to one of the following consequences: a) Decrease 

in the spike threshold and hence, increase in the number of neurons firing (Traynelis & 

Dingledine, 1988). b) Decrease in the amplitude of K
+
-mediated burst afterhyperpolarization 

(Fröhlich et. al., 2006). c) Decrease in the amplitude of GABAergic IPSPs, secondary to the rise 

in intracellular [Cl]
- 
(Korn et. al., 1987; McCarren & Alger, 1985). d) Depolarization of pyramidal 

http://www.med64.com/products.html
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cells (Korn et al., 1987). The depolarization, decrease in burst AHP and/or IPSPs will then 

increase the activation of NMDA receptors by excitatory neurotransmitters (Dingledine, 1986b). 

These events may then recruit even more pyramidal cells into the interictal burst and thus, 

produce a larger [K
+
]O transient with the next interictal burst. The increased baseline potassium 

concentration  may also lead to osmotic swelling due to a) reduction of potassium efflux (Dietzel 

et. al., 1980), b) active and passive uptake of ions and water by glial elements. That would lead to 

decrease in extracellular space and thus, increased ephatic interactions between pyramidal cells 

(Kimelberg & Frangakis, 1985). Thus, the tissue may cycle through this feedback loop with each 

incoming interictal burst. It is proposed that the actual initiation of seizure occurs when CA1 

region fails to remove the potassium from the interstitial space before arrival of next interictal 

burst. The resulting threshold level of [K
+
]O, in turn, helps the next burst to synchronize and 

recruit more neurons, ultimately leading to the tonic phase of a seizure (Traynelis & Dingledine, 

1988). 
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Figure1. Proposed positive feedback scheme for the initiation of electrographic seizures in CA1 

region (Traynelis & Dingledine, 1988). 

 

2. METHODS: 

 

2.1 ANIMALS: 

WT (strain C3HEB/FEJ) mice were used for the first leg of experiments. The animals were bred 

and their colonies maintained at Creighton Unviversity, School of Medicine Animal Resource 

Facility (ARF). The second set of experiments was carried out on PPARγ Neuronal KnockOut 

(NKO) mice. These mice were obtained from the Olefsky group, University of California, San 

Diego and then their colonies maintained at Creighton University ARF.  
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The animals were congenic with C57BL/6 strain. The conditional knock outs were generated by 

using Synapsin I Cre-LoxP system (Lu et. al, 1999). Cre expression driven by the Synapsin I 

promoter (Syn-Cre mice) leads to recombination in neurons, but not other cell types (Zhu et al., 

2001). The knock out expression was confirmed by two techniques: 

a) mRNA expression: They isolated mRNA from different brain regions and other peripheral 

tissues and quantitatively compared their abundance. Quantitative PCR showed that the 

PPARγ deletion was regional, such that markedly reduced expression in regions of spinal 

cord, brain stem, hippocampus and hypothalamus, mildly reduced expression in cerebral 

cortex and unchanged levels in cerebellum and olfactory lobe; all compared to control mice 

(Fig. 12a).The quantitative comparison in other peripheral tissues yielded similar results such 

that the tissues (muscle, liver, adipose tissue and pancreas) other than brain displayed normal 

PPARγ expression (Fig. 12b).  

b) Neuronal Marker NeuN expression: Neuron-specific deletion in these mice was confirmed by 

double-staining for PPARγ as well as NeuN. It was found that PPARγ was expressed in 

neuronal and non-neuronal cells with distinctive pattern. The number of double positive cells 

was significantly reduced in NKO mice which confirmed the neuronal deletion. 
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Figure 2. mRNA expression levels (Lu et al., 2011). 

2.2 MATERIALS:  

The stock solutions for Pioglitazone (Sigma-Aldrich, St. Louis, MO, USA) (25μM) and GW 9662 

(Tocris Biosciences, Bristol, UK) (30 mM) were prepared in DMSO. The experimental solutions 

(5μM pioglitazone solution and 3μM GW 9662solution) were prepared by diluting 20μl of 

pioglitazone stock solution and 10μl of GW 9662 stock solution in 100 ml aCSF respectively. A 5 

μM pioglitazone solution and 3 μM GW 9662 solution were similarly prepared in High K
+
 aCSF 

as well. The combined drug solutions (Pioglitazone (5μM)+ GW 9662 (3μM)) were prepared by 

adding 20μl  of pioglitazone drug and 10μl  of GW 9662 to 100ml of aCSF and to 100ml of High 

K
+
 aCSF. 

2.3 ACUTE SLICE PREPARATIONS: 

Wild types and PPARγ f/f and NKO mice (P35-45) were anaesthetized with isoflurane and 

decapitated. Their brains were removed quickly and transferred into ice-cold, oxygenated (95% 

O2/ 5% CO2) artificial cerebrospinal fluid (aCSF) containing (in mM): 206 Sucrose, 2.8 KCl, 1 

    F/f 

    NKO 
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CaCl2, 1 MgCl2, 2 MgSO4, 26 NaHCO3, 1.25 NaH2PO4 and 10 glucose. Hippocampal slices 

(350μ) were obtained using a Leica VT 1200 and incubated in a holding chamber for 1hr with 

warm (32°C) oxygenated aCSF containing (in mM): 125 NaCl, 3.0 KCl, 2.0 CaCl2, 1.2 MgSO4, 

26 NaHCO3, 1.25 NaH2PO4 and 10 glucose (pH 7.4). 

2.4 MULTI-MICROELECTRODE RECORDINGS: 

The hippocampal slice is transferred over the electrode grid of MED 64 probe. A custom probe 

cap was used to allow delivery of humidified air (95% O2/ 5% CO2) and perfusion (2 ml min
-1

) of 

in-line pre-warmed oxygenated aCSF. The temperature of solution in the probe was maintained 

between 31-35°C at all times. The bath level was maintained at the interface.  Spontaneous and 

evoked responses were recorded from the hippocampal slices using Conductor V3 (Alpha Med 

Systems) and Mobius V2 (Witwerx Inc., Tustun, CA).  Hilar-evoked responses (Patrylo & Dudek, 

1998) were examined 1) in normal recording aCSF (with 3 mM KCl concentration). 2) in 

recording CSF with elevated potassium ion concentration (with 8-10 mM KCl conc.). The 

recording was then acquired at a 20 kHz sampling rate with a bandwidth of 0.1-10 kHz using 

Spike2 (V6) software (Cambridge Electronic Design, Cambridge, England) and analyzed. 
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Figure 3. Timescale for electrophysiological studies conducted. 

Rationale for 90 min. drug wash-in period: Long-term potentiation (LTP) is a long-lasting 

enhancement in synaptic strength that results from stimulating the synaptic neurons 

simultaneously (Cooke & Bliss, 2006). Three distinct temporal components of potentiation were 

defined by Frey and co-workers on the basis of susceptibility to drugs. An earlier phase that 

survived protein kinase inhibitors and decayed to the baseline within 30-60 min. was called 

―Short-term Potentiation (STP)‖. ―Late-LTP (L-LTP)‖ was the persistent, protein-dependent 

phase of LTP. The protein synthesis-independent phase  was referred to as ―early LTP (E-

LTP)‖(Bliss et. al., 2007).The late-LTP phase is induced by changes in gene expression  and 

protein synthesis occurring as a result of persistent activation of protein kinases during E-LTP. 

The sustenance of L-LTP is ensured by synthesis of proteins at the time of or soon after the 

tetanus stimulations. This phase takes about 60-120 min. to plateau after the stimulation (Bliss et 

al., 2007) and employs different molecular complexes such as CREB (CRE-binding protein) and 

BDNF (Brain-derived neurotrophic factor)  for post-transcriptional modifications (Panja & 

Bramham, 2013; Wu et. al., 2007). Based on given evidence, a 90 min. wash-in time period is 

estimated to be enough for pioglitazone to bind and activate PPARγ, thus, initiating the 
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downstream protein transcription. To maintain constancy, the same time period is allowed for the 

PPARγ antagonist (GW 9662) wash-in as well. This step addresses the research question of 

whether 90 min. treatment is enough time for PPARγ to show its acute effects. 

2.5 ANALYSIS PARAMETERS: 

The spike phenotypes that were observed when slices were subjected to treatment with High K
+
 

aCSF included a) Induction of seizure-like events (SLE) (Fig. 5 a). b) Induction of continuous 

(CONT.) spiking phenotype (Fig. 5b). c) No spiking (Fig. 5c). 

 

 Figure 4. Incidence for the spike phenotype in (a) WT slices and (b) PPARγ control (F/f) and NKO 

slices. WT slices exhibit all three phenotypes viz., SLE, continuous spiking and no spiking. A majority 

(83.6%) of all PPARγ modulated slices exhibit a continuous spiking phenotype. 

Legends: WT: Wild-type; NKO: Neuronal KnockOut; SLE: seizure-like events; CONT.: Continuous 

spiking; NONE: No spiking. 
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Figure 5.Different burst phenotypes in slices when the slices were subjected to treatment with 

High K
+
 aCSF.  a) SLE. b) Continuous spiking. c) No spiking. 
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The data was then analyzed on the basis of 5 parameters: 

a)  Latency to SLE: It was operationally defined as the time elapsed between the introduction of 

High K
+
 aCSF into the perfusion system and appearance of first SLE (Fig. 6). 

b) SLE Duration: It is defined as the time duration of an individual SLE (Fig. 6). 

c) IntraSLE frequency: It is defined as the quotient of number of spikes in a single SLE and its 

SLE Duration. The result is interpreted as number of spike per sec (Fig. 6). 

d) Linelength: It quantifies the relative intensity of spontaneous interictal spikes. Cursors are set 

at the beginning and end of individual spike waveform. The total length of line comprising the 

waveform between the cursors is calculated (Fig. 7b) and then, an appropriate length 

measured from a spike-free segment of the recording is subtracted. The resulting digital value 

is called Linelength or also referred to as  ―Coastline Burst Index‖ , and is co-related with the 

subjective intensity of each SLE (Dingledine, 1986a; Mccloskey et. al., 2005; Traynelis  & 

Dingledine, 1988; Yee et. al., 2003). (Fig. 7a). 

e) % Hyperexcitable response: Hilar stimulations in elevated potassium concentrations (8-10 

mM) have been reported to evoke abnormal responses, including multiple population spikes 

or prolonged negative field-potential shifts in kainate-treated rats with sprouting (Patrylo & 

Dudek, 1998). Thus, similar studies were performed to assess the effect of pioglitazone on the 

hyperexcitability of slices. The responses to hilar stimulations were analyzed using linelength. 

The response of pioglitazone-treated slices was normalized to the value of DMSO-treated 

slices for each condition respectively (Fig. 8).  

 

 

 



53 
 

Figure 6 Schematic diagram of a slice exhibiting SLE burst phenotype and the analysis parameters. 

    

 

 

 

 

 

 

Figure 7. Schematic diagram to represent the method of calculating linelength for individual 

spike. 

b) Linelength measurement of a single spike 

waveform 

a) Linelength measurement of baseline 
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Figure 8. Schematic diagram to represent the change in response evoked by hilar stimulation 

when subjected to high potassium concentration. (A.) Hilar stimulations evoked single population 

spikes in normal aCSF (3mM K
+
). (B.) Hilar stimulation evoked multiple population spikes in 

elevated potassium concentration (8-10 mM) (Patrylo & Dudek, 1998). 

 

 

 

 

 

 
 

A. B. 



55 
 

Each SLE was further divided into 3 phases (Fig 9): 

a) Transition phase: The period is identified by gradual increase in both the frequency and 

amplitude of spikes from baseline giving to early phase. 

b) Early phase: It is identified as the first period with very high frequency spike waveforms. 

c) Late phase: It is identified as period by gradual decrease in both frequency and amplitude of 

spikes leading back to baseline. 

Each phase was again analyzed on the basis of above discussed parameters and results compared. 

Moreover, we observed intraslice variation for analysis parameters of SLE in WT slices. The 

parameters seemed to vary for the first four SLEs in a slice (Fig.10 illustrates the changes in intra-

SLE frequency). Thus, the analysis was carried out once the SLE parameters plateaued out. 
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Figure. 9. Schematic diagram to represent the three phases of each SLE. 
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Figure10. IntraSLE frequency of the early phase of WT slices. Each point on the graph 

represents the group’s value for intraSLE frequency for the respective number of SLE. We 

observe a constant decrease in the values of pioglitazone and control groups for the first 

four SLEs, which then stabilize thereafter. 

2.6 STATISTICAL ANALYSES:   

All the values are represented as Mean   SEM. Data is compared using one-way ANOVA and 

unpaired t-test, where applicable. Values of P < 0.05 are considered significantly different.  

Different levels of significance are indicated as (*) for P <0.05, (**) for P < 0.01 and (***) for P 

< 0.005.  
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CHAPTER 3 

PIOGLITAZONE MODULATION OF HIGH 

POTASSIUM-INDUCED HYPEREXCITABILITY IN 

HIPPOCAMPAL SLICES 
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1. SIGNIFICANCE 

 

Thiazolidinediones (TZDs), also known as ―glitazones‖ are selective agonists for PPARγ, 

currently available for the treatment of Type II Diabetes Mellitus. These drugs, however, are now 

being studied for their potential neuroprotective action against various CNS disorders such as 

Alzheimers disease, Parkinson’s syndrome etc. Previous studies have also shown the 

anticonvulsant efficacy of TZDs in other seizure models. Rosiglitazone and ciglitazone amongst 

the other TZDs have higher affinities for PPARγ and can be studied in the future for their 

potential anticonvulsant efficacies. However, we wanted to use a drug with a greater translational 

potential. Since, pioglitazone is an already FDA approved antidiabetic drug present in the market 

for Type II diabetes, it was the drug of choice.  

This study assessed the effects of pioglitazone as an anticonvulsant on high potassium-induced 

seizure-like events in hippocampal slices. Using extracellular electrophysiological techniques, 

pioglitazone was shown to significantly alter different aspects of the SLE. Pioglitazone increased 

the latency and duration of seizure-like events in WT hippocampal slices. Pioglitazone also 

decreased the frequency and severity of spikes in the ensuing seizure-like events. GW 9662 (GW, 

an irreversible PPARγ antagonist) was used to test the pharmacological site of action of the drug. 

Though, GW regressed some of the effects of pioglitazone, it did not show any change on the 

latency to seizure onset. 

This absence of effect on latency raised the question of possible role of off-target effects of 

pioglitazone. This query was addressed in the studies carried out in PPARγ neuronal knock out 

slices. We hypothesized that knocking out of the neuronal receptors would render the slices 

insensitive to pioglitazone effects. The results of these studies were consistent with our 

hypothesis, such that, pioglitazone did not show any significant effects in the NKO slices over the 
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control DMSO slices. Furthermore, we tried to look at the effect of PPARγ modulation on the 

hyperexcitability of the slices. It was observed that pioglitazone reduced the hyperexcitability in 

control (floxed or F/f) mice slices. However, it failed to reproduce its effect in NKO slices. These 

results identify pioglitazone as a potential anticonvulsant agent.  

In addition, the efficiency the in vitro acute hippocampal slice high potassium model of SLE 

affords a reduced system that can be used to study the relative effects of PPARγ activation to 

reduce hyperexcitability of slices.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



61 
 

2. RESULTS:  

 

Pioglitazone significantly increases the latency to SLE in WT slices 

Previous studies have reported Pioglitazone to increase seizure threshold of WT mice during 

PTZ-induced seizures and in EL mice during acute stress-induced seizures (Abdallah, 2010; 

Okada et al., 2006). Also, the results from previous in vivo studies conducted by our lab are 

consistent with this finding (as discussed in section 4). Thus, we investigated if pioglitazone 

did indeed increase the latency to SLE in a reduced system using high K
+
 aCSF model of 

seizure induction.  

The mean latency to SLE (   SEM) for control slices was found to be 515.18   48. 58 sec 

(n=7). In slices treated with pioglitazone, the latency to SLE was significantly increased 

(847.71   118.16 sec. (n=4)). The latency to SLE for slices treated with both Pioglitazone and 

GW 9662 (irreversible antagonist to PPARγ) was significantly higher (754.54   98.16 sec. 

(n=4)) as compared to control slices. As discussed later, it was not found to be significantly 

different from pioglitazone-treated slices. (Fig.1). This increase in latency in the slices treated 

with pioglitazone drug may indicate that activation of PPARγ may elevate the seizure 

threshold.  
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Figure 1. Latency to SLE for WT slices treated with vehicle (DMSO) (n=7), 

pioglitazone (5μM) (n=4) and pioglitazone (5μM) + GW 9662 (3μM) (n=4). Vertical 

bars represent Mean   SEM. P< 0.05 (*) represents significant difference from DMSO 

(control slices). 
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Pioglitazone significantly decreases the SLE duration in WT slices 

The mean SLE duration (   SEM) for control slices was found to be 184.73  8.01 sec. (n=4). 

In slices treated with pioglitazone, the SLE duration was significantly increased (221.50  

7.18 sec. (n=4)). The SLE duration for slices treated with both Pioglitazone and GW 9662 

(irreversible antagonist to PPARγ) was calculated to be 148.19  11.95 sec. (n=4). It was 

observed that the SLE duration for the slices that received both drugs was significantly lower 

than slices treated with pioglitazone alone (Fig.2). 

When the SLE duration for each phase (transition, early and late) was calculated in slices, it 

was observed that SLE duration for late phase in slices treated with pioglitazone was 

significantly higher (85.10 10.91 sec., 43.01 4.88 sec., 104.08 5.70 sec. (n=4) respectively) 

as compared to either control slices (60.40  8.00 sec., 39.09 5.11 sec., 85.24 6.56 sec. (n=4) 

resp.) or those treated with Pioglitazone and GW 9662 (60.62  5.19 sec., 15.36  1.70 sec., 

72.21  7.38 sec. (n=4) resp.). However, there was no significant difference in the SLE 

duration of the transition phase or early phase amongst slices across the three conditions. 

(Fig.3A, B, C). SLE duration is a function of gap junction coupling and potassium 

conductances (Bikson, Ghai, Baraban, & Durand, 1999). Thus, the increase in SLE duration in 

pioglitazone treated slices may indicate changes in the potassium conductance of the slices. 
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Figure 2. Duration of SLEs for WT slices treated with vehicle (DMSO) (n=4), 

pioglitazone (5μM) (n=4) and pioglitazone (5μM) + GW 9662 (3μM) (n=4). Vertical bars 

represent Mean   SEM. P< 0.05 (*) and P< 0.005 (***) represents significant difference 

from pioglitazone treated slices. 
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A. 

B. 

C. 

Figure 3A. Durations for transition phase (T) of WT slices treated with vehicle (DMSO) (n=4), 

pioglitazone (5μM) (n=4) and pioglitazone (5μM) + GW 9662 (3μM) (n=4). Vertical bars represent 

Mean   SEM.  

Figure 3B. Durations for early phase (E) of WT slices treated with vehicle (DMSO) (n=4), 

pioglitazone (5μM) (n=4) and pioglitazone (5μM) + GW 9662 (3μM) (n=4). Vertical bars represent 

Mean   SEM. P< 0.005 (***) represents significant difference from pioglitazone treated slices. 

Figure 3C. Durations for late phase (L) for WT slices treated with vehicle (DMSO) (n=4), 

pioglitazone (5μM) (n=4) and pioglitazone (5μM) + GW 9662 (3μM) (n=4). Vertical bars represent 

Mean   SEM.  P<0.01 (**) represents significant difference from pioglitazone treated slices. 
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Pioglitazone significantly decreases the intraSLE frequency in WT slices 

The mean intraSLE frequency (   SEM) for control slices was found to be 0.70   0.06 sec 

(n=4). In slices treated with pioglitazone, the intraSLE frequency was found to be 

significantly lower (0.50   0.04 sec. (n=4)). The intraSLE frequency for slices treated with 

both Pioglitazone and GW 9662 (irreversible antagonist to PPARγ) was calculated to be 1.10 

  0.11 sec. (n=4). As discussed later, it was significantly higher than that of pioglitazone- 

treated slices (Fig.4).   

When the intraSLE frequency for each phase (transition, early and late) was calculated in 

slices, it was observed that intraSLE frequency of slices treated with pioglitazone was 

significantly lower (0.20 0.03 sec., 0.80 0.07 sec., 0.50 0.05 sec. (n=4)) as compared to 

either control slices (0.32 0.04 sec., 1.20 0.10 sec., 0.56 0.04 sec. (n=4)) or those treated 

with Pioglitazone and GW 9662 (1.13 0.32 sec., 1.45 0.08 sec., 0.70 0.04 sec. (n=4) 

respectively) for both transition phase as well as early phase. The intraSLE frequency for 

pioglitazone-treated slices for late phase was significantly lower than slices treated with 

Pioglitazone and GW 9662. These seemingly opposite effects of the drugs on different 

parameters may be indicative of their mechanism for seizure control. (Fig.5 A, B, C) 
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Figure 4. IntraSLE frequencies for WT slices treated with vehicle (DMSO) (n=4), 

pioglitazone (5μM) (n=4) and pioglitazone (5μM) + GW 9662 (3μM) (n=4). Vertical bars 

represent Mean   SEM. P< 0.01 (**) and P< 0.005 (***) represents significant difference 

from pioglitazone treated slices. 
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A. 

B. 

C. 

Figure 5A. IntraSLE frequencies for transition phase (T) of WT slices treated with vehicle 

(DMSO) (n=4), pioglitazone (5μM) (n=4) and pioglitazone (5μM) + GW 9662 (3μM) (n=4). Vertical 

bars represent Mean   SEM. P< 0.05 (*) and P<0.01 (**) represents significant difference from 

pioglitazone treated slices. 

Figure 5B. IntraSLE frequencies for early phase (E) of WT slices treated with vehicle (DMSO) 

(n=4), pioglitazone (5μM) (n=4) and pioglitazone (5μM) + GW 9662 (3μM) (n=4). Vertical bars 

represent Mean   SEM. P<0.01 (**) and P< 0.005 (***) represents significant difference from 

pioglitazone treated slices. 

Figure 5C. IntraSLE frequencies for late phase (L) for WT slices treated with vehicle (DMSO) 

(n=4), pioglitazone (5μM) (n=4) and pioglitazone (5μM) + GW 9662 (3μM) (n=4). Vertical bars 

represent Mean   SEM. P<0.01 (**) represents significant difference from pioglitazone treated slices. 
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Pioglitazone significantly decreases the linelength in WT slices 

Linelength, in simple terms, is the line integral of the spike waveform normalized to its 

approximate length of baseline. The results of this parameter can be used to interpret the 

intensity of the spike waveform. The linelength for 10 spikes in early phase (E) and 10 spikes 

in late phase (L) across the SLEs were calculated for each slice. Since, the early phase exhibits 

high frequency spikes, the linelength of these spikes will be different from those in the late 

phase. Hence, they are calculated separately and compared with their counterparts amongst 

slices in different groups. As was expected, the linelength for early phase and late phase in 

slices treated with pioglitazone was significantly lower than that for control slices and slices 

treated with both Pioglitazone and GW 9662. The mean linelength (   SEM) for control slices 

for early phase was found to be (44.21   2.44 (n=4)) and (46.73   3.46 (n=4)) for (E) and (L) 

respectively. In slices treated with pioglitazone, the linelength was significantly reduced 

(26.19   0.71 (n=4)) and (18.24   1.06 sec. (n=4)) for (E) and (L) respectively. The linelength 

for slices treated with both Pioglitazone and GW 9662 (irreversible antagonist to PPARγ) was 

calculated to be (41.46   3.08 sec. (n=4)) and (57.36   3.99 sec. (n=4)) for (E) and (L) 

respectively (Fig.6 A, B). The significant decrease in the linelength of pioglitazone treated 

slices can be directly related to decrease in the severity of seizure-like events. 
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A. B. 

Figure 6A. Linelength for early phase of WT slices treated with vehicle (DMSO) (n=4), 

pioglitazone (5μM) (n=4) and pioglitazone (5μM) + GW 9662 (3μM) (n=4). Vertical bars represent 

Mean   SEM. P< 0.005 (***) represents significant difference from pioglitazone treated slices. 

Figure 6B. Linelength for late phase of WT slices treated with vehicle (DMSO) (n=4), pioglitazone 

(5μM) (n=4) and pioglitazone (5μM) + GW 9662 (3μM) (n=4). Vertical bars represent Mean   SEM. 

P< 0.05 (*), P<0.01 (**) and P<0.001 (***) represents significant difference from pioglitazone treated 

slices. 
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Pioglitazone does not show any significant difference over continuous spiking parameters in 

WT slices 

A few WT slices (37.5%) showed continuous spiking phenotype. These slices were analyzed 

using the same parameters, viz., Latency to continuous spiking, continuous spiking frequency 

and Linelength. It was observed that Pioglitazone treated slices (694.85 252.71 sec., 

0.44  .20 sec., 29.84 1.78 sec. (n=3)) did not show any significant difference over control 

slices (724.94 137.30 sec., 0.51 0.06 sec., 24.14 2.88 sec. (n=2)) over any of the 

parameters. The slices treated with GW 9662 (1188.81 198.22 sec., 0.47  .10 sec., 

5.08 0.42 sec. (n=5)) and the slices treated with Pioglitazone and GW 9662 (936.49  33.99 

sec., 0.43  .02 sec., 26.55 3.21 sec. (n=2)) did not show any significant difference for any of 

the above mentioned parameters over other conditions (Fig. 7 A, B, C). No effect of 

pioglitazone on the parameters may mean that continuous spiking is a more severe phenotype 

of epileptic seizures and 5μM concentration of pioglitazone is not enough to exhibit the drug’s 

effect. On the other hand, continuous spiking may be an interictal phenomenon (Staley et. al., 

2011). Since, interictal spikes are thought to delay the onset of seizure-like events, the 

appearance of continuous spiking may mean that the slices exhibit a less severe seizure 

phenotype. 
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B. 

A. 

C. 

Figure 7A. Latency to continuous (cont.) spiking for WT slices treated with vehicle (DMSO) (n=3), 

pioglitazone (5μM) (n=2) and pioglitazone (5μM) + GW 9662 (3μM) (n=2) and GW 9662 (3μM) 

(n=5). Vertical bars represent Mean   SEM.  

Figure 7B. Cont. spiking frequencies for WT slices treated with vehicle (DMSO) (n=3), 

pioglitazone (5μM) (n=2) and pioglitazone (5μM) + GW 9662 (3μM) (n=2) and GW 9662 (3μM) 

(n=5).  Vertical bars represent Mean   SEM.  

Figure 7C. Linelengths for continuous spiking for WT slices treated with vehicle (DMSO) (n=3), 

pioglitazone (5μM) (n=2) and pioglitazone (5μM) + GW 9662 (3μM) (n=2) and GW 9662 (3μM) 

(n=5). Vertical bars represent Mean   SEM. P<0.001 (***) represents significant difference from 

pioglitazone treated slices. 
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Pioglitazone significantly reduces the % hyperexcitable response in PPARγ NKO slices  

The second set of experiments was carried out using another mouse model, the PPARγ 

Neuronal Knock Outs (NKO). To confirm the pharmacological action of pioglitazone, we 

tested the drug in brain slices of mice whose neuronal PPARγ receptors were knocked out. 

Unfortunately, the majority of slices from both control F/f and NKO mice responded to high 

potassium with the continuous spiking phenotype, regardless of the drug treatment (Chapter 2, 

fig.4). As we found with the wild-type slice, pioglitazone and GW 9662 had no significant 

effect on the continuous spiking measures. The results from these experiments were analyzed 

using the same parameters (Latency to continuous spiking, continuous spiking frequency and 

linelength) for SLE. We observed that pioglitazone (1541.57 411.46 sec., 0.44 0.06 sec., 

30.81 3.36 sec. (n=4) (F/f); 3036.03 1159.10 sec., 0.56 0.21 sec., 16.89 1.45 sec. (n=5) 

(NKO)) did not show any significant effect on any of the burst parameters over DMSO slices 

(2111.27 447.51 sec., 0.61 0.14 sec., 23.88 1.95 sec. (n=5) (F/f); 1967.06 1574.47 sec., 

0.65 0.34 sec., 13.56 0.46 sec. (n=2) (NKO))   in both control (F/f) and NKO mice (Fig. 8 

A, B, C). Previous studies have shown that elevated [K
+
]O, which depolarizes neurons and 

reduces inhibition, also unmasks abnormal hilar-evoked field potentials in slices from kainate-

treated male Sprague-Dawley rats (Patrylo & Dudek, 1998). We examined this measure of 

excitability in slices from control F/f and NKO mice and determined that all slices exhibited 

hyperexcitable responses regardless of the high potassium response phenotype. We next 

determined the effects of pioglitazone on this hyperexcitability. 

The slice responses to hilar stimulation in a) normal aCSF (with 3 mM  [K
+
]) and b) after 

treatment of slice for an hour in High potassium aCSF (10 mM  [K
+
]) were recorded. The data 

was then acquired at 20 kHz sampling rate with the bandwidth of 0.1Hz-10 kHz into Spike2 

(V6). Hilar stimulation responses in condition (a) were used to calculate the half-max 
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response. The intensity corresponding to this value was then determined and used to calculate 

the response in condition (b). The Mean Stimulation Intensity (MSI) was found to be 45     

of maximum response. The linelength for the response in the duration of 50 msec following 

the stimulation for slices across the four conditions was calculated. The linelength of control 

slices treated with pioglitazone was normalized to control slices treated with vehicle (DMSO) 

and % value calculated. Similarly, the linelength for NKO slices treated with pioglitazone was 

normalized to the NKO slices treated with vehicle (DMSO) and % value calculated. It was 

observed that pioglitazone treated control slices showed significantly lower linelength value 

(34.40%, (n=4)) normalized to linelength value for vehicle treated slices (n=5). However, 

there was no significant difference in the linelength value of pioglitazone treated NKO slices 

(147.27%, (n=4)) normalized to the linelength value obtained in NKO slices treated with 

vehicle (n=4) (Fig. 9). 
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A. 

B. 

C. 

Figure 8A. Latency to cont. spiking for PPARγ control slices treated with vehicle (DMSO) (n=5), 

pioglitazone (5μM) (n=4) and PPARγ NKO slices treated with vehicle (DMSO) (n=2) and with 

pioglitazone (5μM) (n=5). Vertical bars represent Mean   SEM.  

Figure 8B. Cont. spiking frequencies for PPARγ control slices treated with vehicle (DMSO) (n=5), 

pioglitazone (5μM) (n=4) and PPARγ NKO slices treated with vehicle (DMSO) (n=2) and with 

pioglitazone (5μM) (n=5). Vertical bars represent Mean   SEM.  

Figure 8C. Linelengths for cont. spiking for PPARγ control slices treated with vehicle (DMSO) 

(n=5), pioglitazone (5μM) (n=4) and PPARγ NKO slices treated with vehicle (DMSO) (n=2) and 

with pioglitazone (5μM) (n=5). Vertical bars represent Mean   SEM.  
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Figure 9. Linelength representation of responses to hilar stimulation for PPARγ control 

slices treated with vehicle (DMSO) (n=5) and pioglitazone (5μM) (n=4) and PPARγ  

NKO slices treated with control (DMSO) (n=2) and pioglitazone (5μM) (n=5). Vertical 

bars represent Mean   SEM. P< 0.01 (**) represents significant difference from 

pioglitazone treated slices. 
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3. DISCUSSION: 

 

Previous in vivo studies (S. Matthews) in our lab were carried out on a chronic epilepsy mouse 

model, the Kv 1.1 KO. The ketogenic diet and pioglitazone (10mg/kg/day, for five days (1x/ day) 

showed significant seizure control in the seizure score studies. Furthermore, the PPARγ 

antagonist GW 9662 was able to block the anti-seizure efficacy of the ketogenic diet. The protein 

expression studies using western blots on the nuclear extracts of the whole brain homogenates 

showed significantly higher levels of PPARγ2 over control mice (unpublished data). 

It has been, thus, hypothesized by our lab that KD exerts its anticonvulsant effects through 

activation of brain PPARγ. The results of in vivo studies begs the question if activation of PPARγ 

is how pioglitazone shows anticonvulsant effects in this chronic model of epilepsy, and if PPARγ 

can be developed as a molecular target for new treatment strategies. Thus, in this current study, 

we used High potassium aCSF to induce seizures in an in vitro model, to investigate the 

anticonvulsant effects of PPARγ activation. 

There are five significant findings from our investigation: First, pioglitazone significantly 

increases the latency to seizure-like events in WT slices. Second, pioglitazone significantly alters 

other SLE parameters in WT slices over control slices for different phases in an SLE. Third, 

pioglitazone significantly reduces the linelength in WT slices. Fourth, pioglitazone doesn’t alter 

the SLE parameters in WT or NKO slices exhibiting continuous spiking phenomena. And lastly, 

pioglitazone significantly reduces the % hyper excitable response in NKO slices.  
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Pioglitazone increases the seizure threshold level in WT mice. 

Studies have shown that neuronal PPARγ increases brain’s ability to withstand insults (Zhao et 

al., 2009). The effect of pioglitazone on seizure onset in slices subjected to elevated potassium 

model of seizures suggests that the activation of PPARγ by the agonist leads to increased seizure 

threshold levels. This may be one of the mechanisms of intrinsic neuronal self-defense, further 

bolstered by downstream mechanistic pathway of PPARγ activation. PPARγ agonists have been 

shown to play a role in re-establishing the mitochondrial bioenergetics (Yonutas & Sullivan, 

2013; Zhang et al., 2011). PPARγ activation has been to shown to upregulate the expression of 

mitochondrial uncoupling protein1 (UCP1) which, in turn, regulates the ATP production (Oates 

et. al., 2002). Secondly, the reduction in ROS levels following PPARγ activation may also be 

involved in reinstating the energy balance. Thus, it can be speculated that this functional 

restoration by pioglitazone enables a cell to withstand the high potassium insult, indirectly 

delaying the seizure onset.  

Furthermore, when the slices were treated with both pioglitazone and GW9662 (an irreversible 

antagonist to the receptor), no significant change in the latency was observed. Previous studies, 

however, have shown a complete reversal of effects of PPARγ agonist when clubbed with the 

receptor antagonists (Pei et al., 2010; Zhao et al., 2006). This may suggest that the off-targets 

effects of pioglitazone might be a contributing factor in its efficacy. More experiments, such as 

pre-incubation with GW 9662, need to be carried out to verify this lack of effect of GW 9662 on 

the latency.  
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Pioglitazone significantly alters various parameters in SLEs in WT slices 

Previous studies (Yu et al., 2008) have shown PPARγ agonists to exhibit neuroprotection by 

prevention of oxidative stress in pilocarpine-induced status epilepticus model. Okada et al. (2006) 

reported that chronic administration of pioglitazone to EL mice significantly reduced their seizure 

durations. The mRNA expression levels of inflammatory cytokine in pioglitazone treated mice 

were significantly lower than controls. They postulated that pioglitazone may reduce epileptic 

phenomena partly through inhibition of IL-1β, IL6 and TNF-α. In our studies we observed that 

pioglitazone significantly increased the overall SLE duration over control slices and slices treated 

with pioglitazone and GW 9662. When the parameters were compared for each phase across 

different conditions, it was observed that pioglitazone increased the SLE duration of late phase 

over control slices and slices treated with pioglitazone and GW 9662. These results contradict 

those obtained in other in vivo models. However, since, pioglitazone helps in restoring the 

mitochondrial function, the intrinsic mechanisms of cellular energetics may lengthen the time 

period of the neurons to withstand the high potassium insult and thus, elongate the SLE duration.  

Pioglitazone significantly reduces the intraSLE frequency of slices over control slices and the 

slices treated with both pioglitazone and GW 9662. The same phenomenon is observed when the 

different groups are analyzed for individual phases of the SLE. These seemingly reciprocal results 

for SLE duration and intraSLE frequency are interesting. It is possible that the drug achieves this 

effect by lengthening the total period of SLE. The other possibility is that the severity of these 

SLEs is reduced owing to the action of anti-inflammatory mediators that are activated through 

PPARγ pathway.   
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Pioglitazone significantly reduces the linelength in WT slices. 

It is expected that the linelength increases with the increase in neuronal synchrony, firing 

frequency, number of neurons participating in the burst or the size or duration of the depolarizing 

wave within the burst(Yee et al., 2003). The value can be co-related to the severity of the 

epileptiform activity which makes for a good analysis parameter. As was expected and observed, 

pioglitazone significantly reduced the severity of SLE in the early phase and the late phase over 

control slices and slices treated with both pioglitazone and GW 9662.  The action of pioglitazone 

in the mitochondria present on axon terminals may involve readjustment of intracellular calcium 

levels. This may lessen the release of glutamate in the synaptic cleft. As a result, the issue of 

NMDA-mediated increased neuronal firing may be countered. 

 

Pioglitazone doesn’t alter the SLE parameters in WT or NKO slices exhibiting continuous spiking 

phenomena. 

When these parameters were analyzed for slices with continuous spiking phenotype, any 

significant alteration by pioglitazone was not observed. With GW 9662 treatment alone, certain 

parameters like intraSLE frequency and linelength showed relapsed effects, though latency was 

not completely reversed. This led to the question if pioglitazone was acting through targets other 

than PPARγ. Thus, to confirm the pharmacological target of the drug, we replicated these 

experiments in a mouse model whose neuronal PPARγ receptors had been knocked out. This 

model has been studied for a lot of other disorders such as obesity (Lu et al., 2012), cerebral 

ischemia ( Zhao et al., 2009) etc. 

The in vivo studies (S. Matthews) conducted in our lab using PPARγ NKO mouse model in the 

flurothyl seizure threshold model yielded exciting results. It was postulated that PPARγ activation 
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being the central mechanism of KD’s efficacy; KD-treated PPARγ NKO mice will have similar 

thresholds for clonic and generalized tonic-clonic seizures. The data strengthened the hypothesis 

that neuronal expression of PPARγ was essential for anticonvulsant effects of KD (unpublished 

data). 

We thus, used PPARγ NKO mice to replicate the results in a reduced system and prove that 

pioglitazone showed its effects through activation of PPARγ receptors. Of all the slices, only 

13.64% slices showed SLE burst phenotype (Chapter2, fig.4). The rest of the 86.36% showed 

continuous spiking phenotype. Furthermore, pioglitazone did not show any significant difference 

for any of the analysis parameter over control slices. This continuous spiking phenotype may be 

an indication of a more severe seizure phenotype, in that case, lack of effect of pioglitazone may 

mean that the drug is present in a concentration insufficient to show its effects. More experiments 

with higher concentration of pioglitazone can be carried out to verify its effects. However, 

continuous spiking may also be associated with the interictal spiking in a slice. These interictal 

spikes are thought to be involved in delaying the onset of seizure-like events. This may mean that 

continuous spiking is actually a less severe phenotype than the occurrence of seizure-like events. 

Furthermore, pioglitazone doesnot show any effect on the parameters of NKO slices, which 

strongly suggests that the drug shows it’s effects via PPARγ receptors. 

 

Pioglitazone significantly reduces the % hyper excitable response in NKO slices. 

Previous studies have shown that hilar stimulation evoked abnormal responses [e.g prolonged 

negative field potentials with multiple population spikes after addition of high potassium aCSF in 

slices with mossy fiber sprouting(Patrylo & Dudek, 1998)]. In our studies, to quantify the  

hyperexcitability of our control F/f and PPARγ NKO slices, we compared the responses to hilar 
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stimulations by measuring their linelengths. A reduction in linelength could be interpreted as 

reduced response to the stimulation and hence, reduced hyper excitability. We observed that 

pioglitazone significantly reduced the linelength compared to DMSO vehicle in control slices. 

However, the same did not stand true for NKO slices. Pioglitazone did not show any significant 

difference compared to the DMSO vehicle in NKO slices. These results, yet again, strengthened 

the hypothesis that presence of PPARγ receptors was essential for pioglitazone modulation of 

network excitability.  

 

FUTURE STUDIES 

These results show that a 90 min. wash-in period with pioglitazone is sufficient to elicit the 

downstream effects of PPARγ effector pathway. However, further time-course expression studies 

should be carried out with both the agonist and antagonist combination to test the acute effects of 

pioglitazone. Also, a little modulation in the protocol to include pre-incubation with GW 9662 

before pioglitazone wash-in will address the question of affinity of the drugs. Furthermore, the 

expression levels of anti-inflammatory cytokines can be tested after the acute application of 

pioglitazone to study the molecular mechanism of its anticonvulsant efficiency. 
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CONCLUSION 

Peroxisome Proliferator-Activated Receptor γ (PPARγ) has been studied for its neuroprotective 

and anti-inflammatory effect, in addition to its peripheral effect of insulin sensitization and lipid 

regulation. The results of previous in vivo studies carried out in our lab with the chronic mouse 

model of epilepsy (Kv1.1 KO) also indicated that activation of PPARγ may play a central role in 

the anticonvulsant efficacy of the ketogenic diet. In order to verify this supposition, we tested the 

effects of PPARγ activation in a more reduced system. We observed that pioglitazone (PPARγ 

agonist) significantly elevated the seizure threshold levels in WT slices in the High K
+
 aCSF 

seizure induction model by increasing the latency to seizure onset. Pioglitazone treated slices 

were also observed to show a decreased intraSLE frequency and linelength. These results further 

lend support to the idea that activation of PPARγ reduces the severity of seizure-like events. 

The results of experiments conducted with GW 9662 (PPARγ antagonist) showed a regression in 

the effects of pioglitazone on most, but not all, burst analysis parameters. This led us to question 

if the secondary targets of pioglitazone may play an adjunct role in its anticonvulsant efficacy. To 

determine this, we repeated these experiments in conditional knock-out i.e PPARγ neuronal 

knock outs. Pioglitazone-treated control (F/f) slices showed a significant reduction in the 

hyperexcitability, whereas NKO slices were insensitive to pioglitazone modulation. These results 

substantiated that PPARγ activation plays a pivotal role in the anticonvulsant efficacy of 

pioglitazone and thus, is a promising target for development as a molecular target for new 

anticonvulsant strategies. 
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Supplementary figure1. Site of action of the currently available antiepileptic drugs 
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