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ABSTRACT 

 

Epilepsy, characterized primarily by seizures, is one of the most common forms of neurological 

dysfunction in humans. This dissertation will explore the genetic components and responses to seizures 

in both animal and human models. This will encompass different forms of seizure etiology including 

genetically derived channelopathies leading to generalized seizures as well as temporal 

lobe epilepsy with a wide rage of etiologies. Specific attention is paid to changes in the transcriptional 

profile of the hippocampus in these various forms of epilepsy before and after seizure activity.  
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INTRODUCTION 

 

1. What is Epilepsy? 

 

The clinical definition of epilepsy has evolved over the past two decades resulting in significant 

changes in its clinical diagnosis. For instance, in 2005 the Task Force of the International League Against 

Epilepsy (ILAE), promulgated a conceptual definition of epilepsy as, “[a] disorder of the brain 

characterized by an enduring predisposition to generate epileptic seizures, and by the neurobiological, 

cognitive, and social consequences of this condition.” Functionally, this definition led to the clinical 

diagnosis of epilepsy for anyone who had presented with “at least two unprovoked seizures >24 hours 

apart.” (Fisher et al., 2014). However, more recently, the definition of epilepsy was further expanded to 

include, “one unprovoked seizure and a probability of further seizures similar to the general recurrence 

risk (at least 60%) after two unprovoked seizures, occurring over the next 10 years; and/or the diagnosis 

of an epilepsy syndrome.” (Fisher et al., 2014). This new definition includes additional language  

clarifying when the epilepsy is considered “resolved.” As a result, clinically, epilepsy is considered 

“resolved” for those individuals who: (1) have outgrown an age-dependent epilepsy syndrome; or (2) 

have remained seizure-free for at least 10 years, without the use of anti-seizure medications for at least 

5 of those years. Consequently, the current definition of epilepsy (and its resolve) offers clinicians more 

flexibility in early, and preventative, treatment options; and, gives patients the ability to eventually free 

themselves of the epilepsy diagnosis once symptoms have resolved. From the foregoing, it is easy to see 

how changes to the definition of epilepsy have had a significant impact on who is ultimately diagnosed 
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with clinical epilepsy,  who is not, and who is able to have that diagnosis removed once it has been 

bestowed. 

Epilepsy has traditionally been referred to as a disorder, rather than a disease, implying that it is 

comprised of a multitude of different diseases and clinical features (Fisher et al., 2014). However, the 

primary clinical feature in the diagnosis of epilepsy is the occurrence of a seizure within a patient. 

Epidemiologically, the incidence of new onset seizures is around 80 per 100,000 in the general 

population. Of these patients who experience a first-time seizure, approximately 60% will experience 

the recurrence of an unprovoked seizure condition, and confirmed to a full diagnosis of epilepsy 

(Bromfield et al., 2006). While each patient and seizure type presents its own unique risk for future 

seizure activity, the general risk for recurrence following a first unprovoked seizure is 40-52% (Berg et al. 

1991). With the occurrence of two unprovoked, non-febrile seizures, the likelihood of recurrence within 

four years jumps to 73%, with a confidence interval of 59-87% (Hauser et al. 1998). This relatively high 

recurrence rate, and uncertain trajectory of continued seizures following a first unprovoked seizure, 

underscores the need to further understand: (1) the complex nature of seizure etiology, and (2) the 

brain’s reaction to seizures, and (3) how to better treat patients suffering from epilepsy. 

Thus, to fully understand epilepsy, and how it affects patients, it is essential to begin with the 

primary clinical feature of epilepsy, the seizure. There are a number of different types and subtypes of 

seizures. And, while there is overlap in the features some of these different types of seizures, the 

differences can be critical to diagnosis,  as well as therapy choices used to treat each individual patient. 

Returning to the ILAE task force classifications, an epileptic seizure is defined as: “a transient occurrence 

of signs and/or symptoms due to abnormal, excessive or synchronous neuronal activity in the brain.” In 

unique forms of epilepsy the cause of these seizures can be easily assigned due to their cause-and-effect 

nature. This is a class of seizures are referred to as “reflex seizures” (or “reflex epilepsies”). According to 

the Epilepsy Foundation, reflex epilepsies are a group of epilepsy syndromes in which a certain stimulus 
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can bring about seizures. The most common reflex epilepsy is induced seizures from flashing lights 

termed “photosensitive epilepsy.” But, many other triggers have been commonly reported such as: 

extreme sleep deprivation, low blood sugar, alcohol withdrawal, reactions to specific foods, etc. Patients 

who experience reflex seizures often develop normally and do not generally have any neurological 

deficit as a result of the seizures. According to the Epilepsy foundation, in most cases the best treatment 

for reflex epilepsies is simple avoidance of the stimuli that trigger the seizures. If trigger avoidance is not 

possible, most first-line medications are effective in controlling seizures in these patients. Other 

epilepsies and epileptic syndromes, seemingly, do not require an outside stimulus that can be avoided, 

and are classified into three general categories: 

 Idiopathic epileptic syndromes – Refers to epileptic disorders where there is no association with 

other neurologic or neuropsychological abnormalities. 

 Symptomatic epileptic syndromes – Refers to epileptic disorders where a neurologic or 

neuropsychological abnormality is both present and the known cause of seizures. 

 Cryptogenic epileptic syndromes – Refers to epileptic disorders that are presumed to be 

symptomatic, but the cause is yet to be determined.* 

 

(*above definitions taken from the National Institutes of Health library of Medicine; American Epilepsy Society 2006) 

It is not uncommon for a number of the idiopathic epilepsies that occur in childhood to ultimately remit 

in adulthood. It is also common for many idiopathic epilepsies to be reclassified as symptomatic once a 

cause is found. 

 Within these syndromic classifications it is important to understand the varied forms of seizures 

attributed to each, and how they differ from causal and symptomatic standpoints. The chief 

differentiator of seizure types is their origin. When a seizure localized to a specific area of the brain, it is 

referred to as a “partial seizures.” Conversely, when there is no localized onset, they are termed 
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“generalized seizures.” Within partial and generalized seizures there are a number of subtypes as seen 

below in Table 1 (Bromfield et al., 2006). 

 It is critical for physicians to correctly diagnose exactly which seizure type a patient is 

presenting, as proper diagnosis dramatically impacts the course of treatment. However, proper 

diagnosis can often times be difficult for physicians. For partial seizures the difference between a simple 

partial seizure (where the patient has not lost consciousness), and a complex partial seizure (where the 

patients consciousness has been impaired), can often times be blurred as the seizure moves from one 

type to the other. In some cases, patients will initially present with a simple partial seizure, informally 

referred to as an “aura,” that will ultimately proceed to loss of consciousness from a complex partial or 

secondarily generalized seizure (Bromfield et al., 2006). These auras can be instrumental in alerting 

epilepsy sufferers that a larger, more disruptive seizure is imminent, allowing them critical time to seek 

a safe place before they lose consciousness. Moving further down the list of seizure types, we see that 

generalized seizures have a great deal of clinical variability. For instance, absence seizures (sometimes 

referred to as ”petit mal”)--described as brief episodes lasting anywhere from 3to 20 seconds with 

impairment of awareness and responsiveness--can begin and end rather suddenly with the patient 

regaining alertness and attentiveness directly following the episode (Bromfield et al., 2006). In direct 

contrast, myoclonic, clonic, and tonic seizures involve the patient experiencing a shock-like jerk of a 

muscle group, rhythmic succession of muscle jerks, and/or flexion or extension of the waist, neck, or 

extremities. Tonic-clonic seizures (also termed ”grand mal”) combine these symptoms to produce a 

convulsive seizure that usually lasts between 30 and120 seconds, and is often followed by lethargy and 

confusion that can last minutes to hours afterwards (Bromfield et al., 2006). These differences are vitally 

important when attempting to elucidate the underlying causes and mechanisms behind seizures as well 

as the potential interventions and therapies necessary to help patients manage their symptoms. 
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2. What are the Causes and Mechanisms of Seizures? 

 

 To gain an understanding of what might cause a seizure, we must first look at the basic structure 

and anatomy of the brain--more specifically, the cortex. The cortex generally has six distinct cell layers, 

and occupies most of the cerebral hemispheres. Drilling down, a more primitive structure within the 

cortex called the hippocampus, containing only three distinct neuronal layers, is found in the medial 

temporal lobe. The hippocampus is involved in a great deal of functions including: short-term memory, 

long-term memory, spatial memory, and navigation. It also plays an important role in many forms of 

epilepsy and will be the focus of much of the research that follows. Drilling down further, the 

hippocampus itself is comprised of three basic regions: (1) the hippocampus proper, (2) dentate gyrus, 

and (3) the subiculum which is the connective tissue between the hippocampus and the other six layers 

of the cortex (Bromfield et al., 2006).  

 Drilling down even further into the three regions of the hippocampus, there are different types 

of neurons that perform unique functions within two sets of interrelated networks: (1) the excitatory 

network, and (2) the inhibitory network. A class of cells called, “principal neurons” (pyramidal, granule 

cell, etc.), primarily make up the excitatory network. Whereas, a second class called, “interneurons” 

(basket cells), generally make up the inhibitory network. As such, principal neurons commonly form 

excitatory synapses on postsynaptic neurons over long distances; whereas, interneurons tend to act 

more locally, and form inhibitory synapses on principal cells or other inhibitory neurons (Bromfield et al., 

2006). The proper balance of these two networks is essential to maintaining healthy brain function. Any 

improper shift toward or away from one of these networks can lead to either hyperpolarization, or a 

hyperexcitable state—both, primary drivers of seizures. 
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 Seizures are most easily described as; a malfunctioning of the brain due to the “misfiring” of its 

neurons. This misfiring is best explained through an action potential (Jefferys, John G.R., 2010). Action 

potentials are the primary mechanism of neuronal excitability and signaling. They occur through a 

depolarization of the neuronal membrane, which is then propagated down the axon to induce the 

release of neurotransmitters into the synapse (Bromfield et al., 2006). Essentially, neurons are 

communicating through action potentials that travel along their axons, which are the result of a 

movement of ions across the neuronal membrane (Jefferys, John G.R., 2010). Specifically, these action 

potentials are initiated by ligand- and voltage-gated channels that, when triggered, allow an influx of 

ions, thereby depolarizing the membrane. Activation of this action potential, in turn, triggers the release 

of neurotransmitters by the presynaptic terminal.  Those neurotransmitters then bind to specific 

receptors on the postsynaptic terminal. There are a number of specific neurotransmitters including: 

norepinephrine, dopamine, serotonin etc.; however, there are only two specific neurotransmitters 

involved in the excitatory and inhibitory networks. The brain’s major excitatory neurotransmitter is the 

amino acid, glutamate. Glutamate is released presynaptically, and binds to two groups of specific 

glutamate receptors postsynatically—ionotropic and metabotropic. Ionotropic receptors are used for 

fast synaptic transmission, and are a major target for anti-seizure drugs.  Whereas, metabotropic 

receptors are generally for slower synaptic transmission. On the inhibitory network side, the major 

neurotransmitter is gamma-amino-butyric acid (GABA). GABA has two distinct subtypes of receptors 

termed GABAA, which is linked to Cl- channels and found postsynaptically; and GABAB, which is linked to 

K+ channels and found presynaptically, allowing it to modulate synaptic release. Drugs such as 

barbiturates and benzodiazepines act as GABAA agonists and are well known suppressors of seizure 

activity. Conversely, GABAB agonists, like baclofen and others, are known to increase hyperexcitability 

and therefore increase seizure activity. Finally, both glutamate and GABA, once released, require active 
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uptake to be cleared from the synaptic cleft. This clearing process is performed using transporters, the 

interference of which, can also lead to an exacerbation of seizure activity. (Bromfield et al., 2006). 

 The mechanism of seizure generation is the elevated excitability of the neuronal state. More 

precisely, it is an alteration of the normal balance between inhibition and excitation leading to 

hyperexcitability. This hyperexcitable state can result from a number of alterations to the systems 

described above, including: increased excitatory neurotransmission, decreased inhibitory 

neurotransmission, alterations in any of the ion-channels, alterations in ion concentrations that favor 

membrane depolarization, etc. (Bromfield et al., 2006). But, very simply, there is either too much 

excitation, or too little inhibition. This loss of balance can be attributed to factors that are either termed 

intrinsic (acting in the neuron), or extrinsic (acting in the extracellular space). A few intrinsic factors that 

will be important to much of the research discussed later are: (1) the number, type, and distribution of 

the voltage- and ligand-gated channels, (2) the modification of the aforementioned receptors, and (3) 

any modulation in RNA expression. Extrinsic factors can also be very damaging to the 

excitation/inhibition balance and include: (1) altered ion concentrations in the extracellular space, (2) 

altered metabolism of neurotransmitters, and (3) remodeling of the synaptic contacts. Finally, structural 

issues such as overall network organization can also lead to an imbalance. For instance, excitatory 

axonal sprouting can create more excitatory connections; thereby, increasing the excitability of the 

network. The sprouting of these new axons into areas of the brain where they normally do not innervate 

can create new aberrant synaptic networks (Jefferys, John G.R., 2010). The same is true if there is a 

disproportionate loss of inhibitory neurons, or a loss of excitatory neurons that “drive” the inhibitory 

neurons. (Bromfield et al., 2006). Any of these factors, or a combination thereof, will ultimately lead to 

an excitatory neuronal state producing seizure generation. 

 Once a seizure is initiated, two concurrent events take place–high-frequency bursts of action 

potentials, and hypersynchronization of the neuronal population (Bromfield et al., 2006). These 
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concurrent events ultimately lead to something called a “spike discharge” that can be seen clinically on 

an electroencephalogram (EEG). Through the use of an EEG, we are able to see (at the level of a single 

neuron) sustained neuronal depolarization leading to bursts of action potentials, followed by rapid 

repolarization and hyperpolarization during a seizure. This sequence-of-events, common during certain 

types of seizures, is referred to as a “paroxysmal depolarization shift.” The sustained depolarization is 

due to the rapid influx of extracellular Ca++, which in turn, leads to an opening of the Na+ ion channels 

and a subsequent influx of Na+. The result of this sequence-of-events is a repetitive generation of action 

potentials. When this sequence-of-events occurs focally, as in a partial seizure, local activation can be 

enough to recruit surrounding neurons, causing the seizure to spread within the brain in a process 

called, “seizure propagation.” This seizure propagation has the potential to snowball by creating a loss of 

surrounding inhibition, leading to a further spread of the excitatory neuronal state through cortical 

connections. These repetitive discharges of action potentials are able to recruit neighboring neurons 

through three main mechanisms: 

1) An increase in extracellular K+, which blunts the extent of hyperpolarizing outward K+ currents, 

tending to depolarize neighboring neurons. 

 

2) Accumulation of Ca++ in presynaptic terminals, leading to enhanced neurotransmitter release. 

 

3) Depolarization-induced activation of the N-methyl-D-aspartate (NMDA) subtype of the 

excitatory amino acid receptor, which causes more Ca++ influx and neuronal activation. 

*(*above taken from the National Institutes of Health library of Medicine; American Epilepsy Society 2006) 

Again, any pathological process that upsets the excitatory/inhibitory balance can be the impetus for a 

seizure. It is important to recognize this because, in many cases, the phenotype will appear very similar, 

but the underlying etiology can vary widely. We see this with many of the different epileptic syndromes 
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(Bromfield et al., 2006).Additionally, where treatment does not address the underlying etiology, 

permanent damage may result. Through a process known as epileptogenesis, continued damage 

sustained from recurrent seizures permanently converts normal tissue into epileptic brain tissue further 

advancing the disease (Jefferys, John G.R., 2010). 

 

3. Differences Between Channelopathies (Generalized Epilepsy) and Temporal Lobe Epilepsy (Focal 

Seizures) 

 

 As we have already seen, there are a number of different seizure types and classifications. Two 

papers will be presented in this dissertation that look at two distinct forms of epilepsy. The first is a 

mouse model of an SCN8A channelopathy that produces a generalized epilepsy phenotype. The second 

presents research on hippocampal resections from Temporal Lobe Epilepsy (TLE) patients. It is important 

to understand how these two forms of epilepsy differ, in both their etiology and treatment, as there are 

marked differences in each.  

Channelopathies 

 While channelopathies can be acquired--as in the case of diseases where there is an 

autoimmune attack on an ion channel--our focus will be on congenital diseases resulting from familial or 

de novo variants. These specific inherited channelopathies are considered rare; however, collectively 

they account for a substantial proportion of Mendelian epileptic syndromes with wide ranging 

phenotypes (Spillane et al. 2016). It is estimated that about 70% of an individual’s risk for developing 

these epileptic disorders are genetic factors (Kullmann et al. 2010). The term channelopathy refers to 

any disease that is the product of a disturbed function within an ion channel, its subunits, or the 
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proteins that regulate ion channels. These ion channels are essentially transmembrane pores that allow 

the passage of a selected ion across the lipid bilayer. As described earlier, these channels come in one of 

two distinct classes; either voltage- or ligand-gated. A voltage-gated channel is activated (or “gated”) by 

membrane voltage changes; whereas, a ligand-gated channel requires binding of a specific ligand to 

activate. Once gated, a channel allows the influx of a selective ion during an action potential, or directly 

following the release of neurotransmitter. The proper functioning of these gates is crucial for normal 

functioning of the central nervous system specifically (Felix, R. 2016). All voltage-gated ion channels (of 

which SCN8A is one) contain a large pore forming subunit called the alpha subunit. The alpha subunit 

itself is comprised of four homologous domains (I-V), which are themselves, made up of six 

transmembrane segments (S1-S6). The rest of the channel is composed of several accessory subunits 

that can be either cytoplasmic or extracellular, and generally have roles in channel kinetics and/or 

membrane stabilization (Spillane et al. 2016). The three specific channel types involved directly with 

epileptic disorders and seizures are: sodium (encoded by genes with the prefix SCN), potassium (KCN), 

and to a lesser extent Calcium (CACN). Each of these channel types performs a different mode of action, 

and can therefore each create a unique mechanism producing seizures. This is a critical distinction 

between the three different channels. A disruption in the function of each of these channels can lead to 

a resultant phenotype that is highly similar (e.g. generalized seizures), but require very different and 

specialized treatment to address the specific malfunctioning channel. For instance, the opening of 

sodium channels leads to the depolarization of neurons, while the opening of potassium channels leads 

to hyperpolarization (Hubner et al. 2002). This means a loss of function variant in a potassium channel 

would lead to hyperexcitability, but so too would a gain of function variant in a sodium ion channel. 

Complicating things further, the effect of the variant is highly dependent on the neuronal circuitry 

involved, e.g., the inhibitory vs. excitatory network. That is to say, a gain of function variant that 

predominantly affects the inhibitory interneurons, could have the same decreased excitability effect on 
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phenotype, as a loss of function variant in an excitatory network (Spillane et al. 2016). Again, although 

the phenotypes resulting from a channelopathy can be similar, or nearly identical, a molecular diagnosis 

that roots out the underlying malfunctioning mechanism is crucial to finding/determining an effecting 

treatment. In a classic example of the misdiagnosis of generalized seizures, patients are sometimes 

proscribed sodium channel blockers. Sodium channel blockers can be effective for reducing seizures in 

some patients, but can dramatically worsen seizures for patients with Dravet Syndrome or Severe 

Myoclonic Epilepsy of Infancy (SMEI). Patients with Dravet Syndrome or SMEI who are prescribed 

sodium channel blockers may experience a dramatic increase in both the frequency and/or severity of 

seizures, caused by the disruption of the sodium channel Nav1.1 (encoded by the SCN1A gene) Examples 

such as these highlight the necessity for clinicians to determine the specific variant prior to treatment. 

(Stenhouse et al. 2013). 

Inherited channelopathies are typically passed on in an autosomal dominant fashion. Symptoms 

generally begin early in life and can be either paroxysmal or episodic (Spillane et al. 2016). Additionally, 

many of the variants associated with ion channels are missense variants that affect channel kinetics, or 

nonsense variants that lead to haploinsufficiency. However, as our understanding of the genes and 

pathways involved in ion channels increases, and molecular typing becomes more prevalent, we will 

begin to identify more variants and chromosomal rearrangements affecting: ion channel biogenesis, 

mRNA processing, splicing, translation, trafficking, subunit assembly, etc. (Spillane et al. 2016). 

Advancements may also reveal that a number of inherited polygenic variants in ion channels, currently 

not deemed to be clinically significant, could combine to produce a genetic background with a lower 

threshold for stimuli that would normally be innocuous. Advancements identification and understanding 

could also yield a genetic background, or a collection of subclinical variants, that produce a protective 

effect mitigating the impact of a damaging de novo or inherited variant in an ion channel. As evidenced 

below in table 2 (from Spillane et. al.), a great deal of the epilepsy syndromes that arise from 
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channelopathies have been assigned a gene and subunit as their primary causal source. Each of these 

syndromes can have distinctly different clinical features, treatments, and outcomes. 

 

Examples and descriptions of some generalized epilepsy syndromes resulting from channelopathies: 

 

 Generalized Eiplepsy with Febrile Seizures Plus (GEFS+)  

GEFS+ is a genetically diverse, and clinically heterogeneous, familial epilepsy syndrome. Patients with 

GEFS+ frequently develop febrile seizures as young children. Often times, these seizures resolve 

themselves by six years of age. But, seizures may also persist into late childhood and adulthood, or they 

may develop other seizure types as they age. GEFS+ seizures vary from person-to-person, but the febrile 

seizures are generally tonic-clonic, lasting less than 5 minutes, and commonly present between the ages 

of six months to six years. Most children with GEFS+experience a small number of total seizures (<5), 

and have normal intelligence and learning abilities. However, some may experience frequent febrile 

seizures, and have varying degrees of learning difficulties (Epilepsy action). Numerous genes have been 

connected to GEFS+ including the sodium channels SCN1A, SCN1B, SCN2A, and genes that encode for 

the GABAA receptor (Scheffer et al. 1997, Sugawara et al. 2001, Wallace et al. 1998, Escayg et al. 2001, 

Baulac et al. 2001, Dibbens et al. 2004). 

 Severe Myoclonic Epilepsy in Infancy (SMEI) aka Dravet Syndrome  

Dravet syndrome starts with intractable seizures beginning in the first year of life, combined with 

developmental regression and cognitive impairment (Escayg et al. 2010). Dravet syndrome is primarily 

characterized by a missense, or nonsense, mutation in SCN1A encoding for the fast sodium channel 

Nav1.1 leading to some form of haploinsufficiency (Stenhouse et al. 2013). The cause of seizures in 
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Dravet syndrome by impairment of Nav1.1 channels is believed to be caused by the Nav1.1 channels’ role 

in the GABAergic inhibitory neurons. The loss of function in the Nav1.1 channels leads to hypoexcitability 

of inhibitory networks, which in turn, causes hyperexcitability producing seizures (Yu et al. 2006). 

 SCN8A Early Infantile Epileptic Encephalopathy (EEE) 

SCN8A EEE is a severe epileptic disease that will be discussed in greater detail in the research presented 

in chapter two of this dissertation. As the name suggests this disease is characterized by variants in the 

SCN8A gene encoding for the sodium channel Nav1.6. Sodium channel Nav1.6 facilitates action potential 

propagation when the membrane potential is depolarized. The mode of transmission, generally through 

de novo gain of function variants in patients, causes increased activity of the channel. (Wagnon et al, 

2016) SCN8A EEE is characterized by seizure onset within the first 18 months of life, typically by four 

months of age (Veeramah et al, 2012).  Co-morbidities include developmental delay and cognitive 

impairment.  Approximately 50% of affected children do not sit or walk, and there is a 10% incidence of 

SUDEP (sudden unexpected death in epilepsy).  Antiepileptic drugs that target sodium channels provide 

transient improvement in some patients, but seizure control is usually incomplete (Sprissler et al., 2016). 

 Benign Familial Neonatalconvulsions and/or Infantile Spasms 

Benign Familial Neonatalconvulsions and/or Infantile Spasms is a condition in which there is a sudden 

onset, and subsequent remission of seizures occurring in infancy (Herlenius et al. 2007). The seizures 

usually occur a few days after birth and then stop suddenly at about six weeks (Gourfinkel-An et al. 

2004). Patients go on to have normal neurological development. This disease is generally caused by 

missense mutations in the SCN2A gene, or the loss of function of the potassium channel genes KCNQ2 

and KCNQ3 (Stenhouse et al. 2013, Singh et al. 1998, Hirose et al. 2000). 

 Absence Epilepsy 
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Absence epilepsy is tied to variants in a number of ion channel genes including CACNA1H, GABRA1, 

GABRA6, GABARB3 and GABARG2 to mane just a few (Spillane et al. 2016). Absence seizures are 

characterized as a generalized seizure and generally causes lapses in awareness that begin sudden and 

resolve quickly with immediate recovery directly after. Often the patient’s movement and activity will 

stop suddenly and the eyes may turn upward with eye lid flutter. These seizures last less than 10 

seconds and can often be missed by clinicians or family members. (epilepsy foundation) 

 

Temporal Lobe Epilepsy (TLE)  

 Temporal Lobe Epilepsy has been defined by the ILAE as: a condition characterized by recurrent, 

unprovoked seizures originating from the medial or lateral temporal lobe. These seizures can be either; 

simple partial seizures with no loss of consciousness, or complex partial seizures with loss of 

consciousness. Temporal lobe seizures tend to begin as focal seizures initiating in a discrete region of 

the brain before there are any overt clinical indications (Krook-Magnuson et al. 2013). Although TLE 

primarily affects the temporal lobes, it is considered to be a network disease that can have widespread 

extratemporal effects. One or both hippocampi are commonly involved in TLE; and, due to its 

distributed connections, can have a widespread effect on numerous networks within the brain (Haneef 

et al. 2014). Temporal lobe seizures also have the distinction of being the most frequent site of origin of 

partial seizures, and represent two-thirds of all intractable seizure disorders that ultimately lead to 

surgical management (Blair 2012). Because TLE is the most common form (and largest category) of 

partial epilepsy, it is further subdivided into mesial, neocortical, and lateral dependent based on the site 

of origin of the seizure (Salzmann et al. 2012). Mesial temporal sclerosis (MTS) and hippocampal 

sclerosis (HS) are the most common, and are associated with roughly 80% of cases (Blair 2012). 

Differences in each of these subdivided classifications are shown here: 
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 Mesial Temporal Lobe Seizures (mTLE) – Associated with MTS and HS, and is generally 

considered to be a progressive disorder with seizures initially controlled by antiepileptic drugs 

that later become ineffective in 60-90% of patients. mTLE usually presents between 6-10 years 

of age, but has been documented in infancy and as late as 30 years of age. Features include 

some typical auras such as rising epigastric sensations, déjà vu, fear or sadness, and/or other 

experiential phenomena.  

 

 Neocortical Temporal Lobe Seizures (nTLE) – Often associated with structural abnormalities 

including: malformations of cortical development (MCD), vascular malformations, neoplasms, 

and traumatic brain injuries (TBI). Features include auditory, vestibular, and complex visual 

hallucinations as well as some focal sensory-motor phenomena. Seizures can often start with 

staring but general do not have any automatisms or epigastric phenomena.  

 

 Lateral Temporal Lobe Seizures – Associated with ipsilateral seizure onset, certain features can 

often be used to lateralize the seizure origin. Dystonic posturing of the arms and legs can 

reliably predict seizure onset in the contralateral lobe. Asymmetric tonic limb posturing is also 

commonly observed during the early tonic phase before proceeding to secondary 

generalization.* 

 

(*above taken from Blair2012) 

 

Regardless of the specific type of TLE, many patients experience pre-seizure events (called prodromes), 

aside from some of the auras described above. Examples of these prodromes include, but are not 

limited to: headache, sudden personality change, irritability, anxiety, nervousness, etc. (Blair 2012). Age 
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of onset in TLE can also have a large influence on the clinical features of the epilepsy. It has been noted 

that there is a correlation between a younger age of onset and mesial temporal foci, suggesting these 

mesial structures are more susceptible to early development of epileptogenesis (Villanueva et al. 2005). 

Conversely, several studies have found that seizures in elderly patients tend to become less prolific and 

shorter in duration, and have a much lower tendency to progress to secondary generalization (Tinuper 

et al. 1996).  

 The etiology of TLE falls into two major categories: acquired TLE, and genetically derived TLE 

(often termed familial TLE). In patients with acquired TLE, an initial brain insult or injury event (BIIE) 

leads to a latent period, with little or no symptoms, followed by the onset of recurrent seizures. These 

patients commonly experience a BIIE  early in life that begins the process of epileptogensis, which 

eventually leads to seizures later in life. The latent period in acquired TLE can be explained by the fact 

that significant changes occurring in the brain during the healing process (and thereafter) can take a 

considerable amount of time to manifest. BIIE’s triggering acquired TLE can be as varied as birth trauma, 

febrile seizures, infections (encephalitis) early in life, or traumatic brain injury later in life. Any of these 

such events may lead to TLE decades later (Scharfman 2007). Interestingly, these  BIIE’s can set forth a 

cascade of gene expression changes that alter the molecular and cellular properties of both neuronal 

and glial networks (we will explore this in more detail in forthcoming chapters). Significant upregulation 

of growth factors involved in developmental pathways, as well as the complex growth of axons over long 

distances, and dysregulation of pathways that control the balance of excitatory and inhibitory networks 

have all been observed following BIIE’s (Scharfman 2007). In many cases, neuronal damage is seen upon 

autopsy in TLE patients, revealing hippocampal CA1 neurons as, seemingly, the most vulnerable 

(Scharfman 2006). Presumably, these changes occurring during the latency period eventually lead to a 

lowering of the seizure threshold, and thus a seizure phenotype. Figure 2 below is a generic timeline 

depiction of the three stages of what is commonly diagnosed as acquired TLE: (1) initial BIIE (sometimes 
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involving a “second hit” after the initial insult),  (2) a latency period leading to the first seizure, (3) 

directly followed by chronic seizures. Once the first seizure presents, recurrent seizures generally follow, 

after a period of post-seizure depression that prevent seizures for a period of time directly after. Once 

this post-seizure depression wanes, if the seizure threshold is sufficiently lowered to a point where 

normal Central Nervous System (CNS) activity creates a hyperexcitabile state, further seizures will 

continue (Scharfman 2007).  

 Alternatively, genetically derived (familial) TLEs can be more heterogeneous—often times the 

result of complex disorders that may be a product of polygenic factors or caused by a series of multiple 

rare variants—all of which can work with environmental factors to produce seizures. These forms of 

epilepsy seem to be initiated via autosomal dominant forms of transmission. And, relatives of patients 

with focal temporal EEG abnormalities usually have a much higher risk of developing EEG abnormalities 

themselves (Salzmann et al. 2012). However, the heterogeneous nature of these familial TLEs is 

highlighted by the fact that some patients have a family history of febrile seizures—others do not; some 

show hippocampal sclerosis—others do not; some patients have easily controlled seizures—others do 

not, etc. There are a few commonalities however, most familial TLEs are of mesial temporal origin, and 

these are frequently associated with antecedent childhood febrile convulsions (Abou-Khalil 2007). It 

should be mentioned here that a familial TLE of genetic origin, in some cases, might not preclude a 

surgical option. At first this may seem counter-intuitive because, by nature, the defect would not be 

focal and should affect the brain diffusely, yet the data does not support this. In fact, in one report that 

surveyed 20 patients with familial TLE with an unspecified genetic basis, the surgical outcome was quite 

successful at 85% (Kobayashi et al. 2003). The genetics of familial TLE is extremely complex in most 

cases, and replication of association studies (GWAS) has been difficult. A few genes have been 

implicated with reproducible results, e.g., LGI1 in familial autosomal dominant lateral temporal epilepsy 
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(ADLTE), but in most cases the genetic basis is less clear (Salzmann et al. 2012). To detail just a few, 

below are descriptions of known familial TLEs and some of their genetic features. 

 

Examples and Descriptions of  Familial Temporal Lobe Epilepsies (TLE) 

 Autosomal Dominant Lateral Temporal Epilepsy (ADLTE) 

ADLTE is linked to the chromosome 10q24 locus, which contains the leucine-rich, glioma-inactivated 1 

(LGI1) gene. Numerous variants in the LGI1 gene have been seen in families with ADLTE. It is often 

combined with auditory features, and is sometimes termed autosomal dominant lateral temporal 

epilepsy with auditory features (ADLTEAF). However, 50% of ADLTE families showed no significant 

variants in the LGI1 gene, and de novo LGI1 variants in sporadic cases of TLE with auditory features are 

only seen in 2% of cases (Salzmann et al. 2012). 

 Pure Familial Mesial Temporal Lobe Epilepsy (FMTLE) 

FMTLE is a benign syndrome that is not associated with hippocampal sclerosis (HS) or febrile seizures. 

Common symptoms include auras with prominent psychic and autonomic features. FMTLE has shown to 

be transmitted via autosomal dominant inheritance, although with incomplete penetrance in large 

pedigrees. No specific genes or variants have been linked to this syndrome, however linkage has been 

found on chromosome 4q13.2-21.3 (Hedera et al. 2007). 

 

4. What is the Role of Astrocytes and Reactive Astrocytosis in Epilepsy? 
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With a basic understanding of epilepsy, epileptic syndromes, and the various seizure types; we 

can now pivot to the cellular and molecular underpinnings of seizures, as well as the downstream effects 

seizures can have on the brain. To do this, it is important to understand the role of a specific cell type in 

the brain called astrocytes, and how astrocyte function is altered in the epileptic brain. Astrocytes 

express a number of different ion channels and transmitter receptors that are also seen in neurons, 

providing them the capability to sense and respond to neuronal activity (Seifert et al. 2011). As we will 

see, the disruption of normal astrocyte function in epilepsy is well documented.  

By way of background, astrocytes (or astroglia) are specialized star shaped cells that reside in 

the brain and spinal cord. Astrocytes are a particular type of glial cell. Glia are the most numerous cells 

in the human brain outnumbering neurons 50:1. The normal role of astrocytes can be broken down into 

five primary functions: 

1. Provide a Scaffold for the Central Nervous System (CNS) – Astrocytes comprise a large 

amount of the actual space of the CNS, forming the majority of the structure of the brain and spinal 

cord. This “astrocyte scaffold” provides much of the structural support for the rest of the neurons and 

glial cells 

2. Forming a Glial Scar – If there is injury to the CNS, astrocytes will migrate to the physical site 

of injury and begin to proliferate and surround the area of injury. The buildup of astrocytes at a site of 

injury begins to form a thick scar, thereby walling off the injured site from the rest of the brain. This 

thick buildup of astrocytes is referred to as the glial scar, and the process by which this happens is called 

gliosis, astrogliosis, or reactive astrocytosis. 

3. Maintain Homeostasis – Astrocytes play a role in maintaining the proper conditions of the 

interstitial fluid in the brain. This includes keeping the concentration of ions at optimal levels for 
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neuronal function, and at times, secreting lactate that can be used as an energy source for neurons 

during oxygen and glucose deprivation. 

4. Contributing to the Blood/Brain Barrier – The blood/brain barrier is a structure that prevents 

large molecules in the bloodstream from accessing the brain. Astrocytes contribute the blood/brain 

barrier by using structures called processes (protrusions from the soma or cell body), and end feet 

(structures at the end of the processes), that are placed up against the blood vessels passing through the 

brain. 

5. Regulating the Synaptic Environment – Astrocytes are responsible for the clearance of 

neurotransmitters in the synaptic cleft. This allows for the synapse to reset after a neurotransmitter 

release, so it can be used again in the next synaptic firing. This too is largely performed by the processes 

and end feet structures of the astrocytes.* 

*(above information 1-5 is taken from Khan Academy video “Astrocytes” https://www.khanacademy.org/science/health-and-medicine/nervous-

system-and-sensory-infor/neural-cells-and-neurotransmitters/v/astrocytes) 

 All of the above are important functions of astrocytes, but for purposes of this discussion of 

epileptic disorders, we will be focusing on regulation of the synaptic environment and maintenance of 

homeostasis. Beginning with regulation of the synaptic environment; in patients with epilepsy elevated 

concentrations of glutamate in the synaptic environment have been found both during and between 

seizures. Too, this phenomenon is seen more drastically in patients with HS. Under normal conditions 

astrocytes facilitate a process of recycling glutamate after synaptic release. This process is vital because 

the extracellular buildup of this neurotransmitter is detrimental to the normal function and survival of 

neurons (Coulter et al. 2015). Furthermore, because the synapses are so far removed from the cell 

bodies of neurons, there is a need for this glutamate processing and recycling to be facilitated locally by 

astrocytes. Disruption in any step of this glutamate removal and recycling process can have serious 
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effects leading to, or exacerbating, seizures and/or epileptogenesis. The process begins with synaptic 

clearance of glutamate by uptake via membrane transporters EAAT1 and EAAT2 found on astrocyte 

membranes. And indeed, variants causing loss of function in these transporters have been seen in 

epilepsy, as they create an excess of extracellular glutamate and subsequent neuronal death. Assuming 

the astrocytic uptake of glutamate goes undisturbed, it must then be degraded or converted within the 

astrocyte. Because these membrane transporters are bidirectional, any cellular buildup of glutamate 

within the astrocyte leads to leakage or release of glutamate back into the extracellular space (Coulter 

et al. 2015). One mechanism of glutamate degradation is the enzymatic conversion of glutamate to 

glutamine via the enzyme glutamine synthetase (GS), which is localized predominantly in astrocytes. 

This neurotransmitter intermediary must then be shuttled back to the synapses, where it can be 

recycled into the functional neurotransmitter glutamate by mitochondrial enzymes in the neurons 

(Coulter et al. 2015). The newly recycled glutamate is then packaged back into vesicles in the 

presynaptic terminal where it awaits release, thus completing the cycle.  

 In patients with TLE, hippocampal tissue has shown a significant loss or reduction of GS or GS 

activity (Eid et al 2004, van der Hel et al. 2005). This raises an important chicken-or-the-egg type 

question: are GS changes a cause or consequence of epilepsy? Put another way, are the disruptions in 

the glutamate-glutamine cycle contributing to the pathology, or are they simply a byproduct of the 

seizure activity? The true answer may depend on the underlying etiology of the seizure. A few studies 

have tried to answer this question by continually flooding the hippocampus of rats with a GS antagonist, 

methionine sulfoximine (MSO) (Eid et al. 2008, Wang et al. 2009). Over a short period of time these 

animals began to develop epilepsy and neuropathological features similar to mTLE with HS, thus 

supporting the role of GS down regulation in the pathogenesis of epilepsy. Interestingly, more recent 

studies have shown that disruption of the glutamate-glutamine cycle affects the inhibitory and 

excitatory networks disproportionately (Coulter et al. 2015). While glutamate is used directly as a 
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neurotransmitter in excitatory networks, it must be converted into GABA to be a functional 

neurotransmitter in the inhibitory synaptic terminals. Interference in the glutamate-glutamine cycle has 

been shown to impact neurotransmitter supply, but the excitatory synaptic transmission has shown to 

be much less sensitive to this than the inhibitory network (Kam and Nicoll, 2007, Tani et al. 2014). In 

fact, there seemed to be little impact on the excitatory network until there were prolonged periods of 

synaptic release of glutamate in tandem with cycle blockage via a GS antagonist. This blunted effect on 

the excitatory network may be explained by the higher concentrations of cytoplasmic glutamate 

accessible to excitatory neurons; however, the end result is still a reduction of GABA release from 

inhibitory synapse, and therefore an increase in network excitability (Coulter et al. 2015). This is 

especially important because seizures are known to induce reactive astrocytosis, and reactive 

astrocytosis is in turn associated with downregulation of GS expression. So again, the question remains: 

are the seizures causing reactive astrocytosis–and therefore lower GS activity—or, does reactive 

astrocytosis begin the process of triggering seizures creating a negative feedback loop through 

continued reactive astrocytosis? Or, are both models possible? One clever experiment attempted to get 

at the heart of this question by using a viral strategy of initiating reactive astrocytosis, and looking at the 

impact on the circuit excitability in the hippocampus (Ortinski et al. 2010). As expected, the reactive 

astrocytes showed reduced GS expression, and the neighboring neurons showed compromised 

GABAergic inhibition, but not glutamatergic excitation. This caused enhanced excitability in the CA1 area 

of the hippocampus, with specific effect on the hyperactivation of inputs on the distal dendrites of CA1 

neurons (Ortinski et al. 2010). This pathway specifically, has been shown to be extensively hyperactive in 

epileptic animals (Ang et al. 2005). This supports the role of reactive asctocytosis’ ability to create circuit 

excitability, which is one of the underlying mechanisms of epilepsy, but does not necessarily provide 

proof of a one-way causal mode. 
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 The other role of astrocytes we will explore is the maintenance of homeostasis in the interstitial 

fluid. Specifically, how astrocytes are involved in maintaining a proper K+ ion concentration, and how 

this process is impaired in epilepsy. Normal neuronal activity is known to increase extracellular K+ 

concentrations. If this concentration is not brought down to an optimal level by properly functioning 

astrocytes, the resting potential becomes increasingly positive, having a major effect on neuronal 

transporters, receptors, and the gating of transmembrane ion channels (Coulter et al. 2015). Not 

surprisingly, during seizure activity, extracellular K+ concentrations rise dramatically. The mechanism of 

astrocytic clearance, and control of K+ concentration, can be broken down into two parts: (1) K+ uptake, 

and (2) spatial K+ buffering. The primary mode of K+ uptake in astrocytes is the Kir channel, a subunit of 

which (Kir4.1) is encoded by the gene KCNJ10 (Coulter et al. 2015). Loss of function variants in the 

KCNJ10 gene was identified through linkage analysis in children with seizures, ataxia, and intellectual 

disability (Bockenhauer et al. 2009) Similarly, patients with a gain of function variants in the KCNJ10 

gene also presented with seizures, autism, and intellectual disability. While, general knockout of Kir4.1 

leads to postnatal lethality (Sicca et al. 2011). It should be mentioned that deleterious variants are not 

necessary to impede this process. Simple down regulation of Kir channel expression in astrocytes caused 

by seizures (possibly mediated via IL1 and other cytokines), is enough to disturb K+ buffering and 

significantly enhance seizure susceptibility. This is further shown by the presence of impaired Kir 

channel function in the hippocampal tissue of patients with mTLE-HS (Coulter et al. 2015). This leaves us 

again with the issue of causality. As we have seen, increased extracellular K+ can lead to seizure 

initiation, and seizures can lead to decreased expression Kir channels, thereby causing increased 

extracellular K+. It is doubtful that there is a unidirectional relationship between these two events. In 

fact, interplay between the two has been shown with various animal models (Coulter et al. 2015). 

  Assuming astrocytic K+ uptake is functioning properly, there is still the mechanism of spatial 

buffering that must occur to properly reach optimal extracellular K+ concentrations. Spatial buffering 
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relies largely on structures on the astrocytes called gap junctions. Gap junctions allow astrocytes to 

directly connect to each other and exchange/redistribute K+. This long range intercellular trafficking 

through the astrocytic network is also used for shuttling glucose, glutamate, and other energy 

metabolites from the blood vessels of the blood/brain barrier to the neurons (Coulter et al. 2015). 

Unfortunately, elucidating the role of astrocytic coupling via gap junctions in epilepsy has been 

confounding. Most studies have looked at the Connexin gene (Cx) and its expression when studying gap 

junction function in epilepsy. A gap junction is comprised of six identical connexin proteins that combine 

to form a single transmembrane peptide that, when coupled with a connexin on an adjacent astrocyte 

membrane, forms a hydrophilic channel between the two cells as seen in figure 3.  

These studies have shown connexin expression to be enhanced, decreased, and even unaltered 

in both human and animal forms of epilepsy (Giaume et al. 2010). Further complicating matters,  simple 

connexin expression is not all that is necessary for functional coupling. There is some posttranslational 

modification that is also necessary to adequately form, open, and internalize a gap junction. There are 

studies that have focused solely on  the increase or decrease of astrocytic coupling in epilepsy. One 

study found that in a kainate induced mouse model of epilepsy, there was an increase in coupling. While 

another, found decreased coupling in the hippocampal tissue of a tuberous sclerosis model. This is a 

critically important issue as gap junction inhibitors have been shown to have an anticonvulsive effect, 

and attenuated seizure activity for some patients—although usually with some side effects (Coulter et 

al. 2015). 

 Yet another role of astrocytes in the maintenance of homeostasis is astrocytic Ca++ signaling. 

Astrocyte signaling to neurons occurs through the release of a number of gliotransmitters. This 

gliotransmitter release is generally regulated by elevations in intracellular Ca++. Under normal brain 

function, this increase in astrocyte Ca++ concentration is mediated by metabotropic receptors (Seifert et 

al. 2010). Specifically, the activation of metabotropic glutamate receptors mGluR3 and mGluR5, by 
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neuronal activity-derived glutamate, eventually leads to increased intracellular Ca++ concentrations via 

cAMP accumulation. This elevated astrocyte Ca++ concentration can, in turn, initiate wave propagation 

throughout the astrocytic network. This wave propagation then activates Ca++ ion channels, which then 

finally induces glutamate release from astrocytes, thus completing the cycle (Seifert et al. 2010). More 

evidence of this mechanism in epileptogenisis is found in elevated levels of mGluR3, mGluR5, and 

mGluR8 in epilepsy models; as well as, reactive astrocytes suggesting a possible role in gliosis 

(Steinhauser et al. 2002). This is a critical pathway, as we have already seen that astrocytic release of 

glutamate can initiate immediate excitation of neighboring neurons.  Additionally, extended glutamate 

release from astrocytes in rodent models during status epilepticus (SE) is shown to contribute to 

neuronal death (Ding et al. 2007). 

 The combined functions of glutamate clearance/recycling, K+ homeostasis, and Ca++ signaling by 

astrocytes are connected through a number of structures and molecules, all of which are required for 

proper neuronal function (as seen in figure 4). These crucial functions obviously extend to a 

pathophysiological role in epilepsy as well. The processes of glutamate cycling and K+ homeostasis have 

both been shown to be disrupted in various forms of epilepsy, and are significantly altered during 

reactive astrocytosis which is a key feature of seizures. The process of astrocytosis, and its related 

perturbance of normal neuronal circuitry, particularly with regards to inhibitory neurons, has significant 

functional consequences relating to the hyperexcitability that is the hallmark of epilepsy (Coulter et al. 

2015). Conversely, a better understanding of these functions, and reactive astrocytosis in general, 

creates a good possibility of generating new opportunities and avenues for therapeutic intervention. 

 

5. The Genetic Landscape of Epilepsy 
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 As early efforts to make genotype/phenotype associations using genome-wide association 

studies (GWAS) to find specific loci in epilepsy generated little success, it became evident that epilepsy 

was in fact a heterogeneous group of disorders. These varied disorders are comprised of patients with 

rare variants across an increasingly large list of causative and modifier genes. This complex genetic 

landscape is not entirely surprising considering the wide-ranging biochemical, and regulatory networks 

that are necessary for proper neuronal function. In epilepsy, we see hundreds of genes that are active in 

the central pathways of membrane excitability, neurotransmission, neuronal migration, inflammation, 

synaptogenesis, etc.--many of which have yet to be characterized (Nobels 2015). The first human 

epilepsy-associated genes were often discovered through analysis of pedigrees; where linkage was used 

to find inherited variants in causal genes. The next set of discoveries came from whole exome/genome 

analysis of parent/child trios. These analyses were often subcategorized by clinical features, age of 

onset, and other factors, to discover de novo variants in novel genes that are generally both monogenic 

and dominant gain of function (Veerhama et al. 2012) These variants were then often functionally 

validated in animal and cell models, and are now commonly used in testing of pediatric epilepsy patients 

(Nobels 2015). This approach however, results in a rather large number of cases where the genetic 

eitiology of the patient’s epilepsy is not known; because either there is no solitary causal gene, or there 

are multiple clinical phenotypes expressed from variants in an already known causal gene. An example 

of the latter is the Potassium Voltage-Gated Channel Subfamily Q Member 2 gene (KCNQ2); where 

variants in some patients lead to a benign familial neonatal epilepsy syndrome, but in other patients is 

linked to severe life-long epileptic encephalopathy (Claes et al. 2004). Likewise, the genes; Potassium 

Sodium-Activated Channel Subfamily T Member 1 (KCNT1), and Solute Carrier Family 2 Member 1 

(SLC2A1) are both found to cause a rather wide-ranging spectrum of phenotypes (Nobels 2015). The 

hope is that some of this confusion and uncertainty can be mitigated by the constant updating and 

curation of databases such as ClinVar. Such databases seek to provide variant specific knowledge that 
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will give more specific phenotypic information of a particular variant. However, this will still be 

challenging as these databases do not take into account the genetic background, or context under which 

the specific variant is acting. We will explore this issue further later in this chapter.  

 Interestingly, many epilepsy related genes are also being found in syndromic epilepsies with 

neurological comorbidities such as autism, Alzheimer’s disease, cognitive disorders, migraine, etc. As the 

cellular circuits in the brain begin to fail, or become altered, it is possible for the neuronal environment 

to progress to the point where the inhibitory/excitatory balance becomes disturbed. (Nobels 2015). An 

easy example of this is the Potassium Voltage-Gated Channel Subfamily Q Member 1 (KCNQ1), which 

was known to have implications in cardiac long QT syndrome (LQTS) linked to sudden death. This gene 

was later characterized in mouse models and shown to produce a sudden unexplained death in epilepsy 

(SUDEP) phenotype. It has now subsequently implicated other LQTS genes as possible candidates for 

shared brain and cardiac phenotypes (Goldman et al. 2009) This brain/cardiac link was seemingly 

confirmed with the identification in two other genes: Sentrin/SUMO protease protein 2 (SENP2), and 

Potassium Voltage-Gated Channel Subfamily A Member 1 (KCNA1). Both generated  cardiac arrhythmias 

and severe seizures (Nobels 2015). 

 As research continues to explore and identify novel genes that may be associated, or clinically 

relevant, to either the onset or treatment of epilepsy; it becomes important to understand the 

challenges that may be obscuring this process. Particularly challenging, is the highly complex nature of 

the interacting biological and signaling pathways that are at play in neurological function and 

maintenance. This is further exacerbated by the temporal nature of these pathways; where genes are 

not expressed at the same time, or even in the same cell type, and may also be complicated by normal 

processes occurring during development (Nobels 2015). Yet more complexity is introduced by the 

syndrome heterogeneity discussed above; but also, the downstream and epistatic complexity, and 

interplay with environmental factors. Some of these confounding factors can be mitigated using new 
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research tools like: gene editing; conditional knockout animal and cell models; as well as, the creation of 

induced pluripotent cells derived directly from the patient to fully capture the genetic background of an 

identified casual variant. One interesting experiment used the selective elimination of Sodium Voltage-

Gated Channel Alpha Subunit 1 (SCN1A), known to cause the seizure disorder called Dravet syndrome, 

from only inhibitory interneurons in mice. The result was a much more severe seizure phenotype than if 

the gene was simply knocked out in all cells. Surprisingly, when the gene was knocked out of only the 

excitatory neurons, no seizure activity was detected; thus highlighting the cell type challenges of 

determining gene or variant function in such a complex system (Ogiwara et al. 2013) Similarly, an 

example of downstream complexity can be illustrated by the gene Calcium Voltage-Gated Channel 

Auxiliary Subunit Beta 4 (CACNβ4). CACNβ4 operates as a single cytosolic regulatory subunit that 

heterodimerizes with multiple pore-forming α-subunits of calcium ion channels. When the function of 

this gene is lost, other members of this homologous gene family (CACNβ1-3) will compensate, but in 

somewhat unpredictable ways leaving calcium currents distinctly altered (Burgess et al. 1999) This is 

further exemplified by another epilepsy-associated gene NOVA Alternative Splicing Regulator 2 

(NOVA2). NOVA2 is an RNA binding protein responsible for the splicing variation of 34 synaptic proteins. 

Obviously any alteration in the function of this gene would have massive downstream effects. Epistatic 

complexity, whereby two causative mutations can mask each other’s phenotype, is seen in patients with 

both modified clinical phenotypes as well as unaffected individuals. (Nobels 2015). A great illustration of 

these two types of complexities is shown below in figure 5.  

 Another factor that must be addressed is the presence of modifier genes, the structure and total 

number of which are still largely unknown. These modifiers can be either extremely specific to the 

original founding causal mutation, or operate in a more general fashion. (Nobels 2015). Some of these 

primary variant specific modifiers are increasingly being found in more and more studies, and include 

genes denoted, “Modifier of Epilepsy 1 and 2” (MOE1, MOE2). Both MOE1 and MOE2were discovered 
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using mapping experiments on a SCN2AQ54 transgenic mouse model (Hawkins et al. 2012). While the 

causal gene-specific modifies are vitally important on a case-by-case basis, the more general modifiers 

are of particular therapeutic interest. An interesting example of one of these general modifiers is 

Microtubule Associated Protein Tau (MAPT). MAPT is involved in microtubule assembly and colonizes in 

axons with ion channels encoded by KCNA1 and SCN1A. Although the full mechanism is not fully 

understood, the deletion of MAPT in mouse models not only suppresses seizure activity but also 

dramatically reduces SUDEP (Holth et al. 2013, Gheyara et al. 2014). 

 Taken together, the confounding factors in identifying a true molecular cause and diagnosis for 

the patient can seem insurmountable, but the potential benefits from creating a more complete 

molecular assessment of epilepsy far outweigh the difficulties. As better tools for identification and in 

silico prediction are coupled with better pathway and interactome analysis; it will become easier to 

understand and define the network behavior of each of the genes involved with either the progression 

of epileptogenesis, or the protection thereof. 

 

6. RNAseq and Transcriptional Profiling in Epilepsy 

 Expression (also termed transcriptional) profiling, is an extremely useful tool for taking a deeper 

look at the possible molecular disruptions/dysfunction in cells before, during, and after seizures. By 

interrogating the expression levels of specific genes, it becomes possible to recapitulate the biology of 

epilepsy and find points of possible intervention. As epileptogenesis is loosely defined as the progression 

to seizures of worsening severity with increasing frequency, we can use transcriptional profiling tools to 

better understand the mechanisms behind this process (Yuen Wang et al. 2010). However, it is 

important to keep in mind that annotating these individual changes in expression, at a specific point in 
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time, is merely a snapshot of a much larger process, and care must be taken to consider confounding 

factors that may lead to spurious results in transcriptional data sets.  

  We can define transcriptional profiling as, the statistical comparison of transcript frequencies 

between two or more conditions (Yuen Wang et al. 2010). This process begins with isolation of mRNA, 

and in some cases miRNAs (termed a library), followed by a means of quantifiable detection for each 

gene of interest. Generally speaking, over the last 15 years there has been three general means of 

performing transcriptional profiling. Each method has defined benefits and drawbacks. We will not get 

into detail here on the specifics of each methodology but in short, they consist of: 

 

1. SAGE (Serial Analysis of Gene Expression) – mRNA is isolated and reverse transcribed to 

double stranded cDNA. cDNA is digested with restriction enzymes to produce small 

(generally 9-11bp) “tag” fragments that are subsequently amplified and sequenced. 

 

2. Microarrays – mRNA is isolated and reverse transcribed (in some cases with a conjugated 

dye), and hybridized to an “array” containing complimentary probes specific for each gene. 

These hybridized arrays are then read using a scanner to quantitatively determine the 

amount of material bound to each probe. 

 

3. RNAseq – mRNA is isolated and reversed transcribed. Universal adapters are ligated to each 

fragment in the mRNA library, and are then sequenced in a mass parallel fashion producing 

millions of reads per sample. The number of reads per gene is then compared between 

groups to obtain quantitative information. 
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The following papers, presented in subsequent chapters, will focus on data sets using RNAseq. 

However, here we will explore results using each of these techniques, as it is a generally accepted 

practice to compare data across techniques. The first global gene expression studies in epilepsy began in 

2001, and have expanded considerably since. Interestingly, while over 2000 genes have been published 

to show differential expression in neuronal material under epileptic conditions, only about 3-5% 

(roughly 50-100) of those genes, have shown reproducible results in two or more studies (Yuen Wang et 

al. 2010). This again underscores the point that epilepsy is a complex disease. Most profiling studies are 

using tissues of mixed cell type, of varying quality, and taken at different points in disease progression. 

This is combined with the fact that gene expression itself is a highly dynamic process, and much of the 

expression in a cell is not directly related to the pathogenesis, or result in disease. Taken together, it is 

not surprising there is often a great deal of noise in these data sets that requires careful analysis. 

Additionally, many of these studies rely on the use of animal models, which can further confound the 

application of these results to human epilepsy.  

 

Animal Models 

The two most commonly used animal models using mice and rats are: the status epilepticus 

models, and the electrical kindling models. Status epilepticus models of epileptogenesis generally rely 

on the application of a seizure inducing substance such as: bicuculline, kainic acid, pentylenetetrazol, 

and pilocarpine to name a few. These substances will induce epileptogenic activity in the immediate 

area of placement. And, generally demonstrate the classical progression of human epilepsy consisting 

of: an initial convulsive event, followed by a latency period, eventually leading to the presence of 

spontaneous seizures (Yuen Wang et al. 2010). The latency period is of great interest as it may provide a 

window of time in which a molecular intervention could be devised to either lessen, or interrupt the 
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final progression to spontaneous seizures. Also of note, is that there is a directly correlation between 

this latency period and the dose of inducing agent used, with higher doses producing shorter latency 

periods (Hamani et al. 2002). As an example of the status epilepticus model (Mathern et al. 1993), using 

a kainic acid induced method, classified four separate stages of progression: 

- Acute phase – referring to the first 10 days after injection 

- Active phase – the following 10-30 days of seizure activity 

- Latent phase – generally lasting between 30-90 days 

- Chronic phase –characterized by the development of chronic hippocampal seizures 

These phases of disease progression where also confirmed histologically as distinct phases. While many 

of these status epilepticus models show widely varying responses to the type and dose of convulsive 

agent applied; there is also a widely variable response to anti-seizure medications such as 

benzodiazepines and others (Yuen Wang et al. 2010). 

 The other commonly used model is referred to as the electrical kindling model. Instead of the 

application of a seizure-inducing agent, the repeated administration of a subconvulsive electrical 

stimulus is applied, eventually resulting in the progression of seizure activity (Goddard et al. 1969) This 

model is well accepted as a chronic model for mTLE, where an epileptic neurological environment 

develops in the absence of gross morphological damage. This method of seizure induction begins with 

the repeated application of small electrical stimuli, for only a few seconds, once or twice a day. As the 

neurological response gradually increases, there is then a broadening out in origin of the disrupted 

neuronal activity. Beginning first with adjacent brain regions, followed by an effect on more distant 

regions, and eventually progressing to the opposite hemisphere (Yuen Wang et al. 2010). Seizure activity 

generally begins with focal seizure activity contralateral to the side of stimulation, but then progresses 

over time to generalized seizures. An advantage to this model is the ability to develop a chronic 
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epileptogenic state through focal activation of a specific brain region, with very little morbidity or 

mortality. The downside, is that there is an absence of the latency period that more closely recapitulates 

human mTLE. (Yuen Wang et al. 2010). When comparing these models, it is important to note that while 

the status epilepticus model demonstrates histologic changes of severe neuronal loss; it does not 

demonstrate death, or neurogenesis, as seen in humans and the kindling model. This can be a hindrance 

to extrapolating out kindling results to human disease. But, it may also provide a benefit by allowing for 

the study of the direct effect of seizures alone, by removing many of the transcriptional changes 

associated with cell death and growth (Yuen Wang et al. 2010). 

 While not referenced here, another option for studying expression profiling is a genetic animal 

model.  This model is presented in the following chapter, “Altered Gene Expression Profile in a Mouse 

Model of SCN8A Encephalopathy.” The advantages of a specific genetic model are further argued, where 

appropriate. For example, it is well documented that distinct expression differences are commonly seen 

between kainic acid and pilocarpine models. These differences suggest artifacts are being introduced 

depending on the specific form of seizure induction. However, this is obviously mitigated by use of a 

genetic model. Similarly, very little overlap in differentially expressed genes was seen in many of the 

early expression studies comparing Kainate and electrical kindling induced models (Arai et al. 2003). To 

date, there has not been a great deal of expression profile studies performed on human tissue from 

epilepsy patients. This is surprising, as there would appear to be a good deal of human material 

available, given that mesial temporal lobectomy, hippocampectomy, and amygalectomy have been fairly 

well accepted treatments in the past for refractory mTLE (Yuen Wang et al. 2010). The data presented in 

Chapter 2 (Effect of Seizure frequency on hippocampal RNA expression profiles in patients with 

temporal lobe epilepsy (TLE)) uses just this type of tissue from resected potions of the hippocampus in 

patients with TLE.  
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Expression Profiling Studies 

Although there are considerable differences between expression profiles of animal models and 

humans presenting with seizures, there are also a good deal of commonalities that may prove useful in 

the quest for biological mechanism, and novel therapeutic agents. Specific examples of these 

commonalities, seen across models and species, are the transcriptional changes seen immediately after 

seizures. These transcriptional changes are in direct response to mild hypoxia, oxidative stress, or 

hypoglycemia. These are in addition to the transcriptional changes seen in response to substrate 

replenishment and remodeling, that are present in the latency phase (Yuen Wang et al. 2010). While 

these changes are indeed transient, and dependent upon the phase under which the sample was 

collected, there is still the identification across studies of highly represented functional classifications 

such as: markers for reactive astrocytosis, cell death and survival, neuronal plasticity, immune response 

and others (Lukasiuk et al 2006, Aronica et al. 2007). Another confounding factor contributing to the 

complexity of expression profiling data sets, is that the sample is often a pooled specimen. There are 

often a number of different cell types from various regions of the brain being lumped together for 

analysis.  This is problematic, as varying expression profiles in different anatomical sub-regions of the 

hippocampus have been shown. For instance, the CA1 and CA3 regions where there is a standard 

transmission of input signals; as opposed to, the CA2 and dentate gyrus regions which are considered to 

be more transitional zones of the hippocampus (Eisen et al. 1998). These complexities can be somewhat 

mitigated through techniques such as: better cell separation, microdissection of distinct sub-regions, 

and even histology and in situ hybridizations that will give insight into region specific changes that may 

be missed when using gross hippocampal tissue as an input (Yuen Wang et al. 2010). Despite this 

mixture of commonalties and complexities, the underlying biology of a net excitatory imbalance is 

mostly consistent across studies. The general findings of these studies support a down regulation of 
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GABA associated receptors/processes, and an overall upregulation of glutamate associated 

receptors/processes—albeit sometimes through different means. 

With all of the above factors in mind, we can begin to look at specific expression profiling 

studies that have begun to address some of the complexities, and support some of the commonalities. A 

number of studies have specifically tried to address the transient nature of gene expression by 

subdividing the transcriptional response across the different phases of epileptogenesis. As mentioned 

earlier, these phases are generally described as: the acute phase, the latency phase, and the chronic 

phase. Nearly all of these studies have shown the greatest fold changes in expression occur at the 

earliest time points during the acute phase (Hansen et al. 2014). This is not surprising as this is the point 

with the highest increase in neuronal excitability, and the initial point of seizure activity. Another 

commonality across many of these studies is the activation of morphogenesis, blood vessel 

development, and stress response signaling pathways that are persistent across all phases of 

epileptogenesis (Lauren et al. 2010, Okamoto et al. 2010). In a particularly well-designed study, Hansen 

et al. 2014 performed RNAseq on hippocampal tissue from three time points of a pilocarpine induced 

status epilepticus (SE) mouse model. Samples were collected at 12 hours after SE (acute phase), 10 days 

(latent phase) and 6 weeks (chronic phase) (Hansen et al. 2014). As expected, each time point generated 

a largely unique expression profile. The acute phase enriched for genes that regulate synaptic physiology 

and transcription. The latent phase showed changes in metabolic and homeostatic genes. And, the 

chronic phase showed expression differences in cell excitability and some morphogenesis. This is 

interesting as it is confirms much of what we know about the physiology of each of these phases 

through various tissue staining, EEG, and proteomic methods. Hippocampal tissue collected at the acute 

phase shows excitotoxic cell death, followed by evidence of considerable synaptic reorganization in the 

dentate gyrus during the latency phase, and eventually leading to hyperexcitability and spontaneous 

seizure activity in the chronic phase (Hansen et al. 2014). Digging further in the Hansen et al. 2014 data 
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set, of which there is considerable overlap with similar studies, we see specific genes that are 

upregulated in response to SE. Metallothionein expression (Mt1, Mt2) for instance, is upregulated in the 

first two phases. This is known to have a neuroprotective effect by chelating the free zinc that is 

released along with glutamate during neurotransmission, which in excess leads to cell death (Meldrum 

1991). Other genes like Heme Oxygenase 2 (Hmox2) are then upregulated, mostly in the latency phase, 

in response to hypoxia, helping contribute to recovery following an exocitoxic insult (Kim et al. 2005). 

Similarly, higher increases in the chronic phase are seen for neurotrophic and growth factor genes like 

Brain Derived Neurotrophic Factor (BDNF), and Fibroblast Growth Factor 1 (FGF1). These genes also play 

a protective role by promoting nerve and cellular growth (Cuevas et al. 1994, Biagini et al. 2001). These 

are just a few examples of genes that show differential expression patterns temporally, and lend 

credence to the idea that there are discrete and tightly regulated phases within the epileptogenic 

process. Each phase is mediated by the regulation of expression patterns that subsequently give rise to 

the next phase of pathogenesis, which finally gives way to spontaneous seizure activity as its inevitable 

conclusion (Hansen et al. 2014). 

By taking the next step of organizing dysregulated genes in functional categories a similar 

picture appears.  Using programs like DAVID (Database for Annotation, Visualization and Integrated 

Discovery) and others to assemble categories of genes that are co-enriched in RNAseq data sets, these 

distinctions within each group become even clearer. Again, we see the acute phase enriched for genes 

associated with synaptic activity and transcriptional regulation. In contrast, the latent phase shows 

categories of genes involved in metabolic regulation and homeostatic damage response signaling. By the 

time you get to the chronic phase the transcriptional profile seems to reflect a new equilibrium of 

altered or adaptive cellular function that is now in a state of heightened excitability (Hansen et al. 2014). 

Another pattern that emerges is the greater overlap between the acute phase and the chronic phase, 

with the latent phase being somewhat of an outlier when compared to the other two--as can be seen in 
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figure 6. This is also not altogether surprising as the greatest transcriptional response is directly related 

to the unique cellular environment of the seizure state. 

 By applying these same functional analysis methods to gene sets that are consistently 

upregulated, over all phases of epileptogenesis, we again see patterns that make sense biologically. 

Looking at a few of the most commonly enriched pathways, we see robust enrichment for genes 

involved in angiogenesis. This is somewhat expected, given the amount of cellular reorganization that 

occurs during epileptogenesis. Specifically, the gene C-X-C Motif Chemokine Ligand 12 (CXCL12),an 

activator of anagiogensis and progenitor of cell migration, is seen in many of these data sets, along with 

the upregulation of genes that interact with CXCL12 (Hartman et al. 2010). Equally unsurprising, a 

general decrease in the expression of GABA-associated genes is seen across multiple studies and phases 

of epileptogenesis (Venugopal et al. 2012). This is also in concordance with the physiological loss of 

GABAergic neurons in most epileptic disorders. This is more easily seen in figure 7, which used another 

pathway enrichment program called Ingenuity Pathway Analysis (IPA), to overlay the expression levels of 

genes onto the GABAergic pathway (Venugopal et al. 2012). 

Yet another pathway that is frequently seen in RNAseq studies of epilepsy is the MAPK cascade 

(Venugopal et al. 2012). This is a cell signaling pathway that acts as a transcriptional regulator, usually as 

an activator in the context of seizures, where it is known to mediate a number of the cellular responses 

(Hansen et al. 2014). Within the MAPK cascade is the transcription factor cAMP Response Element 

Binding protein (CREB), which mediates activity dependent gene expression and is known to be 

phosphorylated following seizures (Tanis et al. 2008). What is remarkable about the upregulation in 

CREB across all time points is that it seems to be preferentially activating different pathways at different 

phases of epileptogenesis. Using a technique called chromatin immunoprecipitation (ChIP), which 

sequences DNA that is bound to a specific protein (in this case the CREB protein), binding sites for CREB 

can be detected providing detailed information on which pathways CREB is regulating at specific points 
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in time. When ChIP was performed on hippocampal samples at the various phases of epileptogenesis 

the same patterns began to emerge. In the acute phase, enrichment of genes involved with neuronal 

projection and synaptic transmission. Followed by genes for oxidative stress response and homeostatic 

regulation in the latent phase. And finally, the regulation of genes involved in cytoskeletal 

reorganization and synaptic formation in the chronic phase (Hansen et al. 2014). Given that this dynamic 

CREB mediated expression appears to be a largely protective process, CREB should be considered when 

investigating therapeutic strategies.  

Alternatively, the c-Jun N-terminal Kinase (JNK) pathway is a stress response pathway that is 

also seen across numerous expression profiling studies. JNK pathway activation is known to contribute 

to the apoptotic and inflammatory responses following seizures (Yang et al. 1997). As one might expect, 

the initiation of an inflammatory response in the neuronal environment can be quite damaging, 

especially if such a response is chronic. Some studies have shown that the serine/threonine protein 

phosphatase PP2CA can act as a regulator of the cellular stress response, and attenuate the JNK 

pathway signaling after ischemic injury (Budziszewska et al. 2010). Additionally, RNAseq studies have 

shown that there is little to no upregulation of PP2CA in response to JNK activation in any of the SE 

phases, suggesting it may also be a good candidate for therapeutic intervention (Hansen et al. 2014).  

  Taken together, these data show the utility of expression profiling in epilepsy, and argue for the 

further characterization of different cell types, induction models, and neurological regions. By starting 

with a simple list of dysregulated genes, it is possible to begin to understand the mechanism of both the 

damage being caused directly by the seizure activity, and that caused by the brains secondary response 

to injury. Likewise, it is also possible to identify and characterize some of the protective responses as 

well. By then translating some of the individual differentially expressed genes into information on the 

activation state of functional pathways, it becomes possible to begin to design therapeutic agents 

capable of targeting one or both of these responses to the benefit of the patient. At the neuronal level 
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we can clearly see that seizures trigger an array of changes in pathways associated with cell death and 

oxidative stress, but also neuroprotection and neuroplasticity (Hansen et al. 2014). Anyone of these 

pathways could serve as specific targets, but it is also likely that a single therapy will ultimately prove 

insufficient for meaningful control of seizures and/or an interruption in the process of epileptogenesis. It 

is more likely, given the many issues discussed above, that a multi-targeted approach is necessary.  

 

MicroRNA (miRNA) Profiling in Epilepsy 

 A small but growing area of research in epilepsy revolves around the characterization of miRNAs 

as post-transcriptional regulators of the messenger RNA (mRNA) that ultimately determine protein 

levels. In brief, miRNAs are an endogenous class of small non-coding RNA, which are processed by 

RNases called Drosha and Dicer to form a mature miRNA that is generally between 19-25 nucleotides in 

length (Kim 2005). For a mature miRNA to function, it must first be loaded into a RNA induced silencing 

complex (RISC), where it forms a 7-8 base pair sequence that is specific to the 3’ regions of its target 

mRNA called the seed sequence (Bartel 2009). Once the miRNA is bound to the seed region, degradation 

of the mRNA begins, ultimately leading to the reduction of the corresponding protein. What has been 

seen in a number of recent studies is the differential expression of both miRNAs, and processing 

enzymes like Dicer, in epileptic tissue when compared to control. Specifically, over 100 different miRNAs 

have been found to either decrease or increase in the hippocampus of both experimental animal models 

and human samples. About 20% of these miRNAs are found across multiple studies (Henshall et al. 

2014).  

 miRNAs become an interesting target for research in epilepsy as a single miRNA can have several 

targets that span multiple pathways. These miRNAs act as “meta-controllers” of gene expression in the 

brain. Many of the pathways they regulate are highly relevant to epileptogenesis such as neuronal 
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death, gliosis, and inflammation (Dogini et al. 2013). Furthermore, it has been shown that miRNA 

expression profiles are both unique to the type of neuronal injury suffered, and common within a class 

of neuronal insult (Bhalala et al. 2013). There appears to be expression of a core set of miRNAs that are 

conserved between different neurological insults as well (Liu et al. 2010). In fact, about 20% of the total 

number of brain derived miRNAs appear to be dysregulated in epilepsy, suggesting that a significant 

number of proteins and pathways would be altered by changes in miRNA expression (Henshall et al. 

2014). In total there are 23 specific miRNAs that have shown to be dysregulated in multiple studies of 

epilepsy across varying animal models. Of those 23, only 9 show a decrease in expression after seizures, 

while 14 show an increase. These 23 miRNAs constitute a core set of regulators in epilepsy, and have the 

potential to assist in both the establishment and maintenance of an epileptic state (Henshall et al. 

2014). One caveat to mention here is that because cell death and reactive astrocytosis are common 

features of seizure activity, it would make sense that constitutively expressed miRNAs in neurons would 

be decreased, while glial expressed miRNA should spike (Henshall et al. 2014). However, there is not a 

great deal of evidence for this in the early animal studies, suggesting that there may be a specific set of 

pathways under miRNA control following seizure activity that are independent of cell type.  

 Transgenic and knockout mice have been generated to further study the functional effects of 

miRNAs and their associated processing. For instance, mice lacking Dicer, rendering a loss of all miRNA 

function, proceed to phenotypes of neurodegeneration and seizures (Tao et al. 2011). This is particularly 

interesting, as loss of Dicer function has also been seen in a small subset of TLE patients with HS 

(McKiernan et al. 2012). Additional functional studies in animal models have pointed to both an increase 

and decrease in neuronal death following status epilepticus, dependent on the specific miRNA that was 

knocked down. The knockdown of miR-34a, miR-132, and miR-134 through administration of specific 

antagomirs (which bind specifically to miRNAs and inhibit function), was shown to reduce neuronal 
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death; whereas, the knockdown of miR-184 increased neuronal death in animal models (Henshall et al. 

2014). 

  This dysregulation of miRNAs has also translated to human studies, where many of the same 

miRNAs are seen to up or down regulated in the same fashion as the animal models. However, only 

about 20% of the total number of miRNAs seen in human epileptic tissues overlap with the animal 

models, showing there is a good deal of divergence across species. It has also been shown in humans, 

that miRNAs disproportionally regulate mRNAs with longer 3’UTRs, and that these are generally in 

pathways with major implications in epilepsy such as synaptic functions, inflammation, and immune 

response. As also seen in the animal models, one specific miRNA, miR-134, seems to be of particular 

interest. Expression of miR-134 was found to be consistently increased in tissues with seizure activity for 

both animal models and human forms of epilepsy. More importantly it was also shown that silencing 

miR-134 resulted in a substantial reduction in both evoked and spontaneous seizures, and offered long 

lasting neuroprotection (Jimenez-Mateos et al. 2012). The physiology also matches, as one of the known 

targets of miR-134 is LIM domain kinase 1 (Limk1), which is involved in the control of dendritic structure. 

These dendritic spines are crucial for excitatory transmission, and these functional studies have shown 

miR-134 knockdown to alter the spine density (Jimenez-Mateos et al. 2012).  Other miRNAs have yet to 

undergo thorough functional studies, but the astrocyte derived miR-146a has preliminarily been shown 

to reduce inflammation. In almost all studies of epilepsy, MiR-23a upregulated regulates apoptosis, and 

was seen to protect the hippocampus during SE when silenced (Iyer et al. 2012, Hu et al 2012). Most 

miRNA studies currently rely on bioinfomatic tools to match the mRNA targets and pathways affected by 

miRNAs. So while promising, results need to be confirmed with functional and proteomic studies 

(Henshall et al. 2014). 

 While miRNAs offer a great deal of promise in their effectiveness as a therapeutic or biomarker 

of epilepsy, there are both challenges and reason for hope. One particular difficulty is that the 
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antagomirs that are used to silence miRNAs are too large to cross the blood/brain barrier; and 

therefore, pose a difficulty in being administered clinically. There is also a need to develop miRNA 

silencing techniques that would be cell specific to avoid off-target effects that may exacerbate the 

condition (Henshall et al. 2014). However, there is real promise in the clinical application of miRNAs as 

biomarkers and molecular diagnostics. miRNA expression profiles have the potential to be used for not 

just diagnosis and prognosis, but also to guide treatment. Because miRNAs are encapsulated in 

microparticles in biofluids such as blood, they are stable and detectable. As seen in (figure 8), it has 

been demonstrated that blood serum levels of miRNAs specific to epilepsy are altered after seizures as 

well as in the neuronal tissue (Henshall et al. 2014).  

This provides a great deal of incentive to continue looking into miRNA regulation as a clinical 

tool. Furthermore, as better tools and protocols are developed for both the detection and analysis of 

miRNAs a broader picture should emerge of this complex yet opportunity laden regulatory system. 

 

7. Epilogue 

 The forthcoming chapters are two papers that have been submitted to peer reviewed journals. 

The first paper, “Altered gene expression in a mouse model of SCN8A encephalopathy” details an 

RNAseq experiment using a genetic model of a channelopahty form of epilepsy, and sheds light on the 

possibly protective and deleterious changes in gene expression directly following seizures. The second 

paper, Effect of Seizure frequency on hippocampal RNA expression profiles in patients with temporal 

lobe epilepsy (TLE) also uses RNAseq techniques to evaluate expression patterns in hippocampal tissue 

resected from TLE patients with varying levels of seizure frequency and surgical outcomes. 
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DISCUSSION 

 

1. Comparison of the two studies 

 

 When comparing the two studies presented in this dissertation it is interesting to examine the 

differences and similarities between generalized seizures in a mouse model caused by a channelopathy 

and focal seizures from a variety of causes in humans. From a big picture view we can see that there are 

some common biological functions that are activated after seizures, although often through different 

means. These commonalities include an inflammatory response, activation of astrocytes and microglia, 

and the expression of neuropeptide genes. Despite that some have rightly been critical of animal 

models, specifically citing the difficulties and failures of developing antiepileptic drugs (AEDs) using mice 

(Loscher 2011), it is important to note that there is a great deal shared between humans and mice in 

their biological and transcriptional response to seizures. 

 

Similarities between the studies 

From the shared functional pathways being activated, these two studies have highlighted that 

the brain needs to perform two tasks to return to a normal neurological state. First, it must restore 

homeostasis to the extracellular neuronal environment to prevent cytotoxicity. Second, the brain needs 

to begin repairing any direct damage that was done to the neurons during the period of 

hyperexcitability leading to a more completely restored synaptic function. These are two very broad and 
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nuanced actions that may be achieved through multiple means, but they are nevertheless common to 

humans and mice. This overlap is even more compelling when factoring in the different etiologies and 

seizure types, a generalized seizure disorder in the mouse model and a focal seizure disorder in the TLE 

patients.  

Another similarity, albeit an extremely complex one, is the induction of reactive astrocytes in 

both studies. The role of reactive astrocytes and their beneficial or damaging effects following a seizure 

has been debated in the literature. Reactive astrocytes do provide some likely benefit by assisting in the 

synaptic clearance of damaging molecules and limiting tissue damage and aiding in repair (Pekny et al. 

2014). However, there is also a very strong case for the damaging properties of reactive astrocytes as 

well. Studies have shown that unchecked reactive astrocytosis alone is sufficient to induce epileptic 

seizures (Dulla 2015) and that mutations in astrocyte-specific genes actually promote seizures (Cotrina 

et al. 2014). Most of the evidence seems to point to a net damaging effect of reactive astrocytosis, or at 

least aiding in the progression of disease, but it may also turn out that there is both a beneficial and 

harmful role. It is possible that reactive astrocytes are promoting hyperexcitability in the acute phase of 

response directly after seizures but that after things calm down they become more beneficial. It was 

demonstrated that ablation or reactive astrocytes in the weeks following traumatic brain injury 

exacerbated neuronal damage (Wetherington et al. 2008). This temporal difference in action of reactive 

astrocytes needs further study to determine exactly how the neuronal environment is being affected in 

both the acute and chronic phases of epilepsy. 

Neuroinflammation was also a commonality across the two studies. Inflammation is particularly 

interesting as it can be a consequence of seizures as well as a cause of seizures or a participant in the 

progression of epileptogenesis. In both adult rats and mice data have shown seizures to induce the 

expression of inflammatory mediators, initially through the activated astrocytes, which is followed by 

upregulation of chemokines and their receptor in the neurons (Vezzani et al. 2011). Some of these pro-
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inflammatory chemokines can be seen for weeks after the initial seizure event. In both our mouse model 

and our human TLE model we saw consistent pro-inflammatory signaling corroborating the literature. 

The temporal nature of persistent inflammation was also confirmed as the mouse samples were 

collected directly after seizures, and although the TLE samples were collected at various unknown time-

points after seizures, they also showed upregulation of these markers. New evidence has also suggested 

that inflammation also contributes to the progress of epileptogenesis in post-traumatic epilepsy and is a 

central component in neuropathology after traumatic brain injury TBI (Webster et al. 2017). This central 

role of inflammation in epilepsy has led to the recent development and preclinical testing of new classes 

of drugs like chemokine antagonists that look to mitigate the effects of inflammation (Febane et al. 

2010). 

 

Differences between the studies 

A common feature of both studies, although in very different ways, were the actions of the ion 

channels. In the case of the mouse model a mutant form of a sodium ion channel (SCN8A) was 

introduced into the animals as the causative source of the seizures. In the human TLE patients the ion 

channels were seen significantly upregulated in the low seizure frequency group potentially conferring a 

positive effect. Channelopathies, like our SCN8A model, are known drivers of epilepsy and as more DNA 

sequencing of patients is performed more pathogenic variants in ion channels will be found (Kim 2014). 

However, in the mouse experiment we did not see any increased expression of any other ion channels in 

response to seizures. In the TLE study however, altered expression of ion channels was a key feature, 

particularly the potassium ion channels which have been recently gaining traction as therapeutic targets 

(Humphries and Dart 2015). A difficulty in comparing these two studies was that the mouse 

hippocampal samples were taken after only one or two seizures and collected as close to the time of 
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seizure as possible. The TLE samples were taken after years of seizures and in no particular reference to 

the most recent seizure. It is possible that ion channel expression, particularly potassium channels, is 

only activated after a protracted time period following seizures or only after chronic seizures. It was 

surprising not to see any upregulation in potassium channels of the mouse model (only 2 genes were 

expressed above 2 fold in the mouse seizure group, KCNG1 and KCH4) as there is such a high K+ 

concentration in the extracellular space following hyper excitability. More follow up is needed to fully 

understand the different roles of these ion channels between mice and humans and between 

generalized and focal seizures. 

A key difference in sample collection between the two studies was that tissue collected from the 

mice consisted of the cortex and the hippocampus while the human TLE samples were taken from only 

the resected portion of the hippocampus. This may have led to differences in expression profiles 

between the two studies as there are known differences between cortical and hippocampal neurons 

(Kim and Lee 2012). Specifically comparing the expression profile of the blood, prefrontal cortex and 

hippocampus in normal rats (figure 9.) there are 279 genes specifically expressed in the hippocampus 

and 283 genes exclusive to the prefrontal cortex (Witt et al. 2013). This likely led to results being seen in 

the mouse profiles that were not detected in the human profiles. 

 Both of these studies were also uniquely designed and executed to ask very different questions. 

The mouse channelopathy experiment was unique in that the post-seizure transcriptional profile was 

being assessed in a mouse with a genetic epileptic etiology. The abundance of literature in the field had 

used either chemical- or electroshock-induced seizure models. These animal models have the potential 

to add artifact to the data stemming from the response to a toxic chemical or an invasive stimulation. 

Our SCN8A p.Asn1768Asp model was derived from an actual patient and provided a look at how the 

brain reacted specifically to the genetic alteration. The study using the hippocampal resections from TLE 

patients was unique in that the expression profiles were compared based on seizure frequency as 
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opposed to temporal associations such as before or after seizures. This experimental design allowed for 

the examination of differences caused by more extreme phenotypes and cellular response in patients 

with the same disease. Although great care was given to the experimental design of both studies they 

were not without their limitations. 

 

2. Limitations to the studies 

 

 There were numerous limitations to each study beyond the control of study design. Most of 

these limitations revolved around sample collection. In the mouse study there were significant issues 

related to the background of each mouse in the post seizure and aged matched wild type controls. The 

backcross generation to the C3H strain was different for individual mice within some of our differential 

expression (DE) comparisons. The majority of the data reported in the paper consisted of DE 

comparisons between the SCN8A-/+ heterozygotes before and after seizures. This included all three N7 

pre seizure mice at 99.2% C3H background and three post seizure mice at N6, N7 and N8 (98.4% C3H, 

99.2% and 99.6% respectively) and was likely not dramatically effected by strain difference. However, 

comparisons made between post seizure mice to age matched wild type controls would have been more 

affected by strain difference with the three wild type mice being at N2, N2 and N6 (75%, 75% and 98.4% 

respectively). For this reason the SCN8A-/+ hets to wild type control comparisons were not presented as 

a major finding of the study and were primarily used to illustrate that the seizures were the prime 

drivers of expression differences.  

 Another sampling limitation was the limited knowledge around the severity and proximity of 

seizures occurring in each individual mouse. Ideally each mouse would have been culled and the sample 

taken as soon as possible to the first observed seizure. It was unrealistic for this experiment to provide 
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24 hour monitoring of the mice so there may have been mild seizures that weren’t observed or large 

seizures the escaped observation all together. In the same regard, any observed seizure triggered a 

culling of the animal and subsequent sample collection so the severity and duration of the seizure was 

not recorded. This would provide a slightly altered profile for animals that had previous undetected 

seizures and for animals that had more sever and/or longer seizures. 

 The human study faced even greater sample collection challenges, the largest of which was a 

lack of a normal control. Because there is no possible way of obtaining healthy hippocampal tissue from 

a living person, the only option was to use a post mortem sample (approx. 72 hrs) acquired from an 

individual with no reported seizures. The difficulty in using this sample as a “normal” control is that 

many of the pathways activated after a seizure are in response to the hypoxic environment and 

neuronal death which is also present as the brain is dying. For this reason we were unable to use much 

of the data in our DE comparisons between seizure samples and our one “control” sample. 

 Furthermore, the proximity to most recent seizure was not recorded at the time of collection for 

the TLE patients. This is unfortunate as data regarding last seizure would allow for the time-dependent 

adjustment of each patient’s response. There is a known temporal nature of transcriptional regulation 

after seizures with some genes being activated as an early response and others activated hours, days or 

weeks after the initial seizure event (Hansen et al. 2014). This potential effect on the data was mitigated 

in some fashion through the use of replicates and also by using the three most affected and three least 

affected individuals. 

 

3. Treatment of Epilepsy - Antiepileptic drugs (AEDs) and drug resistant seizures 
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As seen in the studies presented in this dissertation, the underlying mechanisms causing 

seizures, the brain’s response to seizures and the physical manifestations of seizures can all vary widely. 

For these reasons, there are a number of important factors that must be taken into consideration when 

determining treatment options for patients. Ideally, each patient should undergo an individualized 

assessment with their clinician taking into account the specifics of their seizure activity/type, any genetic 

preconditions, and any comorbidities. Special consideration should be given to the age of seizure onset, 

the patient’s age at time of prescribing, and if there is childbearing potential. Because there are a variety 

of AEDs now available with differing modes of activity and side effect profiles, clinicians are able to be 

more selective when prescribing first-line therapies. 

 Considering that nearly 10% of people will experience one seizure in their lifetime and that of 

those, 30% will go on to develop epilepsy, seizures can be considered a large scale clinical problem 

(Epilepsy Foundation). Proper maintenance of seizures is made even more compelling by the fact that 

studies have shown people with epilepsy to have mortality rates three times higher than normal 

populations making it critical to have effective AEDs to manage such a large affected population 

(Sillanpaa and Shinnar 2010). Proper selection of AEDs for epilepsy patients also requires additional 

attention because most of these patients will continue taking these drugs for sustained periods of time if 

not the rest of their life (Perucca et al. 2000). This can complicate treatment decisions as the side effect 

profile may change over time due to the advancement of the patient’s age and any long-term cognitive 

effects may not be seen initially. The good news is that about 75% of adult patients that begin an AED 

treatment regimen will become seizure free, though unfortunately about half of those will experience 

some form of side effect (Green et al. 2000). This leaves about 25% of patients who will have some form 

of drug resistant epilepsy or side effect too great to continue treatment.  

 The first place a clinician must start is to determine when to begin treatment. The average risk 

of having another seizure after the occurrence of an initial unprovoked seizure is about 50% (Berg and 
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Shinnar 1991). However, the risk of continued seizures increases to about 70% if there are at least two 

unprovoked seizures (Hauser et al. 1998). This has generally lead to most guidelines suggesting that 

treatment begin after the two unprovoked seizures. Two specific clinical trials (FIRST trial and MESS trial) 

have tried to address the issue of delayed therapy vs initial treatment directly following the first seizure. 

Both did show a modest decrease in the recurrence rate for the immediate treatment group, but neither 

trial showed any effect on the long term prognosis by beginning treatment earlier (FIRST Trial and 

Marson et al. 2005). Recommendations have been made to begin treatment after two seizures within a 

2 year period if the severity of those seizures is enough to greatly impact the patient’s cognitive function 

or physical abilities, thereby excluding minor focal seizures (Marson 2008). 

 After choosing the appropriate time to begin treating a patient a clinician must then determine 

the proper drug for each individual. Each drug has its own mechanism of action and unique side effect 

profile. The majority of clinically used available drugs can be broken down into three general classes by 

their effective mode of action:  

 

1.) GABA potentiation – Enhancing the function of the inhibitory neurotransmitter GABA subsequently 

decreases glutamatergic activity in the brain (Green et al. 2000). 

2.) Ion channel blockade (Na+, Ca2+) – Block or restrict the activity of the ion channel 

3.) Glutamate (AMPA) inhibition/antagonist – Prevents activation of the NMDA receptor thereby 

reducing the electric signals between neurons. 

 

The names and years in which the drugs were released for use have been assembled by (Schmidt et al. 

2014) in Tables 3-5. 



 

63 

 It is critical to the patient that the selection of these drugs for treatment is based on as much 

information as possible concerning the etiology of the patients seizures. A classic example of this the use 

of sodium channel blockers being prescribed to patients with mutations in the SCN1A gene encoding for 

a sodium channel called Dravet syndrome. In this case most SCN1A mutations cause a loss of function of 

the sodium channel leading to a decrease in inhibitory function as opposed to other form of seizures 

caused by too much excitation (Welborn M. 2010). As most sodium channel blockers are effective at 

reducing neurotransmitters that cause too much excitation they are generally ineffective Dravet 

patients and can often exacerbate seizures, even leading to death in some cases. Interestingly a recent 

study published a finding that a novel sodium channel may provide benefit to Dravet kids under certain 

conditions (Anderson et al. 2017). A helpful schematic of how and where some of these drugs are acting 

is shown in figure 10 taken from Schmidt et al. 2014. 

The complexity of these drug targets and mechanisms underscores the importance of both 

increased genetic testing as well as the need for studies like the ones presented in this dissertation that 

further investigation the specific mechanisms by which epileptogenesis and seizures occur. As new 

targets for drug development are identified and more genetic information is known about each patient a 

more personalized treatment approach can be applied. This is necessary because while many of the 

drugs listed above are effective to some degree, most also carry significant side effect profiles and may 

not be appropriate for all patients. For instance valproate, approved for use in 1967 and which is still 

being prescribed, can be highly effective for many patients with some side effects. However, women 

taking the drug while pregnant have shown an increased risk of craniosynostosis, atrial septal defects, 

cleft palate and spina bifida in their children (Jentink et al. 2010). Additionally, as people age the 

incidence of epilepsy increases substantially creating a large cohort that will experience different side 

effects than younger people using the same drugs (Brodie et al. 2009). An interesting side note is that 

some of the known side effects of AEDs have also been shown to be beneficial. Valproate has shown 
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some effectiveness at reducing migraine frequency (Goadsby and Sprenger 2010), a variety of AEDs have 

been effective in mitigating the symptoms of depression that often accompany epilepsy (Kanner 2009) 

and Pregabalin has demonstrated some efficacy in treating generalized anxiety disorder (Mula et al. 

2007). 

Another consideration in prescribing AEDs where a genetic profile is of great assistance is 

dosage and combination therapy. To reduce adverse events and risks of toxicity it is generally advised 

that treatment begin with a low dose which is titrated up in accordance with patients’ symptoms to the 

minimum dose necessary for maintenance of a seizure free state (Perucca et al. 2001). New work is 

being done to identify genetic variants in drug transporter and metabolism genes that can assist the 

clinician in picking the right drug at the right dose for a specific patient (Silva-Alves et at. 2017). Further 

genetic analysis may also inform which pathways and targets are appropriate for adjuvant therapies in a 

particular patient.  

In short, there is a definitive need for the development of new drugs and therapies that are 

more targeted and personalized and that also carry fewer side effects. Further genetic work must 

continue to aid in this development and to provide a better understanding of the mechanisms of seizure 

activity as well as the endogenous response to them.  

 

4. Future directions 

 

 The research around epilepsy and seizures is accelerating rapidly, particularly in the molecular 

space, with the advent of better mouse models, next-generation sequencing (NGS), and better analysis 

tools. However there is also a need for that research to be translated into better care for patients and 
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more effective drugs with fewer side effects. Even more pressing is the need for a treatment option for 

the approximately 25% of epilepsy patients with pharmacoresistant epilepsy (PRE). Patients with PRE 

are 2 to 10 times more likely to die at any given time interval when compared with the general 

population (Alexopoulos 2013). Often times the only option left is a surgical option like the one 

described in the TLE study (amygdalohippocampectomy). Because outcomes were obtained for patients 

used in the TLE study, future studies using the RNAseq data will be used to determine if there are 

biomarkers that may predict the success of surgical resection. Furthermore, blood samples and outcome 

data were also collected from an additional cohort that underwent surgical resection which could be 

combined with the hippocampal data to determine if some of those biomarkers could also be detected 

in the blood. This approach is not without precedent. Due to seizures causing a disruption in the blood 

brain barrier it is possible that there will be corresponding levels of molecules produced in the brain that 

are also seen in peripheral blood (Marchi et al 2012). 

 Another use of the data presented in the TLE study would be a different way of looking at 

treatment. In cases where the seizures cannot be prevented through drugs it would be beneficial to 

develop drugs that promote the brain’s endogenous response to seizures. By using the genes and 

pathways identified in this study, continued work could pursue pharmacological targets that either 

minimize the damaging responses and boost the beneficial ones. It is also possible that these types of 

drugs could be used in combination with existing AEDs to enlist a quicker and more complete treatment 

regimen.  

 Looking at research in the field of epilepsy more generally, there are exciting advances being 

made using a number of mouse models. One such development is to view epilepsy as a 

neurodegenerative disease that forms as a collection of conditions clinically expressed in a 

heterogeneous fashion, but that is ultimately curable (Bernasconi 2016). A new study looked for the 

presence of hyperphosphorylated tau protein, usually associated with Alzheimer’s disease, in the 
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resected hippocampal tissues of refractory TLE patients (Tai et al. 2016). The findings from Tai et al. was 

that 31 of 33 cases showed the presence of hyperphosphorylated tau and they were also able to 

associate increased levels of tau with decline in verbal learning. This model was taken a step further by 

using Dravet syndrome mice containing an SCN1A mutation known to cause severe childhood epilepsy 

and subsequently deleted 1 or 2 tau alleles (Gheyara et al. 2014). The deletion of tau in the Dravet mice 

resulted in a large reduction in the mortality rate as seen in figure 11, as well as a dramatic reduction in 

the frequency of spontaneous seizures. 

It is particularly notable that the removal of both alleles of tau is associated with a better 

outcome than one allele, showing a clear damaging presence of tau in seizure phenotypes. This tau 

ablation model shows great promise and warrants further study to determine if this result can be 

replicated in epilepsies with other etiologies including other channelopathies, trauma associated 

epilepsies and idiopathic epilepsies. Work is currently ongoing using the same SCN8A mutant mice used 

in the study described in this dissertation crossed with Tau-/- knockout mice to test this very hypothesis. 

Similarly, other experiments look to examine other means of clearing hyperphosphorylated tau from the 

brain or preventing the phosphorylation altogether. This will be an important area of research moving 

forward. 

 Yet another promising development in epilepsy research is the use of cannabidiols (CBDs) for 

the treatment of seizures. A recent double blind, placebo-controlled clinical trial published in the New 

England Journal of Medicine reported the Dravet syndrome patients given CBDs saw a median monthly 

seizure reduction from 12.4 to 5.9 (Devinsky et al. 2017). All of these patients in this trial had drug 

resistant seizures and although the CBD treated group saw a reduction in convulsive seizures there was 

no reported reduction in non-convulsive seizures. Additionally there was a higher number of adverse 

effects reported in the CBD group related primarily to diarrhea, vomiting and fatigue but these are 

somewhat mild in comparison the many of the side effect profiles of AEDs (Devinsky et al. 2017). Many 
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other studies in both humans and animals are beginning to show positive outcomes in the use of CBD to 

treat convulsive and refractory seizures, but with inconsistent results across epilepsies of varied 

etiologies (Leo et al. 2016). Again, experiments using the SCN8A mouse model with the treatment of 

CBDs are currently ongoing. It is a fascinating time in the work of epilepsy research and the future holds 

a great deal of promise for the millions of people suffering from a difficult and damaging disease. 
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ABSTRACT 

SCN8A encephalopathy is a severe, early-onset epilepsy disorder resulting from de novo gain-of-function 

mutations in the voltage-gated sodium channel Nav1.6.  To identify the effects of this disorder on mRNA 

expression, RNA-seq was performed on brain tissue from a knock-in mouse expressing the patient 

mutation p.Asn1768Asp (N1768D).  RNA was isolated from forebrain, cerebellum, and brainstem both 

before and after seizure onset, and from age-matched wildtype littermates.  Altered transcript profiles 

were observed only in forebrain and only after seizures.  The abundance of 50 transcripts increased 

more than 3-fold and 15 transcripts decreased more than 3-fold after seizures.  The elevated transcripts 

included two anti-convulsant neuropeptides and more than a dozen genes involved in reactive 

astrocytosis and response to neuronal damage.  There was no change in the level of transcripts encoding 

other voltage-gated sodium, potassium or calcium channels.  Reactive astrocytosis was observed in the 

hippocampus of mutant mice after seizures. There is considerable overlap between the genes affected 

in this genetic model of epilepsy and those altered by chemically induced seizures, traumatic brain 

injury, ischemia, and inflammation. The data support the view that gain-of-function mutations of SCN8A 

lead to pathogenic alterations in brain function contributing to encephalopathy. 

Key Words: RNA-seq, transcriptome, seizure, epileptic encephalopathy, astrocyte, gene expression, 

sodium channel 

 

1. Introduction 

Mutations of the voltage-gated sodium channel gene SCN8A are responsible for the severe 

disorder Early Infantile Epileptic Encephalopathy type 13 (OMIM #614558), also referred to as SCN8A 

encephalopathy (Hammer et al., 2016; Meisler et al., 2016; Wagnon and Meisler, 2015).  These 
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pathogenic mutations arise de novo in affected individuals and generate gain-of-function missense 

mutations that increase the activity of sodium channel Nav1.6 (Wagnon et al., 2016).  Two commonly 

observed changes in Nav1.6 are impaired channel inactivation, and a hyperpolarizing shift in voltage 

dependence of activation that results in premature channel opening (Barker et al., 2016; Blanchard et 

al., 2015; Estacion et al., 2014; Veeramah et al., 2012; Wagnon et al., 2016).  SCN8A encephalopathy is 

characterized by seizure onset within the first 18 months of life, typically by 4 months of age (Larsen et 

al., 2015).  Co-morbidities include developmental delay and cognitive impairment.  Approximately 50% 

of affected children do not sit or walk, and there is a 10% incidence of SUDEP (sudden unexpected death 

in epilepsy).  Anti-epileptic drugs that target sodium channels provide transient improvement in some 

patients, but seizure control is usually incomplete (Hammer et al., 2016).  

To gain insight into pathogenesis and to identify novel therapeutic targets, we compared gene 

expression before and after seizure onset in a mouse model of SCN8A encephalopathy.  The mutation 

p.Asn1768Asp (N1768D), identified in an individual with SCN8A encephalopathy and SUDEP (Veeramah 

et al., 2012), was introduced into the mouse genome by TALEN targeting (Jones and Meisler, 2014).  The 

knock-in mouse model recapitulates the seizure disorder of the patient, with development of severe 

tonic-clonic seizures between 3 to 4 months of age (Wagnon et al., 2015).  The initial seizure initiates an 

acute downhill progression marked by development of hunched posture, tremor, reduced spontaneous 

movement, and additional seizures.  Many mice succumb to sudden death within 24 hours after the first 

seizure.  This phenotype is incompletely penetrant, and approximately 50% of heterozygous N1768D/+ 

mice never exhibit visible seizures and survive for more than 18 months.    

 The effect of seizures on gene expression has previously been studied in non-genetic models of 

rodents with chemically induced seizures (Ravizza et al, 2001; Tang et al, 2002; Elliott et al, 2003; Wilson 

et al, 2005; Okamoto et al, 2010), and in human cortical samples obtained after surgery for focal 
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epilepsy (Rakhade et al, 2005; Boer et al, 2010; Beaumont et al, 2012).  In this manuscript we describe 

altered gene expression in a genetic model of sodium channel-dependent epileptic encephalopathy.  

 

2. Materials and Methods 

2.1 Animals 

The Scn8aN1768D/+ knock-in mouse was previously generated by TALEN targeting (Jones and Meisler, 

2014).  The initial characterization was carried out on the congenic line B6.Scn8aN1768D (Wagnon et al., 

2015).  To improve litter size and reproductive performance, we also backcrossed the N1768D mutation 

to strain C3HeB/FeJ to generate a second congenic line, C3H.Scn8aN1768D.   All samples for this study 

were from the second congenic line, C3H.Scn8aN1768D . The samples for RNA-seq and qRT-PCR included 

pre-seizure D/+  mice (mean age=6 weeks, n=3) and  +/+ littermate controls (n=3), post-seizure D/+ (14  

weeks, n=6) and +/+ littermate controls (n=3), and non-seizure D/+(35 weeks, n=2) and  +/+ littermate 

controls (n=2) .  As described previously, seizures in these mice have duration of 0.5 to 3 min with 

onset between 2 and 4 months of age, and occur in 50% of the heterozygous D/+ mice (Wagnon et 

al, 2015).  Death typically occurs within 1 to 3 days after onset. The first seizure is immediately 

followed by 4 sequelae: tremor, hunched posture, nonresponsiveness to stimuli, and periods of 

immobility lasting for more than 30 minutes. For this study, D/+ mice were examined every day 

beginning at 6 weeks of age. For inclusion in the post-seizure group, we required that the mice 

exhibit  none of the four indicators of seizures on the previous day and exhibit seizures as well as all 

four indicators of seizure activity on the day of sample collection. The samples were thus processed 

within 24 hours of the first seizure.  
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2.2 RNA preparation 

Total RNA was isolated from dissected forebrain (cerebral cortex plus hippocampus), 

cerebellum, and brainstem from D/+ mice and +/+ littermate controls using Trizol reagent (Life 

Technologies). RNA samples were assessed for quality with the High Sensitivity RNA Analysis Kit 

(Advanced Analytics Fragment Analyzer).  RNA concentration was determined using the Quant-iT 

RiboGreen RNA Assay Kit (Molecular Probes).  

 

2.3 RNA-Seq 

Libraries were constructed using a stranded mRNA-Seq Kit (KapaBiosystems TDS KR0960 – 

v3.15). Average fragment size was assessed with the Fragment Analyzer (Advanced Analytics).  

Concentration was determined with the Illumina Universal Adaptor-specific qPCR kit (Kapa Biosystems).  

Equimolar samples were pooled and clustered for sequencing on the HiSeq2500(Illumina). Sequencing 

was performed using Rapid-Run SBS 2x100bp chemistry (Illumina).  

 

2.4 Sequence analysis 

Sample data was demultiplexed, trimmed and quality filtered using Trimmomatic (USADelLab).  

Fastq files were splice aligned against the NCBIM37 reference genome using Tophat version 2.0.13 

running atop Bowtie version 2.2.4. Gene expression counts were obtained using htseq-count version 

0.6.1. Both splice alignment and counting were performed with Ensembl Annotation of the NCBIM37 

reference genome and raw counts analyzed with DESeq2 version 1.10.1. Results generated by DESeq2 

comparing post-seizure samples with the age-matched +/+ littermate controls identified 65 transcripts 
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with logarithm of odds (LOD) absolute value of expression change ≥ 3.0, among which 50 were up-

regulated and 15 were down-regulated.   

 

2.5 Principal component and heat map analysis 

Principal component analysis (PCA) was performed with the plotPCA function using expression counts 

previously transformed to the log2 scale with the rlogTransformation for the 469 genes with ≥2-fold 

differential expression between post-seizure D/+ mice (n-4) and wildtype controls (n=3). This plot was 

also used to check for batch effects and to create a count matrix within DESeq2 producing a PCA plot of 

the first two principal components. To add information about other non-seizure mice, we projected the 

coordinates for each individual onto the first two principal components based on variation in expression 

at the same 469 loci.  

Values of the same logarithm transformed expression counts for the 65 genes with ≥3-fold 

change in transcript abundance were used to generate heatmap plots using the heatmap.2 function 

from the gplots R package. 

 

2.6 Differential expression analysis 

Differential expression was analyzed in DESeq2, version 1.10.1, in R using the workflow 

described in sections 1.2 and 1.3 of the DESeq2 manual (DESeq2 reference manual: 

http://www.bioconductor.org/packages/2.13/bioc/vignettes/DESeq2/inst/doc/DESeq2.pdf) 
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2.7 Pathway analysis 

The output of DESeq2 was inputted into QIAGEN’s Ingenuity Pathway Analysis (IPA) software, 

version 01-01  (IPA®, QIAGEN Redwood City, www.qiagen.com/ingenuity). The 65 genes with ≥3-fold 

change in transcript abundance were submitted for IPA’s Core Analysis functionality and a regulator 

network was generated using IPA's Regulator Effects algorithm. 

 

2.8 Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) 

cDNA was generated from the forebrain RNA samples with the SuperScript III kit (Life 

Technologies).  Taqman probes were obtained from Life Technologies for the genes Ptx3, Gal , Npw, 

Cdkn1a, Gldn, Serpina3n, Drd4, Mt2, Vim, Gfap, and Hif3a. Probe set IDs are provided in Table S1. 

Taqman reactions were performed in 15 uL reaction volumes using the Taqman Fast Advance Master 

Mix.  All reactions were run in triplicate on an ABI 7900HT using the SDS 2.4 software (Life Technologies) 

with ABI384 well Optical PCR plates and AB-1170 Optical PCR film (Fisher Scientific). All samples were 

run with the endogenous control GAPDH probe set (Life Technologies #Mm99999915_g1). Differential 

expression analysis was performed using the standard delta-delta CT method (Livak and Schmittgen, 

2001). Transcript expression levels were normalized to the average expression of the transcript in 

wildtype littermate control mice. 

 

2.9 Immunostaining 
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Brains were fixed overnight at 4°C in 4% paraformaldehyde (PFA) in phosphate buffered saline 

(PBS) (8 mM Na2HPO4, 1.5 mM KH2PO4, 137 mM NaCl, 3 mM KCl pH 7.3), rinsed in PBS and stored at 4°C 

in 40% sucrose (w/v) in PBS.  Frozen sagittal sections (20 μm) were rinsed in Tris buffered saline (TBS) 

(25 mM Tris, 140 mM NaCl, 3 mM KCl pH 7.5) followed by blocking and permeablization for one hour in 

10% normal goat serum in TBS with 0.2% Triton X-100.  Sections were immunostained at 4°C overnight 

with mouse anti-GFAP Cy3-conjugated antibody (Sigma-Aldrich. Clone G A 5) diluted 1:400 in TBS 

containing 5% normal goat serum and 0.05% Triton X-100. Sections were rinsed with TBS containing 

0.05% Triton X-100 and incubated for 30 min in 1:500 DAPI in TBS containing 0.05% Triton X-100.  This 

protocol resulted in very low background staining.  Stained sections were imaged with the 10x objective 

on a Nikon A1R confocal microscope.  Tiled images were combined in Adobe Illustrator. 

 

3. Results 

3.1 Pre-seizure, post-seizure and non-seizure Scn8aN1768D/+ (D/+) mice 

The similar survival curves of D/+ mice in the previously described B6.Scn8aN1768D/+ congenic line 

(Wagnon et al, 2015) and the newly developed C3H.Scn8aN1768D/+ congenic line are shown in Fig. 1A.  

Between 2 to 6 months of age, approximately 50% of D/+ mice in both lines exhibit seizure onset 

followed by sudden death.  The acute progression after seizure onset includes hunched posture, tremor, 

lack of movement, and seizures.  For this study, mice between the ages of 3 and 4 months that exhibited 

all of these phenotypes were sacrificed between 16 and 24 hours after onset and designated "post-

seizure" (n=4) (Fig. 1A).  The "pre-seizure" group (n=3) was collected at 6 weeks of age.  We previously 

reported that D/+ mice have normal EEG patterns at this age (Wagnon et al, 2015).   The "non-seizure" 

group (n=2) had never demonstrated seizures or any seizure-associated phenotypes at 8 months of age.  
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RNA was prepared from wildtype (+/+)  littermates of these three groups of mice at 6 weeks (n=3), 3 to 

4 months (n=3), and 8 months (n=2) of age. RNA was prepared from three brain regions for each animal:  

forebrain (cerebral cortex plus hippocampus), cerebellum and brainstem.  

 

3.2.  Altered gene expression in forebrain of post-seizure mice 

There was excellent concordance between transcriptional profiles of biological replicates. 

Transcripts from more than 24,000 genes were detected in all RNA samples and included in the 

differential expression analysis.  The two groups of D/+ mice that did not experience seizures, the "pre-

seizure" and "non-seizure" groups (Fig. 1A), did not exhibit differences in transcript abundance for any 

brain region, when compared with their wildtype littermates.  Differential expression analysis of 

forebrain RNA from post-seizure D/+ mice and +/+ littermates, however, identified 50 transcripts whose 

abundance was increased ≥3-fold and 15 transcripts whose abundance was reduced by ≥3-fold (Table 

1). Transcript levels in cerebellum and brainstem of post-seizure mice did not differ from wildtype 

controls, indicating that forebrain is uniquely sensitive to seizure onset.  

The changes in abundance of 65 transcripts in the post-seizure D/+ mice thus represents a 

response to seizures, rather than a direct effect of the D/+ genotype. A heat map of 32 genes with > 3-

fold changes in transcript abundance in post-seizure mice is shown in Fig. 1B.  Unsupervised clustering 

resulted in separate clustering of post-seizure D/+ mice and wildtype littermates.  Data from 8-month 

old non-seizure D/+ mice and their  +/+ littermates also clustered with the +/+ mice (not shown).   

 

3.3 Principal Component Analysis 
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Principal Component Analysis (PCA) was conducted on the 469 forebrain transcripts with ≥2-fold 

difference in expression between post-seizure D/+ mice (n=4) and wildtype controls.(n=3).  The first 

principal component accounted for 79% of the variance in the expression data (Fig. 1C).  We then 

projected seven additional non-seizure mice onto  the plot, based on expression levels of the same 469 

genes. These mice included D/+ mice that never exhibited visible seizures and survived for >8 month 

(n=2), their wildtype littermates (n=2), and 6-week pre-seizure D/+ mice (n=3).  Interestingly, all of these 

mice form a tight cluster close to the original wildtype controls (n=3), indicating that the expression 

profile for these 469 genes is predominantly explained by seizure status.  This is consistent with the lack 

of altered transcript abundance in the absence of seizures described above. 

 

3.4 Functions of genes with differential expression in post-seizure mice 

The molecular functions and physiologic pathways of 65 genes with differential  expression of 3-

fold or greater were examined by Ingenuity Pathway Analysis. Activation of pathways involved in 

regeneration of neurites and axons, activation of neuroglia and cell survival, and deactivation of 

pathways involved in cell death and inflammation were observed (Table 2).  

 We compared these changes with previous studies of chemically and electrically induced 

seizures and brain injury (see references in Table 3).  Of the 50 transcripts that are elevated > 3-fold in 

D/+ mice after seizures, 11 are elevated in response to induced seizures, and 10 are elevated after brain 

injury (Table 3). These include the neuropeptide Galanin and the reactive astrocyte markers Gfap and 

Vimentin (Table 3). Eight of these transcripts were elevated in purified populations of reactive astrocytes 

(Zamanian et al, 2012). The extent of overlap between elevated expression in response to seizures, 
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traumatic brain injury, and reactive astrocytosis, suggests that a coordinated transcriptional response to 

brain injury is activated by seizures in Scn8a mutant mice. 

 

3.5 Confirmation of quantitative changes by qRT-PCR 

Eleven transcripts with elevated abundance in the RNA-seq data were subjected to confirmation 

by qRT-PCR, including genes with both high and low constitutive expression:  Ptx3, Gal, Npw, Cdkn1a, 

Gldn, Serpina3n, Drd4, Mt2, Vim, Gfap, and Hif3a.  qRT-PCR was carried out in triplicate.  The predicted 

differences between mice with with and without seizures were confirmed for these 11 transcripts (Fig. 

2A).  There was excellent concordance between RNA-seq and qRT-PCR for 10 of the genes (Pearson 

correlation coefficient: r=0.764, p=0.006).  The 11th gene, Ptx3, appeared to be increased 53-fold by 

qRT-PCR but only 3-fold by RNA-seq.  This discrepancy is likely to be a consequence of the difficulty of 

accurately measuring the low constitutive expression of this gene by qRT-PCR. 

To determine whether the two neuropeptide transcripts are elevated in cortex or in 

hippocampus, we prepared separate RNA samples from postseizure D/+ mice and littermate controls.  

qRT-PCR analysis demonstrated that the galanin transcript is elevated in both of these regions, while the 

NPW transcripts is specifically elevated in cortex  (Fig. 2B).    

3.6 Hippocampal astrocytosis in post-seizure mice 

Expression of GFAP, a marker of reactive astrocytosis, is elevated after seizures.  To localize 

GFAP expression, we carried out immunostaining of sagittal sections of post-seizure brain.  The major 

site of GFAP expression is the hippocampus (Fig. 3).  This result lends further support to the evidence of 

astrocytosis from the forebrain RNA expression data.   
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4. Discussion 

4.1 Seizures are the cause of altered gene expression in Scn8aN1768D/+ mice 

While elevated activity of the mutated sodium channel Nav1.6 is the direct cause of seizures in 

SCN8A encephalopathy, secondary changes in gene expression may contribute to pathogenicity and 

provide targets for therapeutic intervention.  Using a stringent criterion of ≥3-fold changes in mRNA 

abundance, we identified 65 transcripts that are differentially expressed in Scn8aN1768D/+ mutant mice 

after seizures compared with wildtype littermates. These transcriptional changes appear to be a 

response to seizures, since they are detected after seizure onset but are not present in Scn8aN1768D/+ 

mice that are too young to experience seizures ("pre-seizure") or in mice with no evidence of seizures at 

8 months of age ("non-seizure") (Fig. 1A,C).  The data demonstrate a significant transcriptional response 

to seizures, and an apparent lack of direct transcriptional effect of the Scn8aN1768D/+ mutation. 

Transcriptional changes were restricted to the forebrain, with no differences observed in cerebellum or 

brainstem.  These data, together with the observed hippocampal astrocytosis, suggest that forebrain 

circuits are particularly affected. This conclusion is consistent with the observations of elevated 

persistent current and early afterdepolarization-like action potentials in hippocampal CA1 and CA3 

neurons from these mice (Lopez-Santiago et al, 2015), and with the role of the hippocampus in seizure 

resistance due to Scn8a haploinsufficiency (Makinson et al, 2014).  The lack of transcriptional changes in 

cerebellum is in agreement with the normal activity of cerebellar Purkinje cells from the D/+ mutant 

mice (MHM and JLW, unpublished observations).  

 

4.2 Genes involved in the transcriptional response  
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To our knowledge, this is the first study of transcriptome-wide expression changes in an animal 

model of monogenic human epilepsy. Several of the highly elevated transcripts in post-seizure D/+ mice 

have also been seen after induced seizures, traumatic brain injury, and neuroinflammation (Table 3). 

Functional annotation clustering of the 65 genes with ≥3-fold change in transcript abundance after 

seizures revealed enrichment in functions related to neuronal repair and regeneration (Table 2). These 

data suggest that the transcriptional changes in post-seizure D/+ mice reflect a generalized response to 

neuronal damage after seizures.  

Two of the most highly elevated transcripts encode the neuropeptides galanin and NPW. In 

principle, these changes in gene expression may be part of the pathogenic process or part of a 

protective homeostatic response to seizures. We think that the increased expression of galanin and 

neuropeptide W (NPW) are likely to be a protective response, because of their well-studied anti-seizure 

effects of these peptides.  For example, overexpression of galanin in several lines of transgenic mice was 

shown to suppress glutaminergic transmission and reduce seizure susceptibility (Mazarati et al., 2000; 

Schlifke et al, 2006; Kokaia et al, 2001).  Administration of galanin by intra-hippocampal injection or 

adenovirus mediated delivery was also protective against seizures (Haberman et al., 2003; Lin et al., 

2003; Mazarati and Wasterlain, 2002; Mazarati et al., 1998; McCown, 2006).  Similar to our observations 

in D/+ mice, elevated levels of galanin transcripts have been detected after induced seizures (Wilson et 

al, 2005).  Further, the galanin analog NAX 810-2, which penetrates the blood-brain barrier, protects 

against electrically-induced seizures (Bialer et al., 2013, 2015), as does a similar analog of NPW (Green et 

al., 2011).  IN view of these protective effects, we suggest that additional increases in the levels of 

galanin and NPW prior to or after seizure onset might be protective in mice with the Scn8a-N1768D 

mutation. 
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We  also observed a 9.6-fold elevated expression of the dopamine receptor gene Drd4 (Fig. 2), a 

gene that has not been previously been associated with epilepsy.  However, deficiency of Drd4 was 

reported to increase cortical hyperexcitability (Rubinstein et al., 2001).  The increased Drd4 in D/+ mice 

might counteract their neuronal hyperexcitability, and this might also be accomplished by 

administration of selective Drd4 agonists. Thus galanin, NPW and Drd4, identified by transcriptome 

analysis, represent potential therapeutic targets for SCN8A encephalopathy.     

 The transcription factors Hif1a and Smarca4 regulate 18 of the 50 induced genes, suggesting the 

possibility of a coordinated transcriptional response  (Fig. 4). HIF-1α is neuroprotective after mild 

hypoxia, but neurotoxic after more severe hypoxia (Fan et al., 2009). Smarca4 (human gene BRG1) is 

involved in the developmental switch from neurogenesis to gliogenesis (Deng et al., 2015), and could 

mediate reactive astrocytosis.  

 Neither constitutive expression of the hyperactive Nav1.6 nor the onset of seizures altered the 

abundance of transcripts encoding pore-forming or accessory subunits of voltage-gated sodium, 

potassium and calcium channels, with the exception of Kcnh4 which was down regulated in post-seizure 

D/+ mice (Table S2).   Altered "expression" of ion channels has often been invoked as a component of 

epileptogenesis. Our data suggest that any changes in ion channel function are likely to result from post-

transcriptional effects, such as altered subcellular localization, rather than compensatory changes in 

trancription of ion channel genes. 

 

4.3 Reactive astrocytosis: protective or pathogenic? 

 Many of the transcripts elevated in D/+ mice are also increased in the course of reactive 

astrocytosis after traumatic brain injury. The elevated GFAP immunostaining of in hippocampus of D/+ 
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mice confirmed the changes in transcript profiles.  Reactive astrocytosis encompasses a spectrum of 

changes observed after disease and injury to the CNS (Pekny et al., 2016). Reactive astrocytosis is seen 

in mesial temporal lobe epilepsy and is thought to play a role in epileptogenesis after brain injury and 

ischemia (Ortinski et al., 2010; Wetherington et al., 2008; Yang et al., 2016). Chronic reactive 

astrocytosis was sufficient to cause seizures in the mouse (Robel et al., 2015). In our model of 

monogenic SCN8A epilepsy, reactive astrocytosis occurs in response to seizures and may be 

neuroprotective via secretion of chemokines, cytokines, growth factors, and extracellular matrix 

components that promote neuronal survival (Banker, 1980; Bush et al., 1999; Myer et al., 2006; Zhang et 

al., 2016).  Recent studies indicate that reactive astrocytosis comprises a continuum of context-

dependent changes that are regulated by specific signaling events (Crunelli et al., 2015; Henneberger, 

2016; Sofroniew and Vinters, 2010; Zamanian et al., 2012; Zhang et al., 2016), consistent with either a 

protective or pathogenic role in Scn8a encephalopathy.     

Eleven of the 50 transcripts elevated in post-seizure D/+ mice, or 22%,  are also elevated in 

response to ischemia and/or neuroinflammation (Table 1 and Fig. 1D). Thirty one of the 50 genes are 

unique to our model, suggesting that an epilepsy-specific subtype of reactive astrocytes may be involved 

in Scn8a encephalopathy.  

 

Conclusions   

We demonstrate alterations in gene expression associated with seizures in a mouse model of 

SCN8A encephalopathy. The transcriptional changes were not present in mutant mice that had not 

experienced seizures, ruling out direct effects of Scn8a genotype.  Two major effects were elevated 

expression of neuropeptides and hippocampal astrocytosis. It has been proposed that the term 
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'epileptic encephalopathy' be restricted to situations in which epileptic seizures lead directly to co-

morbidities such as developmental delay and cognitive impairment (Howell et al., 2016).  Our data 

suggest that altered transcription may contribute to development of these co-morbidities. An important 

question for future research is whether interventions that prevent these transcriptional changes will 

also reduce co-morbidities. These neuropeptides and genes involved in reactive astrocytosis may 

provide new targets for prevention of disease progression in intractable childhood epilepsy. 
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Figure Legends 

Fig. 1. Transcriptome analysis of Scn8aN1768D/+ mice.  A) Survival curves.  RNA was prepared from the 

three groups of D/+ mice indicated by arrows, and from their +/+ littermates: pre-seizure (6 weeks of 

age), post-seizure (3 to 4 months of age) and non-seizure (8 months of age).  Survival data is based on 

several hundred animals of genotypes  B6.Scn8aN1768D/+ (n = 168); C3H.Scn8aN1768D/+ (n  = 150); B6+/+ (n = 

297); C3H+/+ (n = 180).  B)  Heat map of 32 genes with ≥3-fold alteration in D/+ post-seizure mice 

compared with wildtype littermates. Red, high expression; blue, low expression. (33 highly expressed 

genes are not included in the display). C) Principal component analysis of the 469 genes with ≥2-fold 

difference in expression between four post-seizure D/+ mice (solid circles) and three wildtype controls 

(open circles).  Seven additional samples were projected on the plot based on transcript abundance of 

the same 469 genes: , non-seizure D/+ mice (solid squares), nonseizure littermate controls (open 

squares); pre-seizure D/+ mice (solid triangles). D) Venn diagram of the 50 most highly elevated 

transcripts in three models of CNS injury.  

Fig. 2. Confirmation of selected RNA-seq data by qRT-PCR. Taq-man assays were carried out as described 

in Methods. A.  Analysis of forebrain samples (cortex plus hippocampus).  Data represents the ratio of 

transcript abundance in D/+ mice relative to wildtype littermates. Open bars, pre-seizure; solid bars, 

post-seizure . Gal, galanin; Gldn, gliomedin.  B.  Analysis of neuropeptide transcript abundance in cortex 

versus hippocampus.  Each symbol represents an individual mouse of the indicated genotype.  

Fig. 3. Astrocytosis in the hippocampus of D/+ mice after seizures.  Sagittal sections of brain from 

SCN8A-N1768D/+ non-seizure mice (8 months of age) and post-seizure mice (3 months of age) were 

immunostained with antibody to GFAP (green) and with DAPI to visualize nuclei (blue).  Top panels, 

composite images from multiple 10x images of forebrain and hippocampus.  Bottom panels, higher 

magnification of boxed areas. Scale bar = 200 μm.  
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Fig. 4. Coordinate gene regulation in post-seizure D/+ mice. IPA network analysis of 18 genes with ≥3-

fold change in transcript abundance and their shared transcriptional regulators. The key for symbols in 

the network can be found at: http://ingenuity.force.com/ipa/articles/Feature_Description/Legend. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

99 

 

Table 1.  Genes with transcript abundance in forebrain that is altered by 3-fold or more after 

 

 seizures in Scn8aN1768D/+ mutant mice.  

 

Increase relative to 

 wildtype controls 

9 x Galanin 

4 - 5 x Serpina3n, Drd4, Maff, Gldn, Ctla2a, Cd1d1, Atp2c2 

3.5 - 4.0 x 
Cdkn1a, Aspg, Col5a3, Serpine1, Apold1, C030019I05Rik, Wnt10b, 

Fkbp5, Npw 

3.2 - 3.5 x 
Mt2, Rhoj, Plin4, Map3k6, Blnk, Dpm3, Rxfp2, Arsj, Cd109, F2rl2, 

A2m, Cym, Tnn, Vim 

3 - 3.2 x 

Nt5e, Gfap, Plekha2, 4732419C18Rik, Slc2a4, Hif3a, Atp1a4, Ptx3, 

Angptl7, Hspb6, Irx3, Timp1, Prss23, Rgs13, Ret, Hao1, Plaur, 

Emp1, S100a4  

Decrease relative to 

 wildtype controls 

3.5-4.0 x Gjc2, Slc39a2, Abca8a, Tm6sf2 

3.1-3.5 x Tnfrsf25, Hist1h2be, Tubd1 

3.0 x Myoc, Dnase1|, Serpin1ba, Fndc8, Gkn3, Tcap, Kcnh4, Stac3 
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Table 2. Significantly enriched pathways identified by IPA analysis of 65 genes whose expression is 

altered ≥3-fold in post-seizure mice 

 

Function p-Value Genes 

A. Predicted increase in activation state 

Inflammatory response 2.75E-07 

A2m, Blnk, Cd1d, Cdkn1a, Ctla2a, Gal, Gjc2, Npw, 

Nt5e, Plaur, Ptx3, S100a4, Serpina3, Serpinb1, 

Serpine1 

Regeneration of neurons 4.99E-07 A2m, Cdkn1a, Gfap, Mt2, Ret, Vim 

Outgrowth of neurites 2.23E-06 
A2m, Cdkn1a, Fkbp5, Gal, Gfap, Ret, S100a4, 

Serpine1, Tnn, Vim 

Regeneration of neurites 3.47E-06 A2m, Cdkn1a, Gfap, Mt2, Ret 

Activation of CNS cells 3.47E-06 Cdkn1a, Drd4, Gfap, Serpine1, Vim 

Proliferation of neuronal cells 7.65E-06 
A2m, Cdkn1a, Fkbp5, Gal, Gfap, Irx3, Ret, S100a4, 

Serpine1, Tnn, Vim 

Reactivation of astrocytes 8.43E-06 Gfap, Vim 

Regeneration of axons 5.57E-05 A2m, Cdkn1a, Mt2, Ret 

Activation of neuroglia 8.41E-04 Gfap, Gjc2, Serpine1, Vim 

Mobilization of Ca2+ 1.55E-03 A2M, Blnk, F2rl2, Gal, Plaur, Wnt10b 

Cell survival 3.65E-03 
Cdkn1a, Emp1, Fkbp5, Hspb6, Mt2, Plaur, Ret, Rhoj, 

S100a4, Serpine1, Slc2a4, Timp1, Vim 

B. Predicted decrease in activation state  

Fibrosis  1.12E-07 

Cd1d, Hspb6, Mt2, Nt5e, Plaur, Ptx3, Ret, S100a4, 

Serpinb1, Serpine1, Slc2a4, Timp1, Vim 

 

Inflammation of body region  6.58E-07 

A2m, Cd1d, Cdkn1a, Drd4, Gfap, Mt2, Nt5e, Plaur, 

Plekha2, Ret, S100a4, Serpinb1, Serpine1, Slc2a4, 

Timp1, Tnfrsf25, Vim 

 

Necrosis  2.38E-05 

A2m, Atp1a4, Blnk, Cd1d, Cdkn1a, Col5a3, Dpm3, 

Emp1, Fkbp5, Gal, Gfap, Hspb6, Mt2, Myoc, Nt5e, 

Plaur, Ret, Rjoj, S100a4, Serpina3, Serpine1, Slc2a4, 

Timp1, Tnfrsf25, Vim 
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Cell death 2.42E-04 

A2m, Atp1a4, Blnk, Cd1d, Cdkn1a, Col5a3, Dpm3, 

Emp1, Fkbp5, Gal, Gfap, Hspb6, Mt2, Myoc, Nt5e, 

Plaur, Ret, Rhoj, Rxfp2, S100a4, Serpina3, Serpine1, 

Slc2a4, Timp1, Tnfrsf25, Vim, Wnt10b 

 

Inflammation of CNS cells 4.73E-04 Cd1d, Gfap, Mt2, Nt5e, Serpine1, Timp1, Vim 
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Table 3. Several genes with elevated expression in the current study are also elevated in other models of brain 

trauma. Sources:  a(Ravizza et al., 2001), b(Tang et al., 2002), c(Elliott et al., 2003), d(Wilson et al., 2005), e(Okamoto 

et al., 2010), f(Sakaida et al., 2013), g(Almeida-Suhett et al., 2014), h(Samal et al., 2015), i(Zamanian et al., 2012), 
j(Zhang et al., 2016), k(Rakhade et al., 2005), l(Boer et al., 2010), m(Beaumont et al., 2012) 

Gene 

Induced 

seizures 

(rodent)         (a-

f) 

Traumatic brain 

Injury  (rodent)         

(g-h) 

Astrocytes, 

reactive 

(mouse)          (i) 

Astrocytes, 

epileptic 

(human)          (j) 

Cortical         

foci       (human)         

(k-m) 

A2m + + + +  

Gfap + + +  + 

Vimentin + + +  + 

Serpina3n + + +  + 

Aspg + + +   

Galanin + +    

Mt2 + +    

Ptx3 +  +   

Hif3a +     

Atp1a4 +     

Serpine1 +     

Cdkn1a  +  + + 

Cd109   +  + 

Timp1  +    

Blnk  +    

Fkbp5   +   

Gldn    +  
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Abstract 

Temporal lobe epilepsy (TLE) is characterized as a chronic disorder affecting the central nervous system 

(CNS) leading to recurrent unprovoked focal seizures originating from the temporal lobe of the brain. In 

this study RNAseq was performed on hippocampal tissue resected from patients diagnosed with 

medically intractable TLE during anterior temporal lobectomy with amygdalohippocampectomy 

(ATL/AH). mRNA expression changes were used to identify genes and pathways that correlate with 

either higher or lower seizure frequencies. Significantly altered expression was identified when 

comparing patients with low seizure frequency (LSF), which averaged 3 seizures/month, to high seizure 
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frequency (HSF), which averaged 70/month. In total, 841 dysregulated genes were observed, consisting 

of 536 genes with greater expression in the LSF group and 305 genes with greater expression in the HSF. 

This bias for greater expression in the LSF group was highlighted by the enrichment for genes encoding 

ion channels, neuropeptides, solute carriers, regulators of inflammation and myosin proteins. The HSF 

group showed a lower overall level of expression and was not significantly enriched for any specific class 

of genes. Similarly, pathway analysis showed an overrepresentation of genes upregulated in the LSF 

group that mapped to synaptic plasticity, organization and transmission as well as ion transport and 

hormone response/secretion, while the HSF group showed much lower overall levels of pathway 

enrichment. These data aim to provide insight into possible protective or damaging genes and pathways 

expressed in the brain as a response to seizures that could provide useful therapeutic targets and 

strategies for seizure reduction. 

 

 

1. Introduction 

 Temporal lobe epilepsy (TLE) is the most common seizure disorder with a prevalence of 4 to 10 

cases per 1,000 individuals in the developed world. The vast majority of patients suffering from TLE 

require antiepileptic drugs (AEDs), or in the 30% of refractory cases, may opt for a surgical resection 

referred to as an anterior temporal lobectomy with amygdalohippocampectomy (ATL/AH), to bring their 

seizures under control (Tellez-Zenteno et al. 2012). The etiology of a patient’s TLE can vary widely from 

blunt force traumas such as traumatic brain injury (TBI) to infections, stroke or genetic syndromes. 

Similarly, the type and frequency of seizures as well as the age of onset can be highly variable from 

patient to patient. Both partial and secondarily generalized seizures often occur in TLE patients with the 

generalized tonic-clonic seizures being the most severe and damaging to the neuronal environment 
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(Englot et al. 2013). While there is limited data in humans due to sampling difficulties, numerous animal 

studies have reported a decline in cognitive abilities, memory, and neuronal loss in the hippocampus 

associated with recurrent seizures (Vingerhoets 2006). It is highly beneficial to the positive trajectory of 

a patient’s cognitive function to reduce the severity, frequency and duration of any seizure activity as 

much and as soon as possible. 

 There is currently a large gap in the understanding of how chronic and progressive seizure 

frequency can affect expression of potentially protective genes and pathways used in the brain to 

recover from seizures. This gap is particularly apparent in human studies with the majority of expression 

profiling coming from animal models of epilepsy. Excellent work using RNAseq has been done to 

elucidate the expression profiles of the different stages of epileptogenesis (Hansen et al. 2017), the 

effect of early-life preconditioning (Friedman et al. 2013) and even the effect of prolonged febrile 

seizures early in development (Jongbloets et al. 2015), all in animal models. However, there is little data 

for expression profiles of low and high seizure frequency brains in humans. This is important because 

the varying transcriptional responses to seizures may be attributed to a further exacerbation or 

reduction in seizure frequency and thus a higher seizure threshold. Specifically, there may be an 

endogenous expression profile in the hippocampus that confers a protective effect as it relates to the 

development of further seizures. This more coordinated response to neuronal hyperexcitability could 

also allow for faster neuronal recovery, thereby limiting damage between ictal events.  

 The data presented in this study demonstrate distinct differences in the hippocampal expression 

profile between patients experiencing a low and high number of seizures. The general trend toward a 

greater level of expression of genes associated with synaptic plasticity, memory, learning, regulators of 

inflammation and others in the low seizure frequency group provides insight into how the brain may be 

effectively healing itself following seizures. Conversely, the reduced expression of these genes and 

pathways in the high seizure frequency group may be causative of progressive disease by leaving the 
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brain vulnerable to compounding damage. These and other groups of genes, such as ion channels and 

carrier proteins, seen to be dysregulated as a product of increased seizure frequency may simply be an 

effect of a more severely disrupted neuronal environment, thereby being correlative but not necessarily 

causative. Here we attempt to classify genes grouped by biological function that may provide targets for 

further study as well as discuss how altering their expression level may provide clinical benefit. 

 

2. Materials and Methods 

 

2.1 Tissue Samples 

Hippocampal tissue was obtained from 12 selected patients diagnosed with medically 

intractable TLE during anterior temporal lobectomy with amygdalohippocampectomy (ATL/AH) 

consisting of 9 males and 3 females.  One additional hippocampal sample was obtained post mortem 

from an individual with no seizure history and was sequenced as a normal control. 11 of the 12 patients 

underwent right ATL/AH and 1 underwent left ATL/AH.  The surgical procedure of ATL/AH was a 

standardized 4.5-cm lateral temporal lobe resection with the posterior resection line  at the 

parahippocampal gyrus and hippocampus extending to at least the cerebral peduncle. For patients with 

regional temporal lobe onset, more extensive removal of the parahippocampal gyrus, hippocampus, and 

lateral temporal cortex was performed. Pre-surgical seizure frequency data was collected for each 

patient, ranging from 0.33 seizures per month to 120 seizures per month. Post-operative seizure data 

was collected during clinical follow-up for 5-94 months (average 37months).  This study was performed 

in accordance with protocol and research consents approved by the University of Arizona Institutional 

Review Board. Informed consent was obtained from all individual participants included in the study 

(IRB# 1401194084, The University of Arizona). 
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2.2 RNAseq 

Initial RNA was isolated using PureLink RNA mini kit (Thermo Fisher) and initial QC was assessed 

via the Bioanalyzer 2100 (Agilent). Libraries were constructed using a stranded mRNA-Seq Kit 

(KapaBiosystems TDS KR0960 – v3.15). Average fragment size was assessed with the Fragment Analyzer 

(Advanced Analytics).  Concentration was determined with the Illumina Universal Adaptor-specific qPCR 

kit (Kapa Biosystems).  Equimolar samples were pooled and clustered for sequencing on the HiSeq2500 

(Illumina). Sequencing was performed using Rapid-Run SBS 2x100bp chemistry (Illumina).  

 

Sample data was demultiplexed with CASAVA (Illumina) and trimmed and quality filtered using 

Trimmomatic (USADelLab).  Fastq files were splice aligned against the GRCh37 reference genome using 

STAR aligner version 2.5.2b (Dobin et al., 2013). Gene expression counts were obtained using htseq-

count version 0.6.1 (Anders, Pyl, and Huber 2015). Both splice alignment and counting were performed 

with Ensembl Annotation of the NCBI reference genome, and raw counts were analyzed with edgeR 

version 3.16.5 (M. D. Robinson, McCarthy, and Smyth 2010).  

 

2.4 Multidimensional scaling plot (MDS) 

Using edgeR’s plotMDS function, a multidimensional scaling plot (MDS) was made from a set of 

normalized pseudo counts calculated by edgeR (Figure 1). Because there is high variance among 

samples, the distance between samples was calculated using a set of top genes chosen by edgeR that 

have the largest biological variation between the libraries (those with the largest genewise dispersion, 

treating all libraries as one group). 

 

2.6 Differential expression analysis 
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 Differential expression analysis was performed using edgeR’s exactTest function. Gene 

expression counts were first normalized using the calcNormFactors function, which uses the trimmed 

mean of M values (TMM) to create a set of scaling factors that eliminates composition biases between 

sample libraries. Due to the variance between samples, the trended dispersion (the dispersion 

calculated from a gene’s abundance) was used for the exactTest calculation.  

2.7 Pathway analysis 

Pathway analysis was performed using Qiagen’s Ingenuity Pathway Analysis (IPA) software, 

version 01-01. The differential expression results from edgeR were filtered based off of logFC (cutoff 

1.5), p-value (≤ 0.05) and FDR (≤ 0.05). This filtered list was enriched for pathways utilizing IPA’s “core 

analysis” function, using logFC in order to calculate pathway directionality (z-scores). Differential 

expression results were also run through Gene Ontology PANTHER classification system version 12.0 for 

overrepresentation testing (release 20170413). 

 

3. Results and Discussion 

3.1 Patient demographics and unsupervised multidimensional plot analysis  

 Patient demographics for each sample are given in Table 1. The sample cohort skewed towards 

males with a sex ratio of 3:1 with all but one patient undergoing a right (ATL/AH). The ages of the 

subjects spanned from 16 to 56 (average 32) with all patients recording seizure activity for at least 7 

years (max 44yrs) prior to surgery. The etiology of seizures for each patient varied, with many still 

unspecified. Patients were segregated in low and high seizure frequency groups for analysis with a cut 

off of 8 or fewer seizures being defined as low and 10 or more defined as high. 
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RNAseq data was initially used to generate an MDS plot to provide an unsupervised analysis of 

differences in overall expression values across all samples. Figure 1 shows the results of this analysis 

with the high and low seizure frequency subjects clustering separately. Interestingly, there is a tighter 

clustering of the low seizure frequency group, indicating a lower level of variance within those 

individuals. 

 

3.2 Differential expression analysis 

 An initial differential expression analysis (DE) was run by comparing all 12 seizure patients (both 

low and high seizure frequency) against the single normal sample. These results produced a total of 

1625 dysregulated genes using threshold cutoffs of 2.0 fold change (FC), <0.05 p-value, and <5% false 

discovery rate (FDR) (data not shown). This included 1115 genes showing greater expression in the 

seizure cohort and 510 genes with greater expression in the control. As expected, the upregulation of 

many genes shown to be associated with seizures in prior expression studies were detected. Specifically, 

the seizure cohort saw upregulation of 5 MAPK genes (MAPK13, MAPK11, MAPK3, MAPK9 and 

MAPK8IP2), indicating an activation of the MAPK pathway, known to be upregulated in epilepsy (Pernice 

et al. 2016). An upregulation of genes in TGF-β signaling (TGFBR3L), dopamine signaling (DRD1) as well 

as a hallmark of reactive astrocytosis LCN2 (Mercado-Gomez et al. 2014, Bozzi et al. 2013, Zamanian et 

al. 2012) was observed in the seizure cohort. However, the full analysis was confounded by the fact that 

the control sample was collected approximately 72hrs post mortem, and therefore genes involved in 

neuronal injury and death, whose expression would also expected to be altered in seizure samples, were 

shown to be dysregulated. 

 

3.3 DE analysis of low vs high seizure frequency patients 
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 To expose the most profound differences in expression between low and high seizure frequency 

groups (LSF & HSF), the 3 lowest and 3 highest monthly seizure samples were selected for comparison. 

These were samples P82 (0.3 SZ/mo), P31 (4), and P81 (4) in the low cohort, and P60 (30), P80 (60) and 

P56 (120) in the high cohort. Again, threshold cutoffs were set using 2.0 FC, <0.05 p-value, and <5% false 

FDR. This analysis generated 841 dysregulated genes, consisting of 536 genes with greater expression in 

the low seizure frequency group and 305 genes with greater expression in the high frequency group. 

 A particularly relevant grouping of genes enriched in the data was the FOS gene family. This 

family of genes has 4 members (FOS, FOSB, FOSL1, and FOSL2) that encode for leucine zipper proteins 

that dimerize with the JUN family proteins to form a transcription factor complex that regulates cell 

proliferation, differentiation and transformation. All 4 of the FOS family genes, as well as JUN, were seen 

at higher levels (4.3 to 2.7 fold) in the low seizure frequency group. A subset of genes referred to as 

immediate-early genes (IEGs) are expressed in the brain and considered necessary for proper learning 

and memory functions (Minatohara et al. 2015). The IEGs are comprised of the FOS family, EGR1 and a 

gene called ARC which was also seen upregulated 5.9 fold in the LSF group. A pathway schematic of 

these genes generated using KEGG is shown in figure 2.  

Another significant consistency in the data was the disruption of ion channel expression. As 

shown in Table 2, the low seizure frequency (LSF) group showed an overall higher level of ion channel 

expression (23 of 27 genes) with the potassium channels being particularly affected. Disruption in 

potassium channel function is known to be involved in a wide variety of human epileptic phenotypes 

(Villa et al. 2016). The largest effect was seen in ion channel genes KCNU1 (21.5 fold higher), SCNN1G 

(13.4), KCNG3 (8.7) and KCNV1 (4.1). Potassium channel KCNU1 (Slo3) lacks a great deal of functional 

information; however, it is known to be a voltage-gated ion channel, regulated by Ca+2 ions, that allows 

for the outward flow of K+ ions and has been implicated in response to oxidative stress (Hermann et al. 

2015). Neither SCNN1G, a non-voltage gated sodium channel, nor KCNG3, a voltage gated ion channel 
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with known functions relating to neurotransmitter release and neuronal excitability, have confirmed 

expression differences in epilepsy. However, KCNG3 is a suggested candidate for Paroxysmal Kinesigenic 

Dyskinesia (a convulsive disorder), and SCNN1G has been mapped to benign infantile convulsions (Liu et 

al. 2016, Guipponi et al. 1999).  

KCNV1, however, is well characterized in seizures, expressed in neurons, and is a voltage gated 

outward rectifying (lets K+ flow out of the cell) subunit that itself does not combine to form an active 

channel but has been implicated in the pathologic mechanisms involved in epileptogenesis (Bocksteins 

2016). KCNV1 transcripts are found in the CA1-CA4 pyramidal cell layer, as well as in granule cells in the 

hippocampus, and function to inhibit the Kv2 and Kv3 (also referred to as Shab and Shaw) potassium 

channel subfamilies, which are themselves outward rectifying K+ channels (Hugnot et al. 1996). The Kv2 

and Kv3 channels contribute to a fast after-hyperpolarization during the falling phase of an action 

potential and are thought to assist in repolarization as well (Johnston et al. 2010). 

 

 Another large class of genes showing significant differences between LSF and HSF cohorts were 

the neuropeptides. Neuropeptides are a group of about 70 genes encoding small protein-like peptides 

involved in neuronal signaling and are involved in a wide array functions within the central nervous 

system (Burbach 2011). In our LSF vs HSF comparison, 14 neuropeptide genes were shown to be 

dysregulated again with the majority being expressed at greater levels in the low seizure frequency 

group, Table 3.  

 

 Of particular interest is Neuropeptide S (NPS), which registered as the third largest fold change 

difference in the DE analysis of LSF vs HSF with a 280-fold greater expression level in the LSF cohort. NPS 

binds with nanomolar affinity to its receptor (NPSR1) to increase intracellular calcium concentrations 

through activation of store-operated calcium channels (Erdmann et al. 2015). Interestingly, NPS has a 
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somewhat paradoxical effect in relation to seizures. When injected intracerebroventricularly (i.c.v.) in 

mice with pentylenetetrazole-induced seizures, NPS appeared to increase the duration of the seizures 

while also providing significant protection against oxidative damage in the hippocampus and cerebral 

cortex (Ramos et al. 2012). Another interesting result in the neuropeptide data was the relationship 

between the expression of neuropeptide Y (NPY), which was greater in the high seizure frequency 

group, and the expression of its targets, neuropeptide Y receptor 1 (NPY1R) and neuropeptide Y 

receptor 2 (NPY2R), which were both  greater in the low seizure frequency group. Also of note is that in 

the LSF group there is far greater expression of NYP2R (12.4 fold) when compared to NYPR1 (3.7). This is 

somewhat confirmed by previous studies that have shown chronic seizure activity to cause an 

upregulation of NPY receptor 1 (NPY1R) and a downregulation of NPY receptor 2 (NPY2R) (Clynen et al. 

2014). As NPY is known to activate the MAPK pathway, which has also been associated with seizures, it 

also functions to regulate intracellular calcium levels through activation of both NPY receptors 1 and 2. 

Most importantly, NPY acts as an endogenous anticonvulsant, increasing seizure threshold; it is able to 

prevent seizures when overexpressed in mice and continues to be studied as a possible therapeutic 

target (Clynen et al. 2014). 

 The largest category of genes dysregulated in the LSF vs HSF comparison was the solute carrier 

family genes, identified by the prefix SLC. There were a total of 32 significantly dysregulated SLC genes, 

21 of which were greater in the LSF group and 11 which saw higher rates of expression in the HSF group. 

The SLC gene superfamily consists of 55 gene families responsible for 362 putatively functional genes 

encoding for a wide variety of passive transporters, symporters and antiporters, many of which have 

been seen to be dysregulated following seizures (He et al. 2009). The largest response for this gene 

family seen in our data was SLC18A3 at 67.6 fold higher expression in the LSF group. The SLC18A3 

protein acts as a transporter of the neurotransmitter acetylcholine into secretory vesicles that are used 

for release into the extracellular space, and patients suffering from seizures have been mapped back to 
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deletions of this gene (Stankiewicz et al. 2012). Many of the other SLC genes in our comparison were 

involved in the uptake/transport of glutamate (SLC17A6, SLC1A6, SLC6A17) or involved with sodium and 

calcium ion transport (roughly 8 SLC genes) and were expressed at greater levels in the LSF group. 

 Other gene groupings showing significant patterns in the LSF vs HSF comparison were the NLRP 

gene family (4 genes), the myosin gene family (6 genes), kinase inhibitor/cyclin dependent kinase gene 

family (5 genes), and the interleukin gene family (3 genes). All of the NLRP genes showed greater 

expression in the LSF group and two (NLRP7 and NLRP11) both showed over 75 fold greater expression. 

NLRP genes are known to be regulators of apoptosis and inflammation, implying a possible protective 

effect to the LSF cohort (Guo et al. 2015). Similarly, all of the myosin genes were highly upregulated in 

the LSF group spanning 77-15 fold increases in the LSF cohort. One very recent publication reported a 

likely pathogenic DNA variant in MYH1, the gene with the largest increase seen in our data set (77 fold), 

in their whole exome study of epileptic disorders (Wang et al. 2017). Although the mechanism for 

seizure reduction via hippocampal expression is not obvious, the myosin family of genes do have a 

known function in cytoskeletal remodeling and may provide protection through increased cellular 

repair. The kinase inhibitor and cyclin dependent kinase genes (abbreviated CDK) showed the most 

muted response with no genes showing over a 2-fold increase/decrease in expression. These genes are 

generally involved with cell proliferation and of the 5 dysregulated genes in this group, all but one 

(CDKN1A) was expressed at higher levels in the HSF group. The interleukin genes, by contrast, all 

showed significantly more expression in the LSF group with IL6 providing the highest level at 18.5 fold. 

Interleukins are acutely involved with inflammation and inflammatory pathways and, specifically, IL6 has 

been linked to febrile seizures (Nur et al. 2012). Any reduction in these genes is likely to be beneficial, as 

chronic inflammation in the hippocampus can exacerbate epileptic conditions (Vezzani et al. 2011). 

 Lastly, the gene with the highest level of differential expression between the LSF and HSF groups 

was GSTM1, which was over expressed in the HSF group at over 947 fold higher than the low seizure 
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frequency group. GSTM1 belongs to a group of genes called glutathione S-transferases that are involved 

in response to oxidative stress, which can contribute to neuronal hyperexcitability, and also have a 

detoxifying role. This detoxifying effect includes the aiding and abetting of the metabolism and 

clearance of antiepileptic drugs (AED) (Ercegovac et al. 2015). This begs the obvious question: Is the 

exceptionally high level of GSTM1 expression in the high seizure frequency group generating a response 

to significantly higher seizure rates in an attempt to clear reactive oxygen species? Or are the high 

seizure rates a product of increases in GSTM1 expression whereby HSF patients are unable to control 

seizures through AEDs? One possibility is that both are true and that in a downward spiral, more 

seizures increases GSTM1 expression causing further breakdown and clearance of AEDs, thus causing 

more seizures. 

 

3.4 pathways enriched in low and high seizure frequency groups 

 The full list of significantly dysregulated genes from the LSF vs HSF comparison (841 genes) was 

broken into the genes showing greater expression in the low seizure frequency group (536) and high 

seizure frequency group (305) and submitted for pathway enrichment using the Gene Ontology 

PANTHER classification system (version 12.0). This analysis generated 81 pathways shown to be enriched 

above 2 fold for the LSF cohort, while only 3 pathways were shown to be enriched in the HSF, suggesting 

a higher level of expression for a coordinated response to seizures in the LSF group. Table 4 shows the 

top 25, edited for space, pathways in the LSF group as sorted by fold enrichment and the 3 pathways 

enriched in HSF group. Many of the expected pathways relating to known biological functions associated 

with response to seizures and epilepsy are clearly present.  

Within the top 25 pathways in the LSF grouping, there is an overrepresentation of 3 distinct 

pathway classes. The first class involves synaptic plasticity, organization and transmission and comprises 
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9 of the top 25. Long term potentiation (LTP) is a term used to describe an increase in synaptic strength 

necessary for both learning and memory. LTP is known to be decreased as a result of seizure activity, 

and decreased synaptic plasticity has been confirmed in a number of animal models of epilepsy (Chen et 

al. 2013, Scharfman H. 2002). Increased synaptic plasticity and organization can aid in the repair of these 

LTP deficits (Han et al. 2016). Increased expression of genes involved in synaptic plasticity and 

organization makes a great deal of biological sense and likely provides benefit to the LSF cohort through 

increased repair of damaged neurons and faster restoration of normal neuronal function.  

The other two classes of enriched pathways were the ion transport and hormone response and 

secretion pathways. The hormone-related pathways comprised 5 of the top 25, of which two were 

involved in the secretion of hormones and two others involved with response to specific hormones 

glucocorticoid and corticosteroid. Again, this is not entirely surprising as the synthetic corticosteroid 

Prednisone has been used as an adjunctive therapy for epilepsy. This type of treatment is still somewhat 

controversial due to its side effects and limited efficacy (Sinclair 2003, Buzatu et al. 2009). Additionally, 

prolonged treatment using steroids in children can pose a variety of problems and remains a concern 

clinically (Verhelst et al. 2005). Treatments using glucocorticoids are less frequently documented in the 

literature with very few positive results; in one study, early glucocorticoid treatment is even associated 

with an increase in seizure activity and no efficacy (Watson et al. 2004). Lastly, the ion channel pathways 

that were enriched in the LSF group (3 pathways related to potassium and 1 related to calcium) might be 

expected considering the issues surrounding ion exchange and homeostatic regulation existing after 

seizures. It also stands to reason that having these pathways enriched and overexpressed in the LSF 

cohort allows for a mitigation of some of the damage created by excessive levels of ions generated via 

hyperexcitability.  
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3.5 Correlation of transcriptional response to seizure frequency 

 A basic regression analysis was performed on all genes expressed with at a total read count of at 

least 100 reads to eliminate the presence of spurious results from low or predominately non-expressed 

genes. Only male samples were included in this analysis to reduce the possibility of sex specific 

expression. A threshold of at least .90 absolute value of the correlation coefficient was applied to 

generate a list of genes that tracks most closely with seizure frequency and is presented in Table 5. All 

33 of the genes meeting these criteria showed a trend of increased expression with increased seizure 

frequency except for one (MCTP1), where the correlation was negative. 

 Of particular note in this analysis was NAIP, which had a relatively high level of overall 

expression when compared to the other genes tracking with increased seizure frequency. NAIP is a 

apoptotic inhibitory protein that has shown significant functional effect in the hippocampus of mouse 

models. Specifically, NAIP knock-out mice underwent normal development but showed significant loss 

of pyramidal neurons in the hippocampus after challenge by kainic acid-induce seizures (Holcik et al. 

2000). Further studies in rats that overexpressed NAIP via injected adenovirus in vivo saw a resistance to 

neuronal damage by ischemic conditions (Xu et al. 1997). The progressive increase in expression of NAIP 

as seizure frequency increases in our data can be seen as an in-kind response to the level of damage 

being done in the hippocampus. As Xu et al. others have suggested NAIP may serve as a possible 

therapeutic by providing resistance to neuronal damage under pathological conditions. 

 A somewhat opposite effect could be considered for the gene SLC4A5, a member of the solute 

carrier family discussed earlier. Interestingly, studies using SLC4A5-/- knock-out mice have demonstrated 

a reduction of seizures by nearly half after administration of the chemoconvulsant pentylenetetrazol 

(Kao et al. 2011). As SLC4A5 acts as bicarbonate transporter in the choroid plexus, the reduction in 

seizure behavior is thought to occur by decreasing the intracranial pressure (Kao et al. 2011). In this 
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sense the higher levels of expression seen as seizure frequency increases may be having a causative 

effect that is exacerbating the seizures. These two genes point to the necessity of determining the 

function of a gene within the context of hyperexcitability to truly get at the interplay between cause and 

effect as it relates to seizure activity. 

 

4. Conclusion 

 While many of the genes and pathways reported in this study have also been reported 

in other transcriptional profiling studies of epilepsy, it is interesting to see how these responses related 

to seizure frequency. This correlative information provides the possibility of assessing the large groups 

of genes and pathways that tend to be enriched in the less severe phenotype as more suitable 

therapeutic targets. The largest such trend in the data pointed towards the greater expression of ion 

channel genes and pathways of the low seizure frequency group. It can be difficult to assign ion channel 

expression directly to an increase or decrease in seizure activity as these channels are in some cases 

unique to the inhibitory or the excitatory network. However, studies have shown that deactivation of 

Ca+2 channels and dendritic K+ channels via pharmacological mechanisms or knock-outs in mice will 

increase epileptogenesis (Lerche et al. 2012). This corroborates our data and suggests that any means 

that will increase the activity or expression of these channels should promote homeostasis of the 

neuronal environment and reduce seizure threshold and damage.  

The neuropeptides also present a rather interesting case for development as therapeutics due 

to their generally low level of toxicity and high potency (Egleton et al. 2005). However these peptides 

have issues of both bioavailability in the brain as well as issues crossing the blood brain barrier (BBB). 

For these reasons the receptors of these peptides are now becoming an area of interest for the 
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treatment of seizures (Dobolyi et al. 2014). Both of these strategies are supported by the data generated 

in this study and could provide a possible combinatorial effect in tandem. 

Yet another group of genes with consistently higher expression in the LSF group was the IEGs. 

The induction of these genes directly following seizure activity may provide a level of protection against 

damage caused by seizure activity. However, sustained activation of some of these genes may prove 

counterproductive over time as discussed earlier (Rossi 2011). Another strategy may be to instead target 

the neuroinflammation both before and after seizures which acts to suppress the activation of some 

IEGs following hyperexcitability (Bozzi et al. 2013). Seizures increase inflammation through the 

activation of astrocytes and microglial cells that in turn secrete pro-inflammatory cytokines and activate 

inflammatory pathways like NF-κB signaling (Webster et al. 2017). Therefore, any reduction in the 

expression of these cytokines and pathways will have the double benefit of not only reducing the 

damage caused by chronic inflammation but also improve the healing and protective response of the 

increased IEG expression. 

Aside from determining what the most appropriate and beneficial targets for possible therapy 

may be, it is also important to look at the wider picture of how the brain responds differently to a high 

or low number of seizures. If we start with the operating premise that the transcriptional profiles of 

individuals with a lower number of seizures is preferable to the profiles of patients with a higher number 

of seizures, we can begin to get at the interconnected nature of the protective and damaging effects of 

those profiles. Additionally, we may be better able to understand how the beneficial or protective genes 

are acting and find new ways to decrease the expression of potentially damaging genes in order to 

reduce overall seizure burden. The difficulty in using this approach with the data generated in this study 

comes down to the question of cause and effect. More specifically, are the higher levels of expression of 

genes in the low seizure frequency group actually providing a protective benefit or are they simply the 

product of normal neuronal function in a less affected environment when compared to the high seizure 
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frequency group? Conversely, are genes that are upregulated in the HSF cohort truly damaging or are 

they a response to a more extreme seizure environment? What we are able to reasonably ascertain is 

that genes overexpressed in the HSF group are not able to rescue the seizure phenotype and that genes 

overexpressed in the LSF group are likely not as damaging a lower levels. Additionally, as more 

functional information about each of the genes and pathways enriched in our analysis becomes 

available, we will be better able to infer possible protective or damaging effects.  

As part of this effort it is necessary to take a step back and look at the macro trends in the data 

as a way to gain insight on the questions of protective vs damaging. One major consistency in the data is 

the larger number of genes showing greater expression in the LSF when compared to the HSF (536 : 

305), with LSF enriched genes also showing a greater degree of expression difference (i.e. larger fold 

increases on average). This would seem to indicate that these genes have a protective effect by either 

limiting the damage caused by seizures or by preventing seizures altogether via increased seizure 

threshold. Because of the low number of genes in the HSF group showing extreme increases in 

expression levels when compared to the LSF group, it appears less likely that there is a largely damaging 

profile that is driving the increase in seizures. In short, the LSF patients are likely being protected as 

opposed to the HSF group being exacerbated. Additionally, we are potentially seeing what appears to be 

a more coordinated response to the neuronal damage in the LSF group as well. This is evidenced by a 

larger degree of enrichment for pathways in the LSF group when compared to HSF. The LSF cohort 

appear to organize the response to seizures through expressing groups of genes in similar pathways 

where the HSF cohort is somewhat randomly activing a large number of genes at low levels that lack a 

known structure.  

To take this conjecture a step further, is it possible that a high frequency of seizures results in a 

reduced level of response over time? The suggestion being that there is a certain level of fatigue 

associated with constantly having to initiate a response to seizure activity. A parallel to this would be the 
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suppression of an immune response over time to persistent infection or cancer via chronic inflammation 

(Kanterman et al. 2012). These are obviously very different forms of injury but there is some evidence in 

the data that overall response in the HSF is more muted. Another theory would be that, due to the 

closer proximity of seizures to each other in the HSF cohort, there is simply not enough time to repair 

the damage before the next insult. Therefore, the genes and pathways involved in the later stages of 

repair never get the chance to activate. There is also a high likelihood that the restructuring of the 

neuronal networks and structural changes in the brain caused by more recurrent seizures (Beverlin et al. 

2013) is playing a role in the differential profiles of the LSF and HSF cohorts as well. 

Another important question to discuss surrounds the possibility that the incomplete or fractured 

transcriptional response of the HSF group is likely maintaining a lower seizure threshold thereby 

increasing the likelihood for additional seizures. The question of “do seizures beget seizures?” has been 

discussed at length (Sills 2007, Ben-Ari et al. 2008, Avanzini et al. 2013) and there is evidence for both 

sides but in some ways the better question is “can a better endogenous response prevent further 

seizures?”.  

There were numerous limitations in this study that prevent answering any of these questions 

with certainty. Due to the difficulty of acquiring hippocampal tissue from humans, the sample size was 

lower than optimal. Furthermore, we do not have specific data on the patient’s seizure activity in the 

days prior to having the sample resected so we are unable to control for the effect the most recent 

seizure on the expression profile of each sample. The etiology of each patient’s TLE was also varied and 

may have played a role in the individual frequency of each patient’s seizures. Further study of the varied 

responses to both high and low frequency seizures will hopefully begin to clarify the dynamics of 

transcriptional response and how they may be altered where possible.  
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Figure Legends 

Figure 1. MDS plot containing high and low seizure frequency samples 

Figure 2. Schematic of immediate-early genes (IEGs) acting in the neuronal environment. 

In animal studies, the IEGs have been shown to spike in expression directly following electroconvulsive 
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Subject # Age/SZ duration(yr) Sex SZ freq/mo  OPLat.   Etiology 

31   32/17    M  4   R   Unk 
38   32/29    M  4   R   Unk 
63   21/Unknown   M 8   R   Unk 
67   31/16    F 8   R   Unk 
82   32/8    F  0.33   R   CVA 
81   16/10    M  4   R   Unk 
65   30/8    M  4   R   OD 
80   19/7    M  60   L   TBI 
56   56/44    M  120   R   Men 
55   41/21    F  20   R   Unk 
60   38/33    M  30   R   Unk 
68   38/37    M  10   R   Feb 

 
Table 1. Subject # = Tissue bank ID; Seizure duration = duration of seizures prior to surgery; SZ freq/mo = 
frequency of seizures per month prior to surgery; OP Lat = laterality of anterior temporal lobectomy & 
amygdalohippocampectomy; Etiol = etiology of seizures; Unk = unknown; CVA = stroke; OD = drug 
overdose; TBI = traumatic brain injury; Men = meningitis; Feb = febrile illness. 
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Gene   Fold Change   PValue   FDR 

KCNU1   -21.474    2.1E-05   3.0E-03 
SCNN1G  -13.412    5.7E-06   1.0E-03 
KCNG3   -8.738    2.8E-11   4.2E-08 
KCNV1   -4.149    3.1E-07   1.0E-04 
CACNA1I  -4.106    6.3E-10   5.6E-07 
KCNIP2   -3.438    2.4E-07   8.5E-05 
KCNA1   -3.308    2.4E-07   8.6E-05 
KCNA4   -3.034    3.0E-05   4.0E-03 
KCNQ5   -2.750    2.2E-05   3.0E-03 
CACNA1C  -2.721    7.1E-06   1.2E-03 
KCNJ4   -2.677    9.2E-05   1.0E-02 
KCNA3   -2.638    5.7E-04   3.8E-02 
KCNC2   -2.460    9.0E-05   9.9E-03 
KCNJ6   -2.454    4.4E-05   5.5E-03 
CACNA1E  -2.439    5.1E-05   6.2E-03 
CACNG8  -2.403    6.4E-05   7.4E-03 
KCNC1   -2.343    1.9E-04   1.7E-02 
CACNA1B  -2.274    1.9E-04   1.7E-02 
KCNK1   -2.245    3.0E-04   2.4E-02 
KCNC4   -2.219    6.5E-04   4.2E-02 
KCNC3   -2.219    5.2E-04   3.6E-02 
SCN3A   -2.186    3.8E-04   2.9E-02 
KCNJ3   -2.174    4.7E-04   3.3E-02 
KCNK10    2.315    3.7E-04   2.8E-02 
KCNJ2    2.762    4.8E-06   9.0E-04 
CLCA4    2.942    3.2E-05   4.2E-03 
KCNH8    3.119    3.3E-07   1.1E-04 

 
Table 2. Ion channel genes dysregulated between low and high frequency seizure groups sorted by fold 
change. 
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Gene   Family     FoldChange  PValue  FDR 

NPS  Neuropeptide B/W family  -280.051  2.4E-10  2.7E-07 
GRP  Bombesin-like peptide gene family -40.505   2.7E-13  6.1E-10 
PDYN  Opioid gene family    -21.174   5.6E-34  8.9E-30 
NPY2R  F- and Y-amide gene family  -12.446   5.7E-14  1.4E-10 
CHGB  Granins     -6.014   5.1E-15  1.5E-11 
CARTPT  No-family neuropeptides  -5.495   5.5E-06  1.0E-03 
SCG2  Granins     -4.285   9.8E-11  1.2E-07 
SSTR3  Somastostatin gene family   -3.954   1.5E-04  1.4E-02 
VGF  Granins     -3.933   1.4E-09  1.2E-06 
VIP  Glucagon/secretin gene family   -3.875   8.7E-05  9.6E-03 
NPY1R  F- and Y-amide gene family  -3.690   2.4E-06  5.0E-04 
CBLN4  Cerebellins    -3.434   2.3E-05  3.2E-03 
NXPE3  Neurexophilin, PC-Esterase Family 2.197   3.2E-04  2.6E-02 
NPY  F- and Y-amide gene family  2.888   2.6E-06  5.4E-04 

 
Table 3. Neuropeptide genes with dysregulated expression in the hippocampus when comparing low 
and high seizure frequency cohorts. 
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Pathway    # genes in data/pathway fold Enrichment P-value 

     
Pathways enriched in Low Seizure frequency group     
     
regulation of neuronal synaptic plasticity (GO:0048168)  10/52   7.33  1.45E-02 
peptide hormone secretion (GO:0030072)   10/58   6.57  3.76E-02 
potassium ion transmembrane transport (GO:0071805)  24/156   5.86  9.48E-08 
hormone transport (GO:0009914)    13/85   5.83  5.39E-03 
hormone secretion (GO:0046879)    11/73   5.74  4.47E-02 
potassium ion transport (GO:0006813)    25/174   5.48  1.48E-07 
regulation of synaptic plasticity (GO:0048167)   22/154   5.45  2.69E-06 
signal release (GO:0023061)     21/171   4.68  9.14E-05 
regulation of synapse organization (GO:0050807)   15/127   4.5  1.82E-02 
response to calcium ion (GO:0051592)    14/119   4.48  4.13E-02 
regulation of synapse structure or activity (GO:0050803)  15/131   4.36  2.64E-02 
positive regulation of chemotaxis (GO:0050921)   15/132   4.33  2.89E-02 
modulation of chemical synaptic transmission (GO:0050804) 35/309   4.32  1.08E-08 
neurotransmitter transport (GO:0006836)   16/144   4.24  1.82E-02 
response to glucocorticoid (GO:0051384)   16/144   4.24  1.82E-02 
G-protein coupled receptor signaling pathway (GO:0007187) 20/181   4.21  1.09E-03 
adenylate cyclase-modulating G-protein coupled rec. (GO:0007188) 17/154   4.21  9.62E-03 
response to corticosteroid (GO:0031960)   17/159   4.08  1.47E-02 
trans-synaptic signaling (GO:0099537)    42/414   3.87  2.06E-09 
synaptic signaling (GO:0099536)    42/414   3.87  2.06E-09 
chemical synaptic transmission (GO:0007268)   41/407   3.84  5.00E-09 
anterograde trans-synaptic signaling (GO:0098916)  41/407   3.84  5.00E-09 
regulation of chemotaxis (GO:0050920)   18/180   3.81  1.85E-02 
axon guidance (GO:0007411)     22/228   3.68  2.55E-03 
neuron projection guidance (GO:0097485)   22/230   3.65  2.94E-03 

     
Pathways enriched in High Seizure frequency group     
     
ion transport (GO:0006811)     15/334   3.06  3.75E-02 
nervous system development (GO:0007399)   22/610   2.46  2.94E-02 
system development (GO:0048731)    32/987   2.21  6.79E-03 

 
Table 4. Pathways enriched in the dysregulated gene sets for the low seizure frequency group and the 
high seizure frequency group respectively. # genes in data/pathway (X/Y) – indicates the number of 
genes upgregulated in the data set (X) compared to the total number of genes in the given pathway (Y). 
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Gene  (4) (4) (4) (8) (10) (30) (60) (120) SUM Abs Correl 

C1orf162 41 57 71 52 72 98 109 214 714 0.974 
ABCC2  13 8 12 4 9 18 22 43 129 0.962 
SLC4A5  30 36 43 8 50 50 86 160 463 0.960 
ATP6AP1L 192 200 223 160 238 253 282 457 2005 0.957 
OCLM  22 12 21 11 17 24 33 54 194 0.955 
AP003774.4 10 16 12 7 17 21 26 41 150 0.954 
DNAJB7  13 9 12 11 19 18 24 34 140 0.949 
IGFL3  6 16 9 9 10 16 22 33 121 0.945 
GPR141  13 5 2 1 11 7 21 70 130 0.942 
FGF20  8 5 7 7 5 20 19 31 102 0.941 
CCDC122 62 66 54 32 121 113 198 254 900 0.936 
GHRL  28 29 21 17 19 35 50 62 261 0.936 
NAIP  43 84 59 43 100 82 142 195 748 0.927 
FGD3  75 59 51 32 76 100 117 162 672 0.925 
ERCC6L  17 16 19 9 12 24 28 39 164 0.920 

 
Table 5. List of top 15 genes with a raw expression value of at least 100 total reads across all samples 
with an absolute correlation coefficient cut of at least .925, Seizure frequency is indicated in parenthesis 
across the top of the table. 
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Figure 1. 
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Figure 2. 
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TABLES 

 

Table 1 – Annotated International Classification of Epileptic Seizures 

I. Partial seizures (seizures beginning locally)  

a. Simple partial seizures (consciousness not impaired)  

i. With motor symptoms 

ii. With somatosensory or special sensory symptoms 

iii. With autonomic symptoms 

iv. With psychic symptoms 

b. Complex partial seizures (with impairment of consciousness)  

i. Beginning as simple partial seizures and progressing to impairment of 

consciousness 

1. Without automatisms 

2. With automatisms 

ii. With impairment of consciousness at onset 

1. Without automatisms 

2. With automatisms 

c. Partial seizures (simple or complex), secondarily generalized  

II. Generalized seizures (bilaterally symmetric, without localized onset)  

a. Absence seizures  

i. True absence (`petit mal') 

ii. Atypical absence 

b. Myoclonic seizures  

c. Clonic seizures  

d. Tonic seizures  

e. Tonic-clonic seizures (”grand mal”)  

f. Atonic seizures  

III. Unclassified seizures 
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Table 2 - Epilepsy Syndromes Caused by Inherited Mutations in Ion Channel Genes 

Channel Gene Channel Epilepsy syndrome(s) 

SCN1A α subunit of NaV1.1 Severe myoclonic epilepsy of infancy (SMEI) 

Intractable epilepsy with generalised tonic-clonic seizures (IEGTC) 

Migrating partial seizures of infancy (MPSI) 

Generalised epilepsy with febrile seizures (GEFS+) 

SCN1B β subunit of NaV1.1 SMEI 

GEFS+ 

SCN2A α2 subunit of NaV1.2 SMEI 

Ohtahara syndrome 

Benign familial neonatal infantile seizures (BFNIS) 

West syndrome 

Infantile spasms 

GEFS+ 

SCN3A α3 of NaV1.3 Partial epilepsy 

SCN8A α8 subunit of NaV1.6 Infantile epileptic encephalopathy 

KCNQ2 KV7.2 Benign familial neonatal convulsions 

Infantile encephalopathy 

Myokymia associated with neonatal or early infantile epilepsy 

KCNQ3 KV7.3 Benign familial neonatal convulsions 

KCNMA1 Calcium-activated potassium BK 

(Big Potassium) channel 

Generalised epilepsy with paroxysmal movement disorder 

KCNA1 KV1.1 Epilepsy with episodic ataxia 

KCNA2 KV1.2 Myoclonic epilepsy and ataxia 

KCNJII Kir6.2 Developmental delay, epilepsy and neonatal diabetes mellitus (DEND syndrome) 

KCNT1 Sodium-activated potassium 

channel 

MPSI 

CACNA1H α subunit of t-type calcium 

channels 

Childhood absence epilepsy 

CACNA1A CaV2.1 channel α subunit Episodic ataxia and childhood absence epilepsy 
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Table 3. Antiepileptic drugs used in clinical practice with associated uses and limitations (Schmidt et al. 2014). 

 

 

Table 4. Antiepileptic drugs used in clinical practice with associated uses and limitations (Schmidt et al. 2014). 
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Table 5. Antiepileptic drugs used in clinical practice with associated uses and limitations (Schmidt et al. 2014). 
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FIGURES 

A.      

 

B. 

 

 

Figure 1. A. Schematic of hippocampus within the human brain (taken from http://www.wantgenius.net/HIPPOCAMPUS.html) 

B. Schematic illustration of the main structures within and surrounding the hippocampus, as seen from a coronal slice through 

its anterior part (Bearden et al. 2011). 

http://www.wantgenius.net/HIPPOCAMPUS.html
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Figure 2. A timeline for epileptogenesis in temporal lobe epilepsy. Acquired epilepsy, using temporal lobe epilepsy as an 

example, can be simplified as three stages: an initial insult, followed by epileptogenesis, and ultimately ending in a state of 

recurrent, spontaneous seizures (epilepsy). The initial insult can take several forms and is followed by both rapid and slower 

progressive changes with rapid and slower durations. Rapid changes in animal models include neuronal excitation and calcium 

influx, triggering a cascade of events that include second messenger and immediate early gene responses, modifications to pre-

existing proteins, and protein synthesis. Over time, seizure threshold is lowered by a growing increase in excitability, and the 

risk of a seizure increases. These changes may be sufficient to cause epilepsy or may stall until a second “hit” occurs. The 

second hit could be environmental, or it could be due to time-dependent gene expression or co-morbidity (Scharfman 2007). 
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Figure 3. Diagram of cell union via a Gap Junction. (taken from Wikipedia) 
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Figure 4. Epilepsy-associated alterations of functional properties in astrocytes. (1) Seizure activity leads to an increase in 

extracellular K+ concentration. Downregulation of Kir channels was observed in astrocytes in human and experimental epilepsy. 

(2) Gap junctions mediate spatial redistribution of K+. Genetic ablation of gap junction entails impaired K+ buffering and 

hyperactivity. (3) Dislocation of water channels contributes to impaired K+ buffering. (4) Blood–Brain barrier disruption, 

albumin intake and activation of TGFβ receptors lead to downregulation of Cx43, Cx30 and Kir4.1 transcripts and impaired K+ 

buffering. (5) Astrocytes are primarily responsible for glutamate uptake. Reduction of EAAT1 and EAAT2 protein is observed in 

human epileptic hippocampus. Elevated extracellular glutamate decreases the threshold for seizure induction. (6) Glutamate is 

converted into glutamine through glutamine synthetase (GS). In human epileptic hippocampus, loss of GS resulted in elevated 

extracellular glutamate levels. In experimental epilepsy, downregulation of GS was observed in the chronic phase. (7) Ca2+ 

elevations in astrocytes are mediated by metabotropic receptors. Activation mGluR5 leads to increases in intracellular Ca2+. 

Enhanced mGluR5 levels are observed in experimental and human epileptic tissue. (8) Ambient adenosine levels are controlled 

by ATP release, endonucleotidases (EN) and the activity of the astrocytic enzyme adenosine kinase (ADK). In experimental 

epilepsy, seizure induction results in upregulation of ADK and decreased ambient adenosine concentration, while genetic 

reduction of ADK prevents seizures. (9) Astrocytes from epilepsy patients presenting with tuberous sclerosis (TS) display 

decreased levels of Kir4.1 and GS protein. (10) TSC1 deletion in astrocytes entails downregulation of Cx43 and impaired K+ 

buffering. This is prevented by rapamycin which inhibits the mammalian target of rapamycin (mTOR) cascade. (11) The 

inflammatory cytokines IL-1β and TNFα inhibit glutamate uptake and increase glial glutamate release, which produces 

hyperactivity. TNFα release as observed during inflammation may entail overexcitation and neurodegeneration. (12) IL-1β and 

TNFα inhibit Cx43-mediated gap junction communication, but increase activity of Cx43 hemichannels. This might represent an 

alternative pathway for glucose entry under pathological condition. (Crunelli et al. 2014) 
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Figure 5. Two extreme examples of single and multigenic biological complexity in epileptic brain. Left, epileptic phenotype in 

mouse mutant with a solitary Nova2 knockout arises from alterations in splice patterns of a cassette of 34 synaptic proteins. 

Many of these targets are known monogenic causes of epilepsy. Right, extensive multigenic complexity in the ion channel 

variant profile (channotype) of individuals with sporadic epilepsy is similar to that found in unaffected cases. Many affected 

individuals show multiple non-synonymous single nucleotide variants in human epilepsy genes (hEP), and clinical status 

depends on the pattern, not absolute load, of variants. In silico modeling of combinatorial effects of multiple ion channel 

variants in a single model neuron demonstrates how profiles produce a spectrum of single cell firing patterns. (Nobels 2015) 
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Figure 6. The top 20 enriched clusters of DAVID categories are reported for the 12-hour, 10-day, and 6-week timepoints. 
Clusters were sorted by enrichment score and the number of upregulated genes within each cluster is reported as bars 
corresponding to the lower axis. In addition, EASE Scores (DAVID's modified Fischer Exact P-value) for each cluster are depicted 
as a measure of the association strength of genes within each cluster with a line graph corresponding to the upper axis (Hansen 
et al 2014). 
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Figure 7. A statistically significant network identified by pathway analysis. The network was overlaid with GABAergic pathway 

and the color code of molecules represents the expression levels wherein red shows upregulated and green indicates 

downregulation (Venugopal et al. 2012). 
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Figure 8. Conserved brain and blood miRNA responses following epileptogenic brain injuries (A) Profiling data show unique as 

well as common up- and down-regulated miRNAs 24 h after different epileptogenic insults to the brain. (B) Blood profiling data 

show each insult produces unique as well as shared miRNA expression responses in blood suggesting a set of common miRNAs 

that could represent biomarkers of epileptogenic brain injury. Boxes list the conserved miRNAs. Note, -3p and -5p denote 

mature miRNAs that originate from opposite arms of the same miRNA. (Henshall et al. 2014) 
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Figure 9. Venn diagram: absolute number of expressed genes found in blood, prefrontal cortex and hippocampus (Witt et al. 

2013). 
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Figure 10. Mechanisms of action of antiepileptic drugs, which act by diverse mechanisms, mainly involving modulation of 

voltage activated ion channels, potentiation of GABA, and inhibition of glutamate.27 30 Approved antiepileptic drugs have 

effects on inhibitory (left hand side) and excitatory (right hand side) nerve terminals. The antiepileptic efficacy in trials of most 

of these drugs as initial add-on does not differ greatly, indicating that seemingly similar antiseizure activity can be obtained by 

mechanisms aimed at diverse targets. However, putative mechanisms of action were determined only after discovering the 

antiseizure effects; mechanism driven drug discovery has been largely ignored.9 Abbreviations: AMPA, α-amino-3-hydroxy-5-

methyl-4-isoxazole propionic acid; GABA, γ-aminobutyric acid; GAT-1, sodium dependent and chloride dependent GABA 

transporter 1; SV2A, synaptic vesicle glycoprotein 2A. Modified, with permission, from Nature Reviews Neurology.28 (Schmidt 

et al. 2014) 
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Figure 11. Tau reduction improves survival of Scn1aRX/+ mice in a gene dose-dependent manner. Survival plots of 292 

Scn1aRX/+ mice and littermate controls with 2, 1, or no Tau alleles (n = 20–98 mice per genotype) indicate the percentage of 

live mice between 22 and 150 days postnatally. Scn1aRX/+/Tau+/+ mice differed from Scn1a+/+/Tau+/+ (p = 0.0048, hazard 

ratio [HR] = 31.0), Scn1aRX/+/Tau+/− (p = 0.00011, HR = 6.1), and Scn1aRX/+/Tau−/− mice (p = 0.026, HR 17.1). 

Scn1a+/+/Tau+/+ mice did not differ from Scn1aRX/+/Tau+/− mice (p = 0.37, HR = 5.1) or Scn1aRX/+/Tau−/− mice (p = 1.0, HR = 

1.8). Gene–dose effect: p = 0.00005, HR = 0.018 for each Tau deletion (Cox proportional hazards regression) (Gheyara et al. 

2014). 

 

 

 

 

 
 


