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Abstract
Epilepsy is a complex disease with diverse clinical characteristics that preclude a singular
mechanism. One way to gain insight into potential mechanisms is to reduce the features of epilepsy
to its basic components: seizures, epileptogenesis, and the state of recurrent unprovoked seizures that
defines epilepsy itself. A common way to explain seizures in a normal individual is that a disruption
has occurred in the normal balance of excitation and inhibition. The fact that multiple mechanisms
exist is not surprising given the varied ways the normal nervous system controls this balance. In
contrast, understanding seizures in the brain of an individual with epilepsy is more difficult because
seizures are typically superimposed on an altered nervous system. The different environment includes
diverse changes, making mechanistic predictions a challenge. Understanding the mechanisms of
seizures in an individual with epilepsy is also more complex than understanding the mechanisms of
seizures in a normal individual because epilepsy is not necessarily a static condition but can continue
to evolve over the lifespan. Using temporal lobe epilepsy as an example, it is clear that genes,
developmental mechanisms, and neuronal plasticity play major roles in creating a state of underlying
hyperexcitability. However, the critical control points for the emergence of chronic seizures in
temporal lobe epilepsy, as well as their persistence, frequency, and severity, are questions that remain
unresolved.

Introduction
Seizures and epilepsy have been documented since the earliest civilizations, before much was
understood about the nervous system at all. Most individuals with epilepsy were thought to be
possessed, and the word “seizure” is derived from that notion, implying that gods take hold or
“seize” a person at the time a convulsion occurs. Fortunately, these conceptions about
individuals with epilepsy have changed, and the current definition of a seizure has little
religious connotation. A general definition for the word “seizure” is a period of abnormal,
synchronous excitation of a neuronal population. Seizures typically last seconds or minutes
but can be prolonged and continuous in the case of status epilepticus. Importantly, the clinical
manifestations vary, and some seizures may not involve muscular contractions (convulsions)
at all.

The difference between seizures and epilepsy is commonly confused. The two are not the same.
Epilepsy is defined by a state of recurrent, spontaneous seizures. If one seizure occurs in an
individual, it may not necessarily mean that they have epilepsy because the seizure may have
been provoked and that individual may never have a seizure again. The concept of
epileptogenesis refers to the development of the state of epilepsy. It refers to the sequence of
events that converts the normal brain into one that can support a seizure. It is assumed that
groups of neurons become hyperexcitable, poised to abnormally discharge.
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Much of what we know about epilepsy emerged in the 1800s with the first evaluation of autopsy
specimens from individuals with epilepsy. The seminal work of Bouchet and Cazauvieilh in
1825 [1], followed by Sommer [2] and other scientists decades later (for a review see Scharfman
and Pedley [3]) suggested profound structural changes to the brain in patients with epilepsy.
A new era in epileptology began with neurologists such as Hughlings Jackson [4,5] in the late
1800s providing suggestions for the ways seizures might occur. In the 1900s, the most
important advances were the development of the electroencephalogram (EEG) and the first
recordings of the EEG in patients with epilepsy by Gibbs et al. [6], Jasper et al. [7], and Penfield
and Jasper [8]. In parallel, the breakthroughs in understanding the essential aspects of nerve
cell function, from Hodgkin and Huxley [9] to others (for a review see Hille [10]), shaped a
growing appreciation that epilepsy was a complex disorder that could best be understood
through diverse approaches. Today, the combined efforts of clinical and basic research have
demonstrated the wealth of potential mechanisms, facilitated by the emergence of the field of
neuroscience.

Reviewing some of the basic principles in neurobiology can provide a framework to understand
the mechanisms of seizures, epileptogenesis, and epilepsy. To understand how seizures can be
initiated, some of the most fundamental aspects of nerve cell function are useful to review,
such as electrical basis of the transmembrane potential and action potential. Mechanisms
governing synaptic transmission can also provide insight. Finally, one of the most remarkable
characteristics of the nervous system, its plasticity, is reflected in mechanisms underlying
epileptogenesis. Thus, fundamental aspects of central nervous system (CNS) structure and
function have provided a long list of potential mechanisms for seizures, epileptogenesis, and
epilepsy. These ideas have been supported by information from genetic models of epilepsy,
where mutations in the molecular components of nerve cell function have been shown to cause
epilepsy in mice.

The Neurobiology of Seizures
Seizures can be caused by multiple mechanisms, and often they appear so diverse that one
would suspect that no common theme applies. However, one principle that is often discussed
is that seizures arise when there is a disruption of mechanisms that normally create a balance
between excitation and inhibition. Thus, normally there are controls that keep neurons from
excessive action potential discharge, but there are also mechanisms that facilitate neuronal
firing so the nervous system can function appropriately. Disrupting the mechanisms that inhibit
firing or promoting the mechanisms that facilitate excitation can lead to seizures. Conversely,
disrupting the mechanisms that bring neurons close to their firing threshold, or enhancing the
ways neurons are inhibited, usually prevents seizure activity.

Although the concept of a balance provides a useful model for mechanisms that can initiate
seizures, it is daunting to consider the array of potential mechanisms. One approach that distills
the long list into a more manageable form is to examine mechanisms at different “levels” of
the nervous system: first as ions and membranes, then cells and circuits/synapses, and finally
large-scale neuronal networks.

The electrical basis of nerve cell function
At the most fundamental level, the nervous system is a function of its ionic milieu, the chemical
and electrical gradients that create the setting for electrical activity. Therefore, some of the
most easily appreciated controls on excitability are the ways the nervous system maintains the
ionic environment. An example is the electrical basis of resting membrane potential. Resting
potential is set normally so that neurons are not constantly firing but are close enough to
threshold so that it is still possible that they can discharge, given that action potential generation
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is essential to CNS function. The control of resting potential becomes critical to prevent
excessive discharge that is typically associated with seizures.

Normally a high concentration of potassium exists inside a neuron and there is a high
extracellular sodium concentration, as well as additional ions, leading to a net transmembrane
potential of −60 mV [11]. If the balance is perturbed (eg, if potassium is elevated in the
extracellular space), this can lead to depolarization that promotes abnormal activity in many
ways [12]: terminals may depolarize, leading to transmitter release, and neurons may
depolarize, leading to action potential discharge. Pumps are present in the plasma membrane
to maintain the chemical and electrical gradients, such as the sodium-potassium ATPase,
raising the possibility that an abnormality in these pumps could facilitate seizures. Indeed,
blockade of the sodium-potassium ATPase can lead to seizure activity in experimental
preparations [13], suggesting a role in epilepsy [14]. The sodium-potassium pump is very
interesting because it does not develop in the rodent until several days after birth, and this may
contribute to the greater risk of seizures in early life [15,16]. In addition to pumps, glia also
provide important controls on extracellular ion concentration, which has led many to believe
that glia are just as important as neurons in the regulation of seizure activity [17,18]. Thus, the
control of the ionic environment provides many potential targets for novel anticonvulsants.

It is important to bear in mind that seizures, by themselves, can lead to the changes in the
transmembrane gradients. For example, seizures are followed by a rise in extracellular
potassium, a result of excess discharge. This can lead to a transient elevation in extracellular
potassium that can further depolarize neurons. Thus, the transmembrane potential is a control
point that, if perturbed, could elicit seizures and begin a “vicious” cycle, presumably controlled
by many factors that maintain homeostasis, such as pumps and glia.

The ionic basis of the action potential is another example of a fundamental aspect of
neurobiology that can suggest potential mechanisms of seizures. Neurons are designed to
discharge because of an elegant orchestration of sodium and potassium channels that rely on
chemical and ionic gradients across the cell membrane. Abnormalities in the sodium channel
might lead to a decrease in threshold for an action potential if the method by which sodium
channel activation is controlled changes (ie, sodium channels are activated at more negative
resting potentials or sodium channel inactivation is impaired). Indeed, it has been shown that
mutations in the subunits of the voltage-dependent sodium channels can lead to epilepsy. A
specific syndrome, generalized epilepsy with febrile seizure plus, is caused by mutations in
selected genes responsible for subunits of the voltage-dependent sodium channel [19]. The
mutation does not block sodium channels, presumably because such a mutation would be lethal,
but they modulate sodium channel function. This concept, that modulation—rather than
essential function—is responsible for genetic epilepsies, has led to a greater interest in directing
the development of new anticonvulsants at targets that are not essential to, but simply influence,
CNS function.

Synaptic transmission
Research into seizures has gravitated to mechanisms associated with synaptic transmission
because of its critical role in maintaining the balance between excitation and inhibition. As
more research has identified the molecular mechanisms of synaptic transmission, it has become
appreciated that defects in almost every step can lead to seizures.

Glutamatergic and γ-aminobutyric acid (GABA)-ergic transmission, as the major excitatory
and inhibitory transmitters of the nervous system, respectively, have been examined in great
detail. It is important to point out, however, that both glutamate and GABA may not have a
simple, direct relationship to seizures. One reason is that desensitization of glutamate and
GABA receptors can reduce effects, depending on the time-course of exposure. In addition,
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there are other reasons. GABA-ergic transmission can lead to depolarization rather than
hyperpolarization if the gradients responsible for ion flow through GABA receptors are altered.
For example, chloride is the major ion that carries current through GABAA receptors, and it
usually hyperpolarizes neurons because chloride flows into the cell from the extracellular
space. However, the K+Cl− co-transporters (KCCs) that are pivotal to the chloride gradient are
not constant. In development, transporter expression changes, and this has led to evidence that
one of the transporters, NKCC1, may explain seizure susceptibility early in life [20•].

The relationship of glutamate to excitation may not always be simple either. One reason is that
glutamatergic synapses innervate both glutamatergic neurons and GABA-ergic neurons in
many neuronal systems. Exposure to glutamate could have little net effect as a result, or
glutamate may paradoxically increase inhibition of principal cells because the GABA-ergic
neurons typically require less depolarization by glutamate to reach threshold. It is surprisingly
difficult to predict how glutamatergic or GABA-ergic modulation will influence seizure
generation in vivo, given these basic characteristics of glutamatergic and GABA-ergic
transmission.

Synchronization
Excessive discharge alone does not necessarily cause a seizure. Synchronization of a network
of neurons is involved. Therefore, how synchronization occurs becomes important to consider.
There are many ways neurons can synchronize. In 1964, Matsumoto and Ajmone-Marsan
[21] found that the electrographic events recorded at the cortical surface during seizures
corresponded to paroxysmal depolarization shifts (PDS) of cortical pyramidal cells occurring
synchronously. These studies led to efforts to understand how neurons begin to fire in concert
when normally they do not.

Glutamatergic interconnections are one example of a mechanism that can lead to
synchronization. Indeed, studies of the PDS suggested that the underlying mechanism was a
“giant” excitatory postsynaptic potential [22], although it was debated widely at that time if
this was the only cause. Thus, pyramidal cells of cortex are richly interconnected to one another
by glutamatergic synapses. Gap junctions on cortical neurons are another mechanism for
synchronization. Gap junctions allow a low-resistance pathway of current flow from one cell
to another, so that coupled neurons are rapidly and effectively synchronized. It was thought
that gap junctions were rare, so it was unlikely that they could play a major role, but further
study led to the appreciation that even a few gap junctions may have a large impact on network
function [23]. Another mechanism of synchronization involves, paradoxically, inhibition.
Many GABA-ergic neurons that innervate cortical pyramidal cells, such as the cell type that
controls somatic inhibition (the basket cell), make numerous connections to pyramidal cells in
a local area. Therefore, discharge of a single interneuron can synchronously hyperpolarize a
population of pyramidal cells. As GABA-ergic inhibition wanes, voltage-dependent currents
of pyramidal cells become activated. These currents, such as T-type calcium channels and
others, are relatively inactive at resting potential, but hyperpolarization relieves this inhibition.
The result is a depolarization that is synchronous in a group of pyramidal cells [24].

Some of the changes that develop within the brain of individuals with epilepsy also promote
synchronization. Such changes are of interest in themselves because they may be one of the
reasons why the seizures are recurrent. These changes include growth of axon collaterals of
excitatory neurons, typically those that use glutamate as a neurotransmitter and are principal
cells. An example is the dentate gyrus granule cell of hippocampus. In animal models of
epilepsy and in patients with intractable temporal lobe epilepsy (TLE), the axons of the granule
cells develop new collaterals and the new collaterals extend for some distance. They do not
necessarily terminate in the normal location but in a novel lamina, one that contains numerous
granule cell dendrites. Electron microscopy has shown that the new collaterals innervate
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granule cell dendrites, potentially increasing recurrent excitatory circuits. Some argue that
recurrent inhibition increases as well as recurrent excitation [25], but the fact remains that new
synaptic excitatory circuits develop that are sparse or absent in the normal brain [26]. The
resultant “synaptic reorganization” not only can support synchronization, potentially, but it
also illustrates how the plasticity of the nervous system may contribute to epileptogenesis
[27].

The Neurobiology of Epilepsy
Why consider that the neurobiology of seizures may be distinct from epilepsy? The premise is
that the state of recurrent seizures is associated with underlying structural and functional
abnormalities. Some of the alterations may be easily visualized and, therefore, compelling, but
one could argue that even without evidence of structural changes, the molecular and subcellular
components of the nervous system are not the same as a normal brain. Data from laboratory
animals support this premise: when the brains of animals with recurrent seizures are examined,
there are diverse changes in gene expression and function at the ultrastructural level. In light
of this, the neurobiology of epilepsy is a different question than the neurobiology of a seizure.

Mechanisms of seizures in TLE
One of the types of epilepsy that can serve as a useful example is TLE. There are two
fundamental questions to address if one is to explain seizure generation in TLE. First, what is
the reason for the underlying hyperexcitability of the brain that characterizes the interictal
period, the setting upon which a seizure is initiated? Second, what causes the intermittent,
recurrent seizures?

It is important to consider the assumptions that have influenced the research to answer these
questions because several assumptions may be misleading. For example, it is often assumed
that all seizures in TLE are due to the same mechanism. If TLE is multifocal, that may not be
the case. Even if there is a predominant focus, there might be more than one problem and,
therefore, more than one mechanism. Indeed, in a patient with extremely frequent seizures,
perhaps there are many underlying mechanisms, and this is why seizures are so common.
Intractability to currently available anticonvulsants may reflect the fact that there are many
mechanisms for seizure generation in a given patient, and if one is inhibited other mechanisms
still exist.

What are some of the mechanisms that have been identified? In broad terms, there are 1)
seizures due to genetic causes, 2) seizures due to developmental disorders or malformations,
and 3) seizures that develop after a progression of changes in response to an insult or injury.
None of these mechanisms are mutually exclusive, however [28]. Genes are likely to influence
acquired epilepsy, and a cortical malformation may be present in those individuals who develop
epilepsy after an insult or injury. On its own, the cortical abnormality may not generate seizures
but it could influence the development of TLE. Genetic factors are reviewed elsewhere [19,
29], as are the known types of developmental disorders that are likely to contribute [30–32].
The following text addresses current concepts related to the ways an initial insult or injury can
lead to epilepsy.

Mechanisms of acquired epileptogenesis in TLE
In many individuals with TLE, an initial insult or injury leads to a period of time without
evidence of overt seizures, and then recurrent seizures begin. These stages are schematically
illustrated in Figure 1. It is important to point out that many aspects of the schematic are
debatable. For example, one could challenge the idea that the initial insult, early in life, is the
onset, because TLE may be influenced by genetics from the time of conception. It is also not
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clear if there really is very little seizure activity in the “latent” period between the initial insult
or injury, so the use of the term “silent” period is no longer warranted. Whether the state of
recurrent seizures represents that end of the progression and is, therefore, a static period is also
debated.

These considerations notwithstanding, the schematic represents an outline of a time-course
upon which one can superimpose potential mechanisms. Thus, the fact that many individuals
with TLE have experienced an event (typically early in life) that could be an initial insult is
compelling. It suggests that an initial insult begins a process that ultimately leads to recurrent
seizures. If it does not actually “begin” the process, at the very least it seems likely that it
facilitates it. Examples include birth trauma, a febrile seizure, or infection such as encephalitis.
However, the insult also may occur later, and a common example is a war injury as an adult
that leads to TLE decades later. The fact that these events are injurious, leading to neuronal
damage, and the fact that many patients with TLE have dramatic neuronal loss upon autopsy,
have led many to conclude that damage to neurons is critical to the pathophysiology of TLE
[33]. Furthermore, it appears that certain types of neurons are more vulnerable than others,
such as hippocampal CA1 and the endfolium relative to the dentate gyrus and CA2 [3]. This
has led to the assumption that the pattern of neuronal loss may also be important in TLE and
the idea that protection of vulnerable neuronal populations could be advantageous. However,
there is no clear proof to date that the selective loss of CA1 pyramidal cells, for example, is a
key component of TLE.

The fact that a delay appears to occur between an initial insult and the first seizures has led
many to suggest that a progression of changes in response to the initial insult is critical in
epileptogenesis. However, the latent period can be very long, even decades in some patients.
That observation has led some to suggest that additional environmental factors or “second hits”
could be important in ultimately causing seizures to emerge [34].

These ideas, although reasonable and helpful in some ways, leave one with as many questions
as answers. Why do some individuals with an initial insult never develop TLE? What occurs
during the latent period? What are the mechanisms, exactly? Can they help explain why current
anticonvulsants often fail in TLE?

Clues from animal models
In laboratory animals, the environment can be much better controlled and so can genetic factors.
In addition, the lifespan is much shorter. Therefore, animal research provides opportunities to
answer some of the questions listed previously.

Before evaluating data from laboratory animals, the models used in animals to simulate TLE
require discussion. One reason is that they are not perfect, although they do allow a model of
the process by which an initial insult leads to recurrent limbic seizures after a delay or latent
period. The most common approach is to elicit status epilepticus in an adult male rat or mouse,
using either a convulsant (pilocarpine, kainic acid) or electrical stimulation. Although
prolonged status in the adult rodent typically leads to widespread damage to the brain much
more than in TLE, administration of anticonvulsants soon after the onset of status or use of
anesthesia [35,36] limits the damage, so that it resembles what is observed in humans, although
not exactly. Additional models include the treatment of young rats with heat to initiate febrile
seizures [37], whereas other laboratories use head trauma [38]. Importantly, data from these
models have changed some previous conceptions about the nature of the initial insult and latent
period and have identified potential mechanisms.

The perspective that a critical step is neuronal damage, presumably due to excitotoxicity, has
been revised in light of the data from the febrile seizure model, where neuronal death does not
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appear necessary. However, there may simply be a difference in mechanisms associated with
TLE after febrile seizures compared with TLE that follows an insult that occurs as an adult.
Nevertheless, the febrile seizure model has provided important information about the events
associated with febrile seizures and how they lead to epileptogenesis. For example,
proinflammatory cytokines appear to be important [39•]. Gene expression studies corroborate
a role of the immune system [40•].

A theme that appears constant across models is that the initial insult sets into motion a cascade
of changes in gene expression that alters molecular and cellular constituents of neuronal (and
glial) networks. Some of these are due to the upregulation of growth factors, as if the brain
recapitulates developmental programs in response to the initial insult [41]. The distribution
and expression of proteins that control the balance of excitation and inhibition dramatically
changes. In addition, there are new synaptic connections that develop. There seem to be
different examples from model to model, but the general theme is consistent. The fact that
some changes involve complex growth of axons over long distances provides an explanation
of why the latent period may require a long period of time, but this is still an unsettled question.

Although this discussion provides suggestions for the mechanisms of epileptogenesis in TLE,
it does not explain the emergence of recurrent seizures at some point in the process (ie, what
finally happens to initiate the first seizure). Presumably, enough changes occur to perturb the
balance between excitation and inhibition so that even the normal range of brain activity can
periodically reach seizure threshold.

What makes seizures occur repeatedly once they have begun? At the present time, there are
two general answers. First, seizures involve a series of post-seizure sequelae that essentially
prevent seizures for a period of time thereafter. When the post-seizure “depression” wanes,
another seizure could occur, particularly if underlying hyperexcitability is such that even the
normal range of activity in the CNS is able to reach seizure threshold. Evidence for this
hypothesis comes from the recordings of the postictal period, when the EEG essentially
becomes a flat line and behavioral immobility occurs. However, it is not a completely satisfying
explanation because the EEG and behavior can recover long before another seizure occurs.
One could argue that there are other aspects of the brain that must recover before another seizure
can occur, but little evidence has been collected to support this idea.

Another explanation is that seizures are triggered by many aspects of the environment. For
example, there are circadian changes in hormones, peptides, and other neuromodulators that
may initiate seizures at certain times of the day. These ordinarily would not trigger seizures,
but in a brain that has been altered so that there is an underlying state of increased excitability
it is possible that they would. In humans, stressful life events appear to increase the risk of a
seizure in some patients as do other external or environmental influences such as visual stimuli
[42]. Changes inherent to normal life, such as the sleep-wake cycle, puberty, or aging, also
influence seizures in individuals with epilepsy [43].

Conclusions
In summary, seizure generation in the normal brain has many potential mechanisms, and this
is not surprising in light of the multitude of ways the CNS is designed to balance excitation
and inhibition. In TLE, it seems reasonable to suggest that there are changes in the CNS that
create a setting of increased excitability, and superimposed upon this are intermittent recurrent
seizures. One could argue that the mechanisms that create the altered state of excitability reflect
the mechanisms for normal growth and plasticity that are essential for limbic system function.
Thus, the mechanisms that allow the CNS to develop into a complex structure and the
mechanisms that provide plasticity, which are so important to its ability to function in a
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changing environment, do not come without risk—the risk of epileptogenesis. Although many
of these issues are still unresolved, past years have witnessed substantial progress, largely
resulting from the interplay between clinical and basic research in epilepsy.
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Figure 1.
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. Within days, there can be cell death and proliferation as well as inflammatory, glia,
and vascular responses. Slower responses include growth (eg, axon outgrowth, synaptogenesis,
angiogenesis), leading to synaptic reorganization, and this may in turn cause other changes.
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. Therefore, genes, development, and the responses to the initial
insult are likely to act together to result in a state of chronic seizures.

Scharfman Page 11

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2008 July 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


