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Abstract
Epilepsy is one of the most common neurological disorders. Although epilepsy can be idiopathic, it
is estimated that up to 50% of all epilepsy cases are initiated by neurological insults and are called
acquired epilepsy (AE). AE develops in 3 phases: (1) the injury (central nervous system [CNS] insult),
(2) epileptogenesis (latency), and (3) the chronic epileptic (spontaneous recurrent seizure) phases.
Status epilepticus (SE), stroke, and traumatic brain injury (TBI) are 3 major examples of common
brain injuries that can lead to the development of AE. It is especially important to understand the
molecular mechanisms that cause AE because it may lead to innovative strategies to prevent or cure
this common condition. Recent studies have offered new insights into the cause of AE and indicate
that injury-induced alterations in intracellular calcium concentration levels [Ca2+]i and calcium
homeostatic mechanisms play a role in the development and maintenance of AE. The injuries that
cause AE are different, but they share a common molecular mechanism for producing brain damage
—an increase in extracellular glutamate concentration that causes increased intracellular neuronal
calcium, leading to neuronal injury and/or death. Neurons that survive the injury induced by
glutamate and are exposed to increased [Ca2+]i are the cellular substrates to develop epilepsy because
dead cells do not seize. The neurons that survive injury sustain permanent long-term plasticity
changes in [Ca2+]i and calcium homeostatic mechanisms that are permanent and are a prominent
feature of the epileptic phenotype. In the last several years, evidence has accumulated indicating that
the prolonged alteration in neuronal calcium dynamics plays an important role in the induction and
maintenance of the prolonged neuroplasticity changes underlying the epileptic phenotype.
Understanding the role of calcium as a second messenger in the induction and maintenance of
epilepsy may provide novel insights into therapeutic advances that will prevent and even cure AE.
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1. Introduction
1.1. Epilepsy

Epilepsy is a neurological disorder characterized by recurrent, unprovoked seizures. A seizure
is the symptomatic, behavioral manifestation of abnormal, disordered, spontaneous, and
synchronized, high-frequency firing of populations of neurons in the central nervous system
(CNS; Lothman et al., 1991; McNamara, 1994, 1999). The overt behavioral signs and
symptoms associated with a seizure are, in large part, attributed to the normal function of the
involved neurons; therefore, seizure expression can be diverse (Hauser & Hesdorffer, 1990).
Epilepsy can also vary in age of onset, cause, seizure type, and pattern of the
electroencephalogram (DeLorenzo, 1989, 1991). This diversity of expression has led to the
standard classification of epilepsy and the numerous different epilepsy syndromes (Frazen,
2000). Although epilepsy can manifest itself in a number of different ways, each type of
epilepsy shares the common feature of persistently increased neuronal excitability that
manifests sporadically as seizure generation (Lothman et al., 1991; McNamara, 1994, 1999).

Epilepsy is a common condition affecting ~1–2% of the population worldwide (Hauser &
Hesdorffer, 1990; McNamara, 1999). Studies from the United States, Europe, China, and
Africa report prevalence rates between 5 and 8 per 1000 (Dowzendo & Zielinski, 1971; Hauser
& Kurland, 1975; Li et al., 1985; Haerer et al., 1986; Osuntokun et al., 1987; Hauser &
Hesdorffer, 1990). The incidence of epilepsy is slighter higher in men than in women
(Annegers, 1993) and appears to be higher in African-Americans than in Caucasians (Haerer
et al., 1986). With exclusion of all other known factors, age alone constitutes a risk for epilepsy
with a magnitude of 1.3 for every decade of life over the age of 30 (Ng et al., 1993).
Interestingly, this age dependence of the incidence of epilepsy has shifted over recent years.
Whereas the majority of epilepsies were once manifested in childhood and adolescence, today,
the incidence is higher in persons over the age of 65 than during the first 2 decades of life
(Kramer, 2001). In fact, epilepsy is the third most frequent neurological disorder encountered
in the elderly after cerebrovascular disease and dementia (Kramer, 2001). In addition to
epilepsy, population-based epidemiological studies demonstrate that status epilepticus (SE), a
severe form of seizures, has a much greater incidence than previously reported and like
epilepsy, also manifests the highest incidence in childhood and in the elderly, and is often
present as the first seizure type in the development of epilepsy (DeLorenzo et al., 1995,
1996; DeLorenzo, 1997).

Epilepsy impacts society on multiple levels. From an economic standpoint, the total annual
cost of epilepsy is estimated at nearly US$4 billion in direct medical expenses combined with
indirect expenses such as lost wages, cost of home care, and premature death (Murray et al.,
1996). The cost of SE is even higher (Penberthy et al., in press). Although advances have been
made in the development of new anticonvulsant drugs and the surgical treatment of epilepsy,
~50% of epilepsy cases remain refractory to medical interventions and epilepsy greatly burdens
the quality of life of 1–2 million Americans (Hauser & Hesdorffer, 1990). In daily life, both
refractory epileptic patients, as well as epileptic patients dealing with constant management
issues of treatment, can suffer from limitations in mental and physical functions, difficulties
in employment status of both the individual and the family caregivers and altered interpersonal
relationships at work, home, and school (Cramer et al., 1999; Buelow, 2001). Thus, the stigma
associated with epilepsy, as well as functional disabilities of the disease, can greatly diminish
the quality of life of persons with epilepsy (Beghi et al., 2004; Benavente-Aguilar et al.,
2004; McEwan et al., 2004).
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1.2. Idiopathic and acquired epilepsy
Although a significant number of epilepsy cases are idiopathic, it is estimated that up to 50%
of epilepsy cases are associated with a previous neurological insult and are called acquired
epilepsy (AE; DeLorenzo, 1989, 1991; Hauser & Hesdorffer, 1990). The other 50% of epilepsy
cases occur in the absence of other brain abnormalities (Frazen, 2000). These epilepsies are
called idiopathic, in that there is no known cause for the manifestation of epilepsy. Ongoing
research in the field of medical genetics has led to the recent elucidation of an underlying cause
for some of these idiopathic cases with the identification of cell migration abnormalities (Copp
& Harding, 1999; Rakic, 2000; Lee et al., 2001; Haas et al., 2002; Sato et al., 2003) and
numerous gene mutations in humans (Bertrand et al., 1998; Biervert et al., 1998; Wallace et
al., 1998) and mouse models of epilepsy (Puranam & McNamara, 1999) that may underlie
some of these idiopathic epilepsies. However, in the majority of idiopathic cases, the underlying
cause of the epileptic phenotype is still not known.

In the remaining half of epilepsy cases, a known cause or injury produces a permanent plasticity
change in a previously normal brain leading to the development of AE (Hauser & Hesdorffer,
1990; Lothman et al., 1991; McNamara, 1999). This transformation of healthy CNS tissue with
a functional balance between excitation and inhibition to brain tissue having a hyperexcitable
neuronal population of neurons is called epileptogenesis (Lothman et al., 1991; McNamara,
1999; DeLorenzo, 2004). Although genetic determinants may increase the risk that an insult
to, or abnormality of, the CNS would trigger epileptogenesis (McNamara, 1999), this review
will focus on the cellular and molecular events initiated by injury that culminate in AE. CNS
injury is the major cause of AE (Hauser & Hesdorffer, 1990). A thorough understanding of the
signaling cascades associated with the development of epileptogenesis and maintenance of the
chronic epileptic state are required for understanding the development of AE and for
developing novel interventional protocols to prevent or even cure AE (Stables et al., 2002).
This review will focus on the basic mechanisms underlying injury-induced AE and the evidence
that Ca2+ is a major second messenger that may play an important role in the development and
maintenance of AE.

1.3. The role of Ca2+ in the induction and maintenance of acquired epilepsy
SE, stroke, and traumatic brain injury (TBI) are the 3 major examples of common brain injuries
that can lead to the development of AE. These injuries, despite differences in the inciting event,
share a common molecular mechanism for producing brain damage: an increase in extracellular
glutamate concentration that has been associated with neuronal death and brain damage (Choi,
1988; Michaels & Rothman, 1990; Tymianski, 1996). The mechanisms of glutamate
excitotoxicity have been well characterized and shown to associate excessive stimulation of
glutamate receptors and a concomitant overwhelming increase in free intracellular calcium
concentration levels ([Ca2+]i) with over stimulation of Ca2+ signaling pathways leading to
neuronal death (Choi, 1988).

Calcium is a major signaling molecule in neurons, and as such, neuronal free [Ca2+]i is highly
regulated. Brief, controlled elevations in Ca2+ occur during physiological processes such as
neurotransmitter release and the plasticity changes of long-term potentiation in learning and
memory (Malenka & Nicoll, 1999; Gnegy, 2000; West et al., 2001; Tzounopoulos & Stackman,
2003). In contrast, overwhelming, irreversible elevations in [Ca2+]i, as observed in glutamate
excitotoxicity, have been implicated in mechanisms of delayed neuronal death secondary to
SE, stroke, and TBI. The Ca2+ hypothesis of epileptogenesis postulates that the
pathophysiological effects of Ca2+ on neuronal function may lie on a continuum with one
extreme characterized by brief, controlled Ca2+ loads of normal function, another extreme
characterized by irreversible Ca2+ loads and neuronal death, and a middle ground that is
characterized by sublethal, prolonged, but reversible, elevations in [Ca2+]i that trigger
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pathological plasticity changes, leading to the development of epilepsy and the persistent
elevations in [Ca2+]i that are associated with the epileptic phenotype play a role in maintaining
chronic epilepsy. Thus, after a CNS injury, neurons via several mechanisms undergo elevations
in [Ca2+]i. If the injury is sufficiently severe, the Ca2+ overload becomes irreversible leading
to neuronal death. However, a less severe, epileptogenic CNS injury can lead to prolonged
elevations in [Ca2+]i that are eventually buffered by neurons. The Ca2+ hypothesis of
epileptogenesis proposes that these surviving neurons in the face of extended Ca2+ exposure
undergo plasticity changes leading to epilepsy.

After a CNS insult, in the context of a relatively complicated set of variables including injury
severity, anatomic location, physiological redundancy, and genetics, the complete spectrum of
Ca2+ changes can occur at one time in different areas of the injured brain. Inherent to the
Ca2+ hypothesis of epileptogenesis is the relatively, simple conception that dead neurons do
not seize. Thus, neurons that survive a CNS injury are the potential substrate for the
development of epilepsy. The purpose of this article is to review and summarize the evidence
that long-term alterations in neuronal Ca2+ function in neurons that survive a brain insult
underlie both the development and maintenance of the epileptic condition.

Furthermore, targeting alterations in Ca2+ homeostatic mechanisms induced in the
development of AE may offer novel strategies for the development on new anticonvulsant,
antiepileptogenic, and possibly agents that may cure AE (DeLorenzo, in press). Thus,
understanding the role of Ca2+ in the development and maintenance of AE may offer important
clinically relevant strategies to prevent or possibly cure this common neurological condition.

2. Acquired epilepsy and epileptogenesis— central nervous system insults
lead to acquired epilepsy
2.1. Central nervous system injuries that produce acquired epilepsy

Epileptogenesis can be initiated by a number of types of brain lesions (Herman, 2002) and
these numerous etiologies vary with age (Anderson et al., 1999). Illness in the form of tumors,
infections, and degenerative diseases all increase the incidence of AE (Annegers, 1993).
Developmental deficits, such as cerebral palsy, are the major risk factor for epileptogenesis in
children and account for 18% of all AE cases (Hauser et al., 1991). The 3 major injuries to the
brain produce the majority of AE and include SE, stroke, and TBI. SE is a common
epileptogenic brain injury that has been extensively studied and shown to be a common cause
of AE (Lothman & Bertram, 1993; DeLorenzo et al., 1995, 1996). Cerebral ischemia, or stroke,
is also a common cause of AE accounting for ~40% of all AE cases (Hauser et al., 1991). In
fact, up to 25% of stroke patients develop epilepsy (Witte & Freund, 1999). Stroke is the major
risk factor for epilepsy in persons over the age of 45 (Hauser & Kurland, 1975). TBI, the major
risk factor in young adults, is responsible for 13% of acquired epilepsies (Hauser & Hesdorffer,
1990; Hauser et al., 1991). Thus, brain injury is the major cause of AE and SE; stroke and TBI
are the major common injuries that need to be studied to develop potential methods of
prevention and cures for AE.

2.2. Three phases in the development of acquired epilepsy
Although epileptogenic CNS insults are sometimes associated with seizures in the acute setting,
more often, a latent period exists before the manifestation of spontaneous recurrent seizures
of epilepsy (Pitkanen, 2002; Pitkanen & Sutula, 2002). It is during this “silent” or latency
period that epileptogenesis occurs. Traumatized, but surviving, neurons manifest the diverse
neuronal plasticity changes in anatomic, biochemical, and physiological properties that lead
to hyperexcitability. The injury causes a permanent change in neuronal processes that alters
neuronal function through the induction and maintenance of long-term plasticity changes that
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underlie the development of AE. The current understanding of the development of AE is that
it goes through 3 major phases of development: (1) the injury (acute), (2) epileptogenesis
(latency), and (3) chronic epilepsy (spontaneous recurrent seizures) phases (Pitkanen, 2002;
Pitkanen & Sutula, 2002). A major question in neuroscience research is how can the initial
injury involved in causing AE produce these long-term changes in neuronal excitability. A
major research effort in this laboratory has been to attempt to address this question. Emerging
research has demonstrated that Ca2+, as a major second messenger system, underlies many of
these injury-induced plasticity changes associated with the development of AE (DeLorenzo et
al., 1998, Rice & DeLorenzo, 1998; Pal et al., 2000, 2001; Sun et al., 2002; Sun et al., 2004).

2.3. The role of Ca2+ in the development of acquired epilepsy
Several studies have led to the development of the Ca2+ hypothesis of epileptogenesis that
implicates Ca2+ as a second messenger involved in the induction and maintenance of AE
(DeLorenzo et al., 1998; Rice & DeLorenzo, 1998; Pal et al., 2000, 2001; Sun et al., 2002,
2004). The Ca2+ hypothesis of epileptogenesis has been developed from these studies and
suggests that: (1) During the injury phase, Ca2+ reaches high levels in neurons, but not sufficient
to induce cell death; (2) During the latency phase, Ca2+ remains elevated and initiates many
second messenger effects that produce long-lasting plasticity changes in these neurons; and
(3) During the chronic epilepsy phase, Ca2+ remains elevated in the epileptic neurons and plays
a role in maintaining the spontaneous recurrent seizures. The prolonged changes in neuronal
Ca2+ dynamics play an integral signaling role in initiating and maintaining AE. Studies from
our laboratory have provided direct evidence that Ca2+ dynamics are altered in all 3 phases of
the development of AE in both the hippocampal neuronal culture and pilocarpine models of
AE (DeLorenzo et al., 1998; Rice & DeLorenzo, 1998; Pal et al., 2000, 2001; Sun et al.,
2002, 2004).

The Ca2+ hypothesis of epileptogenesis suggests a role of Ca2+ in both the induction and
maintenance of AE. In this hypothesis, we have emphasized the role of increased [Ca2+]i in
altering γ-amino butyric acid (GABA) receptor recycling as a possible mechanism for the effect
of Ca2+ on altering neuronal excitability (Blair et al., 2004). However, there are many other
effects of altered Ca2+ dynamics that effect gene transcription, protein expression and turnover,
neurogenesis, neuronal sprouting, and many other physiological processes (DeLorenzo &
Morris, 1999). At the present time, it is not possible to determine which of these processes are
individually or collectively involved in the effects of Ca2+. In addition, it is important to
emphasize that epileptogenesis is a complex process, and there may be many other second
messenger systems interacting with Ca2+ or acting independently in producing and maintaining
AE. However, the evidence for the role of Ca2+ in this process and the close relationship of
this second messenger to injury make it a likely important regulator of epileptogenesis. Thus,
understanding the role of Ca2+ in this process may offer insights into preventing or reversing
AE.

The silent period during the epileptogenesis phase represents a window of opportunity where
targeted therapies could act to inhibit epileptogenesis, thereby preventing the development of
AE. Recent studies have provided direct evidence in the SE- and stroke-induced hippocampal
neuronal culture models of AE (Pal et al., 1999, 2000, 2001; Fig. 1 and Fig 2) and the
pilocarpine model of epileptogenesis in the rat (Raza et al., 2001, 2004; Fig. 3); that [Ca2+]i is
high in hippocampal CA1 pyramidal neurons during the injury phase remains significantly
elevated in epileptogenesis and is chronically elevated in the chronic epilepsy phases of the
development of AE. These results provide the first direct evidence that these changes in
[Ca2+]i are actually altered during the injury and development of AE in both in vitro and intact
animal models of AE and provide direct support for the Ca2+ hypothesis of epileptogenesis.
This article will review the evidence for the role of Ca2+ in the pathophysiology of epilepsy.
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3. Pathophysiology of epileptogenic central nervous system insults
As characterized by epidemiological studies, many types of injuries to the CNS can result in
epileptogenesis (Herman, 2002). The most common causes of AE (SE, stroke, and TBI) are
caused by different initial injuries, but they share a common mechanism for producing neuronal
injury: the production of a pathological increase in the concentration of extracellular glutamate
and an associated increase in [Ca2+]i. These injuries can result in a spectrum of brain damage:
(1) in some circumstances leading to cell death with loss of neuronal and glial components and
(2) in other circumstances, to injured tissue that survives. By understanding the
pathophysiology of each of these injuries that induce epileptogenesis, it is possible to obtain
insights into the basic mechanisms underlying the development of spontaneous recurrent
seizures in previously normal brain tissue. The following discussion demonstrates that SE,
stroke, and TBI all induce brain injury in part through elevations in extracellular glutamate
concentrations that can then result in increased [Ca2+]i.

3.1. Status epilepticus: Causes neuronal injury and increased glutamate and Ca2+

Typically, a seizure is a short-lived event that terminates in a similarly spontaneous fashion as
it started. As such, seizures do not usually cause brain damage. However, in some
circumstances, seizures do not stop on their own. Seizures that progress in duration to greater
than 30 min, or multiple seizures without regained consciousness, are classified as SE. The
International League against Epilepsy defines SE as a seizure that “persists for a sufficient
length of time or is repeated frequently enough that recovery between attacks does not
occur” (DeLorenzo et al., 1995, 1996; DeLorenzo, 1997). Acute processes that cause SE
include metabolic disturbances (e.g., electrolyte abnormalities, renal failure, and sepsis), CNS
infection, stroke, head trauma, drug toxicity, and hypoxia. Chronic processes that cause SE
include preexisting epilepsy or the discontinuation of antiepileptic drugs, chronic ethanol
abuse, and remote processes such as CNS tumors or stroke (Lowenstein & Alldredge, 1998).
The frequency of SE in the United States is ~102,000–152,000 per year, and roughly 55,000
deaths are associated with SE annually (DeLorenzo et al., 1995). Twelve percent to 30% of
adult patients with a new diagnosis of epilepsy first present in SE. SE can be convulsive or
nonconvulsive, and SE can cause neuronal damage under both situations (Fountain & Lothman,
1995; Drislane, 2000).

Prolonged seizures have been produced in numerous research models to replicate SE.
Commonly, the systemic or intracerebral injections of chemical convulsants such as
pilocarpine or kainic acid have been used (Ben-Ari et al., 1980; Cavalheiro et al., 1982; Turski
et al., 1983). Also, prolonged stimulation of the hippocampus and other limbic regions with
implanted electrodes has been used to produce self-sustaining SE (McIntyre et al., 1982; Brandt
et al., 2003). With each protocol, animals acutely demonstrate behavioral and electrographic
activity consistent with clinical SE and, if allowed to continue for a sufficient duration, develop
some hippocampal neuronal damage that is also observed in humans. After sustained
pilocarpine-induced SE, animals exhibit neuronal loss and damage to hippocampal and
extrahippocampal structures, including amygdaloid nuclei, piriform cortex, entorhinal cortex,
and other limbic sites, as well as the dorsomedial thalamic nucleus (Turski et al., 1984) and
hippocampal synaptic reorganization in the form of mossy fiber sprouting (Mello et al.,
1993). Kainic acid-treated rats demonstrate loss of CA3 pyramidal neurons and hilar
interneurons of the dentate gyrus, and mossy fiber sprouting (de Lanerolle et al., 1989; Mathern
et al., 1993; Mathern et al., 1995). However, controlling the duration of SE in the pilocarpine
model to 1 hr of SE produces minimal neuronal loss that is limited to 10% of the CA1 neurons
(Rice et al., 1996).

Neuronal injury secondary to SE is the consequence of excessive neuronal excitability with
high-frequency discharges causing depolarizing shifts of neuronal membrane potential, free
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radical production secondary to an exhaustive metabolic load, and significant elevations in
extracellular glutamate (Wasterlain et al., 1993; Heinemann et al., 2002a, 2002b). These
variables all combine in a positive feed-forward cycle resulting in increased levels of
intracellular Ca2+ that induce neuronal injury and death. Levels of extracellular glutamate have
been shown to increase during seizures and SE (Sherwin, 1999). Using microdialysis in humans
prior to neurological surgery, a clear association between potentially neurotoxic levels of
glutamate and seizure progression has been demonstrated (During & Spencer, 1993; Wilson
et al., 1996). Multiple studies in animals have similarly demonstrated an elevation in
extracellular glutamate during SE (Liu et al., 1997; Smolders et al., 1997; Pena & Tapia,
1999; Ueda et al., 2002). This increase in glutamate has been implicated in the neuronal death
observed after SE in these models, as antagonism of specific glutamate receptors during SE
has shown to be neuroprotective (Meldrum, 1997; Rice & DeLorenzo, 1998; Hort et al.,
1999; Ebert et al., 2002).

Thus, it is important to evaluate the effects of SE on [Ca2+]i. Using the low-magnesium
(Mg2+) model of SE in vitro, it was possible to provide the first direct evidence that SE causes
acute and prolonged increases in [Ca2+]i (Fig. 1 and Fig 2; Pal et al., 1999). These studies
simultaneously measured in real time both [Ca2+]i and electrophysiological parameters to
directly demonstrate the correlation between increased [Ca2+]i and seizure activity. In addition,
this study also demonstrated that prolonged seizure activity causes prolonged elevations in
[Ca2+]i levels that persisted for hours after the seizure activity stopped. Thus, this data provided
a direct demonstration for the initial aspect of the Ca2+ hypothesis of epileptogenesis and
showed that SE causes prolonged increases in [Ca2+]i in neurons that survived the SE and
developed spontaneous recurrent seizures (epilepsy) in vitro. Using the intact pilocarpine
model of AE, it was also possible using the acute neuronal isolation technique and Ca2+-
imaging technology developed in this laboratory to demonstrate that SE caused acute and
persistent increases in [Ca2+]i in hippocampal neurons in an intact model of AE (Raza et al.,
2001,2004; Fig. 3). Thus, it has been demonstrated that SE causes injury to neurons by
increasing glutamate and by producing prolonged alterations in [Ca2+]i that underlie the basis
for Ca2+ second messenger effects on developing neuronal plasticity in the surviving neurons.

3.2. Stroke: Causes neuronal injury and increased glutamate and Ca2+

Stroke refers to the brain damage caused by transient or permanent reduction of cerebral blood
flow to a region of the CNS (Sharp et al., 1998). Stroke is the third leading cause of death in
the United States (Wolf & D’Agostino, 1998), and 4 million survivors are coping with the
debilitating consequences of this brain injury including epileptics (Taylor et al., 1996). As
defined by the National Institutes of Neurological Disorders and Stroke, “stroke” includes the
clinical sequelae of cerebral infarction, intra-cerebral hemorrhage, and subarachnoid
hemorrhage (Vaughan & Bullock, 1999). Hemorrhagic strokes account for 15% of all strokes.
Decreased cerebral blood perfusion in this case occurs because of bleeding from damaged
blood vessels (Vaughan & Bullock, 1999). Secondary to the hemorrhage, this type of stroke
invariably includes a secondary ischemic injury, in distant regions supplied by the affected
vessel (Lee et al., 1999).

By far, the vast majority of strokes, 85%, occur via either thrombotic or embolic occlusion of
a cerebral blood vessel (Wolf & D’Agostino, 1998). This vessel occlusion creates a region of
severe focal ischemia in the brain area supplied by the affected vessel (Wolf & D’Agostino,
1998). Eventually, neurons and glia in this core region of ischemia die, creating a pan necrotic
cerebral infarction (Dietrich, 1998). Surrounding this ischemic core of irreversible damage is
a region that suffers only partially reduced blood supply. Designated the ischemic penumbra
(Astrup et al., 1981), this brain tissue receives sufficient blood flow from collateral cerebral
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vasculature to prevent the development of a pan necrotic infarct core, but still undergoes a less
severe, prolonged, transient ischemia (Vaughan & Bullock, 1999).

The mechanisms underlying ischemic brain injury are complex and diverse. Initially, the
decreased flow of oxygenated blood to CNS tissue leads to impairment of the electron transport
chain and decreased levels of the high-energy substrates, adenosine triphosphate (ATP) and
phosphocreatine (Lipton, 1999). The depletion of high-energy substrates causes failure of the
many active transport systems in neurons and glia. Inhibition of the sodium (Na+)/ potassium
(K+) ATPase and the subsequent loss of exchangers dependent on normal Na+ and K+ gradients
results in the loss of ionic homeostasis and membrane depolarization. This irreversible loss of
membrane potential, called the anoxic depolarization (Katsura et al., 1994), is coupled to
voltage-gated Ca2+ influx and the massive release of neurotransmitters including glutamate,
GABA, and acetylcholine (Lipton, 1999).

Ischemia-induced elevations in extracellular glutamate concentration have been measured in
numerous studies in humans (Bullock et al., 1995; Davalos et al., 1997) and animals
(Benveniste et al., 1984; Globus et al., 1988; Takagi et al., 1993). In the ischemic core,
extracellular glutamate has been estimated to increase from a physiological level of 5 µM to
values ranging from 100 µM to 10 mM (Graham et al., 1990; Wahl et al., 1994; Rusakov &
Kullmann, 1998), which leads to excessive glutamate receptor activation. Excessive activation
of glutamate receptors further enhances the anoxic depolarization and Ca2+ influx. In
combination with the loss of energy-dependent Ca2+ sequestration and extrusion mechanisms,
Ca2+ influx leads to the irreversible overload of [Ca2+]i that initiates numerous cascades leading
to neuronal cell death in the ischemic core (Kristian & Siesjo, 1998). Measurements of these
ischemia-induced elevations of [Ca2+]i have been documented in the rat ranging from normal
levels, below 200 nM, to as high as 30 µM (Lipton, 1999).

These pathophysiological events are dramatic and irreversible in the ischemic core causing all
of the cells to die. However, these changes are much less severe in the ischemic penumbra
(Lipton, 1999). Extracellular glutamate concentrations in penumbral tissue are elevated to a
lesser extent than in the core (Wang et al., 2001), estimated at 30– 50 µM in different studies
(Shimada et al., 1990; Wahl et al., 1994; Morimoto et al., 1996).

Because of the collateral blood supply to the penumbra, oxygenated blood flow is only partially
reduced and energy metabolism is preserved (Hossmann, 1994). Therefore, this brain tissue
does not undergo the irreversible anoxic depolarization of the ischemic core. Instead, the
ischemic penumbra undergoes transient, episodic waves of depolarization, called ischemic
depolarizations (Hossmann, 1996), that are mediated in part by episodic energy failure and in
part by glutamate receptor activation (Gill et al., 1992; Dirnagl et al., 1999). In fact, antagonists
of different glutamate receptor subtypes block ischemic depolarizations (Mies et al., 1993;
Back et al., 1996; Dijkhuizen et al., 1999; Dirnagl et al., 1999).

Similar to the anoxic depolarization of the ischemic core, ischemic depolarizations of the
penumbra are associated with increases in [Ca2+]i (Gill et al., 1992; Kristian & Siesjo, 1998).
However, these [Ca2+]i elevations, such as ischemic depolarizations, are transient and
reversible (Kristian & Siesjo, 1998). Inhibition of ischemic depolarizations by antagonism of
the N-methyl-D-aspartic acid (NMDA) receptor has been shown to inhibit these changes in
[Ca2+]i and reduce the infarct volume (Gill et al., 1992). Since ischemic depolarizations
contribute to the extent of brain damage in the penumbra, the activation of glutamate receptors
associated with the depolarization is critically related to the pathophysiology of ischemia.

Studies from this laboratory have developed an in vitro model of glutamate injury or stroke
that causes a situation in cultured neurons that is similar to the penumbra effect in stroke (Sun
et al., 2001). This model employed a concentration and glutamate exposure time that caused
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some of the neurons to die and the other neurons to undergo a reversible injured condition (Fig.
4). Fig. 4A demonstrates that glutamate exposure caused the neurons to depolarize, and Fig.
4B and C demonstrates that several of the neurons recovered from this glutamate injury as
measured by membrane potential and membrane input resistance. Fig. 4D–F demonstrates that
these injured neurons actually physically swell during the injury phase, but eventually recover.
The ability to produce a reversible injury analogous to the core and penumbra model of stroke
allowed us to utilize this new model to study the development of spontaneous recurrent seizures
in injured but not killed neurons (Sun et al., 2001).

3.3. Traumatic brain injury: Causes neuronal injury and increased glutamate and Ca2+

TBI is a common cause of mortality and morbidity (Ghajar, 2000). Survivors of TBI often
suffer from diverse symptoms that, in addition to epilepsy, can include headaches, depression,
and cognitive difficulties (Capruso & Levin, 1992; Shaw, 2002). Posttraumatic epilepsy is the
most common cause of AE in young adults (Annegers, 1993). Posttraumatic epilepsy
complicates up to 30% of severe head injuries (Asikainen et al., 1999). Many risk factors have
been associated with the development of posttraumatic epilepsy (Angeleri et al., 1999).
Penetrating injuries as seen with gun shot wounds are a well-characterized risk factor (Salazar
et al., 1985; Walker, 1989). Studies of civilian populations have demonstrated strong
association between TBI with brain contusion and subdural hematoma with epilepsy (Annegers
& Coan, 2000). Prolonged unconsciousness and skull fractures also increase the risk for
posttraumatic epilepsy (Herman, 2002). Interestingly, the occurrence of seizures during the
first week after a head injury increases the probability of spontaneous recurrent seizures later
on in life (Haltiner et al., 1997). Of special clinical importance, posttraumatic epilepsy is often
refractory to current anticonvulsant therapeutics (Semah et al., 1998). Thus, the development
of antiepileptogenic regimens is vital within the context of posttraumatic epilepsy.

The pathophysiology of TBI is a complex set of events initiated by the distribution of a
mechanical load to the brain. Translation, rotational and shear stresses have all been
characterized in models of head injury and areas of high stress are associated with neuronal
and diffuse axonal injury (Misra & Chakravarty, 1984; Nishimoto & Murakami, 1998; Zhang
et al., 2001). However, mechanical force is only the initial event in TBI. The primary injury
to the brain that occurs at the moment of impact initiates a secondary or delayed injury that
spreads via multiple molecular mechanisms including changes in cerebral blood flow,
breakdown of blood brain barrier, local and systemic inflammation, alterations in oxygen
delivery and metabolism, and both ischemic and apoptotic death of neural cells (Golding et
al., 1999; Lenzlinger et al., 2001; Raghupathi, 2004). Intravascular clot formation is common
in TBI and contributes to local ischemia; consumption of clotting factors can lead to systemic
coagulopathy. Mussack et al. (2002) demonstrated that biochemical markers of both brain
injury (S-100B) and systemic inflammation (interleukin-8) increase after TBI, and that this
increase correlates with the patient’s degree of neurological dysfunction 12 months later
(reviewed in Dutton & McCunn, 2003).

Similar to SE and stroke, increases in extracellular glutamate levels have been implicated in
the pathophysiology of TBI. In human head injury, multiple studies have confirmed significant
elevations in extracellular glutamate (Yamamoto et al., 1999; Gopinath et al., 2000). Further,
these elevations have been correlated with poor outcomes 6-month postinjury (Koura et al.,
1998). Posttraumatic seizures, which increase the risk of posttraumatic epilepsy, also cause
glutamate surges in human patients (Vespa et al., 1998). Numerous animal models of TBI have
been developed and (Laurer & McIntosh, 1999) have successfully replicated these human
findings in multiple studies (Nilsson et al., 1990). Further, the mechanisms of glutamate release
have been evaluated in animals of TBI. At the core of a concussive injury, extracellular
glutamate release is most extreme and is likely secondary to the loss of ionic homeostasis and
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cellular depolarization associated with the primary mechanical disruption of neuronal and
vascular element (Katayama et al., 1990). In contrast, the area surrounding the contusion core
demonstrates significant but less dramatic increases in extracellular glutamate. These increases
in glutamate can be inhibited by glutamate receptor antagonism, suggesting that glutamate
from the core diffuses into noninjured tissue and triggers excessive presynaptic glutamate
release (Maeda et al., 1998).

4. Glutamate excitotoxicity: a common mechanism underlying epileptogenic
central nervous system insults that cause elevated Ca2+

Among a host of candidate mechanisms, one common thread underlying each of the
epileptogenic CNS insults described above is an elevation in the extracellular concentration of
glutamate and excessive activation of various subtypes of glutamate receptors. Olney and de
Gubareff (1978) coined the term “excitotoxicity” to broadly describe the ability of excitatory
amino acid neurotransmitters to cause neuronal death, presumably by prolonged excitation and
energy depletion. Since the early associations between elevated extracellular glutamate and
ischemia, a number of different in vitro brain slice and tissue culture preparations have been
used extensively to study excitotoxicity (Choi, 1988; Michaels & Rothman, 1990; Tymianski,
1996). These in vitro systems offer a model of neuronal injury wherein discrete experimental
variables can be studied in a controlled fashion at the level of networked neural populations
down to the single neuron. Although these in vitro systems lack many pathophysiological
factors of human brain including inflammation, temperature, and vasculature changes, these
reductionist models manifest many of the phenomena observed in whole animal models and
serve as a valuable research tool. Glutamate excitotoxicity was first studied within the context
of ischemic stroke. However, as SE, stroke, and TBI are all associated with large increases in
extracellular glutamate concentration, glutamate excitotoxicity and the associated increase in
[Ca2+]i has become a well-accepted hypothesis of neuronal death secondary to these CNS
insults. The following brief review summarizes how glutamate causes brain injury and the
important role of NMDA receptors and Ca2+ in this process. It is essential to understand these
mechanism in developing an insight into the causes of AE.

4.1. Mechanisms of glutamate excitotoxicity
The mechanisms of glutamate signal transduction and induction of brain injury have been
extensively reviewed (Sattler & Tymianski, 2001; Aarts et al., 2003). Briefly, large increases
in the concentration of the excitatory amino acid neurotransmitter glutamate causes excessive
activation of glutamate receptors including the Ca2+-permeable NMDA subtype of glutamate
receptors. This excessive activation leads to significant increases in [Ca2+]i, which then triggers
a host of Ca2+-dependent degradative pathways leading to the neuronal death. Ca2+ is the key
underlying second messenger mediating glutamate excitotoxicity (Choi, 1985, 1994; Choi et
al., 1987, 1988, 1989; Choi & Rothman, 1990). Thus, understanding glutamate excitotoxicity
and the role of Ca2+ in neuronal injury is essential in understanding the development of AE.

4.2. Glutamate
L-Glutamate is the most widespread amino acid in the brain and serves a number of functions
in the CNS (Nicholls & Attwell, 1990). For example, this dicarboxylic amino acid is a precursor
for the inhibitory amino acid neurotransmitter GABA, for the Krebs cycle intermediate α-
ketoglutarate and for the amino acid glutamine. Glutamate also acts as a detoxification agent
for ammonia products in the brain. In addition to the many metabolic functions of glutamate,
the most significant role of glutamate in the brain is its function as the primary excitatory
neurotransmitter (Mayer & Westbrook, 1987).
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As a neurotransmitter, extracellular glutamate levels must be maintained at controlled levels.
Under physiological conditions, extracellular glutamate has been measured in the range of 1–
5 µM (Wahl et al., 1994). Although transporters exist to move glutamate into the brain across
the blood-brain barrier, the vast majority of glutamate is synthesized de novo from glucose,
glutamine, or aspartate (Laterra et al., 1999). Glutamate is stored in synaptic vesicles at
concentrations in excess of 20 mM via a magnesium (Mg2+)/ATP-dependent transporter
(Dingledine & McBain, 1999). The primary mechanism for uptake of extracellular glutamate
is a class of high affinity, Na+-dependent glutamate transporters found on neurons and
astrocytes. To date, 5 transporters have been characterized: glutamate-aspartate transporter
(GLAST), glutamate transporter-1 (GLT-1), and excitatory amino acid carrier-1 (EAAC1),
EAAC4, and EAAC5 (Arriza et al., 1997; Gegelashvili & Schousboe, 1997; Vandenberg,
1998). Astrocytes are primarily responsible for the uptake of glutamate at the synapse (Bergles
& Jahr, 1998). Once inside the astrocyte, glutamate is converted to the nonpolar glutamine,
which can pass freely from the astrocyte to the neuron. Within the neuron, glutamine is
converted back to glutamate to replenish the transmitter pool (Pfrieger & Barres, 1996).

4.3. Glutamate receptors
The signaling actions of glutamate are mediated at the neuronal membrane through specialized
receptor macromolecules. The binding of glutamate to specific sites on its receptor molecule
causes a conformational change that initiates signal transduction cascades in the neuron.
Glutamate receptors are broadly categorized based upon the signaling cascade that they trigger.
Ionotropic glutamate receptors are coupled to ion permeant channels and under physiological
conditions depolarize neurons. In contrast, metabotropic receptors are coupled to guanosine
triphosphate-binding proteins (G proteins) and second messenger systems that modulate
synaptic transmission (Dingledine et al., 1999). It is important to understand the effects of
glutamate through its receptors in understanding injury-induced epilepsy. At present, glutamate
activation of the NMDA type of glutamate receptor is that main mechanism mediating
glutamate-induced neuronal injury and epileptogenesis.

4.3.1. Ionotropic glutamate receptors—The ionotropic glutamate receptors are
postsynaptic, ligand-gated ion channels (Dingledine et al., 1999). Three types of ionotropic
glutamate receptors have been categorized and named according to selective ability of NMDA,
αamino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), or kainate (KA) to activate
them. These pharmacologically distinct glutamate receptor subtypes have been cloned and have
distinct gene families (Dingledine et al., 1999). The AMPA receptor subtype of ionotropic
glutamate receptors is comprised of various heteromeric configurations of the GluR1-GluR4
subunits (also known as GluRA-GluRD; Dingledine et al., 1999). Each of these protein subunits
can exist as a “flip” splice variant or a “flop” splice variant, adding to the diversity of the AMPA
receptor composition (Dingledine et al., 1999). The KA receptor subtype of ionotropic
glutamate receptors contains combinations of subunits derived from 2 distinct gene families,
the GluR5–GluR7 family and the KA1–KA2 family (Dingledine et al., 1999). The third subtype
of ionotropic glutamate receptors, the NMDA receptor, is comprised of at least 1 subunit from
the NR1 gene family and varied combinations of NR2A-NR2D subunits (Sucher et al.,
1996). An NR3A subunit has also been described which inhibits channel activity (Das et al.,
1998). Because of the diversity of subunit composition of the ionotropic glutamate receptor
subtypes, the AMPA receptor, the KA receptor, and the NMDA receptor all contribute
differently to the excitatory effects of glutamate in the CNS.

4.3.2. α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors—The
AMPA receptor contributes to the early, fast component of the excitatory postsynaptic potential
(EPSP). The AMPA receptor is a low-affinity glutamate receptor that is typically permeable
to the monovalent cations sodium and potassium and impermeable to the divalent cation,
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Ca2+ (Wisden & Seeburg, 1993). This ligand-gated channel demonstrates little voltage
dependence, as evidenced by its linear current-voltage (I-V) relationship (Boulter et al.,
1990). AMPA receptor currents are brief (a few milliseconds) due to the low-glutamate affinity
and a high rate of desensitization (Dingledine et al., 1999).

The GluR2 subunit has special importance in AMPA receptor composition. GluR2, the most
widely expressed subunit in AMPA receptors (Jonas & Burnashev, 1995), confers the Ca2+

impermeability of the great majority of AMPA receptors via a specific posttranscriptional
modification of this subunit (Sommer et al., 1991). The modification arises when a specific
adenosine of the ribonucleic acid (RNA) strand is changed to an inosine by adenine deaminase
within the nucleus (Rueter et al., 1995). This RNA edit, which occurs with an approximate
efficiency of 90% and high selectivity (Melcher et al., 1996), leads to the substitution of a
glutamine with an arginine at the Q/R site (Michaelis, 1998). Since the majority of AMPA
receptors contain at least 1 GluR2 subunit (Jonas & Burnashev, 1995), the vast majority of
AMPA receptors are Ca2+-impermeable.

4.3.3. Kainate receptors—KA receptors are similar in function to AMPA receptors. Like
AMPA receptors, KA receptors are voltage-independent, monovalent cation-permeable
channels with low affinity and fast kinetics (Michaelis, 1998). KA receptor-mediated EPSPs
have smaller peak amplitudes and slower decay kinetics than those derived from AMPA
receptors (Frerking & Nicoll, 2000). Extensive RNA editing in these receptors also has
implications on Ca2+ permeability (Dingledine et al., 1999) as well as anion permeability
(Burnashev et al., 1996).

4.3.4. N-methyl-D-aspartic acid receptors—The NMDA receptor is quite different from
the AMPA and KA subtypes of glutamate receptor. First, in addition to permeability to Na+

and K+, NMDA receptors have high permeability to Ca2+ (Dingledine et al., 1999). Also,
NMDA receptors have slower kinetics attributed to a much higher affinity for glutamate (Conti
& Weinberg, 1999). The conductance through NMDA receptors can last several hundred
milliseconds and constitutes a slower, late phase of the EPSP (Conti & Weinberg, 1999).

Activation of the NMDA receptor is a more complicated process than activation of AMPA and
KA receptors. The NMDA receptor requires the binding of a coagonist, glycine at a strychnine-
insensitive glycine site. Originally thought to be a potentiator (Johnson & Ascher, 1987),
glycine is actually required for the NMDA receptor to enter the open state (Ozawa, 1993).
Another unique characteristic of the NMDA receptor is the voltage-dependent magnesium
(Mg2+) blockade, which inhibits NMDA receptor conductance even when both glutamate and
glycine are bound to the channel (Nowak et al., 1984).

The binding of Mg2+ within the pore is highly voltage-dependent and occurs at a site near or
past the middle of the electric field (Ascher & Nowak, 1988). As such, large depolarizations,
presumably mediated by activated AMPA and KA receptors, are required to expel Mg2+ from
the pore. In fact, NMDA receptor inward currents are maximal when the neuron is depolarized
to −20 to −30 mV despite the decrease in driving force (Mayer et al., 1984; Nowak et al.,
1984). Thus, the NMDA receptors have a nonlinear I-V relationship, owing to this voltage-
dependent Mg2+ blockade (Mayer et al., 1984).

Endogenous allosteric modulators finely regulate NMDA receptor function (Dingledine et al.,
1999). Zinc, which is concentrated in the synaptic vesicles of some neurons, can inhibit NMDA
receptor currents by both voltage-dependent and voltage-independent means (Christine &
Choi, 1990). Extracellular cysteine residues on the NMDA receptor act as reduction/oxidation
sites. Reduction of these residues enhances NMDA receptor currents, while oxidation inhibits
them (McBain & Mayer, 1994). Extracellular pH also functions to modulate the NMDA
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receptor. NMDA receptors are inhibited by physiologically relevant concentrations of
extracellular protons via a reduction in the single-channel opening frequency (Traynelis et al.,
1995). Finally, endogenous polyamines such as spermidine and spermine modulate NMDA
receptors. Polyamines can cause voltage-dependent inhibition, glycine-dependent potentiation,
as well as voltage- and glycine-independent inhibitions (Rock & Macdonald, 1995).

4.3.5. Metabotropic glutamate receptors—As previously mentioned, G-protein-
coupled metabotropic receptors are the other major category of glutamate receptors. There are
8 types of metabotropic glutamate receptors (mGluR1-mGluR8; Conn & Pin, 1997). These
mGluRs are further classified according to the second messenger systems to which they are
linked. Class I mGluRs consist of mGluR1 and mGluR5. Class I mGluRs are most potently
activated by quisqualate and are coupled to phospholipase C (PLC) activation. Class II
mGluRs, activated by 2R,4R-4-aminopyrrolidine-2-4-dicarboxylate (APDC), consist of
mGluR2 and mGlur3, which inhibit adenylate cyclase activity. The Class III mGluRs (mGluR4
and mGluR6–mGluR8) also inhibit adenylate cyclase activity, but to a lesser extent, and are
most potently activated by L-amino-4-phosphonobutyrate (L-AP4; Conn & Pin, 1997).
Metabotropic glutamate receptors are found both on the presynaptic and post-synaptic
membranes. Presynaptic mGluRs decrease neurotransmitter release (Conn & Pin, 1997; Fagni
et al., 2000). mGluRs on the postsynaptic membrane regulate the function of ligand-gated ion
channels, including all 3 subtypes of ionotropic glutamate receptors (Anwyl, 1999), as well as
inhibit the function of voltage-gated Ca2+ channels (VGCCs) and some potassium channels
(Dingledine & McBain, 1999). Thus, metabotropic glutamate receptors can act to modulate
synaptic transmission in the CNS.

4.4. N-methyl-D-aspartic acid receptor-mediated excitotoxicity
The exogenous application of high concentrations (50–500 µM) of glutamate to cultured CNS
neurons has been utilized to model the ischemic core in whole animal models of stroke. Neurons
grown in culture respond to glutamate excitotoxicity in similar fashion to brain tissue injured
by ischemia. For example, 100 µM glutamate exposure of a duration as short as 5 min leads
to the death of large numbers of cultured cortical neurons, analogous to the infarct observed
in the ischemic core (Choi et al., 1987). Approximately 30% of the glutamate-induced neuronal
death in these cultures is mediated by acute neuronal swelling and lysis, which can be prevented
by the replacement of extracellular Na+ or chloride (Cl−) with impermeant ions (Rothman,
1985; Olney et al., 1986). In contrast, delayed excitotoxic neuronal death occurs hours to days
after the initial insult (Choi, 1985; Rothman et al., 1987). Delayed excitotoxic neuronal death
is fundamentally dependent on the influx of extracellular Ca2+ ions (Choi, 1985, 1987) through
the activated NMDA receptor (Dubinsky & Rothman, 1991; Hartley et al., 1993; Tymianski
et al., 1993; Sattler & Tymianski, 2000). Just as NMDA receptor antagonists reduce the volume
of the ischemic infarct in the whole animal (Gill et al., 1992), NMDA receptor antagonism
protects cultured neurons from glutamate excitotoxicity (Choi et al., 1988; Moudy et al.,
1994). Thus, the NMDA glutamate channel is the major injury causing mechanism involved
in the development of AE.

5. Calcium as a common denominator in the injury phase of acquired epilepsy
Since Ca2+ entry through the NMDA receptor channel complex has been shown to be central
to producing the initial insult associated with the injury phase of SE, stroke, and TBI, it is
important to understand the role of Ca2+ in excitotoxic neuronal injury and death and how the
neuron controls Ca2+ homeostasis. The following material reviews how Ca2+ is regulated in
neurons and provides an insight into the potential alterations that occur in controlling [Ca2+]i
levels during and after the injury phase of AE.
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5.1. Neuronal calcium homeostasis
Calcium plays a pivotal role in normal neuronal function (DeCoster et al., 1992; Tymianski &
Tator, 1996; Berridge, 1998). Calcium signaling in neurons is involved in processes as diverse
as cell growth and differentiation (Spitzer, 1994), synaptic activity (Brose et al., 1992; Llinas
et al., 1992), maintenance of the cytoskeleton (Trifaro & Vitale, 1993), and gene expression
(Santella & Carafoli, 1997). Normal neuronal [Ca2+]i is maintained around 100 nM (Mody &
MacDonald, 1995). This concentration is less than 1/10,000 of the free extracellular Ca2+

concentration ([Ca2+]e; Putney, 1999). In light of the important signaling function of Ca2+ and
the excitotoxic implications of excess intracellular Ca2+, neurons have an intricate system to
regulate [Ca2+]i. Evidence indicates that Ca2+ homeostasis is markedly altered acutely during
the injury and epileptogenic phases of AE (Raza et al., 2004) and even in the chronic
spontaneous recurrent seizures (epilepsy) phase (Pal et al., 2000, 2001; Raza et al., 2001).

5.1.1. Influx of extracellular Ca2+ across the plasma membrane—The neuronal
plasma membrane is relatively impermeable to Ca2+ with exclusion of 3 fundamental
mechanisms of Ca2+ entry: ligand-gated cation channels, VGCCs, and store-operated Ca2+

channels (SOCs). The NMDA receptor, a ligand-gated cation channel, mediates the vast
majority of Ca2+ influx during excitatory neurotransmission (Ozawa, 1993). In addition,
AMPA and KA receptors of certain subunit composition, as described previously, are
permeable to Ca2+ (Jonas & Burnashev, 1995).

Multiple forms of VGCCs have been characterized and cloned. These receptor channels,
designated as L-, N-, P-, Q-, and T-types (Tsien et al., 1995; Catterall, 1996; Catterall et al.,
2003), are categorized according to their voltage sensitivities, voltage-dependent and
intracellular Ca2+-dependent inactivation rates, and selective sensitivity to inhibiting drugs and
toxins (Adams&Olivera, 1994). SOCs represent a third route of Ca2+ entry across the plasma
membrane. These channels are activated upon depletion of intracellular Ca2+ stores (Petersen
et al., 1999). Originally designated “capacitative Ca2+ entry” (Putney et al., 2001), store-
operated Ca2+ entry serves to replenish intracellular Ca2+ pools such as the endoplasmic
reticulum (ER). Alterations of Ca2+ entry into neurons in the development of AE represents
target mechanism for altering Ca2+ homeostasis; however, at the present time, there are no
direct studies demonstrating alterations of Ca2+ entry mechanisms in AE.

5.1.2. Calcium extrusion across the plasma membrane—Two major transport
systems exist to pump free intracellular Ca2+ out of the neuron into the extracellular space.
Because Ca2+ extrusion acts against a large Ca2+ concentration gradient, these systems are
energy-dependent and are therefore highly susceptible to ischemic injury (Tymianski & Tator,
1996). The ATP-driven Ca2+ pump (Ca2+-ATPase) expends 1 ATP for each Ca2+ ion extruded
and is modulated by calmodulin, fatty acids, and protein kinases (Carafoli, 1992). The second
transport system, the Na+-Ca2+ exchanger, is indirectly coupled to ATP utilization in that it
utilizes the Na+ concentration gradient maintained by the ATP-driven Na+-K+ exchanger. This
electrogenic exchange system is triggered by increases in [Ca2+]i and extrudes 1 Ca2+ for every
2 or 3 Na+ that enters the neuron (Tymianski & Tator, 1996). At this time, there are no studies
implicating these mechanisms in the development of AE. However, alteration of these Ca2+

extrusion mechanisms may play an important role and requires further investigation.

5.1.3. Calcium buffering, sequestration, and storage—Ca2+ buffering and
sequestration can also reduce free intracellular Ca2+ levels. Ca2+-binding proteins in the
cytoplasm, such as calbindin, calmodulin, and parvalbumin, buffer the vast majority of
intracellular Ca2+ under physiological conditions (Baimbridge et al., 1992). Mitochondria
sequester Ca2+ by way of a uniporter driven by the mitochondrial membrane potential
(Bernardi, 1999). However, this mitochondrial accumulation only occurs when intracellular
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Ca2+ elevations are prolonged and high (Putney, 1999). Further, mitochondrial sequestration
is a temporary buffering system, releasing Ca2+ back to the cytoplasm via mitochondrial
Na+-Ca2+ and H+-Ca2+ exchangers (Bernardi, 1999).

The ER also functions as a Ca2+ store. The ER accumulates Ca2+ via the sarcoplasmic/
endoplasmic reticulum Ca2+-ATPase (SERCA). This enzyme is similar to that Ca2+-ATPase
of the plasma membrane in that it requires ATP. Unlike the plasma membrane Ca2+-ATPase,
SERCA function is independent of calmodulin and moves 2 Ca2+ ions into the ER for each
ATP molecule utilized (Tymianski & Tator, 1996). Further, the activity of SERCA can be
selectively inhibited by thapsigargin (Treiman et al., 1998). Direct evidence has implicated
alterations in the function of SERCA in the development of AE (Pal et al., 2000).

5.1.4. Intracellular Ca2+ release—In addition to acting as a sink for intracellular Ca2+, the
ER also serves as a dynamic Ca2+ source (Ogden & Khodakhah, 1996). Two classes of
receptors on the ER membrane serve to release stored Ca2+ from the ER lumen to the cytoplasm.
Calcium activates the ryanodine receptor (RyR) that results in Ca2+-induced Ca2+ release
(Berridge, 1998). RYRs act to amplify Ca2+ signals in a regenerative, positive feedback loop
(Putney, 1999). The inositol 1,4,5-tris-phosphate receptor (IP3R), activated by the second
messenger IP3, is the other class of ER Ca2+ release receptors (Ogden & Khodakhah, 1996;
Berridge, 1998). IP3 is produced by the cleavage of phosphatidyl 4,5-bisphosphate by PLC.
IP3R-mediated Ca2+ release can be augmented by the simultaneous presence of Ca2+ and IP3
(Ehrlich et al., 1994). Together, Ca2+-induced Ca2+ release by RYRs and IP3Rs act to produce
regenerative Ca2+ waves along the ER membrane analogous to sodium action potentials along
the plasma membrane (Berridge, 1998; Rose & Konnerth, 2001). The ER is a continuous
membrane system that makes close contact with the plasma membrane at specialized regions
(Berridge, 1998). Since the ER membrane is continuous with the nuclear envelope, Ca2+ waves
initiated by Ca2+ influx at the plasma membrane can travel to the nucleus, thus transducing
external signals to the level of gene regulation (Jaffe & Brown, 1994). Direct evidence has
shown that IP3R-mediated Ca2+ release is increased in epileptic neurons, but that no changes
in the RyR Ca2+ release is seen in AE (Pal et al., 2000). These results demonstrate that selective
Ca2+-regulating processes can be altered in the development of AE.

5.2. Nuclear Ca2+ signaling
The nuclear envelope is a continuous extension of the ER and contains RyRs, IP3Rs and
SERCA (Santella & Carafoli, 1997). SERCA has been located on the outer leaflet of the nuclear
envelope (Humbert et al., 1996); thus, the lumen of the nuclear envelope may be able to
sequester Ca2+ (Carafoli et al., 1997). RyRs and IP3Rs have been identified on the both the
outer and inner leaflets of the nuclear membrane (Payrastre et al., 1992; Santella & Carafoli,
1997). Thus, these 2 receptor systems allow the nuclear envelope to release Ca2+ into the
cytoplasm or into the nucleus (Santella & Carafoli, 1997). Therefore, intracellular Ca2+ release
initiated by extracellular Ca2+ influx at the ER can propagate to the nucleus and continue
directly into the nucleoplasm (Berridge, 1998). As a second messenger, Ca2+ regulates gene
transcription by modulating transcription factors directly or through Ca2+-dependent kinases
and phosphatases (Santella & Carafoli, 1997; Mellstrom & Naranjo, 2001). Evaluating the
effects of epileptogenesis on nuclear Ca2+ signaling represents an important area for further
research.

5.3. Extended neuronal depolarization
Cultured hippocampal neurons exposed to excitotoxic levels of glutamate manifest a neuronal
depolarization lasting hours after termination of the glutamate treatment (Sombati et al.,
1991), resembling the anoxic depolarization observed in the ischemic core of a stroke (Katsura
et al., 1994). This extended neuronal depolarization (END) is a persistent depolarizing shift of

DeLorenzo et al. Page 15

Pharmacol Ther. Author manuscript; available in PMC 2010 February 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the resting membrane potential of more than 20 mV (Sombati et al., 1991; Coulter et al.,
1992). While exhibiting END, neurons remain viable as evidenced by the ability to respond to
glutamate and exclude trypan blue (Coulter et al., 1992). END requires NMDA receptor
activation and the presence of extracellular Ca2+ (Coulter et al., 1992). The percentage of
neurons in END correlates with extent of excitotoxic neuronal death in the cultures (Coulter
et al., 1992). Other reports have confirmed that END occurs in different neuronal preparations
and that it requires NMDA receptor activation and extracellular Ca2+ (Calabresi et al., 1995;
Chen et al., 1997; Tanaka et al., 1997). Recent studies have demonstrated that a selective
Ca2+ conductance, distinct from all other conventional routes of Ca2+ entry, is activated during
excitotoxic glutamate exposure and maintains END (Limbrick et al., 2003). Since END is
produced during the neuronal injury phases of AE, it is important to evaluate the role of END
in the development of AE.

5.4. Inability to restore resting free intracellular Ca2+ concentration
Cultured neurons exposed to excitotoxic glutamate concentration also manifest changes in
[Ca2+]i similar to that observed in neurons of the ischemic core. Cultured neurons demonstrate
an inability to restore resting [Ca2+]i (IRRC; Limbrick et al., 1995) analogous to the irreversible
neuronal Ca2+ overload observed after ischemic injury in the rat (Kristian & Siesjo, 1998). In
these cultured neurons, Ca2+ levels do not return to normal levels even after glutamate removal
(Connor et al., 1988; Glaum et al., 1990; Limbrick et al., 1995). Like END, IRRC is dependent
on NMDA receptor activation and extracellular Ca2+, and a strong correlation exists between
IRRC and excitotoxic neuronal death (Limbrick et al., 1995). It has recently been shown
(Limbrick et al., 2003) that glutamate excitotoxicity is associated with the induction of a novel
secondary Ca2+ conductance that is responsible for IRRC and the maintenance of END. It is
suggested that this novel Ca2+ current that is responsible for indiscriminant Ca2+ entry during
END determines the fate of the cell after an excitotoxic insult. It is therefore of
pathophysiological importance during stroke, TBI, and other forms of neuronal injury.

5.5. Calcium-dependent mechanisms of neuronal death
Taken together, END, IRRC and the extensive neuronal death induced by excitotoxic glutamate
exposure parallel the observed anoxic depolarization, irreversible Ca2+ overload and infarction
of the ischemic core. The dependence of these phenomena on NMDA receptor activation and
extracellular Ca2+ has led to the Ca2+ hypothesis of glutamate excitotoxicity, wherein NMDA
receptor-mediated Ca2+ influx causes the disruption of Ca2+ homeostatic mechanisms and
Ca2+ overload which initiate pathways leading to neuronal death (Choi, 1987; Rothman et al.,
1987; Siesjo & Bengtsson, 1989; Dubinsky & Rothman, 1991; Randall & Thayer, 1992;
Hartley et al., 1993; Tymianski et al., 1993; Sattler & Tymianski, 2000).

A number of pathological processes involving excessive NMDA receptor activation and
intracellular Ca2+ overloads have been proposed as mediators of delayed excitotoxic neuronal
death. The formation of free radical species has been implicated in excitotoxicity. The
excitotoxic stimulation of the NMDA receptor leads to overactivation of phospholipase A2
(Lafon-Cazal et al., 1993; Dennis, 1994) and nitric oxide synthase (Dawson et al., 1991; Lipton
et al., 1996), resulting in excess arachidonic acid and nitric oxide production, respectively.
Arachidonic acid via its subsequent metabolism by cyclooxygenase and lipoxygenase leads to
the production of highly reactive oxygen molecules such as superoxide  and hydroxyl
radicals (OH; Lafon-Cazal et al., 1993; Dennis, 1994). The reaction of nitric oxide with
superoxide forms peroxynitrite (ONOO−), a highly reactive nitrogen species (Dawson et al.,
1991; Lipton et al., 1996). Together, these free radicals destroy protein components of the
cytoskeleton, nucleic acids, and membrane lipids (Hall, 1997; Hall et al., 1999).
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Mitochondria play a role in the sequestration of the Ca2+ influx during glutamate excitotoxicity
(White & Reynolds, 1997). However, as NMDA receptor-mediated Ca2+ accumulates in the
mitochondria, superoxide is produced due to the inhibition of the electron transport chain
(Dugan et al., 1995). Superoxide, in conjunction with pathological Ca2+ accumulation, initiates
the opening of the mitochondrial permeability transition pore (Nicholls & Budd, 1998;
Bernardi, 1999), which has been associated with the collapse of the mitochondrial proton
gradient and subsequent loss of ATP generation. The opening of the mitochondrial
permeability transition pore is also associated with the release of cytochrome C, a messenger
that triggers apoptosis (Kluck et al., 1997).

A number of enzyme systems have also been associated with excitotoxic NMDA receptor-
mediated Ca2+ influx. For example, caspases, a family of Ca2+-dependent endonucleases,
trigger apoptosis during excitotoxicity (Du et al., 1997; Zipfel et al., 2000). Caspase inhibitors
successfully inhibit apoptotic neuronal death after glutamate exposure (Du et al., 1997).
Calcium overload also activates a family of Ca2+-dependent proteases, the calpains that
degrade cytoskeletal components, receptors proteins, G proteins, and Ca2+-binding proteins
(Emerich & Bartus, 1999).

In summary, glutamate excitotoxicity is an established in vitro model of neuronal injury (Choi
& Rothman, 1990; Michaels & Rothman, 1990; Tymianski & Tator, 1996). Exposure of
cultured neurons to high concentrations (50–500 µM) of glutamate causes END (Sombati et
al., 1991) and IRRC (Limbrick et al., 1995), analogous to anoxic depolarization and irreversible
Ca2+ overload initially observed in the ischemic core during a stroke. The irreversible loss of
ionic homeostasis triggers a number of NMDA receptor-Ca2+-dependent processes leading to
neuronal death.

As described earlier, SE, stroke, and TBI are all associated with significant increases in
extracellular glutamate and [Ca2+]i. NMDA receptor antagonism is neuroprotective in multiple
animal models of both SE and TBI. Thus, although the observations made in glutamate
excitotoxicity were first hypothesized and correlated with findings in the context of ischemic
stroke, these insights into mechanisms of neuronal death can clearly be related to brain damage
observed in SE and TBI.

6. Dead cells do not seize: Surviving neurons are the substrate for
epileptogenesis

Another concept original to stroke that has been extended to SE and TBI is the concept of the
penumbra. The ischemic penumbra represents a region of injured brain tissue that is not
necessarily destined to die. As described earlier, the ischemic penumbra undergoes a less
severe, transient ischemia during stroke secondary to collateral cerebral vasculature (Vaughan
& Bullock, 1999), which leads to less severe increases in extracellular glutamate in the
penumbra. Thus, the damage in the penumbra is potentially, or at least partially, reversible,
injured neurons in this region can recover and survive (Witte et al., 2000), and the ischemic
penumbra has been the primary target for therapeutic intervention (Ginsberg, 1997). Similarly,
glutamate elevations in the surrounding focus are smaller than in the core of a concussive TBI
(Maeda et al., 1998). In SE, the duration of the seizure activity determines the degree of
Ca2+ load and neuronal cell death. In addition, the hippocampus and other anatomical regions
are more actively involved in the high production of glutamate produced during SE, and thus
there are regional variations in the severity of injury in SE (Lothman & Bertram, 1993; Kulkarni
& George, 1995). SE has been shown to also produce significant elevations in [Ca2+]i levels
in both in vitro (Pal et al., 1999) and in vivo (Raza et al., 2004) modes of SE. Calcium levels
can reach high levels (800 nM); however, if the SE is less than 1–3 hr in duration, the majority
of neurons undergoing this prolonged exposure to elevated glutamate and elevated Ca2+ will
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survive (80%). However, if SE continues for longer durations, severe neuronal cell death can
occur. Thus, the durations of the prolonged seizures in SE determine the magnitude of injury.
The durations of most SE cases would thus result in the majority of effected neurons being
injured but not killed. This is the ideal substrate for the development of AE.

Essential to the Ca2+ hypothesis of epileptogenesis is this concept of the penumbra or an area
of reversibly injured neurons that survive the initial SE, stroke, or TBI. Although the penumbra
represents a region of injured brain wherein many neurons recover and survive, chronic
alterations in the physiology of these cells may contribute, in conjunction with neuronal cell
loss, to the debilitating sequelae of CNS insults. Little is known regarding the function of
surviving brain tissue in the penumbra (Witte et al., 2000). Since dead neurons cannot seize,
we believe that the injured but surviving tissue of the penumbra or the injured brain tissue is
the substrate for epileptogenesis, and that long-lasting alterations in the function of these
injured, surviving neurons underlie mechanisms of epileptogenesis and the development of
spontaneous recurrent seizures. Thus, the injury phase in the development of AE is essential,
since it exposes neurons to abnormal Ca2+ exposure that are not lethal but are sufficient in the
injury-surviving neurons to serve as the second messenger that initiates the long-term plasticity
changes underlying the development of AE.

7. Experimental models of injury-induced spontaneous recurrent seizures
A number of research models have been utilized to demonstrate chronic neuronal
hyperexcitability after stroke, SE, and TBI in both whole animal and in vitro systems. While
some systems have demonstrated overt seizure expression, others have only demonstrated
electrographic seizures. Still, others have only demonstrated a chronic shift towards enhanced
excitability. These models are important in providing the substrate to evaluate the basic
mechanisms underlying the role of Ca2+ in AE.

7.1. Status epilepticus-induced spontaneous recurrent seizures
SE models of AE were the first in vivo and in vitro models developed to study AE. Having
these models is critical in understanding the molecular mechanisms underlying
epileptogenesis. SE has been employed in a number of models to successfully model AE in
both whole animal and in vitro systems.

7.1.1. In vivo models—Intact animal models of SE described previously utilize the
chemicals, pilocarpine, and kainic acid, or electrical stimulation to acutely induce a prolonged
episode of seizure activity. After a latent period of 2–4 weeks, animals begin to manifest overt
spontaneously recurring epileptic seizures (Leite et al., 2002; Loscher, 2002). These animal
models of AE represent the most studied areas for the development of AE. Fig. 5 presents a
representative spontaneous recurrent seizure in the pilocarpine model of AE. The clinical and
electrographic parameters of these seizures in the rat are essentially identical to the epileptic
seizures seen in man. The model employs SE as the injury to induce AE.

7.1.2. In vitro models—In vitro models of SE have also been developed over the past decade.
The low-Mg2+ hippocampal neuronal culture model of epileptogenesis utilizes an episode of
continuous seizure activity for 3 hr to induce epileptogenesis (Sombati & DeLorenzo, 1995).
Upon return to normal Mg2+ solutions, networks of neurons manifest synchronized
spontaneous recurrent epileptiform discharges (SREDs) for the life of the neurons in culture
(Sombati & DeLorenzo, 1995). This model employs continuous electrographic epileptiform
discharges for several hours as the injury phase to induce AE. After the restoration of
physiological magnesium concentrations terminates the electrographic epileptiform
discharges, the surviving neurons develop AE. In this model, ~80% of the neurons survive the
SE-induced injury and develop AE.
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7.1.3. Kindling models: prolonged kindling model—In contrast to the pilocarpine-
induced and KA-induced SE models of epileptogenesis, the kindling models of epileptogenesis
utilize repetitive, subconvulsive stimulation of particular brain regions to initiate
epileptogenesis (Goddard et al., 1969; Bradford, 1995). Early in the protocol, electrical
stimulation only elicits brief after discharges. However, after daily repetition of stimulations,
after discharges increase in duration, eventually progressing to spontaneous seizure activity.
Blockade of the NMDA receptor inhibits kindling epileptogenesis, demonstrating the necessity
of NMDA receptor activation (Croucher et al., 1988, 1992; Morimoto et al., 1996).

Another kindling paradigm utilizes the daily repeated injections of glutamate to induce a
hyperexcitable state (Croucher & Bradford, 1989, 1990). Although glutamate activates a
number of receptor subtypes, antagonism of the NMDA receptor alone inhibits the
development of hyperexcitability in this paradigm (Croucher & Bradford, 1989, 1990;
Croucher et al., 1995). The role of NMDA receptors in kindling epileptogenesis is further
supported by the ability of NMDA to substitute for glutamate as the kindling agent (Croucher
et al., 1995).

Paradigms similar to those utilized in the electrical kindling model have been developed in
hippocampal slice preparations wherein repeated trains of electrical stimulation result in the
development of spontaneous bursting activity (Stasheff et al., 1989). This stimulus train-
induced bursting (STIB) model of epileptogenesis has differentiated the role of NMDA
receptors in epileptogenesis and seizure expression. NMDA receptor antagonists inhibit the
induction of stimulus train-induced epileptogenesis, but produced no anticonvulsant effects on
slices that were previously made epileptic (Anderson et al., 1987; Swartzwelder et al., 1988;
Stasheff et al., 1989).

7.1.4. Direct electrical stimulation models—Another model of SE- or electrical
stimulation-induced AE is the continuous electrical stimulation model. Several models have
been developed to use direct electrical stimulation to produce AE (Bertram & Lothman,
1990; Lothman & Bertram, 1993; Shirasaka & Wasterlain, 1994; Lothman et al., 1996;
Fountain et al., 1998; Hsieh, 1999; Mazarati et al., 2002). These models utilize the induction
of electrical discharges in different regions of the brain to produce AE. They offer several
advantages in their ability to control the degree of stimulation in comparison to the pilocarpine
and kainic acid models.

7.2. Stroke-induced spontaneous recurrent seizures
Despite the high association of AE in strokes in man, it has been more difficult to develop
animal models of stroke-induced spontaneous recurrent seizures. It has only been in the last
few years that models have been developed to study AE in stroke.

7.2.1. In vivo models—The ischemic penumbra has been suggested as the substrate for
epileptogenesis in stroke-induced epilepsy (Witte et al., 2000), and recent studies have
demonstrated enhanced excitability in penumbral tissue. The most popular models of ischemia
utilize middle cerebral artery occlusion (transient, permanent, or thrombotic) or complete
forebrain ischemia (2-vessel occlusion, 4-vessel occlusion). Pronounced hyperexcitability has
been observed in perilesional brain areas after focal ischemia produced by photothrombotic
cortical infarct up to 4 months after injury (Neumann-Haefelin et al., 1995a, 1995b, 1998;
Luhmann et al., 1996a, 1996b; Buchkremer-Ratzmann et al., 1998). For example, field
potentials characterized by multiple discharges are produced in response to electrical
stimulation in ischemia-injured animals. These multiple discharges are not observed in control
neurons (Buchkremer-Ratzmann et al., 1998). Similar findings have been reported in other
models of focal ischemia utilizing middle cerebral artery occlusion (Luhmann et al., 1996a,
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1996b; Albensi, 2001). Stimulus-induced epileptiform discharges can be elicited up to 1 year
after transient forebrain ischemia produced in the middle cerebral artery occlusion model.
These epileptiform field potentials are NMDA receptor-dependent (Luhmann et al., 1996a,
1996b), and NMDA receptors are up-regulated in the penumbral region (Qu et al., 1998).
Stimulus-induced field potentials are multiphasic and longer in duration than field recordings
from controls, indicating that populations of neurons are bursting. Also, these discharges in
ischemia-injured tissue are lower in amplitude, suggesting that fewer viable neurons are present
and that some neuronal death occurred in the penumbra (Mittmann et al., 1998). In addition to
producing electrical stimulus-induced epileptiform discharges, ischemia-injured tissue also has
a lower seizure threshold (Congar et al., 2000). Both high extracellular K+ solutions and bath
application of the convulsant KA induce epileptiform activity more often in postischemic tissue
compared to control tissue (Congar et al., 2000).

Decreased GABA-mediated inhibition may contribute to the ischemia-induced
hyperexcitability of penumbral tissue (Neumann-Haefelin et al., 1995a, 1995b, 1998; Luhmann
et al., 1996a, 1996b; Congar et al., 2000). GABA-mediated inhibitory postsynaptic potentials
are significantly decreased in ischemia-injured tissue (Neumann-Haefelin et al., 1995a,
1995b; Luhmann et al., 1996a, 1996b; Congar et al., 2000), and GABAA receptors are down-
regulated in the same brain areas (Neumann-Haefelin et al., 1998; Qu et al., 1998). In addition,
parvalbumin-positive, GABAergic interneurons in the penumbra have a pathologically altered
appearance with shrunken cell bodies and reduced or pruned dendrites (Neumann-Haefelin et
al., 1998; Arabadzisz & Freund, 1999).

At this time, no consensus has developed in regard to long-term ischemia-induced changes in
the intrinsic membrane properties of neurons. While some laboratories have reported a
persistent positive shift of membrane potential and increased input resistance that could
enhance neuronal excitability after ischemia (Neumann-Haefelin et al., 1995a, 1995b;
Luhmann et al., 1996a, 1996b; Congar et al., 2000), others have not observed these changes
(Mittmann et al., 1998). In addition, changes in spike threshold, spike amplitude,
accommodation, and fast and slow afterhyper-polarizations have not been observed (Congar
et al., 2000). Modification of intrinsic membrane properties most likely depends on the
mechanism by which ischemia is produced (Congar et al., 2000). These data demonstrate a
chronic increase in neuronal excitability in the ischemic penumbra of whole animal models.
Unfortunately, these studies do not demonstrate spontaneous epileptic seizure activity that
more accurately represents the clinical scenario of stroke-induced epilepsy (Congar et al.,
2000; Witte et al., 2000). Still, these models provide a system to study the potential mechanisms
of hyperexcitability observed in the penumbra after an ischemic insult and the relationship
between the pathophysiology of stroke and epileptogenesis.

7.2.2. In vitro models—Our laboratory recently developed a model in cultured
hippocamapal neurons to study stroke-induced spontaneous recurrent seizures. As excitotoxic
concentrations are applied to CNS neurons to model the ischemic core of a stroke, we utilized
lower concentrations of glutamate to model the surrounding ischemic penumbra (Sun et al.,
2001). This subexcitotoxic glutamate exposure induces transient depolarizations of neuronal
membrane potential and prolonged, but reversible increases in [Ca2+]i similar to that seen in
the ischemic penumbra in whole animal models of stroke (Sun et al., 2001). Further, a
proportion of neurons in this in vitro system die secondary to glutamate exposure, while other
injured neurons survive (Sun et al., 2001). These surviving neurons manifest SREDs analogous
to seizures throughout the remainder the life of the cultures. Detailed analysis of these SREDs
reveals that they are comprised of paroxysmal depolarizing shifts of membrane potential with
high-frequency burst discharges in synchronized networks of neurons (Sun et al., 2001). These
epileptiform discharges can also be controlled with anticonvulsant regimens consistent with
temporal lobe epilepsy (Sun et al., 2001). This is, to our knowledge, the first ever report of an
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in vitro model of stroke-induced spontaneous recurrent seizures (Sun et al., 2001). Together,
these models provide a system to study the potential mechanisms of hyperexcitability observed
in the penumbra after an ischemic insult and the relationship between the pathophysiology of
stroke and epileptogenesis.

7.3. Traumatic brain injury-induced spontaneous recurrent seizures
TBI models that cause AE have been extremely difficult to develop. It has only been in the last
year that an in vivo TBI model of AE has been developed, and at the present time, there are
no in vitro models of TBI-induced AE.

7.3.1. In vivo models—Until recently, animal models of TBI have had difficulty
demonstrating overt epileptic seizures in similar fashion as models of stroke. Despite this
impediment, many investigations have demonstrated potential mechanisms of
hyperexcitability after TBI. Hyperexcitability of the hippocampal dentate gyrus has been
described in the popular lateral fluid percussion injury model of closed head injury in the rat
and potentially attributed to alterations in hippocampal circuitry (Lowenstein et al., 1992;
Coulter et al., 1996; Toth et al., 1997; Santhakumar et al., 2000, 2001). Cytoarchitectual
changes as demonstrated by selective hilar neuronal loss (Lowenstein et al., 1992; Coulter et
al., 1996; Toth et al., 1997; Santhakumar et al., 2000, 2001) and mossy fiber sprouting
(Santhakumar et al., 2001) have been shown and associated with dentate granule cell
hyperexcitability, although some recent studies refute this hypothesis (Ratzliff et al., 2004).
Larger, longer-lasting multiphasic field potential have been recorded from the hippocampus
of animals after TBI compared to field potentials in controls (Santhakumar et al., 2000, 2001;
Akasu et al., 2002; Coulter et al., 2002). Decreased seizure threshold has also been
demonstrated in other models of TBI. A typically non-convulsant dose of pentylenetetrazol
induced generalized tonic-clonic seizures in animals 15 weeks after weight drop contusion
(Golarai et al., 2001).

Although the above studies demonstrated a decreased seizure threshold after TBI, only one
study has demonstrated true posttraumatic epilepsy with the development of spontaneous
chronic seizures after fluid percussion injury in the rat (D’Ambrosio et al., 2004). These animals
demonstrated behavioral changes consistent with partial seizures as well as simultaneously
observed electrographic epileptiform events. In addition, these animals manifested
electrographic changes consistent with a postictal depression after seizures. This study further
suggested that the penumbra of the traumatic focus was the focus of seizure generation as local
field recordings from the injury site consistently manifested stimulus-induced after discharges
in contrast to the contralateral side.

7.3.2. In vitro studies—An in vitro model of TBI has been utilized to examine
electrophysiological characteristics of traumatized neurons. With this model, cultured neurons
grown on flexible membrane substrate are stretched, imparting a direct mechanical injury to
neuronal elements (Ellis et al., 1995). Studies in the acute setting of injury demonstrated
hyperexcitability in the form of sodium pump-dependent membrane depolarization (Tavalin
et al., 1995, 1997), reduced NMDA receptor Mg2+ blockade (Zhang et al., 1996), and enhanced
AMPA receptor currents (Goforth et al., 1999) in the acute setting of stretch-induced injury.
Some of these findings were reversed, however, with 24 hr of injury, and studies of chronic
hyperexcitability and epileptiform activity in this model have yet to be fully investigated.

8. A calcium continuum from epileptogenesis to excitotoxicity
A major theory in developing the role of Ca2+ in the development of AE is that there is a
continuum of severity in the effects of Ca2+ on neuronal tissue. Olney (1969) initially developed
this concept in the discovery of excitotoxicity. This concept indicates that small changes in
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Ca2+ levels produced by glutamate receptor stimulation results in physiological activities
related to synaptic transmission and normal physiological activity. However, excessive
activation of the glutamate receptors can actually excite the neuron to death, leading to the
term excitotoxicity. In between normal physiologic functions and cell death, there are other
effects of prolonged activation of glutamate receptors and especially the NMDA receptors.
Prolonged or increased activation of glutamate receptors have been implicated in the neuronal
plasticity changes of memory and long-term potentiation (Abel & Lattal, 2001; Huang & Hsu,
2001; Davies et al., 2002; Lynch, 2004).

The development of AE is one of the most dramatic examples of long-term plasticity changes
in neurons. Following an initial neuronal injury, permanent plasticity changes are developed,
which lead to the induction and maintenance of AE. Since dead neurons do not seize, it is
reasonable to assume that the injury phase of AE produces prolonged activation of glutamate
receptors that exceed the effects developed in normal physiological function and memory, yet
stop short of producing excitotoxicity and cell death. Thus, the severity of glutamate
stimulation and its duration are essential in the development of AE.

As described above, Ca2+ entry and regulation by glutamate receptors play an important role
in mediating the physiological, memory, and excitotoxic effects of glutamate on neuronal
tissue. Growing evidence has been accumulating to indicate that Ca2+ alterations induced by
excessive glutamate stimulation also play a role in the induction of AE. The following reviews
the evidence for this conclusion.

9. Calcium and the induction of epileptogenesis
Ca2+ homeostasis is essential to normal neuronal function (DeCoster et al., 1992; Tymianski
& Tator, 1996; Berridge, 1998), and irreversible Ca2+ overload leads to neuronal death after
CNS injuries such as stroke (Choi & Rothman, 1990; Tymianski & Tator, 1996; Kristian &
Siesjo, 1998; Lipton, 1999). The Ca2+ hypothesis of epileptogenesis suggests that a more
moderate neuronal insult producing prolonged but reversible elevations in [Ca2+]i through the
activated NMDA receptor contributes to the development of spontaneous recurrent seizures.
Section 9.1 will review the evidence that has accumulated supporting the Ca2+ hypothesis of
epileptogenesis that implicates a role for Ca2+ as a second messenger in the development of
AE.

9.1. Evidence that the development of acquired epilepsy is dependent on N-methyl-D-aspartic
acid receptor activation during the injury phase

A number of whole animal models of epilepsy have demonstrated a requirement for NMDA
receptor activation during the injury phase of AE. While inhibition of the NMDA receptor with
the noncompetitive NMDA receptor antagonist (+)5-methyl-10,11-dihydro-5H-dibenzo(a,b)
cyclohepten-5,10-imine maleate (MK801) had no effect on the severity or duration of the injury
caused by pilocarpineor kainic acid-induced SE (Stafstrom et al., 1993; Rice & DeLorenzo,
1998), MK801did block the development of spontaneous recurrent seizures, the histological
characteristics of neuronal loss in the CA1 region, and the mossy fiber sprouting typical in
these epileptic animal models (Stafstrom et al., 1993; McNamara & Routtenberg, 1995; Rice
& DeLorenzo, 1998).

In contrast to the pilocarpine and KA models of epilepsy, which utilize convulsant drug
exposure to trigger a single episode of SE, the kindling model of epileptogenesis utilizes
repetitive, subconvulsive electrical stimulation of particular brain regions to initiate
epileptogenesis (Goddard et al., 1969; Bradford, 1995). Early in the protocol, electrical
stimulation only elicits brief after discharges. However, after daily repetition of stimulations,
after discharges increase in duration, eventually progressing to spontaneous seizure activity.
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As seen in the SE-induced AE models, blockade of the NMDA receptor inhibits kindling
epileptogenesis, demonstrating the necessity of NMDA receptor activation (Croucher et al.,
1988, 1992; Morimoto et al., 1996).

Another kindling paradigm utilizes the daily repeated injections of glutamate to induce a
hyperexcitable state (Croucher & Bradford, 1989, 1990). Although glutamate activates a
number of receptor subtypes as described above, antagonism of the NMDA receptor alone
inhibits the development of hyperexcitability in this paradigm (Croucher & Bradford, 1989,
1990; Croucher et al., 1995). The role of NMDA receptors in kindling epileptogenesis is further
supported by the ability of NMDA alone to substitute for glutamate as the kindling agent
(Croucher et al., 1995).

Analogous kindling paradigms have been studied using in vitro preparations wherein repeated
trains of electrical stimulation of hippocampal slices result in the development of spontaneous
bursting activity (Stasheff et al., 1989). This STIB model of epileptogenesis has further
differentiated the role of NMDA receptors in epilepsy. NMDA receptor antagonists inhibit the
induction of stimulus train-induced epileptogenesis, but produced no anticonvulsant effects on
slices that were previously made epileptic (Anderson et al., 1987; Swartzwelder et al., 1988;
Stasheff et al., 1989). Thus, in the STIB model, NMDA receptor activation is required for the
development of the hyperexcitable state, but NMDA receptor activation is not mandatory for
the initiation and expression of seizure activity once this state is achieved.

In another hippocampal slice model, the removal of extracellular Mg2+ results in the
development of spontaneous and triggered epileptiform burst activity that persists even after
the return of normal Mg2+-containing medium (Anderson et al., 1986). Epileptogenesis in this
low-Mg2+ hippocampal slice model was abolished by application of the competitive NMDA
receptor antagonist, 2-amino-5-phosphonovalerate (APV; Tancredi et al., 1990).

Similar results have been shown in the low-Mg2+ hippocampal neuronal culture model of SE-
induced epileptogenesis as well as in the glutamate injury-induced epileptogenesis model.
Blockade of the NMDA receptor with MK801 or APV in both of these primary culture models
inhibited the future development of SREDs (Sombati & DeLorenzo, 1995; DeLorenzo et al.,
1998; Sun et al., 2002; Fig. 6 and Fig 7). Inhibition of the AMPA, KA, and metabotropic
glutamate receptors had no antiepileptogenic effects in either of these culture models (Fig. 6;
DeLorenzo et al., 1998; Sun et al., 2002). This in vitro model of SE-induced AE is a powerful
tool to evaluate the effects of agents on the development of AE. Fig. 6 demonstrates that test
agents can be evaluated to determine their effects on SE. If an agent inhibited AE, it would
inhibit the induction of AE not by a specific mechanism but rather by its effects on the injury
induced by AE. MK801 and the other treatments studied in this model (DeLorenzo et al.,
1998; Sun et al., 2002) were shown not to effect SE or the injury phase of AE development
(Fig. 6 and Fig 7).

Fig. 7 presents the results of these same agents on the development of AE in this model. It is
evident in this model that inhibition of the NMDA receptor system with MK801 and APV
inhibited the development of AE (Fig. 7). Other receptor blocking agents were not effective in
preventing the development of AE in this model (Fig. 7). Essentially identical results were
obtained with these techniques in the stroke-induced HNC model of AE (Sun et al., 2002).

This evidence demonstrates that NMDA receptor activation during the injury phase of AE is
essential for the development of AE in both in vitro and in vivo models. In addition, the role
of NMDA receptor activation in the development of AE has been shown in numerous
laboratories and in several different models including kindling.

DeLorenzo et al. Page 23

Pharmacol Ther. Author manuscript; available in PMC 2010 February 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



9.2. Evidence that the development of acquired epilepsy is dependent on elevated [Ca2+]i
during the injury phase of acquired epilepsy

The effects of these agents on [Ca2+]i can also be simultaneously evaluated in this model using
Ca2+ imaging (Fig. 8). This data demonstrates that agents that inhibit VGCCs, such as
nifedipine, were able to lower [Ca2+]i during SE without decreasing the severity of SE (Fig.
6), but they were not able to inhibit the induction of AE (Fig. 7). CNQX, NBQX, and MCPG
that inhibit AMPA, KA, and metabatropic glutamate receptors were also not effective in
preventing the development of AE. Thus, employing the SE-induced HNC model of AE
provided a powerful tool combining Ca2+ imaging and electrophysiological techniques to
demonstrate that the development of AE in this model was dependent on activation of the
NMDA receptor and the resulting increase in [Ca2+]i.

9.3. Elevated levels of free [Ca2+]i in the acute and epileptogenesis phases of acquired
epilepsy

The development of primary hippocampal culture models of epileptogenesis has allowed direct
investigation of [Ca2+]i during epileptogenic injury. Experiments using the low-Mg2+

hippocampal neuronal culture model of epileptogenesis have directly implicated Ca2+ influx
through the activated NMDA receptor in the development of epilepsy (DeLorenzo et al.,
1998). Although MK801 and APV have no effect on the low-Mg2+-induced continuous spike
firing of this model, these NMDA antagonists do block the development of SREDs (Sombati
& DeLorenzo, 1995; DeLorenzo et al., 1998). These drugs also significantly reduce the
sustained elevations in [Ca2+]i that occur during epileptogenic low-Mg2+-induced spike firing
(DeLorenzo et al., 1998; Pal et al., 1999; Fig. 8). Similarly, when the driving force for Ca2+

influx is decreased by reducing [Ca2+]e from 2.0 to 0.2 mM, neurons in low Mg2+ continue to
undergo spike firing with significantly lower elevation in [Ca2+]i compared to parallel
experiments in normal [Ca2+]e (DeLorenzo et al., 1998; Fig. 6 and Fig 7). Lowering [Ca2+]e
produced a decrease in [Ca2+]i during SE that did not stop the electrographic seizure discharges
due to low Mg2+ (Fig. 6), but could be directly and simultaneously observed by Ca2+ imaging
to have decreased [Ca2+]i (Fig. 8). These neurons did not exhibit epileptiform activity (Fig.
11). Lowering [Ca2+]i during SE with [1,2-bis(2)-aminophenoxy] ethane-N,N-N′,N′-tetraacetic
acid (BAPTA) also lowered [Ca2+]i during SE (Fig. 12) and blocked the development of AE
(Fig. 7). Blockade of AMPA receptors, KA receptors, and L-type VGCCs had no effect on
low-Mg2+-induced continuous spike firing, the associated increase in [Ca2+]i, or the induction
of epileptogenesis (DeLorenzo et al., 1998; Fig. 6–Fig 8). These studies directly relate Ca2+

elevations through the NMDA receptor as an initiating factor in the development of epilepsy.

In the glutamate injury-induced epileptogenesis model of stroke-induced spontaneous
recurrent seizures, the subexcitotoxic glutamate exposure used to initiate epileptogenesis
causes a prolonged but reversible elevation in neuronal [Ca2+]i (Sun et al., 2002). As in the
low-Mg2+ model, this prolonged elevation is significantly decreased when glutamate injury is
performed in the presence of NMDA receptor antagonists or in low [Ca2+]e, and these same
experimental conditions inhibit epileptogenesis (Sun et al., 2002). Prolonged, reversible
increases in [Ca2+]i can be produced in cultured neurons by increasing the extracellular
potassium concentration of the bathing media. However, this elevation in [Ca2+]i does not
induce epileptogenesis (Sun et al., 2002). Treatment of cultures with antagonists of non-NMDA
receptor subtypes had neither antiepileptogenic effects nor significant effects on glutamate-
induced changes in [Ca2+]i. Statistical analysis in this model further revealed that the duration
of statistically elevated [Ca2+]i correlated with epileptogenesis, whereas total or percent
increase in [Ca2+]i did not (Sun et al., 2002). Thus, Ca2+ influx through the activated NMDA
receptor and prolonged elevations of neuronal free intracellular Ca2+ appear to be required in
glutamate injury-induced epileptogenesis.
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The role of Ca2+ in epileptogenesis is not simply limited to its role as a charge carrier through
the NMDA receptor but also as a second messenger molecule within the cytoplasm. Preloading
cultured hippocampal neurons with the intracellular Ca2+ chelator, BAPTA, prevents
epileptogenesis in normal Ca2+ environments (DeLorenzo et al., 1998; Sun et al., 2002). In
this case, Ca2+ still crosses the neuronal membrane through the NMDA receptor, but is
prevented from initiating Ca2+-sensitive pathways because of its rapid binding to BAPTA
(DeLorenzo et al., 1998; Sun et al., 2002). In experiments where barium is substituted for
extracellular Ca2+, epileptogenesis does not occur (DeLorenzo et al., 1998; Sun et al., 2002).
Since barium does not support Ca2+-dependent second messenger pathways, these data suggest
that a specific Ca2+ signaling cascade is involved in the epileptogenesis in primary hippocampal
culture models of SE- and stroke-induced spontaneous recurrent seizures (DeLorenzo et al.,
1998; Sun et al., 2002).

Recently, acute neuronal isolation techniques have been utilized to study [Ca2+]i in whole
animal models of epileptogenesis (Raza et al., 2004). Acutely isolated neurons were isolated
from the hippocampus of rats during the acute (injury) and epileptogenic (latency) phases of
the development of AE. Fig. 3A provides data on the hippocampal neuronal [Ca2+]i during the
acute, epileptogenic, and chronic phases of AE. This data provides the first direct evidence that
[Ca2+]i is significantly elevated immediately after SE and remains elevated during the time
window of epileptogenesis in the pilocarpine model (Fig. 3A and D). Sham and pilocarpine
without SE control animals did not develop elevated [Ca2+]i or AE. Furthermore, some animals
that were given pilocarpine developed SE, but did not develop AE. SE without AE animals
did not manifest elevations in [Ca2+]i (Fig. 3A). These results provide evidence for a close
relationship between elevated [Ca2+]i and the development of AE (Fig. 3A and D). The effects
of SE on elevations in [Ca2+]i were shown not to be due to injury-induced increases in
[Ca2+]i due to apoptosis or necrosis, since it was possible to demonstrate that acutely isolated
neurons used for [Ca2+]i measurements did not manifest more that 10% apoptosis or necrosis
under conditions where more than 70% of the neurons had elevated [Ca2+]i (Fig. 3C). In
addition, employing MK801 during the SE-induced injury blocked this rise in [Ca2+]i during
the acute, epileptogenic, and chronic phases of AE and also prevented the development of AE
(Raza et al., 2004). These results provide strong evidence that elevations of [Ca2+]i play a role
in the development of AE.

9.4. Increased [Ca2+]i during the injury phase of acquired epilepsy in other brain regions and
hippocampal neurons

Since the hippocampus is the focus of many of the long-term plasticity changes in AE, it is
important to determine if changes in CA1 neurons are observed in other types of hippocampal
neurons and in other brain regions. In the pilocarpine model, it was shown that the acute changes
in [Ca2+]i following SE in hippocampal neurons were not occurring in frontal or occipital
cortical neurons (Raza et al., 2004; Fig. 3B). These results indicate that there may be some
selectivity to the effects of SE on [Ca2+]i in different brain regions. Since the hippocampus is
at the center of many of the electrophysiological and molecular changes observed in the
pilocarpine model of AE (Sanabria et al., 2002), it is not surprising that the [Ca2+]i changes
would also be most pronounced in the hippocampus in comparison to frontal and occipital
cortical regions. Further studies are needed to evaluate the anatomic distribution of the SE-
induced alterations in [Ca2+]i levels and to determine if they are seen throughout the limbic
system or in other relevant structures.

Initial studies from our laboratory focused on SE-induced changes in CA1 hippocampal
[Ca2+]i levels (Raza et al., 2001, 2004). However, additional studies are needed to evaluate
[Ca2+]i changes in other neurons in the dentate gyrus and CA1-CA3 regions and the hilus. It
was found that interneurons in the CA1 region also manifested alterations in [Ca2+]i after SE
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(Raza et al., in press). Although acutely isolated neurons were prepared from tissue punches
dissected from the pyramidal neuronenriched stratum pyramidale of the CA1 and layers 3–5
of the frontal and occipital cortex, it was necessary to evaluate possible minimal contamination
from nonprinciple neurons or interneurons. Pyramidal neurons were identified
morphologically and by the absence of immunoreactivity for specific protein markers for
interneurons that include parvalbumin, cholecystokinin, vasoactive intestinal peptide,
somatostatin, and neuropeptide Y (Scharfman et al., 2000; Matyas et al., 2004). Employing
these markers that stain interneurons, we are characterizing neurons studied by calcium
imaging to more clearly identify the neuronal types that undergo SE-induced changes in
[Ca2+]i. This technique can be employed in both in vitro and acutely isolated in vivo
experiments. These studies will allow us to more definitively identify the characteristics of
neurons that undergo altered Ca2+ dynamics after injury in different brain regions and areas of
the hippocampus.

Epilepsy is an excellent model of neuronal plasticity (Heinemann, 2004; Scharfman, 2002a).
Since numerous changes in Ca2+ dynamics in the interneurons as well as pyramidal neurons
have been observed in the pilocarpine and in the SE and GET in vitro models of AE, it is
possible that these changes in Ca2+ dynamics may play a role in some of the many plasticity
changes observed in pyramidal neurons, dentate granule neurons and interneurons that occur
with the development of AE. These changes include changes in GABA receptor function
(Coulter, 2001), the initiation of mossy fiber sprouting (Ben-Ari, 2001, Nadler, 2003),
alterations in peptide expression (Wasterlain et al., 2002), neuronal reorganization (Sanabria
et al., 2002), reorganization of cannabinoid receptor expression (Wallace et al., 2003), changes
in the expression of BDNF (Scharfman, 1999; Scharfman et al., 1999; Binder et al., 2001;
Scharfman, 2002b), the onset of neurogenesis (Parent et al., 1997, 2002), and other cellular
and functional changes (Scharfman, 1992, 1995). It is important to understand the molecular
basis for these long-term alterations. The possible role of Ca2+ as a second messenger mediating
some of these changes in hippocampal CA neurons, hilar neurons, dentate granule neurons,
and interneurons is an important area of further investigation. It is possible that some but not
all of these plasticity changes associated with SE are mediated by calcium.

10. Calcium and the maintenance of acquired epilepsy
The Ca2+ hypothesis of epileptogenesis proposes that persistent alterations in Ca2+ homeostasis
also underlie the maintenance of the epileptic condition. Whereas Ca2+ overload and
irreversible loss of Ca2+ homeostasis have been implicated in excitotoxic neuronal death
(Limbrick et al., 1995), long-lasting changes in normal Ca2+ handling, below threshold for
excitotoxic cascade activation, may sustain the pathophysiological changes associated with the
expression of spontaneous recurrent seizures. The Ca2+ hypothesis of epileptogenesis proposes
that long-term alterations in Ca2+ homeostasis underlie the chronic nature of the epileptic
condition.

10.1. Permanent elevations of hippocampal neuronal [Ca2+]i are associated with the chronic
phase of acquired epilepsy

Experiments using chronically epileptic brain tissue and HNC neuronal networks in the SE
and stroke HNC and the pilocarpine models of AE have revealed permanent alterations in basal
levels of free [Ca2+]i (Fig. 9). Basal [Ca2+]i in both the cytoplasm and the nucleus of cultured
epileptic neurons was significantly higher than in control neurons (Pal et al., 2000;Sun et al.,
2004) using the SE induce HNC AE model (Fig. 9A). The stroke-induced HNC model of AE
produced the same permanent increase in [Ca2+]i (Fig. 9B). This elevation in [Ca2+]i was
maintained in comparison to control conditions, when epileptiform discharges were blocked
by tetrodotoxin in established control and epileptic cultures (Fig. 9B), suggesting that Ca2+

entry during seizure activity contributed in part to the elevated Ca2+ levels (Sun et al., 2004),
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but that the chronic epileptic phase of AE was still associated with a chronic increase in
[Ca2+]i.

To further evaluate whether [Ca2+]i levels were elevated in hippocampal neurons in epileptic
animals, our laboratory developed the acute isolation procedure for Ca2+ imaging of intact
hippocampal neurons acutely isolated from control and epileptic animals (Raza et al., 2001).
This technique allowed us to determine if the chronic phase of AE produced the same effect
on hippocampal [Ca2+]i levels as observed in the HNC culture models of AE. Resting
[Ca2+]i measured in acutely isolated CA1 hippocampal neurons 1 year after the induction of
spontaneous recurrent seizures in the chronic phase of AE were significantly elevated
compared to control neurons in the pilocarpine model of SE-induced AE (Raza et al., 2001,
2004; Fig. 9C). Thus, the development of AE is associated with essentially permanent
elevations of [Ca2+]i. in hippocampal neurons in the epileptic neurons in both in vitro and
animal models of AE.

10.2. Altered calcium homeostatic mechanisms in the chronic phase of acquired epilepsy
In addition to essentially permanent elevations of [Ca2+]i in hippocampal neurons in the
epileptic neurons, chronically epileptic neurons also manifest chronically altered Ca2+

homeostatic mechanisms. Alterations in Ca2+ homeostatic mechanisms have been
demonstrated in the chronic phase of AE in the SE- and stroke-induced HNC models of AE
(Pal et al., 2000, 2001; Sun et al., 2004) and in the pilocarpine model of AE (Raza et al.,
2001, 2004; Fig. 10 and Fig 11).

When challenged with moderate levels of glutamate (50 µM, 1 min), acutely isolated epileptic
CA1 hippocampal neurons from control and epileptic animals in the chronic epilepsy phase of
AE in the pilocarpine model of AE manifest a delayed recovery of resting Ca2+ levels compared
to controls (Raza et al., 2001; Fig. 10 and Fig 11). This impaired ability to restore resting
[Ca2+]i in epileptic neurons was not caused by enhanced Ca2+ influx during glutamate exposure
(Raza et al., 2001). Instead, experiments suggest that this delayed restoration of resting Ca2+

levels may be caused by impairment in neuronal Ca2+ sequestration mechanisms.

Similar results were demonstrated in the SE- and stroke-induced HNC models of AE (Pal et
al., 2000, 2001; Sun et al., 2004; Fig. 10). Using glutamate (50 µM, 1 min) to expose control
and epileptic neuronal populations with a Ca2+ load, the rate of removal of [Ca2+]i can be
evaluated. Epileptic neurons manifested altered Ca2+ homeostatic mechanisms, since they
could not remove [Ca2+]i as effectively as control neurons (Fig. 10). These results demonstrate
that neurons in the 2 HNC models of AE demonstrate the same alterations in Ca2+ homeostatic
mechanisms observed in the hippocampal neurons in the pilocarpine model during the chronic
phase of AE. Further studies have demonstrated that these alterations are mediated in part by
chronic changes in the activity of SERCA- and IP3-stimulated CICR (Pal et al., 2001).

10.3. Inhibition of SERCA associated with the chronic phase of acquired epilepsy
Microsomes prepared from epileptic tissue demonstrate impaired SERCA activity immediately
after pilocarpine-induced SE as well as 1 year after pilocarpine-induced epilepsy (Parsons et
al., 2000, 2001). In the kindling model of epileptogenesis, Ca2+-binding proteins which rapidly
buffer increases in [Ca2+]i (Baimbridge et al., 1992) are progressively lost (Baimbridge et al.,
1985; Kohr et al., 1991). Measurements of [Ca2+]i in networks of cultured hippocampal
neurons in the low-Mg2+ and glutamate-injury models of epileptogenesis demonstrate similar
alterations in Ca2+ homeostasis to that seen in pilocarpine- induced epileptic animals (Pal et
al., 2000, 2001).
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Impaired SERCA-mediated Ca2+ sequestration similar to that of pilocarpine animals also
contribute to chronically increased basal [Ca2+]i in the SE HNC model of AE (Pal et al.,
2000, 2001). These studies demonstrate in intact neurons that SERCA is chronically inhibited
in the chronic phase of AE (Fig. 12). The association of decreased SERCA activity in the
epileptic state indicates that epileptic neurons are less able to remove elevated [Ca2+]i due to
a decreased ability of SERCA to pump calcium out of the neuronal cytoplasm into the ER.
These results provide a direct demonstration of a permanent alteration in SERCA activity in
the chronic epileptic state that could be contributing to the altered Ca2+ homeostatic
mechanisms observed in the chronic epileptic phase of AE.

10.4. Increased IP3 CICR activity associated with the chronic phase of acquired epilepsy
Recent studies were initiated to study the activity of RyR- and IP3-stimulated CICR enzyme
systems in control and epileptic neurons in the SE HNC model of AE (Pal et al., 2001). Both
of these CICR systems mediate Ca2+-stimulated release of Ca2+ from the ER during an increase
in [Ca2+]i. It was possible to evaluate the activity of both the RyR- and IP3-stimulated CICR
enzyme systems in control and epileptic neurons in the SE-induced HNC model of AE (Pal et
al., 2001). The results demonstrate that the activity of IP3-stimulated CICR was significantly
increased in the epileptic neurons in comparison to controls, while no effect of epileptogenesis
was observed on the level of activity of the of RyR-stimulated CICR (Fig. 12).

These results demonstrate that the chronic epilepsy phase of AE is associated with a selective
stimulation of the IP3-stimulated CICR but not of the RyR-stimulated CICR. The increased
activity of IP3-stimulated CICR could also account for the results shown in Fig. 10,
demonstrating the altered Ca2+ homeostatic mechanisms in the epileptic neurons. These studies
provide direct evidence of long-term plasticity changes in both SERCA- and IP3-stimulated
CIRC activity in the chronic epilepsy phase of AE and provide specific molecular targets to
inhibit or stimulate to alter the abnormal changes induced by epileptogenesis in Ca2+

homeostatic mechanisms.

11. Effects of elevated [Ca2+]i and altered calcium homeostatic mechanisms
in the chronic phase of acquired epilepsy on calcium-dependent signaling
cascades

It has now been established in multiple models of AE that the epileptic phenotype is associated
with elevated [Ca2+]i and altered Ca2+ homeostatic mechanisms in neurons in the hippocampus
and possibly in other areas of the brain. Since Ca2+ is such a major second messenger system
affecting many aspects of neuronal function, it is reasonable to assume that this underlying
change in [Ca2+]i plays a major role in altering neuronal activity. Although it is still not possible
to clearly define which second messenger systems are causing AE, it is possible to document
several long-term changes in Ca2+-regulated neuronal processes. These long-term changes are
suggested to be responsible for some of the long-lasting plasticity changes associated with AE
in the calcium hypothesis of epileptogenesis and AE (DeLorenzo, in press). Epilepsy is an
excellent model of neuronal plasticity (Scharfman, 2002a; Heinemann, 2004). The
development of epilepsy is associated with many changes in the hippocampus, including
initiation of mossy fiber sprouting (Ben-Ari, 2001; Nadler, 2003), changes in GABA receptor
function (Coulter, 2001), neuronal reorganization (Sanabria et al., 2002), alterations in peptide
expression (Wasterlain et al., 2002), changes in the expression of BDNF (Scharfman et al.,
1999; Binder et al., 2001; Scharfman, 2002b), the onset of neurogenesis (Parent et al., 1997,
2002), reorganization of cannabinoid receptor expression (Blair et al., 2003), and other cellular
and functional changes (Scharfman, 1992, 1995). It is important to understand the molecular
basis for these long-term alterations. The possible role of Ca2+ as a second messenger mediating
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some of these changes is an important area of further investigation. It is possible that some but
not all of these plasticity changes associated with SE are mediated by calcium.

It is important to identify the Ca2+ systems altered in AE, as a first initial step in understanding
the molecular processes regulating the development of AE. Some of these plasticity changes
may regulate neuronal excitability and seizure activity, others may offer protection against
seizure activity, and still others may not play any role in the altered neuronal excitability
underlying AE. Identifying these processes and understanding their role in the development of
AE is important in novel developing treatments and strategies to prevent and reverse AE.
Several [Ca2+]i-regulated enzyme systems and cellular processes have already been shown to
be associated with AE. The following reviews these studies.

11.1. Effects of altered [Ca2+]i on Ca2+-regulated enzyme systems
Because of the significant regulatory and signaling role of Ca2+ in neurons (Ghosh &
Greenberg, 1995; Berridge, 1998), basal elevations in [Ca2+]i, although slight in magnitude,
may sustain alterations in Ca2+-dependent enzyme systems that contribute to the chronic
manifestation of epileptiform activity. Levels of protein kinase C (α) isozyme are decreased
after kindling epileptogenesis (Buzsaki et al., 1992) and the activity of the Ca2+/calmodulin-
dependent phosphatase calcineurin is increased after pilocarpine-induced SE (Kurz et al.,
2001). Ca2+/calmodulin kinase II (CaMKII) activity is depressed in human epileptic tissue
(Battaglia et al., 2002) and in numerous whole animal models of epilepsy (Bronstein et al.,
1990, 1992; Perlin & DeLorenzo, 1992; Wasterlain et al., 1992; Kochan et al., 2000). Epileptic
neurons in culture also manifest some of the biochemical changes observed in whole animal
models. For example, decreased CaMKII activity and α subunit expression are observed in the
low-Mg2+ hippocampal neuronal culture model (Blair et al., 1999). Like epileptogenesis, these
changes are dependent on NMDA receptor activation (Blair et al., 1999; Kochan et al.,
2000).Decreased CaMKII activity has been further implicated in epileptogenesis by
experiments using transgenic mice with a null mutation for the α subunit of CaMKII. These
mice, lacking active CaMKII, manifest epileptiform activity after subconvulsive stimulation
(Butler et al., 1995). Further, naRve hippocampal neuronal cultures treated with antisense
oligonucleotides to the CaMKII α subunit, express decreased levels of CaMKII and exhibit
SREDs as seen in the low-Mg2+ and glutamate injury-induced epileptogenesis models (Churn
et al., 2000).

11.2. Calcium-dependent gene regulation in the development and maintenance of epilepsy
Alterations in messenger RNA and protein levels have been characterized in many models of
epileptogenesis (DeLorenzo & Morris, 1999) and growing evidence suggests that Ca2+-
dependent transcription factor regulation may be involved in epileptogenesis (Bading, 1999).
NMDA receptor activation, cytoplasmic Ca2+ signals and nuclear Ca2+ signals can regulate
gene transcription through multiple Ca2+-activated enzyme and transcription factor pathways
(Ghosh & Greenberg, 1995; Hardingham et al., 1997; Platenik et al., 2000). Thus, activation
of the NMDA receptor-Ca2+ transduction pathway during epileptogenesis and the chronic
elevations of cytoplasmic and nuclear Ca2+ in epileptic neurons may underlie many of the
alterations in gene expression associated with the development of epilepsy (DeLorenzo,
1991).

In the pilocarpine model of limbic epilepsy, increases in the binding and expression of the
transcription factors, serum response factor (SRF) and ΔfosB, have been observed during
epileptogenesis, as well as in chronically, epileptic animals (Morris et al., 1999, 2000). This
increased expression required activation of the NMDA receptor-Ca2+ transduction pathway
(Morris et al., 1999). Further, the expression of activator protein-1 (AP-1) transcription factor
binding is increased in the pilocarpine and KA models (Bing et al., 1997; Morris et al.,
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1999). SRF phosphorylation by Ca2+-activated MAP kinase (MAPK) and Ca2+/calmodulin
kinase IV (CaMKIV) pathways autoregulates its own expression via a positive feedback loop
in addition to up-regulating the transcription of the FosB gene producing ΔFosB (Sheng &
Greenberg, 1990; Morris et al., 1999, 2000). When dimerized with jun, ΔFosB may interact
with the AP-1 DNA consensus promoter sequence on the GABAA receptor α5 subunit (and
perhaps α2) to inhibit transcription of this gene(s) (Nakabeppu & Nathans, 1991; Lazo et al.,
1992; Gizang-Ginsberg & Ziff, 1994). These pathways ultimately result in reduced GABAA
receptor α5 and α2 subunit mRNAs, observed in some epileptogenesis models, which can lead
to altered GABAA receptor function, decreased inhibition and the spontaneous recurrent
seizure activity of epilepsy (Rice et al., 1996; Vick et al., 1996; Gibbs et al., 1997).

11.3. Calcium-dependent changes in neuronal inhibitory function
Hyperexcitability can manifest secondary to enhanced neuronal excitation or decreased
inhibition. Alterations in the inhibitory function of neuronal networks have been established
in many models of spontaneous recurrent seizures (Treiman, 2001). There exist many potential
mechanisms for Ca2+ modulation of CNS inhibition. The GABAA receptor is responsible for
fast inhibitory neurotransmission in the CNS (Kittler et al., 2002; Steiger & Russek, 2004) and
in both human epileptic and pilocarpine-induced epileptic tissue, decreased GABAA receptor
function has been observed to be both dependent on NMDA receptor activation and increased
[Ca2+]i (Isokawa, 1998). As referred above, altered levels of GABAA receptor subunits (Rice
et al., 1996; Vick et al., 1996; Brooks-Kayal et al., 1998) and Ca2+-dependent transcription
factors (Morris et al., 1999, 2000) have been demonstrated in models of AE. Since CaMKII
phosphorylation of the GABAA receptor enhances agonist binding (Churn & DeLorenzo,
1998) and GABAergic function (Wang et al., 1995), the decreased activity of CaMKII in
epileptic neurons may contribute to decreased inhibitory neurotransmission in the epileptic
brain (Gibbs et al., 1997; Naylor, 2002). Altered Ca2+ may also contribute to changes in
GABAA receptor isoform gene expression (DeLorenzo & Morris, 1999).

11.4. Calcium and γ-amino butyric acidA receptor recycling in acquired epilepsy
Recent data suggests that increased receptor trafficking and a net decrease in the total number
of available membrane GABAA receptors may contribute to decreased inhibition in epilepsy
(Naylor, 2002; Blair et al., 2004). GABAA receptor trafficking at the neuronal synapse is
dependent on clathrin-mediated endocytosis (Kneussel, 2002) and rates of clathrin-based
endocytosis are thought to mediate in part by [Ca2+]i. The effects of elevated [Ca2+]i on the
rate of GABAA receptor endocytosis may play an important role in the induction and
maintenance of AE. Recent studies have demonstrated that decreased GABAA receptor binding
and function in the SE HNC model of AE is in part regulated by increased endocytosis of the
receptor in the epileptic condition (Blair et al., 2004). This process does not change the total
protein expression of the receptor, but it decreased the available or functional GABAA receptor
at the membrane surface. Using this model of AE is was possible to demonstrate that inhibition
of Our preliminary results indicate that increased [Ca2+]i produced during the chronic epileptic
phase of AE is sufficient to cause an increased rate of GABAA receptor endocytosis causing
decreased GABAA receptor expression on the neuronal membrane and decreased response to
GABA. Understanding the effects of increased [Ca2+]i on receptor recycling is a promising
area for developing novel therapies and interventions for AE. Thus, there are many different
pathways by which the NMDA receptor-mediated Ca2+ influx during epileptogenesis and the
chronic changes in epileptic neuronal Ca2+ homeostasis can culminate in decreased CNS
inhibition.
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12. Implications for the development of novel anticonvulsant drugs,
antiepileptogenic agents and potential therapies to possibly reverse acquired
epilepsy

Understanding the role of Ca2+ as a second messenger in AE, may provide important insights
into the molecular basis of the development of epileptogenesis. Although changes in Ca2+

second messenger effects in the development of AE are unlikely to explain all of the complex
changes associated with the development of AE, the demonstration of alterations in Ca2+

systems in all 3 phases of the development of AE offer an important starting point for further
exploration of the role of Ca2+ second messenger systems in AE.

12.1. Calcium systems as a target for anticonvulsant agents
Agents that alter Ca2+ homeostasis or regulate Ca2+ systems may provide important new
anticonvulsant drugs. Several anticonvulsants have been shown to alter Ca2+ homeostasis
(DeLorenzo, 1986; Stefani et al., 1997). Understanding the role of Ca2+ in the induction and
maintenance of AE may provide targets for novel anticonvulsant compounds. Inhibiting
Ca2+ entry or activity in the neuron may offer novel strategies for the development of
anticonvulsant agents.

12.2. Calcium systems as a target for antiepileptogenic agents and the prevention of acquired
epilepsy

A potentially exciting area suggested by these studies is the development of antiepileptogenic
agents. At the present time there are no clinically demonstrated antiepileptogenic drugs
(Anderson et al., 2003; Temkin, 2003; Watson et al., 2004).

Since it has been shown that Ca2+ remains significantly elevated for prolonged periods in the
injury and epileptogenic phases in the development of AE, it may be possible to develop
strategies to restore Ca2+ to control levels during these critical times in the development of
AE. It has been shown that the inhibition of the NMDA receptor during SE can prevent the
development of AE (Rice & DeLorenzo, 1998). More recent studies (Raza et al., 2004) have
demonstrated that elevations of Ca2+ are also prevented by this same treatment. Thus, these
studies provide a link between the prolonged second messenger effects produced by elevated
Ca2+ during epileptogenesis and the development of AE.

Using this knowledge, it should be possible to target the reduction of Ca2+ in the injury and
epileptogenesis phase of AE to prevent the development of seizures. Studies in our laboratory
have demonstrated that reduction of [Ca2+]i during the injury and epileptogenesis phase of AE
can prevent the development of seizures in the hippocampal neuronal culture model of AE
(DeLorenzo, in press). These results underscore the potential importance of developing
methods for restoring normal Ca2+ homeostasis in the prevention of AE. Novel
antiepileptogenic drugs that target the restoration of physiological [Ca2+]i during these critical
time periods in the injury and epileptogenesis phases of AE offer a unique opportunity to
prevent AE and significantly reduce the incidence of this common disorder. Administration of
these “Ca2+ restoring” antiepileptogeneic agents as soon as possible after SE, stroke, or TBI
may offer new frontiers for preventing the development of AE.

12.3. Calcium systems as a target for a possible cure of acquired epilepsy
The most exciting possible are for future research opened by the Ca2+ hypothesis of AE is the
role of Ca2+ in the maintenance phase of AE. Experimental evidence presented in this paper
indicates that altered Ca2+ homeostatic mechanisms may play an important role in the
maintenance of the long-term plasticity changes induces during epileptogenesis and perpetuate
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the chronic epilepsy phase of AE. Although it is unlikely that restoring Ca2+ homeostatic
mechanisms to normal in epileptic brain tissue will completely reverse all of the complex
changes associated with AE (Scharfman, 2002a, 2002b), it is possible that it may restore enough
normal physiological function to the epileptic neuron to decrease or even terminate seizure
discharge. Several in vitro models have yielded insights in to the possible reversal or cure of
AE by using agents that restore Ca2+ dynamics in the chronic epileptic phenotype (DeLorenzo,
in press). Thus, targeting the long-term alterations in Ca2+ homeostatic mechanisms offers a
potential site to begin our quest for the ultimate agents that may eventually lead to a cure of
AE. Since Ca2+ is such a major second messenger system in neurons, it is not inconceivable
to speculate that many of the long-term plasticity changes induced by epileptogenesis are
mediated by changes in this second messenger in the epileptic phenotype. This are of research
offers an exciting frontier for epilepsy research.
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Fig. 1.
Simultaneous recording of epileptiform discharges and calcium dynamics during SE in the
low-Mg2+-induced SE HNC model of AE. (A) Upper trace: a representative whole-cell current
clamp recording from a neuron during SE. The neuron exhibited epileptiform-bursting activity
consistent with continuous electrographic epileptiform activity. Each burst consisted of a large
(30–40 mV) PDS with numerous superimposed spikes. Lower trace: simultaneous [Ca2+]i
recording from the same neuron using ultra high-speed microfluorometry (5-msec resolution)
demonstrating correlation between depolarization and elevations in [Ca2+]i. The [Ca2+]i level
starts rising along with the subspike threshold waves of depolarization and level rises rapidly
with the appearance of epileptiform bursts with numerous spikes. The comparison

DeLorenzo et al. Page 50

Pharmacol Ther. Author manuscript; available in PMC 2010 February 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



demonstrates that there is a direct correlation between elevated [Ca2+]i and continuous
epileptiform discharges. (B) Expanded portion of a region indicated by the bar in panel A to
demonstrate the relationship between each burst of action potential and the corresponding
change in [Ca2+]i levels. The amplitude of spikes was truncated to emphasize the large PDS.
The arrows denote the beginning of each PDS. Notice the brief time lag between the beginning
of each epileptiform burst and the rise in calcium wave. Following each PDS, the [Ca2+]i could
not recover to baseline levels before the next PDS occurred, and thus with each additional PDS,
the [Ca2+]i gradually rose to a plateau level of ~600 nM (A). (Revised from Pal et al., 1999.)
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Fig. 2.
Recovery of [Ca2+]i after various durations of SE in the Mg2+-induced SE HNC model of AE.
Cells were treated with low Mg2+ to produce 15 min, 1 h, and 2 h of SE. The average
[Ca2+]i in representative pyramidal cells (n = 5) was measured as described in Section 2. (A)
Line graph of recovery time of [Ca2+]i to basal levels from the SE durations of 15 min, 1 h,
and 2 h. Each line graph represents the average [Ca2+]i at each time point for 5 cells. (B)
Quantitation of [Ca2+]i recovery time after various durations of SE. The data represent the
mean ± SEM for recovery time after 15 min, 1 h, and 2 h of SE. There was a significant effect
of SE duration on the recovery time between 15 min and 1 and 2 h of SE (*p < 0.05, Student’s
t-test with Bonferroni correction. Revised from Pal et al., 1999.)
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Fig. 3.
Direct evidence that increased [Ca2+]i occurs in the injury and epileptogenesis and chronic
phases of AE in the pilocarpine model (A), and that inhibition of the NMDA receptor with
MK801 during the injury induced by SE not only prevents the prolonged increase in [Ca2+]i
(B) but also the development of AE (C). (A) Neurons were acutely isolated from hippocampal
tissue during different times after the injury phase of AE. The data indicate that [Ca2+]i was
significantly elevated immediately after SE and was still elevated as long as 1 year after the
initial injury (*″p < 0.05). (B) The data present the mean ± SE [Ca2+]i for control (n = 35), pilo
no SE (n = 21), 1 day after SE (n = 67), and 1 day after SE + MK801 (n = 29). MK801 blocked
the development of increased [Ca2+]i after the SE injury (*p < 0.01, in comparison to control).
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(C) The data present, the percent animals that developed seizures at 60 days post-SE or control
treatment in the control (n = 20), pilo no SE (n = 24), SE (n = 30), and SE + MK801 animals
(n = 15). MK801 blocked the development of AE. (*p < 0.01, in comparison to control.
Modified from Raza et al., 2004.)
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Fig. 4.
Effects of glutamate injury on hippocampal membrane potential (A and B), input resistance
(C), and cell swelling (D–F). (A) Representative whole-cell current clamp recording of a
hippocampal neuron before, during, and after glutamate application (5 µM, 30 min). In the
presence of glutamate (black bar), this neuron depolarized from −52 to −17 mV, and synaptic
potentials were lost. Upon washout, the neuron repolarized to −47 mV and EPSPs returned.
(B) Effect of glutamate on neuronal membrane potential. Neuronal membrane potential before
(Before, n = 12), during (GLU, n = 12), and 5 min or more after glutamate application (wash,
n = 19). *p < 0.05 ANOVA, Tukey post hoc test. (C) Effect of glutamate on neuronal membrane
input resistance. Neuronal membrane input resistance before (Before, n = 10), during (GLU,
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n = 10), and 5 min or more after glutamate application (wash, n = 10). *p < 0.05 RM ANOVA,
Tukey post hoc test. Data are represented by mean ± SEM. (D–F) Glutamate-induced neuronal
swelling. Digital images of a representative fluorescein-stained, hippocampal pyramidal
shaped neuron before (D), during glutamate exposure (5 µM, 30 min; E), and within 1 hr of
glutamate washout (F). In glutamate, this neuron swelled, increasing somatic area by 31%.
The same neuron within an hour of washout restored preexposure morphology, only 4% greater
than preexposure somatic area. Scale bar = 10 µM. (From Sun et al., 2001.)
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Fig. 5.
Hippocampal depth electrode EEG recordings from representative control (A) and epileptic
(B and C) animals 2 months after vehicle or pilocarpine injections. (A) Control animals
demonstrate normal background EEG rhythms. (B) Epileptic animals consistently manifested
interictal spike discharges during EEG recordings; a typical seizure record is shown. Rapid
spike discharges with frequencies between 10 and 20 Hz (region 1), followed by well-formed
polyspike and slow wave discharges (region 2) were typically observed (C), and corresponded
in time to the tonic and clonic phases of the clinical seizure activity that was observed on the
video EEG. (From Rice et al., 1996.)
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Fig. 6.
Induction of continuous seizure activity (status epilepticus) in cultured hippocampal neurons
for 3 hr in the presence and the absence of several neuropharmacological agents. Intracellular
recordings were obtained from hippocampal pyramidal neurons before, during, and after a 3-
hr low-Mg2+ treatment employing established procedures. The recordings shown were
representative of more than 10 independent experiments for each condition. (A) A
representative intracellular recording from a control neuron showing occasional spontaneous
action potentials. The resting potential of individual neurons ranged from 65 to 50 mV.
Recording from more than 100 control neurons, no spontaneous seizure activity was observed.
(B–J) Representative intracellular recordings during low-Mg2+ treatment in normal (2 mM;
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B) or low (0.2 mM) Ca2+ (C), or various neuropharmacological agents (see Fig. 2D–J). During
the low-Mg2+ treatment, the cells developed longer-duration synaptic potentials and multiple-
action potentials, evolving into continuous tonic high-frequency (4–20 Hz) burst discharges.
The frequency of burst discharges varied from cell to cell. However, all the conditions shown
in panels C–J manifested 3 hr of continuous seizure discharge. The low Ca2+ 0.2 mM (C),
APV 25 µM (E), and MK801 10 µM (F) treatments consistently produced higher-frequency
discharges. NBQX 10 µM (H) and 5 µM nifedipine (J) produced slightly lower-frequency
discharges. After readdition of normal Mg2+ levels to the medium, all spontaneous continuous
discharges attenuated. SE produced less than 10% neuronal cell death under these conditions.
(From DeLorenzo et al., 1998.)
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Fig. 7.
Induction of spontaneous recurrent seizures in cultured hippocampal neurons 2 days after low-
Mg2+ treatment in the presence or the absence of low Ca2+ (C) or neuropharmacological agents
(D–J) during the brief 3-hr exposure to low Mg2+. After low-Mg2+ treatment, cultures
immediately were returned to normal Mg2+ levels in the media. Intracellular recordings were
obtained from hippocampal pyramidal neurons 2 days after low-Mg2+ treatment. The
recordings shown were representative of more than 10 independent experiments for each
condition. SREDs (seizures) were observed under standard conditions, 2 mM Ca2+ (B), 10 µM
CNQX (G), 10 µM NBQX (H), 250 µM MCPG (I), and 5 µM nifedipine (J). Low extracellular
Ca2+ (0.2 mM; C) or intracellular chelation of Ca2+ with 100 µM BAPTA (D) during low-
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Mg2+ treatment completely blocked the development of spontaneous recurrent seizures despite
causing even a higher-frequency seizure discharge during the low-Mg2+ treatment. Expansion
of a 5-sec interval of seizure activity in panel B demonstrated the numerous spikes associated
with each epileptiform burst. More than 80 spike discharges occurred during this 5-sec
segment, giving an average spike frequency discharge of 16 Hz during this segment of the
seizure shown in (B). The electrophysiological patterns for conditions A–J were representative
of recordings taken earlier or later than the 2-day post-SE sample time. Conditions that blocked
the induction of spontaneous recurrent seizures never manifested seizure discharges. (From
DeLorenzo et al., 1998.)
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Fig. 8.
[Ca2+]i imaging of hippocampal neurons in culture before, during, and after low-Mg2+

treatment in the presence or the absence of low Ca2+ or various neuropharmacological agents.
(A) A representative hippocampal neuron under conditions with basal [Ca2+]i levels of 150
nM. (B) The same neuron shown in A during low-Mg2+ treatment. [Ca2+]i rose to 570 nM.
(C) The same neuron shown in panels A and B after return to normal Mg2+ conditions after 3
hr of treatment. [Ca2+]i returned to near-basal conditions. Neurons remained viable for as long
as 8–12 hr during Ca2+-imaging studies. Panels D–I represent groups of neurons during low-
Mg2+ treatment with normal (2 mM; D) or low Ca2+ (0.2 mM; E), or the presence of 100 µM
BAPTA (F), 10 µM MK801 (G), 10 µM CNQX (H), and 5 µM nifedipine (I). The calibration
bar provides a direct comparison of color intensity and [Ca2+]i levels in nM. (From DeLorenzo
et al., 1998.)
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Fig. 9.
Effect of epileptogenesis on hippocampal neuronal [Ca2+]i levels in control and epileptic
neurons in the chronic epilepsy phase of AE in the SE-induced HNC (A), stroke-induced HNC
(B), and the pilocarpine (C) models of AE. (A) Induction of SREDs caused increased
[Ca2+]i levels in the nucleus and cytosol of hippocampal neurons. Ratio values (405/485 nm)
were obtained with Indo-1 using the point scan mode of the ACAS confocal fluorescence
microscope. The ratio values shown are representative of 100-msec scans for a 2-min period.
Baseline [Ca2+]i levels in both the nucleus and cytosol of control neurons were low. Neurons
undergoing SREDs exhibited a statistically significant increase in the basal [Ca2+]i in both the
nucleus (*p < 0.001, Student’s t-test) and cytosol (*p < 0.001, Student’s t-test) for the life of
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the neurons in culture. (From Pal et al., 1999.) (B) Epileptiform activity contributed, in part,
to the chronic elevations in basal [Ca2+]i measured 5 days after glutamate injury-induced
epileptogenesis. Blockade of epileptiform activity by 600 nM TTX significantly reduced the
long-lasting elevations in basal [Ca2+]i in epileptic neurons (n = 99) in comparison to epileptic
neurons (n = 94) exhibiting SREDs. Basal [Ca2+]i in epileptic neurons (n = 99) was still
significantly elevated compared to control neurons (n = 71) in the presence of 600 nM TTX
(*p < 0.05, Student’s t-test). Data are represented by mean ± SEM. (Modified from Sun et al.,
2002.) (C) Induction of epileptogenesis caused increased basal [Ca2+]i levels in neurons acutely
isolated from animals subjected to pilocarpine-induced temporal lobe epilepsy. Absolute
[Ca2+]i levels in control and epileptic neurons were obtained after using a calibration curve for
the Fura-2 Ca2+ indicator. Baseline [Ca2+]i levels in both control and epileptic CA1
hippocampal neurons were low. Epileptic neurons exhibited a statistically significant increase
(*p < 0.005, n = 171 for control and n = 164 for the epileptic neurons) in the basal [Ca2+]i at
1 year after induction of epileptogenesis. (Modified from Raza et al., 2001.)
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Fig. 10.
Comparison of [Ca2+]i recovery after a glutamate-induced calcium load in control and epileptic
neurons in the SE-induced HNC (A), stroke-induced HNC (B), and the pilocarpine (C) models
of AE. (A) Delayed recovery of [Ca2+]i levels in “epileptic” neurons in the SE HNC model of
AE compared to control neurons in culture after a [Ca2+]i load produced by a 2-min exposure
of 50 µM glutamate using low-affinity (Fura-FF) calcium indicators. (Modified from Pal et
al., 2001.) Control and “epileptic” neurons exposed to glutamate under standard conditions.
Figure represents the Fura-FF normalized average decay curves for control (n = 45) and
“epileptic” (n = 45) neurons, respectively. The inability to restore resting [Ca2+]i levels in the
“epileptic” neurons compared to control neurons was evident in these combined plots.
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Individual curves were smoothed and averaged, and the resultant decay curves from the highest
point after 2 min of glutamate exposure are displayed. The “epileptic” cells showed statistically
significantly delayed decline in [Ca2+]i compared to the control cells at 0.5 min fixed time
points with both high- and low-affinity indicators ( p < 0.05, ANOVA, n = 45). (B) Impaired
handling of glutamate-induced Ca2+ loads in epileptic neurons from the stroke HNC model of
AE demonstrated by Ca2+ decay curves normalized as percent of the Ca2+ load induced during
the glutamate exposure (Sun et al., 2004). The percent of Ca2+ load remaining at all time points
after glutamate washout (time post-GLU) was significantly higher in epileptic neurons (n =
44; white) compared to control neurons (n = 43; black). *p < 0.01, multivariate ANOVA. Data
are represented by mean ± SEM. (C) [Ca2+]i decay curves for the control and epileptic neurons
acutely isolated from the hippocampus in the pilocarpine model of AE after a high[Ca2+]i load
(50 µM glutamate for 1 min) using Fura-FF. (Modified from Raza et al., 2001.) The epileptic
cells demonstrated a delayed recovery, which was statistically significantly higher than in the
controls (*p < 0.002, n = 12 for controls and n = 9 for epileptics). Moreover, this delayed
recovery was pronounced compared to the recovery with either the 5 or the 10 M glutamate
stimuli. Recovery of [Ca2+]i levels was not evident until about 40-min postglutamate exposure
(data not shown).
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Fig. 11.
Pseudocolor fluorescent optical images of representative control and epileptic acutely isolated
neurons from the pilocarpine model of AE before, during, and after the 50 µM glutamate
exposure for 1 min utilizing the low-affinity Ca2+ indicator Fura-FF. (Modified from Raza et
al., 2001.) As seen for the other treatments, basal [Ca2+]i levels were low in both the control
and the epileptic neurons and rose rapidly during the glutamate exposure to high levels (~5
µM [Ca2+]i). While the control CA1 neurons were near preglutamate levels 10 min after
glutamate exposure, the epileptic neurons exhibited high [Ca2+]i levels at that time point.
Twenty minutes after the initial [Ca2+]i load, control cells had completely returned to basal
levels of [Ca2+]i, while the [Ca2+]i levels in the epileptic cells did not reach baseline levels.
The epileptic cells did not recover even after 40-min postglutamate exposure (data not shown).
The top 2 panels display the phase micrographs of the representative control and epileptic
neurons. The data shown were representative of 15 experiments.
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Fig. 12.
Activity of SERCA (A), CICR-IP3 (B), and CICR-Ryanodine (C) in control and epileptic
neurons in the chronic epilepsy phase of AE in the SE-induced HNC model of AE. (Modified
from Pal et al., 2001.) (A) SERCA activity in control and epileptic neurons. The results indicate
epileptogenesis-inhibited SERCA activity. The data represent the means ± SE of the mean
differences between the curves. These differences in means between the control and the
“epileptic” curves were statistically significant (*p < 0.05, Hoteling’s T2-test). (B) Contribution
of IP3 CICR activity to the delayed recovery of [Ca2+]i levels in normal and “epileptic” cells
following a 50 µM glutamate [Ca2+]i load. IP3 CICR activity estimated for control and epileptic
neurons. The curves indicate a much more augmented 2APB-inhibited release mechanism in
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the “epileptic” neurons compared to the control neurons. This release is an estimate of the IP3
receptor-activated CICR from the ER. The data represent the means ± SE of the mean
differences between the curves. These differences in means between the control and the
“epileptic” curves were statistically significant (*p < 0.05, Hoteling’s T2-test). (C) Contribution
of ryanodine CICR activity to the delayed recovery of [Ca2+]i levels in normal and “epileptic”
cells following a 50 µM glutamate [Ca2+]i load. Ryanodine CICR activity estimated for control
and epileptic neurons. The curves indicate similar dantrolene-inhibited release in both control
and “epileptic” neurons. This release represents the ryanodine receptor-activated CICR from
the ER. The data represent the means ± SE of the mean differences between the curves. These
differences in means between the control and the “epileptic” curves were not statistically
significant (Hoteling’s T2-test).
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