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Abstract

Status epilepticus is a clinical emergency defined as continuous seizure activity or rapid, recurrent
seizures without regaining consciousness and can lead to the development of acquired epilepsy,
characterized by spontaneous, recurrent seizures. Understanding epileptogenesis — the
transformation of healthy brain tissue into hyperexcitable neuronal networks — is an important
challenge and the elucidation of molecular mechanisms can lend insight into new therapeutic
targets to halt this progression. It has been demonstrated that intracellular calcium increases during
status epilepticus and that these elevations are maintained past the duration of the injury (Ca2*
plateau). As an important second messenger, Ca2* elevations can lead to changes in gene
expression, neurotransmitter release and plasticity. Thus, characterization of the post-injury Ca2*
plateau may be important in eventually understanding the pathophysiology of epileptogenesis and
preventing the progression to chronic epilepsy after brain injury.
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Status epilepticus & acquired epilepsy

Acquired epilepsy (AE) is a neurological condition characterized by the development of
spontaneous, recurrent seizures following a CNS injury, such as status epilepticus (SE),

© 2009 Expert Reviews Ltd

TAuthor for correspondence Virginia Commonwealth University, School of Medicine, PO Box 980599, Richmond, VA 23298, USA,
Tel.: +1 804 828 8969, Fax: +1 804 828 6432, rdeloren@vcu.edu.

Financial & competing interests disclosure

The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest in or
financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this manuscript.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nagarkatti et al.

Page 2

stroke or traumatic brain injury (TBI) [1,2]. The process by which healthy brain tissue is
transformed into a hyperexcitable circuit of neurons giving rise to seizures is called
epileptogenesis [3,4]. In humans, it has proven challenging to determine whether SE is a
common etiology behind AE owing to the simultaneous presentation of SE with injuries
such as stroke or TBI. Furthermore, in a clinical setting, it is difficult to determine whether
SE is the first presentation of epilepsy or the inciting injury that leads to epileptogenesis.
Despite these difficulties in delineating one primary cause of epileptogenesis, it is evident
that AE is a common occurrence following SE, with 20-40% of all cases of SE developing
this chronic condition [4,5]. Thus, experimental models of SE-induced AE remain the most
widely studied and best characterized examples of epileptogenesis. Ultimately, the AE
produced in these models closely resembles the pathology observed in humans and has
provided tremendous insight into the molecular mechanisms of epileptogenesis.
Understanding the pathophysiological mechanisms through which SE causes the
development of AE would lend insight into mechanisms of neuronal plasticity and also aid
in the elucidation of new therapeutic targets to prevent epileptogenesis. This review focuses
on the role of SE in causing AE and the associated mechanisms underlying this process.

Status epilepticus had been defined as a medical emergency constituting convulsive or
nonconvulsive seizures lasting for at least 30 min, or multiple seizures without regaining
consciousness lasting the same duration of time [6,7]. This particular definition was reached
following reports in experimental animal models that correlated seizure duration with degree
of permanent brain injury; after 30 min, animal data indicated significant declines in brain
oxygenation and cardiovascular distress. However, this definition has been revisited
because, from a treatment standpoint, after 5 min of ongoing seizures there is a high
likelihood that the seizure will continue for at least 30 min and become increasingly difficult
to treat [8]. In the USA, the frequency of SE is approximately 100,000-150,000 cases
annually, with almost 55,000 deaths per year [9]. Various processes can cause SE including
metabolic disorders, drug toxicity, head trauma, hypoxia and stroke. Often chronic
conditions such as pre-existing epilepsy, alcohol abuse or CNS tumors can also precipitate
SE [9-12]. Therefore, experimental models are needed to study SE and AE following SE to
better understand mechanisms and develop treatments.

Models of SE-induced AE provide important tools to study epileptogenesis

There are several different models utilized to study SE-induced AE. The development of
these models has made SE-induced AE more accessible to study than AE caused by other
brain injuries, such as stroke and TBI. Moreover, models of AE following SE have provided
insight into general mechanisms of neuronal injury [13]. Chemoconvulsants, such as
pilocarpine and kainic acid, as well as prolonged hippocampal stimulation leading to the
spontaneous development of epileptiform activity, are most commonly used to induce SE in
animals [14,15]. The animal models that utilize chemicals such as pilocarpine follow a
progression that correlates closely with the clinical presentation of SE in humans. Following
SE-induced brain injury, there is a latency period characterized by a lack of seizure activity
[1,16,17]. This period is then followed by the development of spontaneous, recurrent
seizures. The progression from SE to AE is, therefore, often divided into three stages:
induction or injury (the episode of SE), a latent period of epileptogenesis, and finally the
development and chronic occurrence of AE [16,17]. The animal models also share several
other characteristics with the human condition. In the pilocarpine model, similarities
including hippocampal neuronal death, astrocyte proliferation and microglial activation are
observed [15,18]. Although the /n vivo models have the advantage of representing the
clinical presentation in an intact animal, they also provide challenges in studying the
mechanisms of epileptogenesis, since it is difficult to control many of the variables needed
to conduct molecular biological studies in these complex, multidimensional systems. Thus,
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the development of an /in vitro model of epileptogenesis has proven to be a useful addition to
understanding this clinical condition.

Our laboratory has developed an /n vitro cell culture model of SE and SE-induced AE [19].
This model offers a powerful tool to evaluate potential molecular mechanisms underlying
epileptogenesis, but has the disadvantage of not representing clinical epilepsy in an intact
brain. The /n vitro model utilizes a buffer solution with no added magnesium (Mg2*),
referred to as ‘low Mg2*’ to cause /7 vitro SE in cultured hippocampal neurons plated on
glial beds. These cultures are treated with low Mg2* for 3 h during which time they manifest
continuous epileptiform discharges with a frequency greater than 3 Hz, consistent with the
frequency and characteristics of seizure activity observed in clinical, electrographic SE.
When the neurons are returned to normal, MgZ*-containing maintenance media and patched
using whole-cell current clamp electrophysiology, they no longer manifest SE-like
continuous epileptiform discharges and, instead, show only occasional depolarization and
short epileptiform discharges. By 12 h post-low Mg?*, the neurons consistently exhibit
spontaneous, recurrent epileptiform discharges (SREDs), characterized by bursts of action
potentials over-riding paroxysmal depolarization shifts. At this and all latter time points,
between six and nine distinct SRED episodes are observed per hour. These SREDs meet the
electrophysiological characteristics of seizure discharges observed in patients exhibiting
seizure activity. The SREDs persist for the life of the neurons in culture and are synchronous
events between networked neurons. Thus, this model utilizes an inciting injury that
resembles SE to cause the subsequent development of SREDSs, an /n vitro correlate to AE.
The model exhibits several features consistent with the development of AE in both /n vivo
models and the clinical condition, including pharmacoresistance to anticonvulsants, cell
death, homeostatic changes in Ca2* and spike frequency [19,20]. Moreover, the cell injury
observed in the /n vitroand /n vivo models correspond to that seen in clinical studies
documenting the relationship between SE and neuronal injury [21-23].

The low Mg?* jn vitromodel and the Jn vivo models of SE-induced AE are useful tools to
study potential molecular mechanisms underlying the induction of AE; however, it is
important to note that there are several limitations in these models. Clear differences
between the experimental models and the human condition include: duration of latency
between SE and the development of epilepsy, percentage of SE cases that develop epilepsy,
and comorbidities associated with the pathology [24]. Yet, despite these differences, these
models have provided much insight into the molecular mechanisms of epileptogenesis and
have been useful tools in the elucidation of new therapeutic modalities.

Ca%* dynamics in SE-induced AE

Both /n vivoand in vitro models of SE-induced AE have provided tremendous insights into
the molecular and cellular changes that occur during and following SE. This research is
important since the characterization of mechanisms that cause AE after brain injuries has
significant implications on the development of new treatments to prevent the progression to
AE. Recently, several studies have highlighted the novel observation that intracellular Ca2*
dynamics change during an injury such as SE, stroke or TBI [25-27]. The importance of
altered CaZ* dynamics is largely based on Ca2* being an important divalent, cationic charge
carrier that serves as a second messenger in cell signaling [28]. Under standard conditions,
extracellular Ca%* concentration is significantly higher than intracellular Ca2* concentration
([Ca?™];) at approximately 1-2 mM and 100 nM, respectively. Regulators of intracellular
Ca?* and Ca2* efflux pathways are primarily responsible for maintaining such low
concentrations inside the cell [29].
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The large concentration gradient between extracellular and intracellular spaces allows for a
high signal-to-noise ratio and, thus, enables Ca2* to serve as a second messenger even upon
the smallest of changes in its intracellular concentration. Transient increases in [Ca2*]; are
required for higher functions such as learning and memory consolidation through the
cellular phenomenon of long-term potentiation [30]. In addition, such ephemeral elevations
are necessary for basic neuronal processes and thereby play a significant role in synaptic
activity and gene expression. Moderate-to-severe injuries can lead to more sustained
elevations in [CaZ*];, resulting in prolonged and often permanent alterations in cellular
function; such increases can overwhelm the cell and regulators of cellular homeostasis
leading to the initiation of proapoptotic pathways and, ultimately, to cell death [1]. While it
is well known that severe elevations in neuronal [Ca2*]; following injury can lead to both
acute and delayed neuronal death [31], studies from our laboratory have demonstrated that
the sustained elevations in [Ca2*];, observed in surviving neurons lead to altered neuronal
function and induce neuronal plasticity [1].

The elucidation of the post-injury Ca?* plateau represents a new discovery. The Ca?*
plateau refers to the prolonged elevation in intracellular Ca2* following injuries including
SE [32,33], stroke [34] and TBI [26]. The neurons that survive these injuries exhibit a
marked alteration in their ability to handle Ca2*, as indicated by the presence of this Ca2*
plateau. While SE may be indirectly selecting a population of neurons that can withstand
increases in [Ca2*]; without triggering apoptotic pathways, the effect that this persistent
elevation has on the phenotype of the surviving cells through second messenger signaling
remains an interesting question. These altered neurons represent the substrate for post-
traumatic or post-SE epileptogenesis and appear to contribute ultimately to AE, as well as
certain cognitive deficits. Evidence from several studies indicates that the Ca2* plateau
profoundly affects the fate of the neuron and leads to changes in long-term neuronal
plasticity, as well as the development of AE [32,35].

Through second messenger effects, Ca2* can alter gene expression, neurotransmitter release,
basic cellular functions and plasticity. Thus, the focus of this review is to examine the
tremendous implications of altered Ca2* dynamics on the development and maintenance of
AE in light of the recent discoveries in this evolving field. We will emphasize the
development of the Ca?* plateau after SE in contributing to both epileptogenesis and the
maintenance of AE. Understanding the mechanisms responsible for the Ca2* plateau may
lead to therapeutic approaches to block this long-term elevation in Ca2* after injuries such as
SE, therefore leading to the prevention of AE. Thus, understanding the mechanisms of
altered Ca%* dynamics after brain injury has potentially important implications for both
basic scientists and clinicians. The following presents a brief overview of evidence
documenting the development of altered Ca2* dynamics and how the Ca?* plateau following
SE contributes to epileptogenesis and AE.

SE acutely causes increased [Ca?'],

In vitro studies

In the hippocampal neuronal culture model of epileptogenesis, it was demonstrated that /n
vitro SE significantly affected [Ca%*]; [36,37]. When cultures were treated for 3 h with a low
Mg?2* solution, the cells exhibited high frequency, continuous epileptiform activity
consistent with SE, unlike control neurons, which showed only occasional action potentials
(Figure 1). Fluorescent ratio values were obtained using the Ca2* indicator, fura-2. Ratios
were generated using alternating excitation wavelengths of 340/380 nm and the resulting
340/380 ratios correspond directly to [Ca2*];. Moreover, pseudocolor images were generated
wherein individual pixels from the captured image are assigned a color based on the
associated grayscale values, which correspond to Ca2* levels. Red is associated with a
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higher grayscale value and, therefore, more Ca2*; whereas, at the other end of the
colorimetric spectrum, blue is associated with lower grayscale values and less Ca?*.
Pseudocolor allows for better visualization of changes in [Ca2*];. A sevenfold increase from
control baseline [Ca2*]; was observed while the neurons were in the low Mg?* solution,
during /n vitro SE. The fura-2 340/380 ratios increased from 0.20 £+ 0.04 in control neurons
to 1.4 + 0.17 in neurons after 3 h of low Mg2* (Figure 1). Pseudocolor images confirmed
these changes in fura-2 ratios with increased ratios in neurons post-low Mg2* (Figure 1) but
not vehicle treatment (Figure 1). Previous studies have shown with high speed simultaneous
electrophysiological and Ca2* imaging that each epileptiform spike was associated with
increases in [Ca%];.

In vitro analysis of in vivo model of SE-induced AE

These studies were also initiated to evaluate the effects of SE on [Ca2*];. Similar results to
the Jn vitro studies were observed in the rat pilocarpine model of SE-induced AE [32].
Intraperitoneal injection of the muscarinic agonist pilocarpine induced SE in the rats. The
SE lasted for 1 h before being terminated by diazepam, a benzodiazepine. EEG was then
used to study the electrical activity in the brain, with pilocarpine-treated animals showing
epileptiform activity consistent with clinical SE, unlike vehicle-treated animals, who did not
show this high frequency activity (Figure 2). Using this model it was possible to evaluate
hippocampal neuronal Ca?* levels during and after SE. Thus, during and immediately
following SE, the rats were sacrificed and hippocampal tissue was acutely isolated, various
regions were dissected out, and neurons were dissociated. [Ca%*]; levels were evaluated in
these neurons using Ca2* indicator dyes. Significant elevations in [Ca2*]; were observed in
hippocampal neurons from the CA1 region following pilocarpine-induced SE but not in
those isolated from vehicle control animals (Figure 2), 850 = 59 and 90 + 22 nM,
respectively. This represented a 9.4-fold increase in [Ca2*]; between post-SE neurons and
control neurons. These studies, in conjunction with the low Mg?2* studies, suggest that
[CaZ*);, increases during SE.

The Ca?* plateau following SE: long-term elevations in [Ca2*];

The Ca?* plateau is a recent novel discovery that was characterized in the rat pilocarpine
model of SE-induced AE [32] and /n vitro in the culture model of SE [33]. In the rat
pilocarpine model, [Ca?*]; was evaluated at 1, 2, 6, 10 and 30 days following SE in acutely
isolated CA1 hippocampal neurons (Figure 3). Neurons from animals in the SE group
exhibited markedly elevated [Ca2*]; at each of these time points. [CaZ*]; does decrease over
time from the levels observed in neurons isolated from animals immediately after SE. By 6
days post-SE, the [Ca?*]; has leveled out but, interestingly, is still significantly higher than
concentrations recorded from neurons in the control group. In the in vitro low Mg?*
hippocampal culture model similar results have been observed wherein [Ca2*]; remains
elevated for several hours post-SE [33]. Longer durations of /n vitro SE appear to cause
more persistent elevations in [Ca2*];. Further studies to characterize the Ca2* plateau in this
model are being conducted by our laboratory and will aid in our ability to better understand
the mechanisms responsible for this novel observation.

SE causes long-term neuroplasticity changes including AE, elevated Ca?*
levels, & altered Ca2* homeostatic mechanisms

In vitro studies

To evaluate Ca?* dynamics following SE, cultured hippocampal neurons were patch-
clamped to study electrophysiological activity and also imaged for evidence of alterations in
fura-2 ratios 24 h post-low Mg?* treatment [19,38]. When patched using whole-cell current
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clamp techniques, the low Mg?*-treated cells consistently displayed SREDs unlike control
neurons, which failed to show SREDs (Figure 4). These SREDs resembled what is generally
observed in clinical epilepsy, with the /n vitro seizure episodes consisting of paroxysmal
depolarization shifts and the cultures exhibiting similar anticonvulsant sensitivity. When
cells were loaded with fura-2 and 340/380 ratios were recorded as a direct indicator of
[Ca?*];, ratio values appeared elevated 2.5-fold greater in low Mg?* treated cells than in
control neurons. This was indicated by an increase in fura-2 340/380 ratios from 0.20 £+ 0.05
in control neurons to 0.5 + 0.08 in low Mg2* neurons (Figure 4).

In addition, SE caused permanent changes in plasticity as demonstrated by alterations in
Ca®* homeostatic mechanisms. Neurons were briefly stimulated with 50 M glutamate to
test the ability of Ca2* homeostatic mechanisms to compensate for brief excitatory
challenges. These cells demonstrated a markedly diminished ability to recover from the
insult (Figure 4), suggesting that the homeostatic mechanisms, which under normal
conditions maintain tight control of Ca2* influx, efflux and sequestration, are altered or
diminished following SE. Stimulation with glutamate resulted in an increase in [Ca%*]; both
in control and post-SE neurons; however, in neurons treated with low Mg2*, CaZ* never
returned to basal levels and showed a decreased rate of recovery when compared with
controls.

In vitro analysis of in vivo model of SE-induced AE

To determine whether the changes in Ca2* dynamics were transient or more long lasting,
animals were treated with pilocarpine or vehicle to induce SE and were then maintained for
1 year post-SE [32]. These animals were evaluated for epilepsy using video-EEG and the
spontaneous, recurrent seizures in the pilocarpine but not vehicle-treated group were
observed, as shown in representative EEG recordings from control and epileptic animals
(Figure 5). Hippocampal CA1 neurons isolated from epileptic animals 1 year post-
pilocarpine demonstrated markedly elevated [Ca%*]; (325 + 35 nM) — more than double the
values observed in control neurons (Figure 5).

Finally, similarly to the /n vitro culture model of post-SE AE, neurons from animals
displaying the epileptic phenotype were acutely isolated at 1 year post-SE then challenged
with glutamate to evaluate homeostatic mechanisms. These neurons were unable to restore
Ca?" as effectively as control neurons, therefore suggesting persistent alterations in
homeostatic mechanisms at this time point (Figure 5). The observation that neurons in
animals from the pilocarpine-treated group exhibited marked changes in both [Ca?*]; and
Ca?* homeostatic mechanisms 1 year after the initial injury suggests that Ca?* dynamics
post-SE affect plasticity changes and, ultimately, contribute to the maintenance of the
chronic, epileptic phenotype.

These studies utilizing both 7n vivoand in vitro models demonstrated that well past the
duration of neuronal injury, [Ca%*]; was elevated and Ca?* homeostatic mechanisms were
altered. These changes appear to play a significant role in the maintenance of the epileptic
phenotype. The elucidation of the specific mechanisms behind such long-lasting alterations
remains an important area of research; moreover, understanding how these changes lead to
development or maintenance of chronic epilepsy could provide new information for the
development of better treatments or new preventative measures to halt epileptogenesis.

Mechanisms underlying Ca2* changes after SE

Glutamate & NMDA receptors

Status epilepticus is an excitotoxic injury, meaning that it triggers the release of large
amounts of the amino acid neurotransmitter glutamate [39-41]. The degree and duration of
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SE directly affects the concentration of glutamate, which has been reported to exist at
extracellular concentrations ranging from 1 to 5 .M under normal conditions. Excess
glutamate following SE causes the over stimulation of glutamate receptors, including the
NMDA receptor that is coupled with a Ca2*-permeable ion channel, thus leading to the
movement of Ca2* across the cell membrane into the cell. This was confirmed by the ability
of NMDA antagonists to offer neuroprotection when administered prior to injury despite an
undiminished SE [42-44]. Several studies have demonstrated that these elevations in
glutamate cause neuronal death and that the inhibition of Ca2* overload through the use of
NMDA antagonists can prevent both the cognitive sequalae and epileptogenesis [43,45].

A majority of the work demonstrating that epileptogenesis is Ca2*-dependent was performed
in the hippocampal neuronal culture model of epilepsy, since various pharmacological
inhibitors could be utilized to tease out which systems were involved in the process. One
study correlated electrophysiological activity with intracellular Ca2* imaging in the presence
of various Ca2* channel inhibitors in order to determine if any of these channels were
contributing to the development of SREDs (Table 1) [36]. During the 3-h low Mg2*
treatment, cells were in the presence of either low Ca2* (0.2 mM), 1,2-bis(2-
aminophenoxy)ethane- N, N, N’, N/ -tetraacetate (BAPTA) (100 M), MK-801 (10 uM), [2R]-
amino-5-phosphonovaleric acid (APV); 25 pM, 6-cyano-7-nitroquinoxaline-2,3-dione (10
M), 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo [Alquinoxaline (10 wM) or nifedipine (5 LM).
No significant changes in spike frequency, intensity or epileptic discharge duration were
observed during /n vitro SE under each condition [36]. However, both the CaZ* chelating
agent BAPTA and the low-Ca2* conditions prevented the development of SREDs 48 h post-
in vitro SE [36], demonstrating the overall importance of Ca2* in causing SREDs.
Furthermore, NMDA receptor antagonists, including MK-801 and APV, exhibited similar
effects wherein SE was unaffected but SREDs failed to develop 48 h following low Mg2*
[36]. By contrast, the AMPA receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione and
2,3-dihydroxy-6-nitro-7-sulfamoylbenzo [ iquinoxaline, as well as the antagonist of L-type
voltage gated Ca2* channels, nifedipine, failed to inhibit SREDs at this time point [36].
Moreover, when Ca2* imaging was performed on the neurons under each condition while
the cells were in low Mg?* it was demonstrated that only low extracellular Ca2*, NMDA
antagonists and BAPTA were able to prevent or diminish Ca2* entry during SE [36]. Thus,
this study demonstrated /n vitro that Ca2* is a necessary component in the generation of
SREDs post-SE and that the NMDA receptor in particular contributes to the Ca2* entry
involved in epileptogenesis.

regulators of Ca2*

Neurons have a network of endoplasmic reticulum (ER) that contributes to the overall levels
of [Ca2*]; by acting to either release or sequester Ca2* [46]. Ca2* that is stored in the ER can
be released through activation of the inositol triphosphate receptors (IP3R) or ryanodine
receptors [46,47]. These receptors gauge cytoplasmic Ca?* and mediate Ca%*-induced Ca?*
release (CICR) from the ER; thus, the channels amplify the Ca%* signal coming from outside
the cell. IP3 and cyclic ADP ribose, levels of Ca2* in the ER and other messengers can
influence the sensitivity of these receptors. The ER also has a sequestration mechanism
through the sarco/ER Ca?* ATPase (SERCA), which pumps Ca?* back into the ER from the
cytosol [47]. The ER is able to sequester large amounts of Ca2* under normal conditions.

Thus, SE causes glutamate release that stimulates Ca2* entry into the cell, triggering the
activation of CICR wherein ryanodine receptors and IP3R are activated to release more Ca?*
from ER stores [37,48]. During the Ca2* plateau, epileptic neurons show upregulation of
CICR mechanisms when compared with control neurons [37]. Interestingly, one study
demonstrated that the intracellular injection of 1P3 causes epileptiform discharges in
hippocampal neurons [49]. Therefore, several groups have examined the ability of
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antiepileptic drugs to inhibit IP3 or IP3R as a means to prevent epileptiform activity [50,51].
Moreover, it has also been demonstrated that SERCA is unable to effectively sequester Ca2*
in “epileptic’ neurons [37], suggesting that this mechanism may contribute to the Ca2*
plateau. Future studies should further examine this relationship between SERCA uptake and
CICR as they are interdependent processes.

Ca?* binding proteins

Ca?* binding proteins also play an important role in basic physiology further contributing to
the maintenance of low [Ca2*];. It has been hypothesized that the downregulation of Ca2*
binding proteins also contributes to the elevated [CaZ*]; maintained during the Ca2* plateau
following SE [52]. Several studies utilizing human epileptic hippocampal tissue showed that
calbindin levels in the dentate granule cells were diminished [53,54]. The pilocarpine model
has yielded similar results wherein it has been demonstrated that at 1 month after
pilocarpine-induced SE epileptic animals demonstrated a 50% reduction in calbindin protein
expression in the hippocampus [52]. These changes were observed up to 2 years after the
initial SE [52]; moreover, calbindin mMRNA expression was also decreased in these animals.

These observations have also been noted a few months post-initial injury in other models of
epilepsy, including those utilizing kindling and kainic acid [55,56]. However, some studies
have also shown that following kainic acid or electrically stimulated seizures, calbindin
mMRNA levels are unchanged or even increased [57-59]. Therefore, these data suggest that
following a glutamate-induced Ca2* influx, there is a transient compensatory upregulation in
calbindin expression but the long-term elevations in [Ca%*]; observed in epileptic animals
may be attributed to overall downregulation in protein expression. This suggests that the
maintenance of the post-SE Ca2* plateau may be mediated in part by a decrease in Ca2*
binding proteins, which normally buffer elevations in Ca2*.

Ca?*-regulated enzymes

Ca?*/calmodulin-dependent protein kinase I (CaM kinase 11) is an enzyme that plays a
major role in the modulation of neuronal excitability through its actions on Ca2*-dependent
neuronal processes [60,61]. CaM kinase Il has a widespread distribution throughout the
nervous system and, interestingly, comprises up to 2% of total hippocampal protein [62].

Genetic studies have demonstrated that mice with a null mutation of the a-subunit of CaM
kinase 11 show gene dose-dependent neuronal hyperexcitability and seizures [15]. /n vitro
molecular approaches have yielded supporting data by the demonstration that reduction of
a-CaM kinase Il levels through antisense oligonucleotides causes spontaneous epileptic
discharges in culture [63]. While these studies have provided tremendous insight on CaM
kinase 1l as a means of neuronal excitability, they have not examined whether CaM kinase Il
expression or activity was actually altered in neurons from epileptic animals or from cultures
exhibiting /n vitro epilepsy.

In whole animal and slice models that use repeated hippocampal stimulation to elicit SE,
decreased CaM kinase Il activity has been shown to trigger epileptiform activity [64]. Both
pilocarpine and kainic acid models of SE-induced AE have shown decreased CaM kinase Il
activity and these results have also been observed in the low Mg2* in vitro hippocampal
culture model [65-67]. Interestingly, reduced CaM kinase Il activity can be stopped by
NMDA receptor antagonists administered prior to SE [61,67]. Thus, the change in CaM
kinase Il activity appears to be a consequence of NMDA receptor activation. Paradoxically,
short-term NMDA receptor activation and the resulting elevations in intracellular Ca2* lead
to increased CaM kinase Il activation and the translocation of the enzyme from the cytosol
to excitatory synapses [68]. The precise role for CaM kinase Il in the induction and
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development of epilepsy is being actively pursued and several studies have discussed in
great detail the paradoxical nature of its interactions with NMDA receptors versus the
hyperexcitability observed in CaM kinase Il knockdown studies [68]. In pentylenetetrazol or
electroconvulsive seizures (ECS) studies it has been demonstrated that seizures cause CaM
kinase 1l to translocate from the synapse to the cytosol [65,69]. Therefore, in distancing the
enzyme from its substrate, the translocation may serve to further reduce the effective
enzymatic activity.

General effects of Ca2* on cells

Cellular Ca2* signaling is a complex process that is difficult to elucidate owing to the
interdependence of CaZ* handling/regulatory systems. However, clear links between Ca2*
levels and membrane excitability, protein phosphorylation and gene regulation have been
demonstrated [70]. Moreover, elevated [Ca?*]; also has a profound effect on the neuronal
circuit, cell death and glial function. Several studies have demonstrated that this increase in
Ca?* concentration triggers hypertrophy of glia and expression of proteins on glia that are
not normally observed [71]. In addition, the elevations in [Ca2*]; have been shown to
activate genes for growth factors including brain derived neurotrophic factor and FGF,
induce changes in glutamate receptors and cause altered expression of cytoskeletal proteins
[71]. All of these alterations significantly affect the development or maintenance of the
epileptic circuit [72]. Developing efficacious therapeutic strategies may be aided by a more
thorough understanding of Ca?* dynamics in neurons and how these alterations in Ca?* can
affect glia and the neuronal circuit.

Generally, the degree of Ca%* influx contributes greatly to the level of injury sustained by
the neurons and impacts the overall fate of the cell. Severely injured cells exhibit an
irreversible Ca2* overload that leads to cell death through various means, some of which
include: the disruption of cytoskeletal organization, formation of cell membrane blebs,
activation of Ca2*-dependent endonuclease leading to chromatin cleavage and mitochondrial
impairment resulting in loss of ATP synthesis [73]. Notably, cell death is a prominent
manifestation immediately after SE where [Ca2*]; increases dramatically with a percentage
cell death of approximately 10-15% /in vivo [43] and 15% /n vitro [20]. Interestingly,
epilepsy itself did not cause more cell death 7n vitro, in vivo or in human studies [20,74-78].
Thus, although the elevated CaZ* plateau is maintained, the levels are not high enough to
induce significant cell death but can cause permanent alterations in neuronal homeostasis.

The neurons that survive SE undergo altered Ca2* homeostasis but not necessarily an
irreversible Ca2* overload; therefore, since dead neurons do not seize, it is these injured but
surviving neurons that serve as the substrate for epileptogenesis. These neurons sustain
reversible elevations in [Ca2*]; that are maintained over days or weeks [32] — these increases
mediate changes in synaptic plasticity, gene expression and neuronal function. Therefore,
the overall increased [Ca2*]; directly affects nuclear Ca2* levels and leads to the induction of
gene transcription of several proapoptotic or epileptogenic genes and alters neuronal
functions including excitability, transmitter release and neurotoxicity [79]. One effect is that
increases in [Ca2*]; activate an enzyme, calcineurin, leading to a downstream cascade of
events including an accelerated internalization of GABA receptors resulting in decreased
inhibitory neurotransmission [15,80]. Thus, it is the injured neurons and these molecular
changes that become potential targets for future therapies to prevent AE. The ability to target
these intracellular changes and reduce the Ca2* load may prevent the development of the
epileptic phenotype following SE or other neuronal injuries.
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Expert commentary

Until now a majority of studies have focused on using new Ca2* modulating drugs as
prophylactic, neuroprotective agents to be administered prior to injury so as to prevent the
development of AE or as anticonvulsive agents after the full development of AE. However,
more work must be conducted on the clinically important period between the injury and the
eventual development of AE as this time may represent a therapeutic window of opportunity
wherein the long-term consequences of neuronal injury can be avoided through new
pharmacological endeavors. The discovery of the Ca2* plateau may represent a new
therapeutic target to possibly treat and prevent some of the long-term effects of elevated
Ca?* on neuronal plasticity and the development of epilepsy.

It is important to develop new agents to prevent epileptogenisis. One study has successfully
used pharmacological intervention following injury in the in vitro low Mg2* model of SE to
prevent the development of SREDs [81]. It was demonstrated that a new anticonvulsant drug
[82,83], carishamate, also exhibited anti-epileptogenic properties /n7 vitro in hippocampal
cultures [81]. This means that the drug was able to prevent the development of SREDs when
given following /n vitro SE and that it did not have to be present in the culture media for the
SRED-free activity to persist, differentiating it from most anticonvulsants. It remains to be
determined whether these properties exist /n vivo, and currently the mechanism of action
behind the antiepileptogenic properties is unknown. It will be interesting to examine how
this drug affects Ca2* dynamics. If alterations in Ca?* are linked to epileptogenesis,
modulation of Ca?* immediately following SE may provide an important and interesting
area for future research.

The screening of pharmacologic agents for various properties, including the ability to block
epileptogenesis, is more reminiscent of approaches used in the discovery of antiepileptic
(anticonvulsant) drugs (AEDs) than those more commonly utilized today in the search for
antiepileptogenics. In the development of AEDs, high-throughput screening of various
agents was performed in /n vivo models in order to ascertain anticonvulsive properties. We
have made a great deal of progress in the development of AEDs with both safety and
efficacy profiles increasing tremendously in recent years. However, we are now starting to
understand the subtleties with regards to the action of these drugs on particular channels,
receptor expression and cellular processes; thus, we are just beginning to appreciate specific
mechanisms of action.

By contrast, research groups that aim to develop antiepileptogenic agents to prevent the
transformation to the epileptic condition have generally taken the approach of understanding
mechanisms of plasticity and excitability and utilizing these observations to create new
therapeutic targets [84]. While there are currently no antiepileptogenic drugs, much progress
has been made in the elucidation of molecular mechanisms of epileptogenesis that will
provide new approaches in the future [84]. The clinical implications of successfully treating
patients following neuronal injuries, such as SE with pharmacologic agents that prevent the
clinical sequelae, namely epilepsy, are great.

Thus, understanding the molecular changes that are responsible for altered Ca2* homeostasis
and increased [Ca2*]; during epileptogenesis may aid in the development of new drugs that
can be administered immediately after brain injury in the hope of preventing the expression
of epilepsy. Currently, studies have shown that various Ca?* regulatory systems are
modified or altered during SE and epileptogenesis. Increases in extracellular glutamate
cause the massive flux of Ca2* into the cell leading to increased CICR. These mechanisms,
combined with later decreases in the ability of SERCA to pump Ca2* back into the ER, as
well as alterations in Ca2* binding proteins and Ca2*-regulated enzymes, all contribute to
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changes in gene expression and the eventual development of the epileptic condition.
Therefore, understanding the specific mechanisms behind the maintenance of the post-SE
Ca?* plateau and the designing of new drugs to target this plateau may provide much utility
in the development of antiepileptogenic therapies.

Five-year view

In the pilocarpine model of SE-induced AEs it is well established that the elevations in
intraneuronal Ca2* are maintained post-injury in animals that develop epilepsy. However,
other conditions, including stroke and TBI, can also lead to the development of epilepsy.
Finding common pathophysiologic mechanisms behind how excitotoxic injuries can lead to
the epileptic condition will bolster efforts to design new therapeutics to prevent
epileptogenesis. Thus, the examination of Ca?* dynamics in other models of injury-induced
epilepsy may be of great clinical importance. As a ubiquitous second messenger, alterations
in [Ca2*]; and Ca%* homeostatic mechanisms have significant repercussions on gene
expression, neurotransmitter release and, hence, neuronal plasticity. Therefore, the
development and use of myriad models of AE to better understand the relationship between
Ca?* and epileptogenesis may offer an important future tool.

While many Ca2* channel antagonists have been shown to exhibit anticonvulsive properties
or potentiate the effects of AEDs both in experimental models and in clinical trials [85,86],
there are also several reports that other Ca2* channel inhibitors are completely ineffective
[86]. Even less work has been done examining the effect of Ca2*-modifying agents in
models of epileptogenesis, and the data demonstrating the anticonvulsive properties of these
drugs suggests that numerous types of inhibitors will have to be screened. One study has
shown that the NMDA antagonist, MK-801, was effective in decreasing the number of
animals that developed chronic epilepsy following electrically-induced SE [45]. However, in
the kainic acid-induced SE model, MK-801 did not prevent the development of epilepsy
[87]. Conflicting results between different models of epileptogenesis have made the search
for new therapeutics challenging [88] and have underscored the importance of utilizing
several different models of epileptogenesis.

Studies aimed at discerning whether lowering Ca2* to basal levels can diminish or halt the
process of epileptogenesis may be of importance. The long-lasting Ca2* plateau observed
post-injury appears to be controlled by a multitude of channels, Ca* binding proteins and
other regulators. Currently, Ca2*-modifying agents have been employed for other
pathologies of the CNS. For example, the NMDA antagonist, memantine, has been utilized
in patients with Alzheimer’s disease [89]. Interestingly, one Phase Il clinical trial
administered the Ca2*-chelating agent, DP-BAPTA, to patients following stroke and found
that this drug improved the NIH stroke scores with no major cardiovascular or neurological
side effects, even at the highest dose tested [101]. The ability to modulate Ca2* without
causing long-lasting, severe side effects is important. Since Ca2* is found ubiquitously in the
body and is necessary for many cellular processes, the potential side effects of altering Ca2*
pharmacologically could be tremendous and, thus, represent a major hurdle in the utilization
of Ca?*-modifying drugs. The ability to synthesize these observations on altered Ca2*
dynamics with those from molecular—genetic studies identifying potential genes involved in
epilepsy could provide novel insight in the generation of new antiepileptogenic targets.
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Figure 1. Alterationsin intracellular Ca2* concentration immediately following 3 h of low Mg2*
induced in vitro SE

(A) Representative whole-cell current-clamp electrophysiological recording obtained from a
control neuron and a neuron in low Mg?2* or in vitro SE. The neuron in low Mg2* shows
epileptiform discharges at a frequency greater than 3 Hz. By contrast, the control neuron
shows action potentials intermittently, consistent with baseline firing activity. (B) Bar graph
comparing fura-2 340/380 ratios in control neurons versus neurons immediately following 3
h of low Mg?*. The low Mg?Z*-treated cells exhibit ratio values of 1.4 + 0.17 as compared
with the control neurons with values of 0.20 + 0.04 (data expressed as mean + standard error
of the mean). (C) Representative pseudocolor ratio images obtained from control (left panel)
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and low Mg?*-treated (right panel) neurons. Neurons from the low Mg2* group show an

increased 340/380 ratio immediately following treatment. SEM: Status epilepticus.
(A) reproduced with permission from [83].
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Figure 2. SE causesincreased [Ca2+]i acutely in thein vivo pilocar pine model

(A) Representative EEG recording from control (vehicle) rats and rats in pilocarpine-
induced SE. (B) Bar graph demonstrating that [Ca%*]; is higher in neurons from animals
immediately following SE when compared with those from animals in the control group:
850 + 59 nM and 90 + 22 nM, respectively (data expressed as mean + standard error of the
mean).

[Ca?*];: Intracellular Ca2* concentration.

(A) reproduced with permission from [90] and (B) adapted with permission from [32].
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Figure3. The ca?* plateau following SE

At one day post-SE, ([Ca2*];) are significantly elevated when compared with controls, 790
43 nM and 98 + 10 nM, respectively (all data expressed as mean + standard error of the
mean). A total of 2 days post-SE the [Ca?*]; is 684 + 47 nM, which is significantly higher
than the 96 + 14 nM observed in the control. At 6 days following SE, the [Ca%*]; is still
markedly elevated when compared with controls, yet has fallen slightly from earlier
timepoints, 475 + 36 nM and 100 + 10 nM, respectively. [Ca2*]; falls slightly at 10 days
post-SE to 395 £ 56 nM but is still significantly elevated when compared with the controls
with [Ca2*]; of 95 + 14 nM. Finally, at 30 days post-SE the [Ca2*]; is 361 + 28 nM versus
106 + 16 nM in controls. The persistent elevation in [CaZ*]; represents the Ca?* plateau.
[Ca%*];: Intracellular Ca2* concentration; SE: Status epilepticus.

Adapted with permission from [32].
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Figure 4. Acquired epilepsy is associated with alterationsin [Ca2+]i and Ca?* homeostatic
mechanisms 24 h post-in vitro SE

(A) Electrophysiological traces using current-clamp technique demonstrate baseline activity
in control neurons and SREDs in neurons that had been treated in low Mg2* for 3 h and then
returned to normal maintenance media. Resting membrane potential = -61.5 mV; duration of
shown trace = 30 min. (B) Bar graph comparing 340/380 ratio values in control versus SE
groups 24 h after treatment with Mg2*-containing buffer solution or low Mg?*, respectively.
Neurons in the SE group exhibit a 340/380 ratio of 0.5 + 0.08 (mean ratio + standard error of
the mean). The ratio from control group neurons is significantly lower at 0.20 + 0.05. (C)
Glutamate stimulation causes increased [Ca?*];. Peak ratios following glutamate are
normalized to 1.0. Recovery from this challenge is hindered in epileptic neurons when
compared with controls.

[Ca?*];: Intracellular Ca%* concentration; SE: Status epilepticus; SRED: Spontaneous,
recurrent epileptiform discharge.

(A) reproduced with permission from [83] and (B) reproduced with permission from [37].
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Figure 5. Acquired epilepsy is associated with alterationsin [Ca2+]i and Ca?* homeostatic
mechanisms one year post-in vivo status epilepticus (SE)

(A) Representative EEG recording from control (vehicle) rats and epileptic rats (following
pilocarpine-induced SE). (B) Bar graph with neurons from epileptic animals at 1 year post-
SE demonstrating [Ca2*]; of 325 + 35 nM (data represented as mean + standard error of the
mean), which is significantly higher than neurons from control group. (C) Upon glutamate
stimulation, the [Ca2*]; increases and then returns to baseline in neurons from the control
group, unlike neurons from the epileptic group which also peak but then fail to return to
baseline.

[Ca?*];: Intracellular Ca2* concentration.

(B) adapted with permission from [32] and (C) reproduced with permission from [35].
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Intracellular calcium levels and electrophysiological activity before and after low Mg?* in the presence of

various Ca2* channel inhibitors to determine contribution of these channels to spontaneous, recurrent
epileptiform discharges development.

Condition [Ca?*];nM Epilepsy SE spikefrequency
Control 165 + 35 No 0

Low Mg?* (SE) 577+35 Yes 12+4.4
+ low Ca®* 177 +18 No 10£3.2
+ BAPTA (100 pM) 160+ 8 No 14+51
+ APV (25 uM) 293 + 24 No 16+3.8
+ MK-801 (10 pM) 287 +25 No 11+£29
+CNQX (10pM)  433+10  Yes 9+30
+ NBQX (10 pM) 422 + 56 Yes 8+24
+ Nifedipine (5 pM) 441 +19 Yes 13+4.1
+TTX (1 uM) 151 + 17 No 0

The first column shows the various conditions including control and low MgZ+-treated neurons, as well as low M92+ neurons that were then

treated with Ca2* channel inhibitors on low M92+—treated cells. The second column shows [Ca2+]i levels observed in each condition. The third

and fourth columns show whether or not the neurons developed SREDs (epilepsy) or whether the frequency of SE was changed under each

condition, respectively. Data is represented as mean * standard error for [Ca2+]i and SE spike frequency and as all or none effects for the

development of epilepsy.

APV: (2R)-amino-5-phosphonovaleric acid; BAPTA: 1, 2-bis(2-aminophenoxy)ethane-N, N, N’, N’-tetraacetate ; [Ca2+]i: Intracellular calcium;

CNQX: 6-cyano-7-nitroquinoxaline-2,3-dione;
NBQX: 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[ fiquinoxaline; SE: Status epilepticus; TTX: Tetrodotoxin.

Adapted with permission from [36].
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