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neurons? Resolving this question will be critically important
to understanding the function of SV2 in more complex brain
circuits and networks as well as in diseases, such as epilepsy.
The need to understand whether SV2A plays different roles
in excitatory and inhibitory neurons was underscored in 2004,
when it was reported that SV2A is the binding site for levetiracetam, with correlation between binding affinity and antiseizure
potency for a series of levetiracetam derivatives (5). However,
despite exhaustive searches, no convincing effect of levetiracetam on synaptic transmission has ever been demonstrated.
A recent study may provide an explanation for this paradox. Rather than the typical acute application of levetiracetam
to brain slices, Yang et al. applied levetiracetam for 3 h, which
resulted in dramatic effects on excitatory synaptic transmission
that reduced synaptic responses during trains of high-frequency
stimuli (6). Their electrophysiological findings correlated with
reduced vesicle cycling, as measured by imaging studies, and
the results demonstrated that modulation of SV2A activity by
levetiracetam alters vesicle release during repetitive stimulation.
Levetiracetam’s precise mechanism of action remains unknown,
however, a model now exists that can be used to design studies and test hypotheses. It is intriguing to speculate that with
the development of levetiracetam, investigators have serendipitously stumbled upon a new class of agents that could modulate
synaptic vesicle release to block excessive excitatory drive and
perhaps differentially affect excitatory and inhibitory neuro-

transmission. Elucidating the mechanism by which levetiracetam and SV2A interact to prevent seizures will undoubtedly
open doors to the investigation of potential novel target proteins
involved in the synaptic vesicle cycle.
by Gregory C. Mathews, MD, PhD
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EPILEPTOGENESIS: A NEW TWIST ON THE BALANCE OF EXCITATION
AND INHIBITION
Rapid Plasticity at Inhibitory and Excitatory Synapses in the Hippocampus Induced by Ictal Epileptiform Discharges.
Lopantsev V, Both M, Draguhn A. Eur J Neurosci 2009;29(6):1153–1164. Epileptic seizures can induce pathological processes
of plasticity in the brain that tend to promote the generation of further seizures. However, the immediate impact of epileptic seizures
on cellular excitability remains poorly understood. In order to unravel such early mechanisms of epilepsy-induced plasticity, we studied synaptic transmission before and shortly after three ictal discharges induced by transient elevation of extracellular K+ in mouse
hippocampal slices. Discharges were initiated in the CA3 region and propagated via the Schaffer collaterals into CA1 where they were
associated with sustained membrane depolarization and bursts of action potentials in CA1 pyramidal cells. Subsequently, discharges
were followed by long-term potentiation (LTP) of Schaffer collateral-evoked field excitatory postsynaptic potentials (EPSPs) in the CA1.
The ability to generate epileptiform activity in response to repetitive stimulation was enhanced during LTP. Changes in both inhibitory
and excitatory synaptic transmission contributed to LTP in CA1 pyramidal cells. Discharges reduced γ -aminobutyric acid-A receptormediated hyperpolarizing inhibitory postsynaptic potentials by shifting their reversal potentials in a positive direction. At the same time,
the amplitudes of Schaffer collateral-evoked RS-α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor-mediated EPSPs
and action potential-independent miniature EPSPs were enhanced. However, N-methyl-d-aspartate receptor-mediated EPSPs remained unchanged. Paired-pulse stimulation revealed a reduced probability of glutamate release. Together, these changes in synaptic
transmission produce a sustained increase in hippocampal excitability. We conclude that a few seizure-like ictal episodes are sufficient
to cause fast and lasting changes in the excitation/inhibition balance in hippocampal networks, and therefore may contribute to early
phases of progressive epileptogenesis.
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COMMENTARY
he report by Lopantsev and coworkers describes increases
in glutamatergic excitation and decreases in GABAergic
inhibition after repetitive seizures. At first glance, this study
might be seen as just one more example of the decades-old
adage that epilepsy is due to a disruption of the balance of
excitation and inhibition. Although the experiments described
here support this long-standing hypothesis, they also lead to
two other concepts that are worthy of further discussion and
experimentation. The two interrelated concepts involve a shift
in the balance of excitation and inhibition that could play a
role in: 1) the positive-feedback or self-sustaining component
of status epilepticus and 2) seizure clusters.
The key result from Lopantsev et al., who performed
in vitro brain-slice experiments on the CA1 area of the hippocampus, is that a few seizure-like discharges—induced by
rapid bath application of artificial cerebrospinal fluid containing
an increased concentration of extracellular potassium ([K+ ]o )
of 9 mM—caused a long-lasting increase in the amplitude
of glutamatergic EPSPs and a decrease in the amplitude of
GABAA -receptor–mediated IPSPs. In this protocol, epileptiform bursts of electrical activity in the CA3 area activated the
seizure-like events in CA1, via the Schaffer collateral pathway.
Importantly, the effects on EPSPs and IPSPs persisted long after the high-[K+ ]o bathing-solution was removed and the slice
had been in normal solution for tens of minutes. As reiterated
by the authors, increased excitation and/or decreased inhibition
caused by intense electrical activity have been well documented
over many years. However, two of the more interesting aspects
of their work are that only a few seizure-like events were needed
to cause the shift in the balance of excitation and inhibition
and that the effects were relatively long lasting after a return to
normal solution (i.e., they persisted for over an hour). Thus,
it is reasonable to propose that more intense and long-lasting
periods of repetitive seizures would cause even more dramatic
and persistent effects on EPSPs and IPSPs.
An important component of the study was that the effects were induced with 9-mM [K+ ]o , a level of extracellular
potassium that is within a realistic pathophysiological range
for epileptogenic tissue. A long history of experimental studies using both brain slices and intact animals has shown that
seizure-like and even interictal-like activity leads to an increase
in [K+ ]o (1). Furthermore, increased [K+ ]o causes seizure-like
events (as seen in the Lopantsev et al. study), which many investigators believe forms a positive-feedback loop that is an important component of seizure generation. In addition, 9-mM
[K+ ]o can be rapidly washed out of the brain slice, which distinguishes the experiments of Lopantsev and coworkers from previous studies that have used GABAA -receptor antagonists (e.g.,
bicuculline) or K+ -channel blockers (e.g., 4-aminopyridine)
to induce seizure-like activity—both of which are more diffi-
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cult to wash out of the extracellular space. The experiments by
Lopantsev et al. would have been compromised if the ionic treatment that generated the seizure-like activity had long-lasting
effects of their own.
Lopantsev and coworkers propose that the mechanistic
changes they identified may be important in the early stages
of epileptogenesis. They cite two, now classic epidemiological studies that describe the probability of developing chronic
epilepsy after a patient has had one or more unprovoked seizures
(2,3). The rationale implied by the authors is that if one or only
a few seizures in otherwise normal patients is sometimes followed by the development of chronic epilepsy, then the few
seizures induced in this in vitro study may be equivalent to an
epileptogenesis-inducing event. A potential flaw in the logic in
this interpretation is that the epidemiological observations describe a predictive ability, in a probabilistic or statistical sense,
of the clinical observation of a single, unprovoked seizure (versus a greater number of unprovoked seizures) to assess whether
a patient will develop epilepsy as a function of time. The two
epidemiological studies do not define (or claim to define) the
minimal seizure substrate for inducing epileptogenesis, and in
fact, it is highly unlikely that a few seizures in an otherwise
normal human patient or rat would lead to epileptogenesis. In
the epidemiological studies, patients experiencing a few seizures
may have had a previous brain insult; therefore, any subsequent
development of epilepsy may stem not so much from the few
unprovoked seizures, but rather reflect the long-term effects of
the previous, unrecognized brain insult. Furthermore, even in
rat models of acquired epileptogenesis after status epilepticus,
the apparent latent period to the first electrographic seizure
based on continuous recording is typically several days and can
be weeks in some animals (4). Thus, if the effects described by
Lopantsev and coworkers persist for <1 h and the latent period is as short as 4 days (roughly estimated to be about 7 days
to the first spontaneous, recurrent electrographic seizure in the
repeated low-dose kainate model), the mechanisms would be
two orders of magnitude too short to be directly relevant to
epileptogenesis. However, the investigators were careful to state
that the mechanisms “may contribute to [the] early phases of
progressive epileptogenesis,” and since the sequence of mechanisms that underlie epileptogenesis is not understood, their
assertion may be true.
The mechanisms reported by Lopantsev and colleagues
might play an important but indirect role in progressive epileptogenesis either by contributing to 1) the self-sustaining component of status epilepticus (5) or 2) seizure clusters, often seen
in patients with epilepsy, particularly patients with intractable
epilepsy (6). Hypothetically, the contribution to status epilepticus would involve playing an early role, while the contribution
to clustering would be a late role. During electrographically
recorded status epilepticus after lithium–pilocarpine treatment,
as an example, seizures evolve to a point where they appear to
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merge together (5); thus, the mechanisms described here could
represent a positive-feedback process responsible for this phenomenon. Similarly, one or a few seizures theoretically could
promote further seizures, raising the probability of prolonged
seizure clusters by increasing glutamatergic excitation and decreasing GABAergic inhibition. These changes would be in addition to an elevated [K+ ]o and a decrease in the concentration
of extracellular calcium ions ([Ca2+ ]o ), both of which have long
been known to occur during and after intense electrical activity
(1). If the continuous occurrence of electrographic spikes during status epilepticus arises from the mechanisms presented by
Lopantsev et al., they may indeed contribute to epileptogenesis. Similarly, if seizure clusters represent a mechanism by which
seizures beget seizures (4), it would suggest that the Lopantsev
et al. mechanisms could indirectly be involved in the physiological processes that cause progressive epileptogenesis. Future
studies based on the data from these in vitro experiments will
need to determine how to test these hypotheses in intact animals
with spontaneous seizures.

by F. Edward Dudek, PhD
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POSTNATAL INFLUENCES ON SEIZURE SUSCEPTIBILITY: DOES MY
MOTHER REALLY MATTER?
Postnatal Epigenetic Influences on Seizure Susceptibility in Seizure-Prone versus Seizure-Resistant Rat Strains. Gilby
KL, Sydserff S, Patey AM, Thorne V, St-Onge V, Jans J, McIntyre DC. Behav Neurosci 2009;123(2):337–346. The creation of
seizure-prone (Fast) and seizure-resistant (Slow) rat strains via selective breeding implies genetic control of relative seizure vulnerability,
yet ample data also advocates an environmental contribution. To investigate potential environmental underpinnings to the differential
seizure sensitivities in these strains, the authors compared amygdala kindling profiles in adult male Fast and Slow rats raised by 1) their
own mother, 2) a foster mother from the same strain, or 3) a foster mother from the opposing strain. Ultimately, strain-specific kindling
profiles were not normalized by cross-fostering. Instead, both strains became more seizure-prone regardless of maternal affiliation (i.e.,
cross-fostered groups from both strains kindled faster than uncrossed controls). Interhemispheric seizure spread was also facilitated in
cross-fostered Slow rat groups and was associated with increased commissural cross-sectional areas, giving them a Fast-like profile.
It is important to note, however, that all Fast groups remained significantly more seizure-prone than Slow groups, suggesting that
although the postnatal environment strongly influenced seizure disposition in both strains, it did not wholly account for their relative
dispositions. Investigation into mechanisms fundamental to cross-fostering-induced seizure facilitation should help prevent postnatal
worsening of pathology in already seizure-prone individuals.
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enetic influences have been extensively studied as a basis
for seizure susceptibility. Mutations at various loci, including those encoding ion channels, ion pumps, neurotransmitter systems, and guidance cues, are associated with increased
seizure susceptibility (1). However, sporadic reports between
1975 and 2000 have suggested that nongenetic factors also can
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affect ictogenesis and seizure expression. Such environmental
factors may occur prenatally as well as postnatally and may include maternal care or other early life experiences that influence
seizure susceptibility, such as environmental enrichment. Identification of these factors and clarification of their mechanisms
may reveal therapeutic strategies that can mitigate both seizures
and comorbid cognitive and psychiatric conditions.
Evidence from human studies suggests maternal environmental influences can affect the developing brain. In particular, the hippocampus of humans is very prone to the influence of chronic stress and corticosteroids (2). When in utero,

