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SV2A IN EPILEPSY: THE PLOT THICKENS
Decreased Expression of Synaptic Vesicle Protein 2A, the Binding Site for Levetiracetam, during Epileptogenesis and
Chronic Epilepsy. van Vliet EA, Aronica E, Redeker S, Boer K, Gorter JA. Epilepsia 2009;50(3):422–433. PURPOSE: We
previously showed that gene expression of synaptic vesicle protein 2A (SV2A), the binding site for the antiepileptic drug levetiracetam,
is reduced during epileptogenesis in the rat. Since absence of SV2A has been associated with increased epileptogenicity, changes in
expression of SV2A could have consequences for the progression of epilepsy. Therefore, we investigated hippocampal SV2A protein
expression of temporal lobe epilepsy (TLE) patients and in rats during epileptogenesis and in the chronic epileptic phase. METHODS:
SV2A immunocytochemistry and Western blot analysis were performed on the hippocampus of autopsy controls, patients that died
from status epilepticus (SE), and pharmacoresistant TLE patients. In addition, in epileptic rats, SV2A expression was determined
after SE during the acute, latent, and chronic epileptic phase. RESULTS: In control tissue, presynaptic SV2A was expressed in all
hippocampal subfields, with strongest expression in mossy fiber terminals. SV2A positive puncta were distributed in a patchy pattern
over the somata and dendrites of neurons. SV2A decreased throughout the hippocampus of TLE patients with hippocampal sclerosis
(HS), compared to autopsy control, SE, and non-HS tissue. In most rats, SV2A was already decreased in the latent period especially
in the inner molecular layer and stratum lucidum. Similarly as in humans, SV2A was also decreased throughout the hippocampus of
chronic epileptic rats, specifically in rats with a progressive form of epilepsy. DISCUSSION: These data support previous findings that
reduced expression of SV2A could contribute to the increased epileptogenicity. Whether this affects the effectiveness of levetiracetam
needs to be further investigated.

COMMENTARY

I

t is unlikely that many people treating or researching
epilepsy had ever heard of synaptic vesicle protein 2A
(SV2A) prior to 2004. However, with the identification of
SV2A as the binding site for levetiracetam in the brain, the
term entered the consciousness of epilepsy experts and kickstarted efforts to understand more about this protein and its
role in the generation and perpetuation of seizures (1).
SV2A is a member of a family of membrane-bound glycoproteins found on synaptic vesicles of both neurons and endocrine cells. In mammals, this protein family is encoded by
three different genes (SV2A, SV2B, SV2C), of which SV2A is
the most abundant and widely expressed product (2). Knockout mouse studies have demonstrated that Sv2a deletion results in reduced action potential-dependent release of the inhibitory neurotransmitter GABA in the CA3 region of the
hippocampus (3). In contrast, cultured hippocampal neurons
from Sv2a/2b double knockouts show a sustained increase in
calcium-dependent synaptic transmission, which is presumably excitatory in nature (4). These observations have given
rise to the hypothesis that Sv2a dysfunction is associated with
calcium accumulation during repeated action potential generation. The effect, in turn, leads to increased neurotransmitter
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release and a destabilization of neuronal circuits, facilitated by
excitatory transmission and a concurrent attenuation of inhibition. This hypothesis would explain why Sv2a and Sv2a/2b
knockout mice have spontaneous seizures from birth and typically die within 3 weeks. How levetiracetam interacts with this
system in order to prevent seizures is unknown. The efficacy
of levetiracetam analogues against experimental seizures is directly related to their SV2A binding affinity, but the precise
nature of the interaction between the drug and protein remains
elusive (1,5).
A recent paper by van Vliet et al., reviewed here, provides further insight into the role of SV2A in epilepsy. The
manuscript describes an investigation into the expression of
SV2A protein, measured by both immunocytochemistry and
Western blot analysis, in resected temporal lobe specimens from
patients with refractory epilepsy, autopsy controls, and two patients who died during an acute episode of status epilepticus.
Similar analyses were performed in the hippocampi of rats subjected to experimental epileptogenesis by tetanic stimulation of
the angular bundle, with SV2A expression determined 1 day
after the initial status epilepticus, 1 week later during the latent
period, and 6–8 months following the appearance of spontaneous recurrent seizures.
In human control tissue, SV2A was robustly expressed on
presynaptic terminals throughout the hippocampus. In contrast, SV2A expression was “patchy” (i.e., less prevalent and uniform) on postsynaptic cell bodies and dendrites in the hilus and

48

Current Literature in Basic Science

absent in the somata of granule and pyramidal cells. A similar
pattern of expression was observed in the samples from two patients who died during acute status epilepticus as well as in those
refractory epilepsy specimens that did not show histopathological evidence of hippocampal sclerosis. In contrast, SV2A
immunoreactivity was reduced in all specimens from patients
with confirmed hippocampal sclerosis, and Western blot analysis suggested a reduction in expression in the order of 32%.
In the rat hippocampus, control animals showed a remarkably similar pattern of Sv2a staining to the human control
specimens. In the acute seizure phase (i.e., 1 day after status
epilepticus), presynaptic Sv2a expression was reduced in the
inner molecular layer and in hilar neurons of the dentate gyrus.
It was further diminished across all hippocampal subfields during the latent period. This reduction in immunoreactivity at
1 week after status epilepticus could be partly, but not entirely, attributed to the degeneration of presynaptic terminals,
as determined by synaptophysin labeling and Timm staining.
In the chronic epileptic phase, 6–8 months after initial status
epilepticus, Sv2a expression remained depressed throughout the
hippocampus (approximately 28% less than in the controls) but
only in those rats with a progressive form of epilepsy that were
experiencing a multiple and increasing number of seizures per
day. Rats with a nonprogressive epilepsy phenotype, averaging
less than one seizure per day, showed a similar pattern and
extent of expression as the control animals.
These findings are intriguing, not the least because of the
striking similarity in the expression profile of the SV2A/Sv2a
protein between human and rat hippocampus under control
conditions but also because of the clear differences observed
in subgroups of epileptic animals, with apparently progressive and nonprogressive forms of chronic seizures. The authors
speculate that reduced expression of Sv2a does not cause immediate seizures but may contribute to a state of heightened
epileptogenicity. This view is supported by the observation of
widespread changes in Sv2a immunoreactivity in the latent
period, during which time, by definition, seizures have yet to
develop. It is also backed up by a recent study of Sv2a (+/−) heterozygous mice that showed an increased sensitivity to evoked
seizures, although the animals were not overtly epileptic (6). In
addition, Van Vliet et al. suggest that reduced SV2A expression
might play a role in determining whether the resultant epileptic
state is progressive in nature. This argument is less convincing,
as it is partially based on the observation of ultimately fatal
seizures in Sv2a knockouts and ignores the possibility of compensatory changes in knockout animals that may contribute
to the overall phenotype. Their theory also fails to take into
account potentially important differences in the consequences
of the nonexistence of a protein compared with a modest 30%
reduction in its expression.

As is often the case in experimental epilepsy studies, the
distinction between cause and consequence in this investigation is difficult to pin down. It is entirely possible that the
differences in Sv2a expression in animals with progressive and
nonprogressive seizures may simply be a function of seizure
frequency. Other issues also remain to be addressed, including
an apparent discrepancy between the widespread and lasting
changes in protein expression in some animals and the more
modest, transient change in Sv2a gene expression reported in
a previous microarray study (7). There is also the question of
whether the progressive or nonprogressive seizure animals more
closely reflect the clinical situation. Despite similarities in the
Sv2a expression profile in rats with progressive seizures and
SV2A among patients with temporal lobe epilepsy and hippocampal sclerosis, most human epilepsy syndromes are not
progressive, at least not in terms of their seizure frequency.
How the findings of Van Vliet and colleagues sit with the
proposed effect of levetiracetam on SV2A, its occasional efficacy in patients with previously refractory epilepsy (8), and the
anecdotal reports of tolerance to the drug in both experimental
and clinical studies (9,10) also remains to be resolved. Despite
these deficiencies, studies such as this one have helped to advance understanding of SV2A in the 5 years since this protein
first loomed large on the epilepsy radar. It is obvious that there
is still much more to learn.
by Graeme J. Sills, PhD
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GENETIC LOSS OF HCN1 CHANNELS IS EXCITING, BUT IS IT EPILEPTIC?
Loss of Dendritic HCN1 Subunits Enhances Cortical Excitability and Epileptogenesis. Huang Z, Walker MC, Shah
MM. J Neurosci 2009;29(35):10979–10988. Hyperpolarization-activated cation nonselective 1 (HCN1) plasticity in entorhinal
cortical (EC) and hippocampal pyramidal cell dendrites is a salient feature of temporal lobe epilepsy. However, the significance remains
undetermined. We demonstrate that adult HCN1 null mice are more susceptible to kainic acid-induced seizures. After termination
of these with an anticonvulsant, the mice also developed spontaneous behavioral seizures at a significantly more rapid rate than
their wild-type littermates. This greater seizure susceptibility was accompanied by increased spontaneous activity in HCN1−/− EC
layer III neurons. Dendritic I h in these neurons was ablated, too. Consequentially, HCN1−/− dendrites were more excitable, despite
having significantly more hyperpolarized resting membrane potentials (RMPs). In addition, the integration of EPSPs was enhanced
considerably such that, at normal RMP, a 50 Hz train of EPSPs produced action potentials in HCN1−/− neurons. As a result of this
enhanced pyramidal cell excitability, spontaneous EPSC frequency onto HCN1−/− neurons was considerably greater than that onto
wild types, causing an imbalance between normal excitatory and inhibitory synaptic activity. These results suggest that dendritic HCN
channels are likely to play a critical role in regulating cortical pyramidal cell excitability. Furthermore, these findings suggest that the
reduction in dendritic HCN1 subunit expression during epileptogenesis is likely to facilitate the disorder.

COMMENTARY
he list of ion channels that may play causative roles in
epilepsy seemingly grows monthly, with the identification of ion channel mutations in human inherited epilepsy
syndromes as well as evidence linking ion channel dysfunction
(or channelopathy) to the development of epilepsy in animal
models of acquired syndromes (1). These latter acquired channelopathy candidates can be studied in transgenic mice in which
expression of the underlying gene has been altered—a powerful
technique to assess whether ion channel dysfunction produces
an epileptic phenotype in vivo. The recent study by Huang et al.
subjects the hyperpolarization-activated cyclic nucleotide-gated
type 1, or HCN1, channel to this rigorous test using HCN1
knockouts. The results are compelling and puzzling at the same
time: as expected, mice with constitutive deletion of HCN1
subunits showed significant neuronal hyperexcitability, had an
exaggerated response to a chemical convulsant, yet, in the absence of exposure to kainate, had no spontaneous seizures. What
does this mean for the role of HCN1 channels—and for other
channels whose genetic deletion produces similar results—in
epilepsy?
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The HCN channel is one of the most intriguing candidate
epileptic channelopathies. A potassium channel by structure,
it actually has poor selectivity for K+ ions and predominantly
allows the flow of Na+ ions. Its slow activation kinetics means
that the HCN channel does not contribute to the action potential waveform, as do sodium and potassium channels. However,
it significantly affects neuronal excitability by virtue of its lack
of inactivation: that is, by remaining open at neuronal resting
potential when most other voltage-gated channels are closed,
it sets the level of electrical leakiness of the cell and hence, the
cell’s response to synaptic inputs. Because HCN channels in
the principal neurons of the cortex and hippocampus are localized mostly to the dendrites where excitatory synaptic inputs
arise, HCN channels are particularly suited to controlling the
synaptic excitation of those cells.
The contribution of HCN1 channels to neuronal excitability as well as to learning and memory has previously been assessed using knockout mice. A forebrain-specific deletion of
HCN1 yielded mice with enhanced long-term plasticity to excitatory synaptic inputs in hippocampal pyramidal neurons
and, correspondingly, with a tendency to learn more quickly
those tasks that were dependent on spatial memory (2). Knockout of the HCN2 channel (which is predominant in subcortical structures, such as the thalamus) produced a generalized
epilepsy phenotype that is perhaps consistent with the role of the

