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Received 27 September 2012 that they play a role in this brain circuit. Indeed, low-threshold burst firing mediated by T-type Ca?™ channels
Received in revised form 15 January 2013 has long been implicated in the synchronization of the thalamocortical circuit. Over the past few decades, the
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Available online 13 February 2013 conventional view has been that rhythmic burst firing mediated by T-type channels in both thalamic reticular

nuclie (TRN) and thalamocortical (TC) neurons are equally critical in the generation of thalamocortical oscillations
during sleep rhythms and spike-wave-discharges (SWDs).

fg/yvggrg:z + channel This review broadly investigates recent studies indicating that even though both TRN and TC nuclei are required
Absence epilepsy for thalamocortical oscillations, the contributions of T-type channels to TRN and TC neurons are not equal in the
Thalamocortical circuit genesis of sleep spindles and SWDs. T-type channels in TC neurons are an essential component of SWD genera-
Burst firing tion, whereas the requirement for TRN T-type channels in SWD generation remains controversial at least in the
Oscillations GBL model of absence seizures. Therefore, a deeper understanding of the functional consequences of modulating
each T-type channel subtype could guide the development of therapeutic tools for absence seizures while min-
imizing side effects on physiological thalamocortical oscillations. This article is part of a Special Issue entitled:

Calcium channels.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

T-type Ca®™ channels mediate low-threshold Ca?* spikes in
neurons, leading to burst firing and rhythmic oscillations [1-3].
These channels are considered to be low-voltage-activated (LVA)
Ca%™ channels, as they require much lesser membrane depolarization
for opening. They exhibit smaller single-channel amplitudes than
high-voltage-activated (HVA) channels and produce a transient cur-
rent that decays as soon as the current peaks at the whole-cell level,
leading to their designation as “T-type” for “transient” and “tiny”
[4]. LVA currents have slower deactivating tail currents, show rela-
tively equivalent conductance for Ca?>* and Ba* in the absence of
Mg? ", and exhibit whole-cell currents with fast inactivation kinetics
[5-7]. Furthermore, most T-type channels are tonically inactivated,
leaving only a small fraction available for “window” currents (see
below) at typical neuronal resting membrane potentials [8-12]. How-
ever, a larger fraction of T-type channels avoid inactivation in TRN
neurons which have a relatively hyperpolarized resting membrane
potential [13].

This unusual voltage sensitivity of T-type Ca?™ channels renders
them able to regulate cellular excitability and oscillatory behavior
near the resting membrane potential. In TC neurons with a relatively
depolarized resting membrane potential, a transient membrane hyper-
polarization arising from inhibitory postsynaptic potentials (IPSPs) or
the activation of certain types of potassium channels can de-inactivate
T-type Ca®>* channels. The subsequent rebound of the membrane
potential triggers their opening, and the resulting Ca®* entry further
depolarizes the membrane potential to reach the threshold for
voltage-gated Na™ channels, thus initiating a train of action potentials.
This phenomenon, which is called “rebound burst firing,” represents a
paradoxical enhancement of neuronal firing following the reception of
inhibitory inputs. It is often observed under normal physiological condi-
tions, such as sleep [14-17], and in pathophysiological conditions, such
as epilepsy [18,19]. In TRN neurons with a relatively hyperpolarized
resting membrane potential, depolarizing current injection or EPSPs
were shown to trigger burst firing mediated by T-type Ca?™ channels
[13,20]. These properties highlight the physiological significance of
T-type channels in regulating neuronal firing patterns [21].

Since the first observations of low-threshold Ca* spikes mediated
by T-type Ca®>™ channels [4,22], these events have been studied in
isolated neurons and slices from various brain regions, including the in-
ferior olivary nucleus [3,23] and the thalamus [24,25], where neurons
display intrinsic oscillatory activities. Dysfunction of T-type channels
has been strongly implicated in various neurological disorders, includ-
ing sleep disorders, absence epilepsy, neuropathic pain, Parkinson's
disease-associated tremor, and neuropsychiatric disorders [26]. The
functional implications of T-type channels in the oscillatory activities
of neurons and the prominent expression of T-type channels in the
thalamocortical circuit strongly suggest that they may be involved in
the thalamocortical oscillations observed during sleep and absence
epilepsy.

Absence epilepsy refers to generalized non-convulsive seizures
that are characterized by a brief and sudden impairment of conscious-
ness accompanied by spike-and-wave discharges (SWDs) in the elec-
troencephalogram (EEG) [17,27-29]. Abnormal hyper-synchronized
oscillatory activities in the thalamocortical network have been impli-
cated as an underlying mechanism for the generation of SWDs
[30-34]. Numerous studies have supported the hypothesis that
SWDs arise from recurrent oscillatory activities in the network be-
tween the thalamic reticular nucleus (TRN) and the thalamocortical
(TC) relay nucleus [17,33-36], whereas others have suggested that
the cortex plays a leading role in the generation of SWDs [37-40].
Thalamocortical network oscillations are often accompanied by a
shift in the firing pattern of both TRN and TC neurons from tonic to
burst firing, leading to the hypothesis that low-threshold T-type
Ca?™ channels are a critical component in sustaining the oscillations

during SWDs [17,33,41]. However, there is still some controversy on
this point [29,42]. In this review, we seek to provide a comprehensive
overview of the role of T-type Ca®™ channels in absence epilepsy.

1.1. Three subtypes of T-type channels

Three subtypes of T-type channels have been identified; designated
Cay3.1, Cay3.2 and Cay3.3, they correspond to complexes containing the
pore-forming o1 subunits, &1G, a1H and a1, respectively [8,43,44].
The electrophysiological properties of the three T-type channel sub-
types have been examined by expressing cloned a1 subunits in a
variety of heterologous expression systems [43,45]. The currents medi-
ated by a1 subunits in heterologous systems are similar to those of
native channels [43,45-47]. The T-type currents recorded from the
three recombinant Cay3 channels share typical T-type channel charac-
teristics: low voltage activation, negative steady-state inactivation,
strongly voltage-dependent activation and inactivation, and slow
deactivation [47], but exhibited characteristic voltage dependencies
and kinetics of activation and inactivation depending on the subtypes
[48]. They differ in their kinetics of inactivation, recovery from steady-
state inactivation, and pharmacology [46,49,50]. All three subtypes are
known to generate the steady-state component of T-type Ca’*
currents called the “window” current, which is defined as the overlap
between the activation and steady-state inactivation curves. Cay3.3
channels are predicted to have a larger window current, probably
due to a shift in their steady-state inactivation curve to relatively
depolarized membrane potentials [8].

The kinetics of recovery from inactivation are critical to the ability
of T-type channels to trigger rebound low-threshold spikes (LTS),
because the fast recovery of T-type channels during an inhibitory
postsynaptic potential (IPSP) leads to de-inactivation of the channels
followed by channel openings as the membrane rebounds to its rest-
ing potential. The time course for recovery is highly variable, ranging
from 100 to 3300 ms depending on the membrane potential and the
durations of the inactivating and test pulses [46]. Of the three sub-
types, Cay3.1 channels recover the fastest (~120 ms), Cay3.2 channels
are the slowest (showing a recovery rate more than 3-fold slower
than Cay3.1 channels), and Cay3.3 channels show an intermediate
recovery rate [43,45,46].

Although most T-type currents display rapid inactivation (<30 ms)
compared to HVA Ca2™ currents, subtype-specific variability has been
noted, with Cay3.1 and Cay3.2 exhibiting fast inactivation while
Cay3.3 displays relatively slow inactivation [46]. The differences in the
electrophysiological properties of the T-type channels suggest that the
firing patterns of neurons may depend on the expression levels of
the various T-type channels. Thus, the biophysical heterogeneity and
functional diversity of T-type Ca™ currents [43,46] arise from the dif-
ferential expression and colocalization of the channel subtypes [51].
This highlights the need to understand the expression patterns of the
three subtypes in given brain regions or neurons, and to examine differ-
ences in their electrophysiological properties as a prerequisite for un-
derstanding their associated neuronal activities.

2. Low-threshold T-type Ca>* channels in the thalamocortical circuit

Numerous groups have identified LTS in neurons of the thala-
mocortical circuit [20,52,53], suggesting the existence of LVA T-type
Ca* channels in these neurons. The influx of Ca>™ through LVA Ca?*
channels engenders low-threshold Ca?™* spikes, which in turn trigger a
burst of action potentials mediated by voltage-gated Na™* channels. The
addition of tetrodotoxin, a blocker of Na* channels, eliminates the fast
spikes while leaving the slow component of LTS intact. Numerous studies
have demonstrated that slow LTS are mediated by Ca®* conductance,
based on the observations that they are not generated in Ca® "-free exter-
nal solutions or in the presence of divalent cations such as Co?™ or Ni2 ™,
which block Ca?* channel conductance [52].
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2.1. Expression pattern of T-type channels in the thalamocortical circuit

Cay3.1, Cay3.2 and Cay3.3 are highly expressed in the thalamo-
cortical circuit, suggesting that they play a prominent role in this
circuit [51]. Notably, the three subtypes display a largely complemen-
tary expression pattern in the thalamus: Cay3.1 is exclusively
expressed in TC regions, whereas Cay3.2 and Cay3.3 are abundant in
GABAergic neurons of the TRN [54]. The slow decay and depolarized
membrane potential range for activation of the low-threshold Ca?™
currents in the TRN [13] reflect the predominant contribution of
Cay3.3 channels over Cay3.2 channels to the total T-type current in
TRN neurons. This is supported by observations that Cay3.3 mRNA
levels are much higher than Cay3.2 mRNA levels in these neurons
[54-56]. Furthermore, T-type currents are drastically reduced in
TRN neurons following deletion of the Cay3.3 T-type channel, strong-
ly supporting the idea that the Cay3.3 channel is the predominant
contributor to T-type currents in TRN neurons [57]. However, one
study proposed that Cay3.2 channels mediate a substantial portion
of T-type currents in TRN neurons. The authors showed that oxidizing
agents, such as 5,5'dithio-bis(2-nitrobenzoic acid) (DTNB; which in-
hibits Cay3.2 but not Cay3.1 or Cay3.3), inhibit T-currents in TRN neu-
rons by ~50% in rats and ~40% in mice [56]. This discrepancy should
be investigated further.

In situ hybridization experiments have demonstrated substantial
and widespread expression of mRNA signals for the three subtypes in
the cortex; Cav3.1 and Cay3.3 appear to be expressed throughout all
layers of the cortex, while Cav3.2 is predominantly found in layer V
[51]. However, the differential distribution of subtypes among cortical
layers or in different types of neurons has not been fully elucidated. A
study on the subcellular distribution of Cay3 subtypes in rat brain corti-
cal neurons showed that Cay3.1 T-type channels are prominent in the
soma and proximal dendritic regions; Cay3.2 channels are expressed
in the soma and proximal-mid dendrites; and Cay3.3 channels are
distinctly localized to the soma and dendritic arbor of specific cell
types [58]. These distribution patterns suggest that T-type channels
may contribute to multiple neuronal activities.

3. The classical model for the role of thalamocortical oscillatory
circuits in absence epilepsy

Oscillatory activities have been observed among neurons synchro-
nized in the thalamocortical circuit during normal sleep-related oscilla-
tions and pathological paroxysmal oscillations [20,33,35,53]. Extensive
feedforward and feedback connections between the thalamus and the
cortex (summarized in Fig. 1) contribute significantly to strengthening

Cortex

Thalamus

Fig. 1. Schematic representation of the thalamocortical circuit and T-type Ca®* channel
expression. The three subtypes of T-type Ca®™ channels are differentially expressed in
the thalamocortical circuit involved in SWD generation. Cay3.1 channels are highly
expressed in TC neurons but not in TRN neurons, whereas Cay3.2 and -3.3 channels
are mainly expressed in TRN neurons. PLCR4 is highly expressed in TC neurons and
modulates the propensity for burst firing in TC neurons via controlling the Ca?™
currents mediated by Cay3.1 T-type channels.

the synchronization of oscillatory activities in the thalamocortical cir-
cuit, generating and maintaining both physiological and pathological
oscillations [17,33,36,59].

Although researchers generally agreed that the synchronized
activities among neurons in the thalamus and cortex are critical to the
generation of oscillations within the thalamocortical circuit, there has
been debate over which nucleus leads the generation of oscillations.
Some studies have shown that cortical GABAergic interneurons consti-
tute complex functional networks that generate cortical oscillations re-
lated to several behavioral functions [60-63]. However, it has also been
suggested that reciprocal connections between the thalamic reticular
and relay nuclei within the thalamus establish a core oscillatory unit
[33]. Regardless, thalamocortical and corticothalamic innervations be-
tween the cortex and the thalamus integrate these intra-thalamic oscil-
lations into larger thalamocortical networks to produce sleep spindles
and the SWDs of absence epilepsy (i.e., normal and pathological oscilla-
tions, respectively) [17,33,35,64,65].

3.1. TRN and TC neurons in thalamic synchrony

The thalamic circuit is composed of excitatory TC neurons and the
inhibitory neurons of the TRN (Fig. 1). Extensive synaptic connections
link the TC and TRN neurons, which together create a reciprocally in-
nervated intra-thalamic circuit. The degree of synchrony within this
intra-thalamic circuit has been thought to determine whether physi-
ological or pathological oscillations occur [17]. It has been shown that
inhibitory inputs from the TRN [20,53] or other brain regions [66] to
TC neurons are followed by a post-inhibitory response, in which a re-
bound of the membrane potential induces burst firing of TC neurons.
This, in turn, is believed to activate TRN neurons. Therefore, burst
firing of thalamic neurons mediated by T-type Ca?™ currents is im-
portant for recurrent intra-thalamic oscillatory activities [67].

The TRN forms a shell-like structure that encompasses the anterior
and lateral parts of the dorsal thalamus and provides inhibitory inputs
to TC neurons [68]. TRN neurons display rhythmic burst activities that
generate spontaneous oscillations within the reticular nucleus [20,69]
and have long been hypothesized to act as pacemakers of thalamocortical
oscillations, including sleep spindles and SWDs [14,70,71]. Intra-reticular
inhibition has been proposed as an important component of thalamic
synchrony. TRN neurons inhibit both TC neurons and other TRN neurons
[72-74]. It has been suggested that recurrent inhibition within the TRN
(intra-reticular inhibition) serves to reduce synchrony during spindle
rhythms or the SWDs of generalized absence seizures [34,75], whereas
electrical coupling via gap junctions synchronizes activities among TRN
neurons [17,76].

Thalamic oscillatory activity is accompanied by low-threshold spikes,
often corresponding to low-threshold burst firing of TC neurons [20,53].
Llinas and Jahnsen provided the first report of a Ca?*-dependent
low-threshold spike that is activated only after membrane hyperpolari-
zation in TC neurons [52]. Since then, studies have shown than an LTS
generates a long-lasting depolarization of membrane potential, trigger-
ing a burst of action potentials that ride the crest of the plateau [77].
This property of T-type Ca2™ channels in TC neurons is responsible for
their unique ability to promote network oscillations in which neural
inhibition leads to a paradoxical rebound spiking. Although inputs from
inhibitory neurons in the TRN form the major driving force for the
burst firing of TC neurons, a recent study proposed that inhibitory inputs
from the substantia nigra pars reticulata (SNR) to the ventral medial
(VM) nucleus in the TC region also play a crucial role in the ability of
the basal ganglia to control absence seizures [66].

3.2. T-type Ca® " channels in absence seizures
It has long been suggested that generalized absence seizures are

accompanied by hyperexcitable oscillatory activities in the thalamo-
cortical network [29,33,78]. The observation that succinimide and
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related anticonvulsants block thalamic T-type channels [79,80] led
researchers to speculate that T-type Ca?™ channels might be related
to the pathogenesis of SWDs in generalized absence seizures [81].

Ethosuximide and valproate, two antiepileptic drugs used to treat
generalized absence epilepsy [82], were reported to obstruct T-type
Ca?™ channels in TC neurons at therapeutically relevant concentrations
[79,83,84]. Other anticonvulsant drugs have also been shown to
substantially suppress thalamic burst spikes [85-87]. These findings
prompted researchers to study T-type Ca% ™ channels for their potential
to help explain the cellular and molecular mechanisms of SWD genera-
tion and absence seizures. However, T-type channel antagonists were
shown to dampen SWDs in human absence seizure patients and in
rodent models of absence seizures [88]. Furthermore, some studies
have found that neither valproic acid [79] nor ethosuximide [65] acts
on T-type Ca™ channels, providing limited support for the idea that
T-type Ca®™ channels are involved in absence epilepsy.

Recently, a series of piperidine-based molecules were shown to
block recombinant T-type channels but not HVA Ca®* channels [89].
One such compound, TTA-A2, potently blocked T-type currents in
HEK293 cells expressing human Cay3.1, Cay3.2 or Cay3.3 T-channels,
and suppressed the active wake state and promoted slow-wave sleep
in mice [90], whereas it suppressed the absence epilepsy in WAG/Rij
rat models [91]. TTA-P2, another piperidine-based molecule, also
blocked endogenous T-currents in TC and TRN neurons, revealing the
impact of window currents in these neurons [92] and the contribution
of T-currents on EPSP-driven spike probability in TC neurons [93]. In ad-
dition, the piperazine-based compounds, 7941 and Z944, blocked
T-type channels, attenuating thalamic burst firing and suppressing
absence seizures [94].

Recent advances in genetic tools have contributed significantly to
elucidating the role of T-type Ca?™ channels and thalamic bursts in
the pathogenesis of absence epilepsy. A variety of genetic approaches
have been employed to study the role of T-type channels in vivo, in-
cluding ablation of T-type Ca®™ channel genes in mice [16,41,95],
analysis of T-type channels in animal models of absence epilepsy
[96-98], and analysis of putative candidate genes in human patients
[99-102]. The following section summarizes recent achievements in
genetic studies and new insights into the differential roles of T-type
Ca®™ channels in TC versus TRN neurons in the genesis of absence

epilepsy.
4. TC neurons in absence epilepsy
4.1. Cay3.1 T-type channels in TC neurons are required for SWD genesis

Paroxysmal oscillations of the thalamocortical network during
SWDs are frequently observed upon a switch in the firing pattern of
TC neurons from tonic to burst firing [103]. It has been proposed
that low-threshold burst firing driven by Cay3.1 T-type channels in
TC neurons is a crucial element in sustained oscillations during
SWDs [17,33,41]. However, some controversies remain [29,42].

The spontaneous absence seizure in 34" mice, an animal model
of absence seizure, was suppressed by GABAgR antagonist and exacer-
bated by GABAgR agonists, which suggested the enhanced GABAg
receptor-mediated synaptic responses underlie the seizures [104].
However, a subsequent study reported that p4'™" or a1A®"8 mice
with mutations in the genes encoding 34 and «1A subunits, respective-
ly, revealed reduced excitatory synaptic transmission, but normal inhib-
itory synaptic transmission onto thalamocortical neurons by affecting
P/Q type channel function [105]. These studies, although somewhat in-
consistent, imply that the alteration in the balance between excitatory
and inhibitory inputs onto TC neurons may underlie the absence sei-
zures in these animal models. These data suggest that a propensity for
membrane hyperpolarization (i.e., greater de-inactivation of T-type
channels) could effectively escalate the opening probability of T-type
Ca* channels, thereby reinforcing SWDs even without an increase in

T-type expression. Further studies are needed to determine how
malfunctions in P/Q-type channels can lead to the membrane hyperpo-
larization of TC neurons.

4.1.1. Cay3.1 knockout mice are resistant to GABAgR-mediated
absence seizure

An analysis of knockout mice lacking the Cay3.1 subunit of the 1G
subtype revealed that this subunit plays an essential role in absence
epilepsy [41]. In the thalamus, Cay3.1 is predominantly expressed in
TC neurons [51]. Therefore, the Cay3.1-knockout (Cay3.1 ~/~) mouse
provides an important tool for exploring the function of T-type Ca®™
channels in TC neurons.

Consistent with the predominant expression of Cay3.1 in TC
neurons [51], Cay3.1~/~ mice fail to show low-threshold burst firing,
confirming that LTS in TC neurons, which uniformly express high levels
of Cay3.1 [51], critically depend on this subtype of T-type channels
(Fig. 2 modified from [41]). As noted above, Cay3.1 channels remain in-
active around the resting membrane potential of TC neurons, but they
recover rapidly from inactivation (time constant, ~100 ms), allowing
TC neurons to participate in post-inhibitory rebound burst firing. The
results obtained to date have led researchers to propose that T-type
currents and the resulting LTS in TC neurons are essential for the genesis
of generalized SWDs, although they may not be critical for initiation
of the oscillations [41,106]. Notably, Cay3.1™/~ mice are resistant to
SWD seizures specifically induced by GABAgR agonists. Baclofen and
v-hydroxybutyrate, two GABAgR agonists, have been shown to reliably
induce absence seizure phenotypes in animals, with characteristic be-
havioral arrest synchronized with SWDs on EEG [107]. These GABAgR
agonists evoked distinct paroxysmal 3-4 Hz SWDs on EEG recordings
accompanied by behavioral arrest in wild-type mice, but induced only
very weak and intermittent SWDs in Cay3.1 ™/~ mice (Fig. 3 modified
from [41]).

In contrast to this phenotype of Cay3.17/~ mice, studies on rat
models of absence seizures suggest that the cortex, not the thalamus,
leads the genesis of SWDs [37-40]. In studies using the GAERS and
WAG/R]j strains (two rat models of absence epilepsy), the generation
of SWDs was suggested to originate from the cortex [40,108], with cor-
tical infusion of ethosuximide found to substantially block SWDs in the
GAERS model [40]. However, another study found that the Cay3.1
T-type channel in the mediodorsal thalamus (MD) plays a crucial role
in frontal lobe-specific seizures [109]. Insofar as the TC network com-
prises reciprocal feedback circuits among thalamic nuclei and the
cortex, the question of where the seizure discharge is initiated may
not be an important issue.

Many studies have corroborated the hypothesis that recurrent oscil-
latory activities in the network between the TRN and the TC relay nucle-
us generate thalamic synchrony, which is further propagated throughout
the thalamocortical circuit [17,33-36]. SWDs induced by baclofen, a
GABAGgR agonist, rely on the thalamus; in contrast, bicuculline, a GABAAR
antagonist, was shown to initially induce cortex-originating seizure
spikes that subsequently evolve to highly synchronous SWDs through-
out the thalamocortical circuit [107,110]. Interestingly, Cay3.1™/~ mice
are vulnerable to bicuculline-induced seizures [41]. After systemic injec-
tion of bicuculline, both mutant and wild-type mice exhibited a variety of
epileptic symptoms; behavioral changes were accompanied by charac-
teristic EEG patterns, comprising SWDs, single high-amplitude spikes,
and a variety of epileptic patterns. Similarly, a potassium channel antag-
onist known to increase neuronal excitability (4-aminopyridine) also
induced tonic—clonic seizures to a similar degree in both wild-type and
Cay3.1™/~ mice [41].

4.1.2. Absence epilepsy in P/Q-type channel deficient (Cay2.1 ™) mice
requires Cay3.1

Spontaneous absence epilepsy phenotypes have been observed in
mice harboring mutations in various subunits of voltage gated Ca®™
channels known to affect the P/Q-type Ca®* channel function. These
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Fig. 2. Intrinsic firing properties of TC neurons located at the ventrobasal complex. (A) Burst
firing patterns elicited by 100-ms pulses of negative step-current inputs at —70 mV. Hold-
ing membrane potentials were maintained by DC current input. The amount of current
injected is indicated below each trace; pA, picoampere. Scale bars: 100 ms (horizontal)
and 50 mV (vertical). (B) Burst firing patterns elicited by positive step-current inputs at
—80 mV. Note the increased firing frequency of lower-frequency spikes in wild-type TC
neurons with positive input currents greater than 700 pA. Only high-frequency spikes
are missing in Cay3.17~/~ TC neurons. (C) Tonic firing patterns elicited by positive
step-current inputs at —60 mV. Low-frequency spikes are elicited equally in wild-type

and Cay3.1~/~ TC neurons. (D) The relationship between the number of spikes and the
amount of current injected. The number of spikes during 100-ms positive step-current
—60 mV (left) or —80 mV (right).

inputs when membrane potentials are held at
Modified from reference [41].
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Fig. 3. Baclofen-induced SWDs in wild-type and Cay3.1~/~ mice. Top: Representative EEG
traces show that injection of baclofen induces abundant SWD activity in wild-type mice
and negligible SWD activity in Cay3.1~/~ mice. Bottom: The frequency of SWD events is
plotted against time for Cay3.1~/~ and wild-type mice.

Modified from reference [104].

mouse models include: tottering (1A®"€) [111,112] and leaner
(ct1A®9/t813) [113], each of which contains a distinct mutation of the
gene encoding the Cay2.1 alA subunit; stargazer (stg/stg) [112],
which has a mutation in the y2 subunit; lethargic (p4™") [104],
which harbors a mutation in the 34 subunit; and Cay2.1~ /=~ null
mutant mice [97,104]. In general, these mice exhibit 5-7-Hz SWDs
associated with behavioral phenotypes, whereas human patients gen-
erally show 3-Hz SWDs on EEG (in fact, this is a diagnostic hallmark).
In the latter context, it is interesting that Cay2.1~/~ null mice, which
lack P/Q type channels, display 3-Hz SWDs that are comparable to
those observed in human patients (Fig. 4B). The importance of this
characteristic feature of human absence epilepsy is not yet known.
A mutation in the Cay2.1-encoding gene has been identified as caus-
ing absence epilepsy associated with episodic ataxia in children
[114,115], and is known to cause hypo-functioning of P/Q-channels
[29]. Therefore, Cay2.17/~ mice might provide a relevant animal
model for studying this specific type of human absence epilepsy.

It is intriguing to speculate on whether the Cay3.1 T-type channel is
also essential for SWD generation in these genetic mouse models of
absence seizures. This question was addressed by crossing each mutant
strain with Cay3.17/~ mice to generate double mutants [97]. The results
were unambiguous: in all cases, the generation of SWDs was substan-
tially diminished by deleting the Cay3.1 gene. Representative EEG traces
and the results from a power spectrum analysis of the EEGs from Cay2.1
and Cay3.1 double-mutant mice are shown in Fig. 4B (modified from
[97]), and the effects of Cay3.1 gene doses in absence mouse models
with spontaneous mutations are graphed in Fig. 4C. These results pro-
vide firm evidence that Cay3.1 T-type Ca®>™ channels are necessary for
the occurrence of absence epilepsy phenotypes in these mutant mice,
just as they are for GABAgR agonist-induced absence epilepsy.

4.2. Propensity for burst firing of TC neuron is relevant to absence epilepsy

A study using quantitative in situ hybridization demonstrated
small but significant increases in both Cay3.1 and Cay3.2 mRNA levels
in the relay and reticular thalamic nuclei, respectively, of GAERS
rats [116]. In the same strain, increased T-type Ca®>™ currents were
observed in TRN neurons [96] and a gain-of-function mutation was
identified in the Cay3.2 channel [117]. Larger T-type currents in TC
neurons have also been observed in various mutant mice with ab-
sence seizure phenotypes [97,98,118]. These findings collectively sug-
gest that increased T-type currents in the thalamocortical circuit may
contribute to the genesis of absence epilepsy.

This raised the question of whether the increased T-type currents are
the key to generating SWDs in these absence seizure models versus
being epiphenomena (i.e., byproducts of overall changes in the excitabil-
ity of thalamic neurons). As in other absence seizure mouse models with
channel malfunctions [97,98,118], the amplitude of T-type Ca®™ cur
rents is increased in the TC neurons of Cay2.1~/~ mice (Fig. 4A). Cross-
ing this mutant with Cay3.1™/~ mice yielded three different groups of
Cay2.17/~ mice with different doses of Cay3.1 (Cay2.17/~ with
Cay3.1%/7F, Cay3.17/~, or Cay3.17/7). The TC neurons of Cay2.17/~
Cay3.1™"" mice exhibited increased T-type currents (~160%) compared
to wild-type mice, while T-type currents were absent in Cay2.17/~
Cay3.1™/~ mice, reflecting the deletion of both copies of the Cay3.1
gene (Fig. 4A). The level of T-type currents in Cay2.17~/~ Cay3.17/~
mice containing a single copy of Cay3.1 was below that in wild-type
mice (~75%), even though the expression level per gene copy was in-
creased via developmental compensation in the Cay2.1 =/~ background
(Fig. 4A). These Cay2.1™/~ Cay3.1"/~ mice provided a core tool for test-
ing the role of increased T-type currents in the generation of SWDs. EEGs
revealed that Cay2.17/~ Cay3.1"7/~ mice generated SWDs to the same
degree as Cay2.17/~ Cay3.1 */* mice, even though their TC neurons
showed decreased (rather than increased) T-type currents compared
to wild-type TC neurons. These results demonstrate that although
T-type currents in TC neurons are necessary for the generation of
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SWDs, their increase is not crucial to the pathogenesis of SWDs in the
tested absence seizure mouse models. However, some researchers
have argued against the function of T-type currents in TC neurons in ab-
sence seizures because burst firings in TC neurons have rarely been ob-
served synchronously with SWDs on EEG in in vivo recordings from rat
and cat absence seizure models [42,119,120].

The augmentation of T-type Ca?™ currents by overexpressing
Cay3.1 channels throughout the brain is reportedly sufficient to
engender spontaneous SWDs in transgenic mice [121]. However, the
enhancement of T-type currents in these mice was seen generally
throughout the brain rather than being limited to the TC relay re-
gions, weakening the idea that augmentation of T-type Ca?™* currents
in TC neurons is the key to the genesis of SWDs in these transgenic
mice [29]. The augmentation of T-type Ca?™ currents in TC neurons
would increase the window current near the resting membrane po-
tential, which would enhance the bursting probability of TC neurons.

Another recent study has suggested that spontaneous absence sei-
zures might be generated by an increase in the propensity for bursting
(i.e, by a depolarizing shift of the steady-state inactivation curve)
among TC neurons, rather than by increasing the magnitude of T-type
currents or expression of T-type channels per se in these cells [122].
The phospholipase C34 (PLCP4) signaling pathway, which lies down-
stream of the metabotropic glutamate receptor, mGIuR1, has been
shown to tune the TC firing mode via concomitant regulation of T- and
L-type Ca®* currents in TC neurons [12]. TC neurons from PLCR4~/~

mice display a depolarizing shift in the steady state inactivation of
T-type Ca® ™ channels near the resting membrane potential (Fig. 5C-D,
modified from [12]). This change in the inactivation curve is predicted
to enlarge the window currents, and may drastically increase the pro-
pensity of TC neurons for burst firing. PLCB4-deficient TC neurons
displayed burst firings after slight hyperpolarizations that would never
induce burst firing in wild-type TC neurons (Fig. 5E-F, modified from
[122]), and switched to the oscillatory burst firing mode (Fig. 5G,
modified from [122]). Furthermore, a TC-restricted shRNA-mediated
knockdown of PLC34 induced spontaneous SWDs accompanied by char-
acteristic behavioral phenotypes. These mice also exhibited increased
susceptibility to y-butyrolactone (GBL)- or baclofen-induced SWDs, re-
vealing that TC neurons critically contribute to initiating paroxysmal
SWDs and thus the pathogenesis of absence seizures (Fig. 6, modified
from [122]). In this study, an abnormal shift from the tonic firing mode
to the burst firing mode in TC neurons appeared to readily switch the
thalamocortical circuit to the pathological oscillatory mode (signified
by SWDs).

It has been proposed that an enhanced GABAgR-mediated hyper-
polarization of TC neurons, leading to the de-inactivation of Cay3.1
T-type channels, might precede the appearance of absence seizures
[33,120,123]. In this context, it is noteworthy that thalamic relay
neurons deficient for HCN2 (hyperpolarization-activated cyclic
nucleotide-gated potassium channel 2) display a hyperpolarized
resting membrane potential with an increased propensity for



1566 E. Cheong, H.-S. Shin / Biochimica et Biophysica Acta 1828 (2013) 1560-1571

A B

LVA Ca® current Cument Density
+i+ -f- Voltage (mv)
-40my -40my 100 -80 -G0  -40  -20
-100m -100my 0
-5
f 100ms —s— ++(n=11) 10
znapEl —o— -j- (n=9) i
™ p<C.05
-20
(pAIpF)
C ) ) D
+/+ -/-
-60mV -40mV -60mV -40mV = =
-100mV -100mV g ]
= £
- =
200ms S s
g K5
400pA £ 2
© 3]
£ <
-40mV -40mV
O s SO 4100 -80 -60 -40
Prepulse Potential(mV)  **: p<0.05
E F
F’LC[34+/+ o PLCP4**n=17
|30mV . o pLCB4” n=21
Ems 8 ] oo oo
Vh=-60mV c = oo @ °
\ o :‘; Q6 o ®o ooo o
Vm= -65mV g % aoo o 00 oo o o
%§4—onm ome @8 o © 0 0000
-/- E _E o oC» 000 o o o0® o oo ©
PLCB4 |2 é2— ® 000000 0 o oo o0 o0 o
3 L] L] D o0 00 L) o oo o
Vh=-60mV 0 ® @M @000EIOI® O ©O0O O O
=-60m T T T - - .
=72 -70 -68 -66 -64 -62
Vm=-65mV Prepulse membrane potential (mV)
G /
+/+
PLCB4
30mV
500ms

Vh=-60mV
PLCB4™
Vh=-60mV

400pA
OpA

Fig. 5. The firing pattern is easily shifted to the burst firing mode in PLCp4~/~ TC neurons. (A) LVA Ca®>* currents were measured from wild-type and PLC34~/~ TC neurons.
(B) Current-voltage (I-V) relationships of LVA Ca?™ current density in wild-type (closed circle) and PLC34~/~ (open circle) TC neurons revealed that LVA Ca®* currents in
PLCP4~/~ TC neurons were larger than those in wild-type TC neurons. (C) LVA Ca®* currents from wild-type (left panel) and PLCp4 '~ (right panel) TC neurons activated by volt-
age steps to —40 mV from —100 mV (upper panels) and from —60 mV (lower panels). (D) Steady-state inactivation and activation curves for LVA Ca?* currents in wild-type
(solid circle and black lines) and PLC34~/~ TC neurons (open circles and gray lines) show that a smaller degree of steady-state inactivation of LVA Ca®>* currents increased the
window currents in PLC4~/~ TC neurons. (E) Injection of prepulses (slightly hyperpolarizing the membrane potentials) elicited low-threshold burst firing in PLC4 '~ TC neurons
but not wild-type TC neurons. (F) Spike numbers in bursts induced by various prepulses that hyperpolarized the membrane potentials to between —73 and —63 mV in wild-type
(closed circle) and PLC34~/~ (open circle) TC neurons. (G) Tonic firing was induced with 400-pA depolarizing currents. PLCp4~/~ TC neurons were often shifted from tonic to
low-threshold burst firing, whereas wild-type TC neurons never showed such a transition in firing mode.
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burst firing, and are prone to SWD oscillations [124]. Taken togeth-
er, these findings suggest that the propensity of TC neurons for burst
firing is a crucial factor in determining the vulnerability to absence
seizures in mice.

4.2.1. Other opinions on the role of Cay3.1 channels in absence seizures

It has been suggested that it may be premature to conclude that
low-threshold Ca?™ current-mediated firing plays an essential role in
thalamocortical neurons during SWDs [29]. For example, researchers
have claimed that the inability of Cay3.1 knockout mice to show
GBL-induced SWDs might reveal a lack of LTS in cortical neurons
[125], or the inability of the window current of the T-type Ca% ™ current
to exert a depolarizing influence in cortical and thalamocortical neurons
[126].

The results from studies utilizing various animal models and drugs
have suggested that there might be multiple mechanisms underpinning
the development of absence seizures. The rat models may reflect a
mechanism common with that of the bicuculline-induced model,
which displays cortical-driven seizures. In contrast, baclofen-induced
models and spontaneous mutant mouse models with malfunctions of
P/Q type channels may share a mechanism in which TC burst firing is
crucial. In other words, the T-type channel-mediated burst activities of
TC neurons may not be a prerequisite for SWD generation in certain
types of absence seizures. Consistent with this hypothesis, rhythmic se-
quences of GABAgR-mediated IPSPs and subsequent low-threshold
Ca®™ potentials were not observed in TC neurons during spontaneous
SWDs in GAERS rats, as examined by in vivo extracellular and intracel-
lular recordings [120]. In contrast, Cay3.1~/~ mice are resistant to
baclofen-induced, thalamus-dependent absence seizures, but not to ei-
ther bicuculline-induced or aminopyridine-induced absence seizures.
Thus, burst firing of TC neurons mediated by Cay3.1 T-type channels
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may be an indispensable constituent of only a certain type of absence
seizure.

A recent study showed that feedback transcranial electrical stimula-
tion (TES) could dramatically reduce SWDs in rat seizure models, presum-
ably supporting the role of cortical neurons in SWDs [127]. This study also
showed that optogenetic stimulation of parvalbumin-expressing (PV)
neurons in the TRN induced thalamocortical oscillations resulting in
SWDs, whereas the same stimulation of PV neurons on the cortex reduced
SWDs [127]. The excitation of TRN neurons would generate IPSC in TC
neurons, in turn generating the post-inhibitory low-threshold burst firing
mediated by T-type channels in TC neurons. These results are consistent
with the idea that T-type channels in TC neurons are important for the
genesis of SWDs. However, we do not yet know the detailed mechanism
by which the cortical stimulation of PV neurons triggers the reduction of
SWDs.

Many studies have emphasized the role of tonic GABA inhibition
(mediated by GABAAR or GABAgR) of TC neurons in the generation
of absence seizure [128-130]. It is also noteworthy that the propensi-
ty for low-threshold burst firing in TC neurons increases with these
inhibitory inputs.

5. TRN neurons in absence seizures
5.1. TRN neurons as the origin of thalamocortical oscillations

Observations of trains of rhythmic spike-bursts riding the sponta-
neously recurrent membrane oscillations in TRN neurons [20,69]
have indicated that these neurons are likely to be the origin of
SWDs in absence epilepsy. The inhibitory input from TRN to TC nuclei
is considered to be critical to the generation of thalamic synchrony
[33,35].
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Fig. 6. Deletion of thalamic PLCP4 leads to absence seizures. (A) Lentiviral vectors containing control shRNA or shPLC34 were injected bilaterally into wild-type mice, and EEGs were
recorded from frontal and parietal lobes. Lower panel: mice injected with LV-shPLC34 showed sporadic SWDs. Upper panel: mice injected with pLKO-control never showed
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Modified from reference [122].
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It has been proposed that recurrent inhibitions mediated by
GABAARs within the TRN dampen the synchrony of the thalamic
circuit, thereby inhibiting seizures [34,131,132]. An examination of
the occurrence of IPSCs and the degree of synchrony in brain slices
from mice lacking GABAR 33 subunits (largely restricted to the TRN
in the rodent thalamus) showed that GABAjR-mediated inhibition
was substantially eliminated in the TRN of these mice but was unaffect-
ed in TC cells [34]. GABAAR antagonists were shown to abolish
intra-reticular inhibition and convert spindle-like oscillations into slower,
more synchronized epileptiform discharges in vitro [20,133]. Further-
more, a recent study in the above-described mutant mouse showed
that pathological oscillations could still be initiated by cortical inputs via
the cortico-TC-TRN-TC pathway, bypassing the direct cortico-TRN excita-
tion generally described for thalamocortical oscillations [134]. This may
reveal a previously unknown mode of cortico-thalamo-cortical transmis-
sion. In contrast, it was reported that a gain in GABA, receptor synaptic
strength within thalamic reticular nuclei strongly dampened thalamic
oscillatory activity and suppressed pharmacologically induced absence
seizures [135]. Thus, recurrent inhibitory inputs within the TRN appear
to serve as a “desynchronizer” [34,135], reducing the degree of synchro-
nized inhibitory output to TC nuclei. However, future work will be re-
quired to examine how reciprocal connections between TRN and TC
neurons generate the various types of oscillations (encompassing physio-
logical sleep oscillations and pathological SWDs) within the thalamus,
and how the shift between the burst and tonic firing modes of TRN
neurons controls the overall inhibitory output from the TRN neurons to
TC neurons.

TRN neurons have long been considered to be the origin of
thalamocortical oscillations (such as absence seizures) because of their
intrinsic rhythmic oscillatory activities. A large body of evidence sup-
ports the pivotal role of TRN neurons in pacing the thalamocortical oscil-
lations that serve to generate SWDs [120,136-139]. Some studies have
emphasized the role of T-channels in TRN neurons, based on the obser-
vation of burst firing among TRN neurons during SWDs [136,138]. A
lesion study exhibited that TRN lesion in the WAG/Rij rat model of
absence epilepsy decreased the number and duration of SWDs as well
as the spectral changes on EEG [137]. However, the same mechanism
does not always seem to apply to the generation of SWDs in absence sei-
zures. Another lesion study showed that extensive ibotenic acid-induced
lesions of TRN and TC nuclei resulted in the suppression of SWDs and
sleep spindles, confirming the critical role of thalamic neurons in both
types of thalamocortical oscillations [140]. However, a lesion that spared
the rostral pole of the TRN and some TC nuclei resulted in suppression of
sleep spindles but a large increase in bilateral SWDs, suggesting that
different intrathalamic subcircuits are involved in the two types of
thalamocortical oscillations [140].

Inhibitory inputs from TRN to TC nuclei trigger de-inactivation of
T-type channels, which is followed by rebound low-threshold burst
firings in TC neurons. Thus, the deficit of rebound burst firing in TC
neurons of Cay3.17/~ mice would interrupt the circuitry needed to
generate SWDs. The function of T-type channels in TRN neurons in
the genesis of absence epilepsy can be elucidated through the analysis
of Cay3.2 and Cay3.3 T-type Ca®™ channels, which are expressed in
TRN neurons but not in TC neurons. The most direct demonstration
for the role of T-type channels and burst firing among TRN neurons
in the generation of absence seizures can be provided by selective
deletion of T-type channels in the TRN.

5.2. T-type channels in TRN neurons

In TRN neurons, burst firing driven by T-type channels is typically
followed by an afterhyperpolarization generated by Ca?*-activated
small conductance (SK)-type K™ currents. It has been suggested
that the interplay between T-type and SK channels is critical for sus-
taining rhythmic burst firings in TRN neurons [141-144]. One study
reported that the influx of Ca®>* through T-type channels activates

SK2 channels and sarco/endoplasmic reticulum Ca? "-ATPases (SERCAs)
in TRN dendrites to generate and regulate the strength of TRN oscilla-
tions related to sleep [144]. Recently, it was shown that Cay3.3 T-type
channel deletion in mice led to a drastic decrease in burst discharges
and a complete loss of rhythmic oscillatory burst discharges in TRN
neurons [57], demonstrating that the Cay3.3 channel is critical for
generation of low-threshold burst and rhythmic oscillations in TRN
neurons. In these Cay3.3 ™/~ mice, the power density of spindle oscilla-
tions (10-12 Hz) at the transition from NREM to REM sleep was selec-
tively reduced, whereas the other EEG waves remained unaltered.
Therefore, these studies suggest that Cay3.3 channels and T-type
current-activated SK channels act as a major pacemaker module in
sleep-spindle generation.

According to the long-held theory about the generation of SWD in
TRN neurons [17], Cay3.3 T-type channel-deficient mice should be resis-
tant to absence seizures. As noted above, deletion of Cay3.3 T-type
channels in mice leads to a substantial decrease in burst discharges
and a complete loss of rhythmic oscillatory burst discharges in TRN neu-
rons [57]. However, Cay3.3 ™/~ mice display increased susceptibility to
GBL-induced absence seizures and show enhanced SWD responses
[145], contradicting the expectation based on the previous study show-
ing a selective reduction in power density of sleep spindles in these
mice [57]. Interestingly, TRN neurons projecting onto TC neurons dis-
play increased tonic firing in Cay3.3™/~ mice, and this induces larger
evoked monosynaptic IPSCs in TC neurons. Thus, there appears to be a
correlation between the tonic firing rate in TRN neurons and the gener-
ation of GBL-induced SWDs. Taken together, these recent studies sug-
gest that burst firing in the TRN is not a prerequisite for the initiation
and maintenance of SWDs in the GBL model of absence seizures. In-
stead, stronger tonic firing in the TRN and the resulting stronger evoked
IPSCs in TC neurons appear to positively modulate SWDs. This implies
that T-type channel-mediated low-threshold burst firing in TRN neu-
rons plays different roles in sleep spindles and SWDs. For example,
rhythmic burst firing in TRN neurons is essential for pacing TC oscilla-
tions during sleep spindle oscillations, but not for hypersynchronizing
the TC circuit during GBL-induced SWDs. The above-described results
[57,145] may be consistent with studies suggesting that different
intrathalamic subcircuits are involved in the two types of thalamo-
cortical oscillations [140].

Additional experiments in animals with complete loss of burst fir-
ing in TRN neurons induced by deletion of both Cay3.3 and Cay3.2 will
further clarify the function of T-type channels and burst discharges of
TRN neurons in the genesis of absence epilepsy.

5.3. T-type channel mutations identified in human absence epilepsy

Mutations in the GABAAR y2 subunit [146], the Cay2.1 subunit of
P/Q-type channels [114,115] and the Cay3.2 subunit of T-type chan-
nels [99,100,102] have all been related to childhood absence epilepsy.
However, no association has been found between human absence
epilepsy and mutations in the Cay3.1 subunit (n=48 patients) [99]
or the Cay3.3 subunit of T-type channels (n=50 patients) [101].
This absence of a link between the Cay3.1 or Cay3.3 subtypes and
human absence epilepsy may be due to the relatively small patient
populations tested or the complex molecular mechanisms of neuro-
nal excitability that contribute to the pathogenesis of absence epilep-
sy. Ultimately, diverse gene mutations may cause absence epilepsy
phenotypes in different patient groups.

Examination of 118 childhood absence epilepsy patients [100]
identified 12 different missense mutations in the Cay3.2 gene, where-
as no such mutations were detected in 230 controls. Only 14 out of
the 118 patients carried one of these mutations, all of which were
found in the heterozygous state. These individuals had all inherited
the mutation from a parent, yet no parent reported any medical his-
tory of absence epilepsy. If the identified Cay3.2 mutations cause ab-
sence epilepsy in these children, it may speak to the importance of
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genetic backgrounds and environmental factors in the pathogenesis
of absence epilepsy among mutation carriers.

Functional analyses of cDNA clones corresponding to the Cay3.2
mutants identified in patients revealed that some of the mutations
alter channel gating [147-149], and neuronal modeling predicted that
some would change the neuronal firing properties to favor burst firings
[149]. Many of the polymorphisms found in the childhood absence
epilepsy patients are clustered in the intracellular loop I-II of Cay3.2
channel, which is involved in regulating the plasma membrane localiza-
tion and gating properties of the Cay3.2 T-type channel [150]. Although
these results suggest that the Cay3.2 mutations identified in patients
may be clinically relevant to their absence epilepsy, their pathogenic
significance remains to be elucidated by additional studies utilizing
genetic tools.

6. Summary

T-type channels and low-threshold burst firing in the thalamo-
cortical circuit are involved in the generation of thalamocortical oscilla-
tions during absence epilepsy. The three subtypes of T-type channels
have distinct expression patterns within the thalamus: Cay3.1 is
expressed in the TC relay nucleus, while Cay3.2 and Cay3.3 are expressed
in the TRN nucleus. Over the past few decades, the conventional view
held that rhythmic burst firings mediated by T-type channels in TRN
and TC neurons are critical for the generation of thalamocortical oscilla-
tions during both sleep rhythms and SWDs.

In this review, a broad investigation of recent studies suggests that
T-type channels in TC regions (more precisely their propensity for
low-threshold burst firing in TC neurons) are the most critical compo-
nent of SWD generation during absence seizures, whereas T-type
channels in TRN regions are crucially involved in spindle oscillations
but remains controversial for SWD generation (at least in the GBL
model of absence seizures). This interpretation sheds new light on
potential strategies for developing absence seizure medicines, in
that channel subtype-specific drugs may preferentially control patho-
logical oscillations without affecting physiological oscillations. There-
fore, understanding the functional consequences of modulating each
T-type channel subtype in vivo could guide the development of ther-
apeutic tools for absence epilepsy.
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