CURRENT
CONTROVERSIES
Block of T-Type Ca2 Channels Is
an Important Action of Succinimide
Antiabsence Drugs
John R. Huguenard, Ph.D.
Department of Neurology and Neurological Sciences,
Stanford University School of Medicine, Stanford, California
The role of calcium channel blockade in the antiepileptic action of
ethosuximide is controversial, especially regarding the potency and
efficacy of block. However, recent evidence obtained from transgenic animals and heterologous expression systems supports a major role of T-type calcium channels in both the generation of absence seizures and the action of ethosuximide in human absence
epilepsy.

A

series of articles by Douglas Coulter and colleagues in
the late 1980s demonstrated a new cellular mechanism
for ethosuximide (ES), an antiepileptic medication with specific utility in the treatment of generalized absences (1–3). ES
and related compounds were shown to block a specific type of
voltage-gated calcium channel, the T channel, in thalamic relay neurons. These findings led to a series of follow-up studies
(4–6) that elucidated cellular and synaptic mechanisms within
thalamic cortical circuits responsible for driving thalamocortical epilepsies. In recent years, some aspects of the original ES
studies have come into question. Specifically, it has been reported
that ES has no direct effect on calcium channels in cat and rat
thalamic neurons (7). Two reports published in 2001, along with
abstracts presented at the recent Society for Neuroscience
Meeting in San Diego, have provided a number of interesting
new findings relevant to this issue. At issue is whether the lead
succinimide, ES, does indeed block neuronal T channels and
whether this leads to its antiepileptic action. This is of continued interest because pharmacotherapy for absence seizures re-
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mains imperfect. It is critical to know whether targeted blockade of T channels, specifically those in thalamic neurons, would
be an effective strategy for improved drug treatment of absence
epilepsies.
The original study, which used voltage-clamp recordings
of acutely isolated neurons of guinea pig and rat (1), showed
that when all other ion channels were blocked, ES produced a
variable and incomplete blockade of the T-type but not other
voltage-gated calcium channels. T channels are expressed at
high levels in thalamic relay cells (8), which results in their robust ability to fire phasic bursts of action potentials. Calciumdependent burst firing driven by T-type calcium channels is
important in promoting thalamic oscillatory activity thought
to be necessary for the genesis of spike wave discharge (SWD)
of absence seizures (4,5,9). The original findings (1–3) show
that ES produced a maximal T-channel blockade of approximately 20% to 30%, that this blockade occurred in a clinically
relevant concentration range (between 0.125 and 1.0 mmol/L,
20 to 140 g/mL), that the effect was duplicated by other
antiabsence medications, including the active metabolites
of methosuximide (methlyphenylsuccinimide) and tridione
(dimethadione), and not by other structurally related compounds such as the succinimide parent ring structure, which
has no antiepileptic action, and tetramethylsuccinimide, which
is a convulsant compound.
Recent work has provided further support for potential
roles for both upregulation and downregulation of T currents
in regulating absence seizures. For example, studies of thalamic and thalamocortical circuitry in vitro (4,10) showed that
the ES-induced T-channel blockade strongly suppresses thalamic excitability in ways specifically relevant to the activation
of recurrent slow (2 to 6 Hz) thalamocortical responses. In addition, the experimental compound U92032 is a full antagonist of T-type calcium channels in thalamic relay cells and essentially abolishes in vitro epileptiform activity (11). This
contrasts with the effects of ES, characterized by partial antagonism of T channels (2), and reduction, not blockade, of epileptiform activity in vitro (4). The cloning of three T-channel
genes (1G, 1H, and 1I) led to the demonstration of a
prominent expression of the 1G in dorsal thalamus (12),
which plays a central role in absence seizure genesis (13). An
increased expression of T channels in rodent mutants and inbred strains with absence epilepsy phenotypes provides support for a role of T channels, per se, in the genesis of absence
seizures. For example, functional expression of T channels in
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thalamic reticular neurons is increased in GAERS, an inbred
rat strain with spontaneous SWD and behavioral absences
(14). This finding is supported by an increased expression of
1G and 1H transcripts (15) in adult GAERS rats. Recent
studies in a variety of absence mouse models also find increased T channel expression in thalamic neurons (discussed
later here).
However, since the time of publication of the first reports
(1–3) describing the antagonistic effect of ES on calcium currents, recent studies have indicated that the specific antagonism of T channels can be a quite variable or even absent in
different cell types. For example, in acutely isolated hippocampus CA3 (16) and neocortical neurons (17), no effect on ES
was observed with concentrations up to millimolar levels. Similarly, Leresche et al. (7) found no evidence for ES action on
calcium currents in rat and cat thalamic neurons. Their results
suggested rather that the actions of ES were mainly on sodium
and potassium conductances. However, other studies have
confirmed blocking effects of ES on the T-type calcium channels, including studies in mouse 1G channels expressed in
HEK293 cells (18), cultured dorsal ganglion cells (19), GH3
cells (20), thalamic reticular neuron (14), and freshly dissociated dorsal root ganglia neurons (21). These studies have demonstrated widely varying effects in different preparations, with
efficacies ranging between 0% and 100% and binding affinities varying between submillimolar to high millimolar ranges.
The variability in responsiveness is yet to be explained. Interestingly, a comparison of results from studies of rat 1G and
1H channels stably expressed in HEK293 cells with those
obtained with rat DRG neurons has led to the suggestion that
other factors; for example, channel accessory subunits may
contribute to subtle variations in pharmacologic sensitivity of
T channels (22).
Two studies published last year have had a significant impact on this field. In one, human T-type calcium channels
were cloned, and their sensitivities to antiepileptic drugs were
tested (23). It was found that ES had antagonistic effects on all
three cloned human T-type calcium channels: 1G, 1H, and
1I. Interestingly, the concentration response curves suggest a
biphasic function with two apparent binding sites: (a) a highaffinity (approximately 0.1 mmol/L) site that accounts for
approximately 20% of total channel blockade and (b) a
low-affinity site (approximately 10 mmol/L) that accounts for
the remainder. Interestingly, the low-affinity binding of ES
could be shifted to a much higher binding affinity through
manipulations in the experimental conditions. Specifically, depolarizing conditioning steps dramatically enhanced the effect
of succinimides on the T-type calcium current. Such depolarizations increased the sensitivity to methyl-phenyl-succinimide and ES by a factor of more than 10. The resultant affinity is in the submillimolar range, which is consistent with a

potential clinically relevant action on T channels. This interesting finding suggests that for neurons in normal behavioral
states (i.e., with resting membrane potentials varying between
–55 and –70 mV), the sensitivity of T channels to succinimide
block will be greatly enhanced. Thus, ES would have powerful
effects during physiologic or experimental conditions in which
the membrane potential evolves slowly over time, such as during gradual voltage ramp (7) or during slow, GABA-dependent
network activity (4), as is expected to occur during absence seizures.
The second recently published study of interest is from
the Chin group at Pohang University in Korea (24). A mouse
deficient in the 1G gene was generated, and the effects on
thalamic burst firing and absence seizures were examined. Transient calcium currents were completely abolished in thalamic
relay neurons, as was calcium-dependent burst firing. These
results were expected, as 1G is the major T-type channel expressed in dorsal thalamic relay neurons (12). Other aspects
of basic neuronal excitability in thalamus, such as repetitive
firing ability, were apparently unaffected in the knockout. Perhaps most interestingly, the 1G knockouts were insensitive to
GABAB receptor agonist-induced SWD. Baclofen and gammahydroxybutyrate are two such agonists with well-known seizureinducing properties. In control (1G/) mice, a high degree
of 3 to 5 Hz SWD, approaching absence status, was observed,
compared with very weak and sporadic SWD in 1G–/– mice.
Other forms of experimental seizures were, in contrast, unaffected. For example, systemic treatment with the GABAA antagonist bicuculline induced wide-ranging epileptic activities
in both control and knockout mice, including vibrissal twitching, immobility, and jumping. These were associated with EEG
abnormalities that included isolated EEG spikes and runs of
epileptiform activity with time-varying frequency components.
The potassium channel antagonist 4-aminopyridine was able
to produce comparable tonic–clonic seizures in both control
and 1G–/– animals. The overall results of this study suggest a
critical role for 1G T-type calcium channels specifically in
the genesis of SWD responsible for absence seizures. In an interesting follow-up, the same group has now reported in abstract form (25) that an 1A calcium channel knockout
mouse, which has previously been characterized as having major motor defects, including dystonia and weakness, also expresses an absence epilepsy phenotype—1A–/– mice exhibit
spontaneous, ES-sensitive, behavioral absences with 3.5 to 5.0
Hz SWD. Furthermore, there is an increased expression of T
channels in thalamic relay neurons. This is surprising because
1A encodes a high-voltage-activated calcium channel that
has no direct relevance to T-channel function. To test whether
the increased expression of T channels was necessary for the
spontaneous absence seizures in the 1A–/– mice, they crossed
these with the 1G–/– mice to create double knockouts. As ex-
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pected, if 1G was necessary for expression of SWD and absences, the double knockouts were rescued from the epileptic
phenotype. The latter finding must be interpreted with caution because the two mice strains were created on different genetic backgrounds, and therefore, confounds caused by strain
differences must be excluded. However, at this point, the results from the 1G–/– mice further support the idea that T
channels are an essential component of the cellular machinery
that drives absence seizures. Two other abstracts at the same meeting (26,27) provided additional evidence for altered T-channel
function in absence seizures. In one abstract, two 1A-related
channel mutants, lethargic and tottering mice, were reported to
exhibit increased expression of T channels in thalamocortical relay
cells (27), which is consistent with the results of the 1A–/– study
(25). In the second, intrathalamic infusion of ES was shown to
suppress SWD in GAERS rats (26). These findings, together with
those of Song et al. (25), provide new support for the idea that
either upregulation or downregulation of T channels in thalamic relay cells will have functional consequences for absence
seizures.
In summary, T channels are now known to be expressed
at very high levels in thalamic cells, both in thalamic relay cells
(1G) and in thalamic reticular cells (1H and 1I). These
are two cell groups known to participate strongly in absence
seizure genesis (13). These channels have been shown in both
acutely isolated-neuronal preparations and in slices to be sensitive to blockade by ES and related compounds, with a resultant reduction in burst-firing activity (4,10). Other actions of
ES may contribute to its antiepileptic action, but the effects on
T channels remain the most likely antiabsence action of this
drug. The recent findings of sensitivity of human T channels
to ES and especially the enhanced sensitivity observed under
physiological conditions are particularly compelling in this regard. Decreases in alpha 1G, 1H, and 1I function by antiepileptic drugs will reduce excitability in thalamic circuits and
reduce the ability to recruit network oscillatory actions in the
thalamic and thalamocortical circuits. In contrast, increases in
the excitability of these cells through upregulation of T channels (14,15,25,27) has the opposite effect to increase the likelihood of abnormal thalamocortical discharge. Thus, thalamic T
channels remain an important target for pharmacotherapy of
absence seizures.
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