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Essential tremor is a common disorder that lacks molecular targets for therapeutic development. T-type
calcium channel activation has been postulated to underlie rhythmicity in the olivo-cerebellar system
that is implicated in essential tremor. We therefore tested whether compounds that antagonize T-type
calcium channel currents suppress tremor in two mouse models that possess an essential tremor-like
pharmacological response profile. Tremor was measured using digitized spectral motion power analysis
with harmaline-induced tremor and in the GABAa receptor o1 subunit-null model. Mice were given

g:é’ :rlliirgls :tremor ethosuximide, zonisamide, the neuroactive steroid (3p,5¢,17)-17-hydroxyestrane-3-carbonitrile (ECN),
Harmaline the 3,4-dihydroquinazoline derivative KYS05064, the mibefradil derivative NNC 55-0396, or vehicle. In
Ethosuximide non-sedating doses, each compound reduced harmaline-induced tremor by at least 50% (range of
Zonisamide maximal suppression: 53—81%), and in the GABAa a1-null model by at least 70% (range 70—93%).
Calcium channel Because the T-type calcium channel Cav3.1 is the dominant subtype expressed in the inferior olive, we
Cerebellum assessed the tremor response of Cav3.1-deficient mice to harmaline, and found that null and hetero-

Inferior olive zygote mice exhibit as much tremor as wild-type mice. In addition, ECN and NNC 55-0396 suppressed

harmaline tremor as well in Cav3.1-null mice as in wild-type mice. The finding that five T-type calcium
antagonists suppress tremor in two animal tremor models suggests that T-type calcium channels may be
an appropriate target for essential tremor therapy development. It is uncertain whether medications
developed to block only the Cav3.1 subtype would exhibit efficacy.

Published by Elsevier Ltd.

1. Introduction

In 1982, Llinds and Jahnsen described the T-type calcium
channel as responsible for post-inhibitory rebound in thalamo-
cortical neurons, whereby a vigorous depolarization with an action
potential burst occurs after hyperpolarization (Llinds and Jahnsen,
1982). The T-type calcium channel became recognized as critical
to the thalamic oscillation, in which excitatory thalamocortical
collaterals to the reticular thalamic nucleus evoke inhibitory
outflow back to thalamic projection neurons, triggering a post-
inhibitory rebound, with repetition of the cycle. It became
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appreciated that various processes affect this oscillatory dynamic
and synchrony, so that absence seizures may occur (Huguenard and
McCormick, 2007). Deletion of the T-type channel gene subtype
Cav3.1 eliminates absence seizures in animal models (Kim et al.,
2001); and ethosuximide, which reduces T-type calcium currents
(Gomora et al., 2001), suppresses absence seizures clinically and in
animal models (Aizawa et al., 1997).

At the same time Llinds’ group studied the thalamic T-type
calcium conductance, they described this current in inferior olive
neurons as part of a voltage oscillation that depends on low- and
high-threshold calcium conductances and on potassium currents
(Llinas and Yarom, 1981).

On the basis of physiological, neuropathological, and other
studies (Koster et al., 2002; Axelrad et al., 2008), essential tremor
(ET) is recognized as a cerebellar disorder. An important influence


mailto:charles.handforth@va.gov
www.sciencedirect.com/science/journal/00283908
http://www.elsevier.com/locate/neuropharm
http://dx.doi.org/10.1016/j.neuropharm.2010.05.012
http://dx.doi.org/10.1016/j.neuropharm.2010.05.012
http://dx.doi.org/10.1016/j.neuropharm.2010.05.012

A. Handforth et al. / Neuropharmacology 59 (2010) 380—387 381

on cerebellar functioning is exerted by the inferior olive. In animals,
harmaline hyperpolarizes olivary neurons and induces burst-firing
that is transmitted through the cerebellum, manifested behavior-
ally as action tremor (Bernard et al., 1984). Harmaline tremor shares
several similarities with ET, including suppression by anti-ET drugs
(Martin et al., 2005). Llinds’ group demonstrated that 1-octanol,
a low-threshold calcium channel antagonist, suppresses harma-
line-induced tremor (Sinton et al., 1989), and predicted that T-type
current antagonists would be effective for ET. However 1-octanol
has other actions at concentrations below that of half-maximal
T-type calcium channel blockade, 122 uM (Todorovic and Lingle,
1998), offering alternative explanations for its tremor suppres-
sion, such as GABA current potentiation at 50 pM (Dildy-Mayfield
et al., 1996).

In contrast to the growth in understanding the role of T-type
channels in absence seizures and other thalamocortical rhythms,
their potential role in ET has not been adequately studied. In this
study we re-visited the prediction made 20 years ago that T-type
calcium antagonists may effectively suppress tremor (Sinton et al.,
1989). We tested whether five compounds with T-type calcium
channel antagonist activity can suppress tremor in the harmaline
and the GABA4 receptor o1 subunit knockout mouse models. The
latter model is genetic and also responds to anti-ET drugs
(Kralic et al., 2005). We tested two drugs with clinical anti-absence
activity, ethosuximide and zonisamide (Wilfong and Schultz, 2005),
as well as the neuroactive steroid ECN, the 3,4-dihydroquinazoline
derivative KYS05064, and the mibefradil derivative NNC 55-0396,
three compounds with in vitro activity against T-type calcium
channels (Todorovic et al,, 1998; Park et al,, 2006; Huang et al.,
2004). Despite the structural dissimilarities among these five
compounds (Fig. 1), all demonstrated anti-tremor efficacy in both
models, suggesting that T-type calcium channels represent a cred-
ible therapeutic target for ET.
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Fig. 1. Structures of T-type calcium channel antagonists tested for anti-tremor efficacy.

2. Materials and methods
2.1. Animals

Male ICR mice (20—24 g, Harlan, Indianapolis, Indiana, USA) were used in har-
maline experiments. Cav3.1-null mice on a C57BL/6 background, created by K.
Sakimura by deleting exon 5 of the cacnalg gene as previously described (Petrenko
et al., 2007), were obtained from Riken as embryos, and bred with C57BL/6 wild-
type mice and genotyped at Jackson Labs before delivery to the Veterans Affairs
animal facility where they were used in harmaline experiments. Genotyping was
repeated at our facility on animals utilized in this paper to confirm the genotype.
GABAj receptor o1 heterozygous mice (+/—) of the F10+ generation on a mixed
genetic background (~25% C57BL/6], ~25% strain 129/Sv/Sv], and ~50% FVB/N)
were generated in Pittsburgh as previously described (Vicini et al., 2001). Hetero-
zygotes were shipped to the VA Greater Los Angeles and subsequently interbred to
produce knockout littermates for the current studies. Mice were housed in groups
with free access to rodent diet and water. Genotyping was performed using previ-
ously described primers and methods (Ortinski et al., 2004). Experiments were
approved by the Institutional Animal Care and Use Committee, in accordance with
the Guide for the Care and Use of Laboratory Animals as adopted and promulgated
by the U.S. National Institutes of Health. All efforts were made to reduce animal
suffering, and the number used was kept to a minimum.

2.2. Drugs

Harmaline, pentylenetetrazole, ethosuximide, zonisamide, NNC 55-0396 [(1S,2S)-2-
(2-(N-[(3-benzimidazol-2-yl)propyl]-N-methylamino )ethyl)-6-fluoro-1,2, 3,4-tetrahy-
dro-1-isopropyl-2-naphtyl cyclopropanecarboxylate dihydrochloride], and (2-hydrox-
ypropyl)-B-cyclodextrin were purchased from Sigma—Aldrich (St Louis, Missouri, USA).
Harmaline, pentylenetetrazole, ethosuximide, zonisamide, and NNC 55-0396 were
dissolved in sterile physiological saline. KYS05064 (3-Ethyl-2-(piperidin-1-yl)-4-
[N-4-(p-toluenesulfonamido)benzylacetamido]-3,4-dihydroquinazoline) was synthe-
sized by author J. Y. Lee and dissolved in 10% DMSO/saline. ECN ((3B,50,17f)-
17-hydroxyestrane-3-carbonitrile) was synthesized by authors K. Krishnan and D. F.
Covey and dissolved in (2-hydroxypropyl)-B-cyclodextrin 45% w/v in water. Harmaline
was injected s.c., other drugs i.p., in a volume of 4 ml/kg. When available, the literature
guided the choice of dose. In addition we utilized the “horizontal wire test” to assess for
potential sedation or ataxia (Vanover et al., 1999). In this test, mice are held by the base of
the tail, their forepaws brought in contact with a 2-mm diameter, 25-cm long horizontal
wire, then released. In order to be scored a pass, mice had to bring at least one hindpaw
in contact with the wire and not to fall within 10 s. With each compound the dose was
determined at which all 6/6 ICR mice passed on all tests at 10-min intervals over 1.5 h,
and the dose at which 3/6 failed the test. In each model, pilot experiments were per-
formed to find the dosages capable of suppressing tremor by approximately 50% and
80%. Some o1-null mice were used in more than one experiment; at least 3 days
separated experiments.

2.3. Tremor measurement in the harmaline model

Motion activity was measured with a Convuls-1 Replacement Sensing Platform
model 1335-1A (Columbus Instruments, Columbus, Ohio, USA), a metal platform
with a load sensor beneath it, connected to a Grass model P511 AC amplifier (Grass
Instruments, West Warwick, Rhode Island, USA) with 1 and 70 Hz filter settings.
Digitally recorded motion power was analyzed using Spike2 software (Cambridge
Electronic Design, United Kingdom) to perform Fourier transformation of the data
into frequency spectra. Data were sampled at 128 Hz. The motion power percentage
(MPP) is the tremor bandwidth divided by overall motion power: (10—16 Hz power)/
(0—34 Hz power) x 100. Baseline motion data were collected for 20 min, then
harmaline, 20 mg/kg, administered, followed by test drug or vehicle 15 min later
(time 0), when tremor had fully developed. Motion power was recorded for five
successive 20-min epochs.

2.4. Tremor measurement in the GABAx receptor subunit a1-null model

Tremor was measured using the above apparatus while the mouse was sus-
pended by the base of the tail with a padded clip from the ceiling of a plexiglass box
resting on the motion detector platform. Tremor-associated motion power data
(usually 22—27 Hz) were sampled at 454 Hz for 30 s, then the mouse returned to its
cage. Each mouse had tremor sampled four times with 1-min rest periods in
between during baseline, and again four times at a specified time after drug treat-
ment. The mean 22—27 Hz motion power from each quartet of measures was used
for data analysis.

2.5. Pentylenetetrazole seizures

Mice received ethosuximide, 100 mg/kg, ECN, 50 mg/kg, NNC 55-0396,
40 mg/kg, or vehicle, followed 30 min later by pentylenetetrazole, 70 mg/kg i.p. Each
mouse was then placed in a plexiglass chamber and videotaped for 600 s. Each
videotape was later viewed by an examiner blinded to treatments. Analyzed
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measures were latency to first myoclonic jerk, latency to first seizure, maximum
seizure severity attained. If no myoclonic jerk or seizure occurred, the mouse was
assigned the score 600 s. Seizure severity was rated (Loscher et al., 1991) as follows:
0, no seizure activity; 1, myoclonic jerks; 2, generalized clonic seizure without loss of
righting reflex; 3, generalized clonic seizure with loss of righting reflex; 4, loss of
righting reflex with forelimb tonus; 5, loss of righting reflex with hindlimb tonus.

2.6. Statistical analysis

A repeated measures ANOVA model was applied to MPP values in each har-
maline experiment and dose effects tested for. In addition, post-hoc Student t-tests
compared drug-treated groups with the vehicle-treated group under the model
using the Tukey—Fisher significance criterion, employing JMP (SAS Inc., Cary, North
Carolina, USA).

We used the formula 100 x (1 — [(DT — DB)/(mean VT — mean VB)]), to calculate
the mean percentage by which tremor was suppressed compared to the vehicle-
treated group, where DT is MPP during a drug treatment epoch, DB is MPP during
the mouse’s baseline, mean VT is the vehicle group mean MPP for the same epoch as
the drug treatment, and mean VB is mean MPP for the vehicle group during baseline.

For GABAj receptor o1-null mice the measure of analysis was the percent
change in the mean motion power for the tremor bandwidth during drug treatment
compared to the mean power during baseline. Student’s t-test was employed to
determine whether the percent change in tremor was greater during drug treatment
than for vehicle treatment. In the pentylenetetrazol seizure model, measures were
compared between vehicle and drug-treated groups using the Wilcoxon rank sum
test. P values less than 0.05 were considered significant.

3. Results
3.1. Comparison of the two tremor models

Harmaline rapidly induces whole body postural and kinetic
tremor that in mice lasts over 1.5 h. Visible tremor corresponds to
the generation of a digitized spectral motion peak at 10—16 Hz;
drugs such as propranolol that suppress visible tremor reduce this
peak as we have previously described (Martin et al., 2005). The
percentage of digitized 10—16 Hz motion power to background
0—34 Hz motion power (motion power percentage, MPP) as the
tremor measure of analysis serves to reduce variability due to
fluctuating activity levels. In untreated mice, this is approximately
30%, representing the normal non-tremor motor activity falling
within 10—16 Hz. Values in excess of this correspond to visible
tremor (Martin et al., 2005).

In the GABAA a1-null model, tremor is evident after weaning
and remains throughout adulthood. Confirming previous observa-
tions by Kralic et al. (2005), we found that tail suspension reliably
elicits tremor lasting at least 30 s. In contrast to the harmaline
model, the normal erect position on all 4 paws does not reliably
elicit tremor. Tremor in ¢1-null mice is associated with a motion
power peak not occurring in heterozygote or wild-type mice
(Fig. 2A), most commonly at 22—27 Hz. Similar to clinical ET, this
tremor-associated peak is propranolol-sensitive (Fig. 2B), as
previously demonstrated by Kralic et al. (2005). The tremor
frequency peak varies slightly between animals so that the 5-Hz
tremor band falls within an 18—29 Hz range. Pilot trials identified
the 5-Hz frequency band to be utilized for each mouse in subse-
quent experiments.

3.2. Ethosuximide suppresses tremor in the harmaline
and GABAa a1-null models

The succinimide derivative ethosuximide is a clinical anti-
absence seizure medication. At 400 mg/kg, 3/6 mice failed the
horizontal wire test, whereas 6/6 passed at 300 mg/kg. At 200 mg/
kg, a dose that suppresses absence seizures in mice (Aizawa et al.,
1997), it reduced harmaline-induced tremor by 80.8% at
20—40 min and by 66.4% at 40—60 min after administration, and in
a dose of 50 mg/kg by 43.5% and 43.2% compared to harmaline-
vehicle mice at these times (Fig. 3A). In the GABAa a.1-null model,
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Fig. 2. Spectral motion power in GABA, receptor o1 subunit model. (A) During a 30-s
tail suspension, an ¢.1-null mouse displays a tremor-associated motion power peak at
22—27 Hz. By comparison, a wild-type mouse does not have tremor or display this
peak. (B) Motion power spectra of an o.1-null mouse before and after administration of
the anti-ET drug propranolol, 20 mg/kg i.p. Corresponding to tremor suppression, the
22—-27 Hz motion power peak is eliminated by propranolol.

tremor was reduced at 1 h after ethosuximide, 200 mg/kg, to
a degree comparable to that in the harmaline model, while 20 mg/
kg was sufficient to reduce tremor by approximately 50% (Fig. 4A).
Ethosuximide has maximal T-type calcium inhibitory activity
that is only partial. Although this action has been reported to be
operative at pharmacologically relevant concentrations (Gomora
et al., 2001), whether ethosuximide’s actions on sodium and
potassium channels may contribute to its clinical effect has been
a point of discussion. Thus the finding that ethosuximide
suppresses tremor in both models is suggestive for T-type channel
involvement in tremor expression but requires corroboration.

3.3. Zonisamide suppresses tremor in the harmaline
and GABAa «1-null models

The benzisoxazole derivative zonisamide, also clinically effec-
tive for absence seizures, similarly exerts partial maximal inhibition
of T-type calcium channels (Kito et al., 1996). At 225 mg/kg, 3/6
mice failed the horizontal wire test, whereas 6/6 passed at
100 mg/kg. A dose of 25 mg/kg suppressed tremor by 30.8% at
20—40 min and 35.1% at 40—60 min, with a progressive decline so
that tremor was suppressed by 60.8% at 80—100 min. Zonisamide,
50 mg/kg, reduced tremor by 48.6% and 58.9% at 20—40 min and
40—60 min, with inhibition by 67.8% at 80—100 min (Fig. 3B). Our
finding of harmaline tremor suppression in mice extends a similar
observation in rats (Miwa et al, 2008). In the a1-null model,
zonisamide appeared to be more potent, with 50 mg/kg sup-
pressing tremor by 93.8%, and 25 mg/kg by 61.6% at 30 min post
administration (Fig. 4B).

Like ethosuximide, zonisamide does not enhance GABA currents
(Rock et al., 1989). In addition to blocking T-type channels, zonisa-
mide antagonizes sodium channels and carbonic anhydrase (Baulac,
2006). The latter properties are not likely to account for zonisamide’s
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Fig. 3. Effect of T-type calcium antagonists on tremor in harmaline mouse model. Motion data were collected in a 20-min Baseline epoch (B), then harmaline, 20 mg/kg s.c.
administered, followed by compounds or vehicle i.p. 15 min later (at time 0). The panels display motion power in the tremor bandwidth (10—16 Hz) as a percent of overall motion
power (0—34 Hz) for Baseline and post-drug 20-min epochs (mid-epoch times shown). Doses of ethosuximide and other drugs employed in these experiments were those that had
been determined not to cause sedation or motor impairment as assessed in the horizontal wire test in separate ICR mice not administered harmaline. (A) Ethosuximide, (B)
zonisamide, (C) ECN, (D) KYS05064, (E) NNC 55-0396 each significantly suppressed harmaline tremor. n = 6 per group. Error bars = SEM. *p < 0.05 **p < 0.005 ***p < 0.001.

anti-tremor effect, as drugs with these properties such as carbama-
zepine, phenytoin, and acetazolamide generally lack efficacy for ET
(Gunal et al.,, 2000). Given the off-target actions of zonisamide and
ethosuximide, we sought to extend these observations by testing
other T-type calcium channel antagonists. The novel compounds
ECN, KYS05064, and NNC 55-0396 have been reported to block T-
type calcium channels potently in vitro. Of these, systemic adminis-
tration of only ECN has been reported (Latham et al., 2009).

3.4. The neuroactive steroid ECN suppresses
harmaline and genetic tremor

ECN, a 5a-reduced steroid with a carbonitrile side chain but no
C-19 methyl group, was found during structure—activity studies at
Washington University to demonstrate high selectivity for T-type

calcium current antagonism. It is a partial antagonist, with maximal
inhibition of 41.6% in dorsal root ganglion cells, but a low ICsq at
0.3 uM. It is much less potent against high voltage calcium channels
in these cells (IC50’s: 9—16 pM). ECN does not potentiate the activity
of GABA receptors, or exert more than minimal effects on sodium or
potassium channels at 10 pM (Todorovic et al., 1998; Nakashima
et al., 1999).

We found that at 100 mg/kg 3/6 mice fail the horizontal wire test,
whereas 6/6 passed at 75 mg/kg. ECN, 10 mg/kg, suppressed har-
maline tremor by 30.8% and 26.7% at 20—40 and 40—60 min after
injection, and at 25 mg/kg by 51.7% and 54.9% at these times, and at
75 mg/kg by 60.7% and 73.4% at these times, respectively (Fig. 3C). In
the GABA4 o.1-null model, ECN at 25 mg/kg reduced tremor by 49.8%
at 30 min, comparable to that seen with harmaline tremor. The
50 mg/kg dose was sufficient to reduce tremor by 85.8% (Fig. 4C).
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Fig. 4. Response of tremor in GABA, receptor o1-null mice to treatments during
re-test compared to pre-drug baseline tremor. Tremor was assessed at 30 min (zoni-
samide, KYS05064, ECN, NNC 55-0396, or vehicle) or at 60 min post-injection (etho-
suximide or vehicle). Each compound suppressed tremor compared to the vehicle
treatment. n = 5—8 animals. Error bars = SEM. +p < 0.01, **p < 0.001, ***p < 0.0001.

3.5. KYS05064 suppresses harmaline and genetic tremor

A group led by author J.Y. Lee at Kyung Hee University, Seoul,
found that the 3,4-dihydroquinazoline KYS05064, with piperidine
and ethyl side chains (Fig. 1) has an ICs5p of 1.0 uM against T-type
calcium currents, comparable to that of mibefradil. It has less activity
against hERG (ICsq: 4.2 pM), and none against N-type channels (Park
etal,, 2006). We found that at a dose of 75 mg/kg, KYS05064 caused 3/
6 mice to fail the horizontal wire test, whereas 6/6 passed at 40 mg/
kg. KYS05064, 10 mg/kg, suppressed harmaline tremor by 44.7% and
53.3% at 20—40 and 40—60 min after injection respectively. Tremor
suppression was apparent within 20 min, suggesting that it readily
enters the brain, and was stable throughout the 100-min experiment
(Fig. 3D). The dose 30 mg/kg, although well tolerated in the hori-
zontal wire test as sole therapy, was associated with sedation when
combined with harmaline and thus could not be tested. This may
have been due to a pharmacokinetic interaction with harmaline. In
the genetic model, KYS05064, 10 mg/kg, suppressed tremor by 58.0%
30 min post-injection, and 20 mg/kg by 82.2% (Fig. 4D).

3.6. NNC 55-0396 suppresses harmaline and genetic tremor

Mibefradil has high potency for T-type calcium channels, but an
ester side chain is cleaved intracellularly, forming an L-type calcium

channel antagonist, so that mibefradil loses specificity. A group led
by M. Li substituted cyclopropane for the methoxy moiety on the
side chain, creating the mibefradil derivative NNC 55-0396 (Fig. 1)
that resists cleavage (Huang et al., 2004). NNC 55-0396 exerts no
effect against high voltage calcium channels at 100 uM, but inhibits
Cav3.1 T-type channels as potently as mibefradil (ICsq 6.8 versus
10.1 uM). We found that at a dose of 300 mg/kg, NNC 55-0396
caused 3/6 mice to fail the horizontal wire test, whereas 6/6 passed
at 200 mg/kg. NNC 55-0396, 12.5 mg/kg, suppressed harmaline
tremor by 48.1% and 43.6% at 20—40 and 40—60 min after injection
respectively, while 20 mg/kg suppressed tremor by 78.0% and 57.1%
at these times respectively (Fig. 3E). In the a1-null genetic model,
NNC 55-0396, 20 and 40 mg/kg, suppressed tremor by 54.2% and
88.3% respectively (Fig. 4E).

3.7. Effect of Cav3.1 deletion on harmaline-induced tremor

Because the Cav3.1 subtype of T-type calcium channels is
dominant in the inferior olive, it was anticipated that Cav3.1 KO
mice may show a reduced tremor response to harmaline. As shown
in Fig. 5, Cav3.1-null and -heterozygous mice displayed as much
tremor response during a 100-min exposure to harmaline as did
wild-type controls (p = 0.10, 0.79 respectively).

We next asked whether the preserved tremor response to har-
maline in KO mice might be mediated by T-type calcium channels
or was T-type channel-independent. Accordingly, following a har-
maline tremor epoch, ECN, 25 mg/kg or vehicle, was administered
to Cav3.1 KO and WT mice. Prior to drug treatment, harmaline
induced as much tremor in KO mice as in WT mice, and in vehicle-
treated mice the tremor was as sustained (Fig. 6A). ECN suppressed
tremor in KO mice to a degree comparable to that seen in WT mice,
with a difference seen only at 60—80 min post-injection (p < 0.01;
Fig. 6A). Similarly, NNC 55-0396, 12.5 mg/kg, suppressed tremor to
a comparable degree in Cav3.1 KO and WT mice, with no statistical
difference at any time point post-drug administration (Fig. 6B).

3.8. Effect of NNC 55-0396 and ECN on pentylenetetrazole seizures

The anti-absence drug ethosuximide prolongs latency to clonic
seizures in the pentylenetetrazole model, as does zonisamide. If the
novel T-type calcium antagonists tested above for tremor share
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Fig. 5. Effect of Cav3.1 genotype on tremor response to harmaline. Cav3.1+/+,
Cav3.1+/—, and Cav—/— mice were injected will harmaline, 20 mg/kg s.c. and motion
power accessed in successive 20-min epochs starting at 15 min post-injection, as
described in Fig. 3. Heterozygote and null Cav3.1-deficient mice displayed as much
tremor as wild-type controls. n = 6 per group. Error bars = SEM.
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and motion power measured as described in Fig. 3, but tremor was also measured
during a 20-min post-harmaline-injection (H) epoch prior to treatments with drugs or
vehicle. (A) Harmaline-induced tremor was comparable in KO and WT mice before
treatments and after vehicle treatment. ECN, 25 mg/kg, potently suppressed tremor in
both WT and KO groups to a comparable degree. (B) NNC 55-0396, 12.5 mg/kg,
potently and similarly suppressed tremor in WT and KO mice. n = 6 per group. Error
bars = SEM. *p < 0.05.

common mechanisms with ethosuximide and zonisamide, they
should exhibit anti-seizure efficacy. We tested NNC 55-0396,
40 mg/kg, and ECN, 50 mg/kg, and compared their effects in this
model with those of ethosuximide, 100 mg/kg. Ethosuximide
robustly prevented the occurrence of myoclonic jerks or prolonged
the latency to the first jerk (p = 0.009, Fig. 7A), and suppressed
clonic seizures as indicated by the latency measure (p < 0.001,
Fig. 7B) or maximum seizure severity attained, which on average
was only myoclonic jerking (p < 0.001, Fig. 7C). NNC 55-0396
similarly prolonged latency to first myoclonic jerk (p < 0.001), and
reduced maximal seizure severity (p = 0.003), but did not signifi-
cantly prolong latency to first seizure (p = 0.12). ECN prolonged
latency to first myoclonic jerk (p < 0.001), latency to first seizure
(p = 0.003), and reduced maximal seizure severity (p = 0.008).
These findings suggest that NNC 55-0396 and ECN, like ethosux-
imide, exert anti-epileptic effects in doses that do not cause
impairment in the horizontal wire test, and likely enter the brain to
do so.

4. Discussion

ET is a common movement disorder, affecting 4.0—4.6% of
persons above age 65, with half seeking medical treatment, yet
specific molecular targets for therapeutic development have been
lacking. The utilization of two animal models offers a strategy to
achieve progress towards this goal. Harmaline induces a postural/
kinetic tremor that, like ET, is associated with cerebellar metabolic
hyperactivation (Bernard et al., 1984; Bucher et al, 1997), and
responds to ethanol, propranolol, primidone, 1-octanol, and
benzodiazepines reviewed by Martin et al., 2005; Stohr et al., 2008.
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Fig. 7. Effect of T-type calcium channel antagonists on epileptiform activity measures
in the pentylenetetrazole seizure model. Vehicle (VEH), NNC 55-0396 (NNC), 40 mg/kg,
ECN, 50 mg/kg, ethosuximide (ETHX), 100 mg/kg, were administered 30 min prior to
pentylenetetrazole, 70 mg/kg, and behavior recorded for 600 s. n = 8—11 per group.
Means and SEMs are shown. **p < 0.01, ***p < 0.001, Wilcoxon rank sum.

Harmaline-induced tremor is the most-studied ET model and has
received increasing attention as a pre-clinical screening tool.
Tremor suppression by 1-octanol in the harmaline model
successfully predicted clinical efficacy (Sinton et al., 1989; Bushara
et al., 2004). Tremor in the GABA4 receptor o1-null mouse genetic
model is also postural/kinetic, but is most reliably seen with tail
suspension. Tremor responds to the anti-ET agents ethanol,
propranolol, 1-octanol, primidone, and gabapentin (Kralic et al.,
2005). Tremor in this model is not drug-driven but genetic so
that anti-tremor efficacy may potentially reflect clinical efficacy
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better, and pharmacokinetic interactions with harmaline are avoi-
ded. The a.1-null mouse has thus also been advocated as a valuable
ET model. This report is the first to utilize both models to assess
anti-tremor efficacy of novel compounds.

We employed five T-type calcium channel antagonists,
reasoning that, given their different structures (Fig. 1), it would be
unlikely that a shared off-target action would explain a similar
action on tremor in the two models. The dose at which half the
mice failed the horizontal wire test exceeded the dose required to
suppress half the tremor in the two models by 4- to 15-fold, and
dosages used in the efficacy studies were not associated with
horizontal wire test failures, thus sedation, ataxia or loss of muscle
tone appear unlikely to explain these results. Although it is possible
that effects on sodium (or potassium) channels could underlie
tremor suppression by ethosuximide and zonisamide, this would
not apply to ECN, which has negligible effects on these channels.
Unlike 1-octanol, ECN also does not enhance GABA currents
(Todorovic et al., 1998). NNC 55-0396 is derived from the classic and
highly specific T-type calcium channel antagonist mibefradil, but is
even more specific in that it is not metabolized to an L-type calcium
channel antagonist (Huang et al., 2004).

These results are reinforced by recent findings with two potent
and selective T-type calcium antagonists, fluoropiperidine deriva-
tives, reported by Merck workers to suppress tremor in the har-
maline model (Shipe et al., 2008; Yang et al., 2008). The compound
in the Yang et al. report suppressed harmaline tremor markedly and
inhibited experimental absence seizures in rat after oral 1 mg/kg
administration, with a plasma level of 33 nM, well below the
nearest off-target binding site affinity, 1.4 uM, uncovered in a screen
of 170 receptors, channels and enzymes.

These combined findings that seven compounds with highly
different structures, but sharing the property of T-type calcium
channel antagonism, suppress experimental essential tremor
strongly suggests that this channel plays an important role in
tremor expression, and represents a credible therapeutic target for
ET. Interestingly, L-type calcium channel antagonists with signifi-
cant T-type antagonist activity, nimodipine and nicardipine, have
been reported effective for ET in small clinical trials (Biary et al.,
1995; Jiménez-Jiménez et al., 1994), whereas nifedipine, with
poor T-type channel antagonism, does not suppress ET tremor
(Topaktas et al., 1987).

An attractive hypothesis is that just as absence seizures reflect
excessive synchrony in the T-type calcium channel-dependent tha-
lamocortical oscillatory circuit, ET similarly results from excessive
synchrony in T-type calcium channel-dependent olivo-cerebellar
pathways. Given the critical role of inferior olive burst-firing for
tremor expression in the harmaline model (Bernard et al., 1984), it
was logical to conjecture that olivary Cav3.1 channels are a critical
link in the expression of tremor. However we found that Cav3.1-null
mice exhibit just as much tremor in response to harmaline as wild-
type mice controls. The ability of Cav3.1 KO mice to exhibit tremor
does not appear due to developmental compensations resulting in
a non-T-type channel-dependent tremor mechanism, as these
animals still show suppression of tremor by the specific T-type
antagonists ECN and NNC 55-0396. We hypothesize that, in addition
to enhancing Cav3.1 calcium channel currents in the inferior olive,
harmaline may also activate rebound bursting via Cav3.2 or Cav3.3
channels to induce tremor, although the location of this action within
the cerebellum is not clear. Cav3.2 and 3.3 channels are found on
some deep cerebellar neurons and on stellate and basket interneu-
rons (Molineux et al.,, 2006). NNC 55-0396 has been shown in whole
cell experiments to block rebound firing in deep cerebellar neurons
(Alvina et al., 2009). Mibefradil, the parent molecule of NNC 55-0396,
is a potent Cav3.2 antagonist (Perez-Reyes et al., 2009), thus NNC
55-0396 likely blocks Cav3.2 as well. ECN blocks Cav3.2 channels;

mice deficient for these channels fail to show the expected analgesic
response to systemically administered ECN (Latham et al., 2009).
Our findings in a pilot evaluator-blinded trial of zonisamide for
ET suggest efficacy (Handforth et al.,, 2009). Zonisamide’s draw-
backs include limited maximal T-type current inhibition, and off-
target actions that may be responsible for limiting tolerability. With
the recent upsurge of interest in developing selective and potent
T-type calcium channel antagonists, we anticipate that promising
candidates will emerge for evaluation in ET clinical trials.
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