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The rhythmic motor pathway activation by pacemaker neurons or
circuits in the brain has been proposed as the mechanism for the
timing of motor coordination, and the abnormal potentiation of
this mechanism may lead to a pathological tremor. Here, we show
that the potentiation of Cay3.1 T-type Ca?* channels in the inferior
olive contributes to the onset of the tremor in a pharmacological
model of essential tremor. After administration of harmaline, 4- to
10-Hz synchronous neuronal activities arose from the 10 and then
propagated to cerebellar motor circuits in wild-type mice, but
those rhythmic activities were absent in mice lacking Cay3.1 gene.
Intracellular recordings in brain-stem slices revealed that the
Cay3.1-deficient inferior olive neurons lacked the subthreshold os-
cillation of membrane potentials and failed to trigger 4- to 10-Hz
rhythmic burst discharges in the presence of harmaline. In addi-
tion, the selective knockdown of Cay3.1 gene in the inferior olive
by shRNA efficiently suppressed the harmaline-induced tremor
in wild-type mice. A mathematical model constructed based on
data obtained from patch-clamping experiments indicated that
harmaline could efficiently potentiate Cay3.1 channels by changing
voltage-dependent responsiveness in the hyperpolarizing direction.
Thus, Cay3.1 is a molecular pacemaker substrate for intrinsic neu-
ronal oscillations of inferior olive neurons, and the potentiation of
this mechanism can be considered as a pathological cause of essen-
tial tremor.

subthreshold oscillation | T-type calcium channel | harmaline

ow-threshold voltage-dependent Ca®* channels (T-type) have

been implicated in the generation of physiological and
pathophysiological rhythms in the brain (1-3). In response to
hyperpolarizing events, T-type Ca®* channels are activated to
induce low-threshold Ca®* spikes (LTS) (4, 5), which are in-
volved in the generation of neuronal oscillations, resonance, and
pacemaker activities (1-3). Physiological and genetic studies
have well demonstrated that T-type Ca®* channels are involved
in the generation of sleep oscillations and spike-and-wave dis-
charges (SWDs) in the thalamocortical pathway, which relays
sensory information to the cortex (1-3).

T-type Ca®* channels are also highly expressed in cerebellar
motor circuits (6), including inferior olive (I0), cerebellar Pur-
kinje cells (PC), and deep cerebellar nuclei (DCN), which are
known to relay information related to muscle coordination and
balance (7, 8). Physiological and pharmacological studies have
suggested that T-type Ca®* channels play a role in the control of
intrinsic oscillatory properties of IO neurons (9, 10). Considering
that IO neurons receive both motor command and sensory in-
formation from the motor cortex and muscles, respectively, and
provide the major afferent to the cerebellar motor pathway (7), it
has been hypothesized that the oscillation of IO neurons could
control the timing of muscle contractions (11). Consistent with
this idea, lesions in the IO are known to cause severe motor
abnormalities (12), but the specific role of IO rhythms at be-
havioral level remains to be demonstrated.

www.pnas.org/cgi/doi/10.1073/pnas.1002995107

Here, we explore the role of Cay3.1 gene in olivocerebellar
pathways and found that the potentiation of Cay3.1 channels in
IO neurons plays a critical role in the generation of 4- to 10-Hz
tremor-related rhythms and behavioral tremor in vivo.

Results

Mice Lacking Cay3.1 Are Selectively Resistant to the Harmaline-
Induced Tremor. For insights into the role of Cay3.1 in motor func-
tions, we first examined the motor-related capacity of Cay3.17~
mice by using a number of behavioral experiments. In open field
test, Cay3.17”~ mice showed a transient hyperactivity when first
exposed to the test box, although they were eventually habitu-
ated as measured by normal baseline locomotor activities (Fig.
14). However, the mice showed no other significant differences
in overall motor capacity, including motor learning (Fig. 1B) and
motor coordination of limbs during walking (Fig. 1 C and D),
when compared with wild type. These findings suggest that
Cay3.17~ mice had no significant defects in motor learning and
motor coordination, which has been associated with cerebellar
motor functions and spinal reflexes (13). These findings sug-
gested that the knockout of Cay3.1 gene causes no severe defects
in physiological motor functions of mice.

Thus, we tried to examine the conditional phenotype induced
by drugs that are known to disrupt motor coordination by in-
ducing tremor, including oxotremorline, an agonist of muscarinic
cholinergic receptors, for inducing 4- to 10-Hz resting tremor
(14); physostigmine, an acetylcholinesterase inhibitor, for tremor
with broad band frequencies (15); penitrem-A for 3- to 4-Hz
action tremor (16); and harmaline for 5- to 14-Hz action tremor
(14, 17, 18). Though Cay3.17"~ mice showed robust tremor ac-
tivities when administered oxotremorine, physostigmine, or
penitrem-A (Fig. 1E), these animals showed remarkably lower
tremor activities than wild-type controls in response to harmaline
(i.p. injection at 9 mg/kg; Movie S1), as measured by a decrease
in the power (Fig. 1 F and G) and duration (Fig. 1H) of the
tremor. Thus, this finding is consistent with the fact that those
pharmacological tremor models are associated with different
mechanisms (14-16) and suggests that Cay3.1 channels are in-
deed specifically associated with the harmaline-induced tremor.
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Fig. 1. Resistance of Cay3.17~ mice to harmaline-induced tremor. (A)

Cay3.17" animals have no significant locomotor defects on an open field
test; mutant mice were hyperactive when first introduced to the open field.
Two-way repeated ANOVA for genotype and time, F(1, 131) = 10.063, *P <
0.001. (**, n=7; =, n=7). (B) Rotarod test. Motor coordination and learning
was intact in Cay3.1”~ mice. Two-way repeated ANOVA for genotype and
time, F(1, 238) = 0.0387, P> 0.05. (**, n = 10; 7=, n = 9). (C) Walking footprint
patterns of two genotypes. Each paw of mice was marked by different colors:
light red, left front paw; dark red, left hind paw; light green, right front
paw; dark green, right hind paw. (D) Phase dispersion: temporal relationship
between the placements of two paws within a step cycle of the walking
pattern. d, diagonal; g, girdle; i, ipsilateral; LF, left front paw; RF, right
front paw; LH, left hind paw; RH, right hind paw (e.g., gLFRF describes the
relationship between the left front and right front paws). No significant
difference was observed, x° test, P > 0.2 (**, n = 5; /=, n = 6) (E) Tremor
induced by drugs: oxotremorine (Oxo) at 0.3 mg/kg; physostigmine (Physo) at
0.5 mg/kg; penitrem-A (PA) at 1.5 mg/kg; harmaline (HA) at 9 mg/kg. (F)
Power spectral analysis of tremor induced by harmaline: color-coded power
spectrum. Red-to-blue color means a variation in the intensity of tremors
from 30 to 80 dB. (G) Comparison of harmaline-induced tremor activity
between genotypes as measured by relative changes of tremor power
(10-18 Hz) when compared with baseline. Two-way repeated ANOVA for
genotype and time, F(1, 54) = 8.506, *P < 0.02 (*'*, n = 7, 7=, n = 6). (H)
Duration of the harmaline-induced tremor. Two-tailed t test, **P < 0.001 (*/*,
n=7; ", n=6). Error bars indicate SEM.

Cay3.17"~ Mice Lack 4- to 10-Hz Harmaline-Induced Oscillations
Initiated from the Inferior Olive. The main neuronal target af-
fected by the null mutation of Cay3.1 gene was determined by
examining harmaline-induced oscillations in mice. Because har-
maline is known to induce 4- to 10-Hz oscillation in olivocer-
ebellar pathways (18, 19), we performed simultaneous recordings
of local field potentials (LFP) and multiunit spikes in the IO and
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Fig. 2. Absence of harmaline-induced tremor-related oscillations in Cay3.17~

mice. (A) Power spectral analysis of LFP obtained from simultaneous re-
cordings in the 10 and DCN after harmaline injection. Time sections are
marked as before the onset of the oscillations (i), after the onset of the 10
oscillations (ii), and after the onset of the DCN oscillations (iif). Fundamental
oscillations are marked by asterisks, whereas other oscillations with higher
frequencies are their harmonics. A, the time at which the frequency of the
oscillation was stabilized. (B) Multiunit spike (Upper) and LFP (Lower)
recordings in the 10 and the DCN after harmaline injection. The rhythmic
silencing of tonic spikes in DCN neurons, which is known as an effect of the
inhibitory inputs from the Purkinje cells (19), is marked by dots. (C) Fre-
quency of the oscillation at its onset or after stabilization. Two-tailed t test,
*P < 0.05 (n = 16). (D) Positive correlation between the stabilization latency
of 10 oscillations (y axis) and the onset time delay of the DCN oscillation
(x axis). Linear regression, R? = 0.478; two-tailed t test, P < 0.005 (n = 16). (E)
Representative LFP spectrograms in wild-type and Cay3.17~ 10 neurons.
(Left) Electrode tracks are marked by red fluorescence (Upper Right). Dia-
gram for the location of the electrode tip, inside (®) and outside (A) of the
medial and dorsal accessory olivary nuclei (MAO and DAO). (Lower Right)
Subtracted power spectral densities between the inside and the outside of
the MAO and DAO (see also Fig. S2). (F) Comparison of 10 neuron multiunit
and LFP activities between genotypes, 2 min (C) or 14 min (HA) after har-
maline injection. (G) Opposite effect of harmaline on the interspike interval
(ISI) of two genotypes. (H) The synchrony of spikes measured by coefficient
of variance (CV) was compared between the genotypes. Two-way repeated
ANOVA for genotype and time, F(1, 104) = 11.575, *P < 0.05 (**, n = 13; -,
n = 7). Error bars represent SEM.

the DCN, which are the major input and output pathways, re-
spectively, in cerebellar motor circuits (7, 8). After harmaline
administration, 4- to 10-Hz rhythmic oscillations initially
appeared in the IO before reaching the DCN (Fig. 2.4 and B and
Fig. S14; paired ¢ test, P < 0.01). The delay between the 10 and
DCN oscillation was dose dependant, such that at 15 mg/kg, the
mean delay was 71.82 s (n = 16), and at 9 mg/kg, the mean delay
was 311.75 s (n = 5). Moreover, subtraction of spectrogram
recorded from the 10 with that of neighboring non-1O regions,
which are at least 300 pm apart from the 10, showed that the 4-
to 10-Hz oscillations originated directly from the IO neurons
(Fig. 2E and Fig. S2). These findings support the idea that 10
neurons are dominantly involved in the onset of the harmaline-
induced oscillations in vivo (18).

In addition, the oscillation frequency was stabilized from the
initial ~10-Hz frequency to ~5 Hz in both the IO and the DCN
(Fig. 2C; one-way repeated ANOVA for time, in 10, F(1, 15) =
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881.385, P < 0.001; in DCN, F(1, 15) = 424.059, P < 0.001). The
dampening frequency reflects the increasing size of the neuronal
population being synchronized, as described previously (20).
Moreover, the latency of frequency stabilization was positively
correlated with the onset delay of the DCN oscillations (Fig.
2D). Thus, the increase in synchronization among IO neurons
seems to be a critical factor for the onset of tremor-related
rhythms and the propagation of these rhythms to the DCN.

In contrast, in Cay3.17~ mice, harmaline did not induce the 4-
to 10-Hz bands in either the IO (Fig. 2 E-H) or the DCN (Fig.
S3). Though wild-type 10 neurons generated highly synchronous
rhythmic discharges that were phase locked to the 4- to 10-Hz
oscillations, the rhythmic spiking activities and LFP oscillations
of IO neurons were significantly lower in the Cay3.17~ 10
neurons (Fig. 2 F-H). The firing rate of Cay3.17~ 10 neurons
decreased after harmaline administration (Fig. S4; one-way re-
peated ANOVA for time, F(6, 29) = 27.415, P < 0.001). Hence,
the onset of rhythmic firings and synchronous oscillation of 10
neurons require the Cay3.1 channels.

Cay3.17'~ 10 Neurons Lack a Capacity to Generate Rhythmic Action
Potentials in Response to Harmaline-Induced Hyperpolarization.
Next, we examined how the intrinsic properties of 10 neurons
were affected by the null mutation of Cay3.1. Intracellular re-
cordings in brainstem slices indicated that in Cay3.17~ IO neurons,
typical protocol for activating T-type Ca®* channel cannot induce
low-threshold Ca?* spike (Fig. 3B Left), a well-known physiological
marker of T-type Ca®* channel activity (1, 4, 5). In addition, we
found a remarkable difference in the generation of the sub-
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Fig. 3. Absence of STO and rhythmic burst discharges in Cay3.17"~ 10 neu-
rons. (A) In response to a continuous increase in harmaline concentration
achieved by replacement of the bath medium with a 0.1 mg/mL harmaline
solution, the amplitude of STO increased (Center, 5 min after) and then STO-
coupled rhythmic burst discharges appears (Right, 7 min after) in wild type,
but those effects are not examined in Cay3.1~~ 10 neurons. (B) Rebound LTS
induced by hyperpolarizing current inputs is augmented in the presence of
harmaline, whereas no rebound LTS was elicited in Cay3.17'~ 10 neurons. (C)
Autocorrelogram of action potentials of 10 neurons. Note the lowered
rhythmicity of action potentials in Cay3.177 10 neurons. (D) Harmaline-in-

duced hyperpolarization is not different between genotypes (**, n = 5; -,
n = 4). (E) The power of STO is compared between genotypes (**, n = 6; -,

n = 6). HA, harmaline administration. Error bars indicate SEM.
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threshold oscillation (STO). Wild-type neurons exhibited STO at
resting membrane potentials, the amplitude of which was increased
in the presence of harmaline (Fig. 34 Upper). The augmented
STO was eventually coupled with vigorous rhythmic action poten-
tials at 4-10 Hz (Fig. 34 Upper), similar to the frequency range
examined in vivo (Fig. 2 D and H). In contrast, the majority of
Cay3.17~ 10 neurons showed no STO at resting membrane po-
tential (Fig. 34 and E; ™", 0.138 + 0.038 V¥Hz; =, 0.008 + 0.001
V?/Hz, two-tailed ¢ test, *P < 0.03).

Consistently, the rhythmicity of spike activities before har-
maline treatment, which reflects the presence of STO (21), was
lower in the Cay3.17/~ than wild-type IO neuron (Fig. 3C). In
addition, Cay3.17~ IO neurons failed to trigger rhythmic spiking
in the presence of harmaline (Fig. 34). Harmaline induced the
hyperpolarization of membrane potentials (Fig. 3 4 and B),
which is known to reverse the inactivation of T-type Ca®*
channels (1, 4, 22) in both genotypes without any quantitative
differences (Fig. 3D). These findings reveal that Cay3.1 channels
are involved in the generation of STO and STO-coupled rhyth-
mic spiking of IO neuron in response to harmaline.

Knockdown of Cay3.1 Gene in the Inferior Olive Attenuates the
Harmaline-Induced Tremor in C57BL/6J Mice. Because the Cay3.1
gene is also expressed in cerebellar Purkinje cells and the DCN,
which also show tremor-related rhythmicity (18, 19), we exam-
ined the role of Cay3.1 expression in the IO in the tremoro-
genesis. Local infusion of lentivirus harboring Cay3.1-specific
shRNA into the IO neurons (Fig. 44 and Fig. S5) efficiently
attenuated harmaline-induced tremor (Fig. 4 B and D). Post-
mortem protein blotting confirmed the knockdown of Cay3.1
proteins in the IO (Fig. 4C). In addition, the local infusion of
mibefradil, a nonspecific T-type Ca** channel blocker, to the 10
also reduced the harmaline-induced tremors of wild-type animals
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Fig. 4. Effect of 10 Cay3.1 knockdown on the harmaline-induced tremor.
(A) Immunostaining of brain slices for EGFP and NeuN proteins, for detecting
infected cell and the soma of neurons, respectively. Approximately 40-50%
of 10 neurons are infected with lentivurses harboring either shRNA-Cay3.1
(sh3.1) or control (shC). DAO, dorsal accessory olivary nucleus; MAO, medial
accessory olivary nucleus; PMn, paramedian reticular nucleus. (B) Tremor
activity induced by harmaline administration is decreased by shRNA-Cay3.1.
(C) Western blot analysis of Cay 3.1 proteins isolated from infected 10 regions
by microdissection under microscope. (D) Duration of the harmaline-induced
tremor. Two-tailed t test, *P < 0.05 (shC, n = 7; sh3.1, n = 12). (E) The effect of
the mibefradil in the 10 on the harmaline-induced tremor. Two-way re-
peated ANOVA for genotype and time, F(1, 42) = 24.674, *P < 0.05, saline,
n = 5; mibefradil, n = 5. Error bars indicate SEM.
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(Fig. 4E). These findings suggest that the Cay3.1 channels
expressed in the IO were relevant for the tremorogenic action
of harmaline.

Harmaline Modifies the Voltage-Dependent Responsiveness of Cay3.1
Channels. Given the findings described herein, we tried to address
the effect of harmaline on the Cay3.1-dependent /7. Voltage-
clamp recording of IO neurons indicated that in a conventional
protocol, which uses 20- to 40-mV hyperpolarization followed by
depolarization for measuring the activation of I (4, 5), harmaline
dose-dependently inhibited /7 in IO neurons (Fig. 5 A4 and C and
Fig. S6). To avoid indirect effects that could result from the non-
specific binding of harmaline on other ion channels (23) or an in-
complete integrity of patch clamping due to well-developed
electrical synapses of 10 neurons (22), we measured Ir in HEK
cells, which express Cay3.1 channels (HEK-Cay3.1). Consistently,
HEK-Cay3.1 cells showed reduced I7in the presence of harmaline,
although the inhibitory effect was smaller when compared with that
found in IO neurons (Fig. 5C). These findings suggest that har-
maline directly modulates the activation of Cay3.1 channels.
Next, we examined the effect of harmaline on voltage depend-
ence of Cay3.1 channels in HEK-Cay, 3.1 cells, because 10 neu-
rons have gap junctions that might cause Cay3.1-independent
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Fig. 5. Potentiation of Cay\3.1 channels by harmaline. Dose-dependent in-
hibition of I+ activation by harmaline either in 10 neurons (A) or in HEK-
Cay3.1 cells (B). (C) Dose-response curve smoothed by fitting to the data
with an exponential function. (D) Shifting inactivation and activation curves
by harmaline. Curves are fitted result with Boltzmann equation. (E) Dose-
dependent shifting of voltage dependence. (F) The amount of hyperpolar-
ization of 10 neurons in the presence of harmaline. (G) Computational
modeling of the net /7 influx in response to stimuli. (Upper) I+ induction
protocol consisting of hyperpolarizing prepulse (Aa), depolarizing inputs
(Ab), and membrane potential hyperpolarization by harmaline (d). (Lower)
Changing ratio of net I after harmaline treatment (1, 10, 100 uM) at various
voltage steps. HA, after harmaline treatment. (H) Relative contribution of
parameters to I in HEK-Cay 3.1 cells after 10 pM harmaline. Block, inhibition
of I activation; Shift, shifting voltage dependences of I7; Hyperpol, harmaline-
induced hyperpolarization.
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currents in IO neurons. In the plot of voltage dependence,
both activation and inactivation curves were shifted toward
negative potential in the presence of harmaline (Fig. 5D). The
degree of shifting of both curves by harmaline were differen-
tial (Fig. 5E); In a range of 0.1 to 10 pM, the shifting of the
activation curve (—mV) was linearly increased to increasing har-
maline concentrations, but that of the inactivation curve was not
significantly changed (Fig. 5E; one-way ANOVA, P > 0.05),
suggesting that the activation effect of harmaline could be more
dominant. Considering the voltage dependence of Cay3.1 chan-
nels, we quantified the effect of harmaline on membrane po-
tentials (Fig. 5F). As previously described (9), harmaline dose-
dependently hyperpolarizes the membrane potentials up to —60
to =70 mV, but more than 100 pM of harmaline was not ef-
fective at inducing more hyperpolarization (Fig. 5F).

Based on the complex action of harmaline on Cay3.1-
dependant I, which seems to induce three different effects: in-
hibition of activation (Fig. 5 A-C), shifts of voltage dependency
(Fig. 5 D and E), and induction of membrane potential hyper-
polarization (Fig. 5F), we mathematically simulated the net in-
flux of I in 10 neuron in response to various types of variables,
including the amplitude of hyperpolarizing prepulse, depolariz-
ing pulse, and membrane hyperpolarization (Fig. S7). Results
from this simulation showed that many types of inputs increased
I at around 10 pM, but the same inputs inhibited I at 1 pM or
100 pM (Fig. 5G). In addition, negative currents input causing
less than 20 mV hyperpolarization usually increased I7, but that
with larger than 20 mV hyperpolarization led to the suppression
of these currents in 10 pM harmaline (Fig. 5G).

Consistent with our findings, voltage clamping of HEK-Cay3.1
showed that, in the presence of 10 pM harmaline, 5- to 15-mV
hyperpolarizing prepulses increased I, but 20 mV led to the
inhibition of /7 when compared with controls (Fig. SH and Fig.
S8). The hyperpolarization of more than 20 mV from the resting
membrane potentials, however, may not be physiological because
(i) almost all ions existing in naive neuron do not have reversal
potential below —80 mV and (ii) many inward-rectifying potas-
sium channels, which are also highly expressed in IO neurons
(24), strongly depolarize membrane potential above —80 mV.
Hence, these findings suggest that harmaline inhibits activation
of Cay3.1 channels but can potentiate /7 through these channels
in physiological conditions by modifying parameters related to
the voltage-dependence responsiveness of these channels.

Discussion

Essential tremor is the most frequent movement disorder char-
acterized by the onset of tremor during voluntary movement;
however, as the name implies, its pathology and etiology remains
unknown (17, 25). Harmaline, a derivative of f-carboline found in
brewed coffee (26), cigarettes (27), and blood of patients with
essential tremor (28), induces essential-like tremor in animals and
human (25, 28). Because it causes 4- to 10-Hz tremor rhythms in
neurons that are associated with olivocerebellar pathway, har-
maline has been used for the study of tremor rhythms in the brain
(14, 17, 25).

The present study shows that the tremorogenic action of har-
maline depends on Cay3.1 channels (Fig. 1) expressed in 10
neurons (Figs. 2-4) and reveals the mechanism of action of
this drug (Fig. 5). Although harmaline inhibits the activation of
Cay 3.1 channels, it could potentiate these channels by modulating
other parameters: (i) differential shifting of activation and in-
activation voltage dependence, expanding the window of mem-
brane potentials where Cay3.1 channels can be potentiated; (ii)
hyperpolarization of membrane potentials, leading to the optimal
range of membrane potentials to potentiate these channels. Fur-
thermore, the positive effects of harmaline are concentration de-
pendent, and are maximized at around 10 pM of harmaline (Fig.
5). Consistently, the 10-pM range is known as an effective dose to
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induce tremor in cerebrospinal fluids of mice (29) and evokes
tremor rhythms in IO neurons in vivo (Fig. 2). Thus, our findings
suggest that potentiation or inhibition of Cay3.1 channels can be
a unique measure for searching pathological causes of tremor or
therapeutic mechanisms of antitremor drugs, which have been
largely unknown.

The present experimental paradigm also afforded a possible
explanation of how the potentiation of Cay3.1 channels con-
tributes to tremor (Fig. 1) and tremor-related rhythms in IO
neurons (Fig. 2). One classical hypothesis is that the STO of IO
neurons can synchronize neuronal activities via electrical syn-
apses (9, 30); however, a previous study showed that mice lacking
connexin-36, a major component of the electrical synapses of 10
neurons, exhibited robust tremor activities when administered
harmaline (30). This suggests that the electrical synapse is not
the only mechanism underlying network oscillation.

Our present findings indicate that Cay3.17~ mice lack the STO
in IO neurons (Fig. 3) and that they are impaired in the generation
of tremor-related rhythm (Fig. 2) and behavioral tremor (Figs. 1
and 4). These findings support the relevance of STO in the syn-
chronization of IO neurons (9, 30, 31). Harmaline increases the
amplitude of STO, and this leads to rhythmic burst spikes (Fig. 3),
which may efficiently activate neighboring neurons via electrical
and chemical synapses (9, 30, 32), thereby increasing the number
of neurons being synchronized (Fig. 2 A-D). The synchronization
of IO neurons may, eventually, lead to the 4- to 10-Hz tremor-
related oscillations (Fig. 2).

It has been reported that the IO and DCN neurons are syn-
chronized together when animals are administered harmaline
(19). Our finding shows, however, that the onset of IO oscillations
is always preceded by that of DCN (Fig. 24 and Fig. S14), and the
propagation of tremor-related rhythms to the DCN is also mod-
ulated by the number of IO neurons being synchronized (Fig. 2D).
Moreover, the onset of 10 oscillations coincides with the time of
tremor onset, and that of DCN oscillations is found in the period
when the intensity of tremor is increasing (Fig. S1B). Hence, the
synchronization of IO neurons seems to be critical for the onset of
behavioral tremor, and the following synchronization of DCN
neurons may contribute to the increase of tremor strength and
affected body parts.

Although our findings show a critical role of Cay3.1 channels
in the generation of 1O oscillations, other mechanisms also play
important supporting functions in this oscillatory behavior (9, 33,
34); e.g., Ih currents were measured by depolarizing sacs in each
genotype and it was found that Cay3.17/~ 1O neurons have lower
HCN channel activity (Fig. S9), which is consistent with previous
findings that low-threshold calcium conductance leads to the
persistent activation of /& (35). Hence, this finding suggests that
Cay3.1 channels could indirectly modulate HCN channels, which
have been implicated in the oscillatory activities of IO neurons
(33). It remains to be studied how other mechanisms can be
associated with the potentiation of Cay3.1 channels.

Concerning the physiological significance of STO, it has been
proposed that STO contributes to the timing of motor co-
ordination (11), as IO neurons have been shown to relay pe-
ripheral sensory information back to the cerebellum (36) and
function as a comparator in several motor-learning models (8,
37). However, we found no significant motor defects in Cay3.17~
mice (Fig. 1), which have reduced capacity for generating in-
trinsic IO rhythms (Fig. 3). The relatively intact motor capacity
of Cay3.17/~ mice can be due to physiological or developmental
compensation, or that a more stringent test of motor timing may
be required (31, 38). It is also plausible that STO is involved in
higher motor functions that require faster processing of motor-
related information (11), although this was not addressed in the
present study. Detailed behavioral testing of mice with the
Cay3.1 knocked down in adult IO neurons will provide clues
concerning the function of STO.
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The only notable difference found in Cay3.17/~ mice was that
they showed a transient hyperactivity with normal habituation in
open field test (Fig. 14). Considering that the increased activity
in the early period of the test reflects an emotional response of
mice to novel environmental stimuli (39), this phenotype can be
explained, in part, by the enhanced vigilance of Cay3.17~ mice
reported in previous studies; they show longer waking episodes
during sleep (40) and resistance to GABA-B agonists, which
cause a loss of consciousness (2). In the thalamocortical path-
ways, T-type Ca>* channels are involved in the generation of
low-threshold burst spikes during sleep and drowsiness (41),
which contribute to the sensory gating mechanism (42). Hence, it
is plausible that the absence of thalamic burst spikes facilitates
the thalamocortical relay of sensory information on novel stimuli
in Cay3.17/~ mice.

In conclusion, the present study supports the view that tremor-
related oscillations in the olivocerebellar pathways are a neural
signature for essential tremor (9, 19). It also suggests that Cay3.1
channels play a critical role in the onset of tremor-related
rhythms. It follows, then, that Cay 3.1 can be directly linked with
essential tremor. For example, the kinetic component of essen-
tial tremor (17, 25) may be explained by the activation of these
channels in IO, by sensory inputs generated by movement, which
were known to be conducted into 10 (37). Further investigation
for conditions to potentiate Cay3.1 channels may provide clues
on the cause of essential tremor and on novel drug targets for
the disease. Beyond the issue of essential tremor, the role of
10 rhythmicity modulated by Cay3.1 channels in higher motor
functions (11) remains to be elucidated.

Methods

Drug-Induced Tremor. A mouse was placed in the test cage for 7 min, and one
of the following tremorogenic drugs was injected i.p.: oxotremorine ses-
quifumarate (0.3 mg/kg), penitrem-A (1.5 mg/kg), or harmaline hydrochloride
dihydrate (9 or 15 mg/kg). Tremor activity was measured by using DC ac-
celerometer (DC Response Accelerometer, model 3711D1FA3G; Piezotronics)
or ICP accelerometer (Integrated Circuit Piezoelectric Accelerometer, model
352C66; Piezotronics) attached to the bottom of the test cage, which was
hung in the air by two elastic wires (Fig. S10 and Movie S1).

Electrophysiological Recording in Vivo. Male C57BL/6J mice (10-28 wk old)
were fixed on a stereotaxic device under urethane anesthesia (1.65 g/kg).
Body temperature of mice was monitored and maintained by a temperature
controller (Homeothermic Blanket System; Harvard Apparatus). Quartz-
coated tetrodes (0.5-2 MQ; Thomas Recording) were placed either at the
subdivision of the inferior olive [DAO and MAO; distance from bregma
(inmm), —7.4, + 0.5, 4.5-5.3: anterior-posterior (AP), mediolateral (ML), dorsal-
ventral (DV) axes] or at the medial cerebellar nuclei (-6.4, + 0.8, 2.0-2.6: AP,
ML, DV), and harmaline (9 or 15 mg/kg) was injected i.p. To localize the site of
the recordings, the tips of the tetrodes were briefly dipped in fluorescence
dye solution (Dil, 50 mg/mL; Sigma) before tissue penetration, and electrode
tracks in the brainstem slices were visualized under a confocal microscope
using a rhodamine filter, as previously described (43). Signals were amplified
using an AC amplifier (PGMA; Thomas Recording) and then sampled at 30 kHz
(DT3010; Neuralynx) and filtered at either 480-6,000 Hz (for the measure-
ment of multiunit activity) or 1.52-50 Hz (for the measurement of LFP).

Whole-Cell Patch-Clamp Recording. In HEK cells. Cay3.1-Kir2.1 transfected HEK
cell line (44) were used in demonstrating harmaline effect to /1. Borosilicate
glass electrodes with a resistance of 3-4 MQ were pulled and filled with
internal solution containing (in mM): 130 CsCl, 4 MgCl,, 10 Hepes, 5 TEA-CI,
10 EGTA, 4 Mg-ATP, and 0.3 Na,-GTP. /> was recorded in external solution
containing (in mM) 100 NaCl, 25 TEA-Cl, 3 KCl, 20 Hepes, 2 MgCl,, and
5 BaCl,. For holding potential, —60 mV was used.

In 10 neurons. Preparing 10 slices for patch-clamp recording were performed
similarly to a previous study (30). Cay3.1 wild-type and knockout mice (post-
natal day 12-15) were intracardially perfused with an ice-cold solution con-
taining (in mM) 124 sucrose, 3 KCl, 1.25 NaH,PO,4, 2 MgSO,4, 26 NaHCO3, 10
dextrose, and 2 CaCl,. The brain was then rapidly removed, and slices (350 pm
thick) were made with a vibratome. After incubation for at least 45 min in
32 °C, slices were kept at room temperature in a holding chamber until they
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were transferred to a submersion-type recording chamber held at 32 °C.
Solution used for slice incubation contained 126 NaCl, 3 KCl, 1.25 NaH,PO,,
2 MgSO,, 26 NaHCOs3, 10 dextrose, and 2 CaCl,, saturated with 95% O,/5%
CO,; the recording solution was the same, except for reduced divalent ion
levels (1 MgSO,4 and 1 CaCl,) and a slight increase in potassium (3.5 KCl). Re-
cording pippet (4-7 MQ) were filled with (in mM) 115 CsOH, 115 D-gluconic
acid, 10 Hepes, 0.5 EGTA, 4 Mg-ATP, 0.3 GTP-Tris, 7 PC-Tris, 2 NaCl, 20 TEA-CI,
and 2 MgCl,. After rupturing, 10 neurons were maintained at —60 mV, and
recording solution was substituted with Ca®* current recording solution,
which is composed of (in mM) 66 NaCl, 3.5 KCl, 1.25 NaH,PO,, 1.3 MgSO,, 26
NaHCOs3, 10 dextrose, 2.5 CaCl,, 60 TEA-CI, 5 4-aminopyridine, 3 CsCl, 0.0125
bicuculline methiodide, and 0.001 tetrodotoxin. Because of high C,, value of
10 neurons (80-130 pF) and presence of gap junctions, which cause in-
complete voltage clamping, we also recorded in Cay 3.1 wild-type and mutant
10 neuron and confirmed that current induced by the voltage step is Cay3.1
current (Fig. S6). Signals were amplified by Multiclamp 700B or Axopatch
200B (Axon Instrument) and digitized by Digidata 1322A (Axon Instruments).
Cells were visualized by Ixon camera (Andor).

Computational Modeling of /. /7 has been known to be activated only after
the deinactivation, a process of recovery from inactivation by hyper-
polarizing prepulse (4, 5). Thus, the amplitude of /r by Cay3.1 can be de-
termined by the following function,
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where r,, is the 10 neuron resting membrane potential, a and b are the
degree of hyperpolarizing/depolarizing voltage step sequence (Fig. 5F Left),
f; is the ratio of recovered channels from inactivation (Fig. S7A), and f, is the
current amplitude resulting from depolarizing pulse normalized with the
maximal current before harmaline treatment (Fig. S7B).

Because harmaline shifts both inactivation and activation curve and
induces membrane potential hyperpolarization, amplitude of net I+ after
harmaline treatment can be described with a slightly different equation:

Tharmaline :gi(rm —d—a)*ga(l’m —d+ b),

where d is the level of preconditioned membrane potential hyperpolariza-
tion (Fig. 5F) and g; and g, are the shifted inactivation and activation curve,
respectively, at certain harmaline concentration. For calculating g;, the ratio
of channels recovered from inactivation after harmaline is calculated by
normalizing inactivation curve with the percentage of current remaining at
a given harmaline concentration (Fig. 5C).
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