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The large-conductance voltage- and calcium-activated potassium
(BK) channels are ubiquitously expressed in the brain and play an
important role in the regulation of neuronal excitation. Previous
work has shown that the total deletion of these channels causes
an impaired motor behavior, consistent with a cerebellar dysfunc-
tion. Cellular analyses showed that a decrease in spike firing rate
occurred in at least two types of cerebellar neurons, namely in
Purkinje neurons (PNs) and in Golgi cells. To determine the relative
role of PNs, we developed a cell-selective mouse mutant, which
lacked functional BK channels exclusively in PNs. The behavioral
analysis of these mice revealed clear symptoms of ataxia, in-
dicating that the BK channels of PNs are of major importance for
normal motor coordination. By using combined two-photon im-
aging and patch-clamp recordings in these mutant mice, we ob-
served a unique type of synaptic dysfunction in vivo, namely a
severe silencing of the climbing fiber-evoked complex spike ac-
tivity. By performing targeted pharmacological manipulations
combined with simultaneous patch-clamp recordings in PNs, we
obtained direct evidence that this silencing of climbing fiber ac-
tivity is due to a malfunction of the tripartite olivo-cerebellar
feedback loop, consisting of the inhibitory synaptic connection
of PNs to the deep cerebellar nuclei (DCN), followed by a projec-
tion of inhibitory DCN afferents to the inferior olive, the origin of
climbing fibers. Taken together, our results establish an essential
role of BK channels of PNs for both cerebellar motor coordination
and feedback regulation in the olivo-cerebellar loop.
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he large-conductance voltage- and Ca**-activated K* (BK)

channels, which modulate action potential firing by regulating
the fast afterhyperpolarization (1), are highly expressed in cere-
bellar Purkinje neurons (PNs) (2, 3). Several in vitro studies
demonstrated that BK channels in the somata and dendrites of
PNs are activated by action potentials and, in turn, regulate the
firing rate and firing pattern of these neurons (4-10). Further-
more, mice lacking BK channels exhibit clear symptoms of cere-
bellar ataxia (2), indicating a critical role of BK channels in motor
control. On the cellular level, this total deletion of BK channels
results in a marked reduction in action potential activity of PN,
which was suggested to be mediated by depolarization-induced
inactivation of Na* channels (2). It should be noted, however, that
not only PNs but also other cerebellar neurons, like Golgi cells,
express BK channels and exhibit a change in firing properties in
total BK channels—deficient mice (11). Therefore, it is difficult to
evaluate the relative contribution of the modified PNs to the
motor deficits of mice lacking BK channels.

The reduced activity of inhibitory PNs and the resultant hy-
perexcitability of their targets, the deep cerebellar nuclei (DCN),
are considered to be important features of cerebellar ataxia (12, 13),
but their impact on downstream brain circuits is largely un-
known. It has been suggested that the olivo-cerebellar circuit,
one of the major neuronal circuits for motor control in the brain,
provides timing signals for motor coordination (14-16). This
circuit is a loop of interconnected structures where the cerebellar
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cortex innervates the inferior olivary nucleus (I0) via the DCN,
and the olivary neurons via the climbing fibers are fed back into
the cerebellar cortex. Whereas the olivary neurons exert an ex-
citatory action on the PN at the cerebellar cortex, both the PN
and DCN terminals exert an inhibitory action on their target
cells (17-19). Thus, it is likely that this long-range feedback loop
will be affected by the alteration in PN’s activity observed in
the BK™~ mouse. For these reasons, the aims of the present
study were to assess the specific role of BK channels of PNs for
motor coordination and downstream circuit function in vivo.

Results and Discussion

BK Channels of Purkinje Neurons Are Essential for Motor Coordination.
To explore the specific contribution of BK channels of PNs for
motor behavior, we generated a mouse line lacking BK channels
exclusively in PNs, which we refer to as PN-BK ™/~ (for details see
SI Materials and Methods). The BK channel a-subunit in PNs was
specifically ablated in mice by intercrossed constitutive heterozy-
gous BK L1/+ mice (SV129 background) with transgenic mice
expressing the Cre recombinase under the control of the Purkinje
protein 2 gene (20). The resulting genotype was analyzed by PCR
amplification and confirmed by immunohistochemistry as de-
scribed previously gFig. S1) (2, 20). Next we examined motor be-
havior in total BK™~ mice and in PN-BK™'~ mice and compared it
with that of WT mice. Consistent with a previous study (2), we
observed a pronounced deficiency in motor coordination in total
BK ™'~ mice by footprint analysis (2 = 4 WT and 4 total BK '~ mice;
P < 0.05) and by the increased number of slips of the hind limbs
during either ladder runway (n = 7 WT and 4 total BK™'~ mice;
P <0.05) or balance beam tests (n = 6 WT and 5 total BK™~ mice;
in balance beam tests, total BK™'~ mice were unable to move for-
ward on the beam) (Fig. 1 4 and B). In the same behavioral tests,
PN-BK™~ mice also exhibited clear deficits in their walking
behavior (total numbers of animals were 12 WT mice and 11 PN-
BK ™~ mice; P < 0.05 for each test) (Fig. 1 C and D). Remarkably,
the behavioral deficits in PN-BK ™~ mice were similar to those seen
in the total BK™'~ mice, albeit the severity of the symptoms was
slightly reduced. These observations provide unambiguous support
for the specific involvement of PN’s BK channels in cerebellar
motor control.

On the cellular level, previous experiments from brain slice
recordings demonstrated a pronounced reduction in simple spike
(SS) activity of PNs in BK~'~ mice (2). Remarkably, many PNs
of BK™~ mice had strongly depolarized resting membrane po-
tentials, some exhibiting even a total depolarization blockade
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Fig. 1. Impairments of motor coordination in
both total BK™~ and PN-BK™~ mice. (A) Foot-
print patterns in WT and total BK™”~ mice. Left:
Mice walking on a glass plate. Their body
diameters are indicated by dotted lines. Right:
Summary of the superimposed paw positions of
four WT and four total BK ™~ mice. (B) Bar chart
comparison of walking behavior in WT and to-
tal BK™~ mice. Left: Summary of A showing the
percentage of hindpaw positions outside of the
body diameter. Center: Percentage of hindpaw
slips relative to the total number of steps on
a ladder (n = 7 WT and 4 total BK™~ mice).
Right: Percentage of hindpaw slips during run-
ning on a balance beam (n = 6 WT and 5 total
BK™~ mice). (C) Footprint patterns in WT and
PN-BK™'~ mice. Right: Summary of the paw
positions of 7 WT and PN-BK™~ mice. (D) His-

A Foot print analysis

B - '?:T:’-’ P i S
tograms indicate the percentage of hindpaw | RamBaiacha ot 102 0

positions outside of the body diameter (Left:

N

B Foot prints Ladder runway Balance beam
hind paw outside =
i o WT runirva: @ &-in)
front paw 7Ij|r1d paw B Total BK-- =0
©2100 *
,,,,,,,,,,,,,,,,, EE 80 * = 80 g 80
3 g 60 560 ) 60
£3 40 £ 40 3 40
&> 2 g P
<o 20 = 20 = 20 5
£8 @ IJ_V—I =
22 ollJ ole= o1&
D O WT
= pN-BK

go\? 50 * 35 * 6
2 .30 — 5 *
28 40 ¥25 T S
of 20 3% 3

. 35 20 £ 15 S,

- &10 2

=t 2810 G 5 % 1
=0
I 0 0 =

summary of the number of red dots in C), the percentage of hindpaw slips relative to the total number of steps on a ladder runway (Center) (n =12 WT and 11
PN-BK ™'~ mice), and the percentage of hindpaw slips during running on a balance beam (Right) (n = 9 WT and 9 PN-BK™~ mice). Failure means in this case that
the animals are not able to move forward on the beam but fall down. *P < 0.05. Error bars show SEM.

(2, 11). These observations indicated that the cause for the re-
duction in SS activity is a partial inactivation of Na* channels,
because of this excessive depolarization. To determine the SS
firing rate in PN-BK ™'~ mice in vivo, we performed cell-attached
patch-clamp recordings in fluorescently labeled PNs using the
two-photon imaging-based “shadow patch” approach (21) under
isoflurane anesthesia (Fig. S24). The spontaneous activity in vivo
consisted of two types of responses: the characteristic SSs, which
reflect an interplay between afferent synaptic activity (22, 23)
and intrinsic properties of PNs (24, 25); and the complex spikes
(CSs) (26), which are generated by the activity of the climbing
fibers (Fig. S2B). As in the previous studies (2), we observed
a substantial decrease in SS frequency in PN-BK™'~ mice, albeit
to a lesser degree (Fig. S2 C and D). The mean frequency of
SS for all cells was 1.2-fold higher in WT cells (67.0 + 10.3 Hz;
n = 34 cells and 10 mice) than in PN-BK~'~ mice (55.6 + 1.0 Hz;
n = 57 cells and 10 mice; P < 0.05; Table S1), and approximately
2.7-fold higher than in total BK™'~ mice (24.7 + 3.5 Hz; n = 30
cells and 5 mice; P < 0.01). We conclude that PN-BK™/~ mice
are ataxic and display a reduction in SS activity. The results
are in general agreement with the original suggestion that
a “depolarization block” may underlie the reduced SS firing
frequency (2). Together, our observations strongly support the
role of PN’s BK channels in motor coordination. However,
comparison of the changes in total BK™~ mice with those in PN-
BK ™~ mice shows that the latter exhibit a lesser degree of se-
verity. This implies that the motor impairment in total BK™/~
mice is probably caused by the deletion of BK channels in both
PNs and other cell types (e.g., Golgi cells) (11).

Severe Silencing of Climbing Fiber-Evoked CS in PN-BK™'~ Mice in
Vive. The striking finding was a significant reduction up to
complete elimination of CS activity in a large fraction of PNs
(Fig. 2). Under our recording conditions, the climbing fiber—
mediated CS activity could be unambiguously distinguished from
the SS activity: first by the waveform of the electrical responses
recorded in the cell-attached configuration (Fig. S2B, Insets), and
second by the well-established fact that CSs, but not SSs, are
associated with global dendritic Ca®* transients (27) (Fig. 24).
For comparison of the changes in frequency of CS activity in the
two genotypes, PNs were assigned to three frequency classes that
were categorized as “normal” (>0.6 Hz), “quiet” (0.05-0.6 Hz)
or “silent” (0-0.05 Hz) (Fig. 2 A-C). Unexpectedly, we found
that the CS activity in PN-BK ™~ mice was severely reduced, with
a dramatic increase of silent PNs from virtually none in WT to
46% in PN-BK™~ mice and an increase of the quiet PNs from
5% to 23%. Silent, quiet, and normal PNs were randomly dis-
tributed within all regions of the cerebellar vermis. In line with
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these observations, the proportion of normal PNs dropped from
95% in WT to 31% in PN-BK™'~ mice (n = 34 WT cells and 57
PN-BK ™' cells) (Fig. 2C). The significant decrease in CS activity
was also seen in average firing rates for the quiet and normal
categories, which were reduced from 0.45 + 0.08 Hz in WT (n =
2 quiet cells out of a total of 34 cells) to 0.15 + 0.03 Hz in PN-
BK™'~ mice (n = 13/57 quiet cells; P < 0.05) and from 1.45 +
0.06 Hz in WT (n = 32 of 34 normal cells) to 1.07 + 0.08 Hz in
PN-BK ™~ mice (n = 18 of 57 normal cells; P < 0.01; Table S1).

What are the mechanisms that might underlie the impaired CS
activity? We first considered the possibility of breakdown of
climbing fiber-PN synapses. Such a hypothetical breakdown
may result from excessive release of endocannabinoids (28) in PN-
BK™~ mice, due to depolarization of BK-deficient PNs (2). To test
this possibility, we performed whole-cell recordings of climbing
fiber—evoked responses in PNs of cerebellar slices using conven-
tional stimulation procedures (29) (Fig. 2D). In agreement with
a previous work indicating a rather modest role of BK channels in
shaping the CS waveform (30), we noticed in PNs of PN-BK™~
mice a slight increase in the number of spikelets as compared with
WT mice (mean number of spikelets = 3.3 + 0.1 for WT cells
and 4.1 + 0.1 for PN-BK™~ cells; n = 5 cells for each genotype;
P < 0.001) (Fig. S3 A and B). We also found that the climbing
fiber—evoked dendritic Ca?* transients had a larger amplitude and
a slower time course in PN-BK™~ (Fig. S3 C and D). This increase
in dendritic Ca®* signal is_consistent with a previous study re-
porting an increase in Ca®* entry per action potential in the
presence of a pharmacological blocker of BK channels (4). It is
important to note that CSs could be elicited with the same high
degree of reliability in both genotypes (5 of 5 cells in WT and 10 of
10 cells in PN-BK ™~ mice) (Fig. 2E). We also tested the possibility
that the synaptic failures in PN-BK™~ mice may occur only at
higher frequencies of climbing fiber activity, as encountered under
in vivo conditions. However, even prolonged climbing fiber stim-
ulation at 1 Hz had no deleterious effect on CS activity in PN-
BK™~ mice (Fig. S4). Together, these results indicate that the
basic properties of climbing fiber—PN synapses were unaltered by
the removal of BK channels in PN-BK™'~ mice.

Disruption of the Olivo-Cerebellar Circuit in PN-BK~'~ Mice. We next
investigated whether the reduction in the frequency of CS ac-
tivity could be due to malfunction of the olivo-cerebellar circuit.
First we examined the integrity of the olivo-cerebellar connec-
tion by applying harmaline, a tremorgenic drug known to exert
a rather specific action on the olivary nucleus (31) (Fig. 34). The
lack of harmaline action on CS activity through a direct effect on
PNs was confirmed in control experiments, in which local ap-
plication of harmaline to the recorded PNs did not significantly
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Fig. 2. Silencing of CS activity in PN-BK™~ mice.
(A) Cell-attached recording and Ca* imaging of
CS activity. Projection images: an electroporated
PN filled with Oregon Green BAPTA-1 (OGB-1)
from a WT (upper two images) or PN-BK™~
(lower image) mouse. The xy image (Upper
Right) is an optical section through the dendritic
tree of the PN at the level marked by the dotted
line in the xz image (Upper Left). Regions of
interest are delineated by dotted red lines.
Insets: Examples of individual CSs and the cor-
responding Ca* transients from a WT (Upper)
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change the frequency of CSs (n = 4 cells; P > 0.05) (Fig. S5). In
the experlment illustrated in Fig. 3B, four neighboring PNs of
a PN-BK ™'~ mouse were identified by electroporating them with
a fluorescent marker dye. After that, the spiking activity was
monitored by sequentially performing cell-attached recordings
from each of these PNs. Under control conditions we found that
PN2 was silent, that PN1 and PN3 were quiet, and that PN4 was
normal (Fig. 3C, Left). Next, we injected harmaline i.p. Twenty
minutes after harmaline injection we performed another round
of cell-attached recordings from each of the labeled PN. We
found that in all PN, irrespective of their control status, the CS
activity was rescued (Flg 3C). In fact across the populatlon the
firing frequency of CS in PN-BK ™~ mice after harmaline treat-
ment was indistinguishable from that recorded in WT mice (mean
CS frequency, 4.0 + 0.2 Hz for WT and 4.1 + 0.3 Hz for PN-BK ™~
P > 0.05; Table S1) (Fig. 3D). Next, we examined harmaline-
induced tremor (31) in both genotypes. Because this assay re-
quires a normal function of the connection between the 10 and
the PN, it serves as a powerful test for the olivo-cerebellar cir-
cuit in behaving mice. We found that, as for the harmaline-
mediated induction of CS activity in PNs the tremor behav10r
was also induced to similar levels in WT and PN-BK~~ mice
(n = 7 mice for each genotype; P > 0.05) (Fig. 3 E and F). Thus,
our results show that the deletion of BK channels in PNs leads to
a massive reduction in the activity of IO neurons, which most
likely results from malfunction of the olivo-cerebellar circuit.
To test the role of PN-mediated inhibitory synaptic trans-
mission in the DCN for CS silencing, we designed an in vivo
experiment in which we performed cell-attached recordings from
PNs while applying GABA, receptor antagonist (gabazine) or
agonist (muscimol) locally to the DCN (Fig. 4 A4 and B). The
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or PN-BK™~ (Lower) cell. Electrical traces: one
example of PN activity in a WT cell and three
examples in PN-BK™~ cells. The latter represents
the three classes of CS activity: silent (0-0.05
Hz), quiet (0.05-0.6 Hz), and normal (0.6-2.4
Hz). The SS and CS are labeled in gray and red,
respectively. The continuous gray background
reflects high frequency of SS activity. (B) Fre-
quency distribution in the three classes of cells.
(C) Pie charts summarize the relative proportion
of PNs with silent, quiet, or normal climbing fi-
ber activity (n = 34 WT cells and 57 PN-BK™~
cells; 10 mice for each genotype). (D) Image of
a whole-cell patch-clamped PN and the location
of the climbing fiber stimulation pipette (CF
stim) in a cerebellar slice preparation. (E) Rep-
resentative traces from two cells of each geno-
type, showing the characteristic CS waveforms
elicited by stimulating the climbing fibers. Note
the similarity of the responses (n =5 WT and 10
PN-BK™~ cells).

PN-BK-

20 mvV

20 ms

accuracy and the specificity of the drug applications were care-
fully assessed by coinjecting an inert fluorescent marker dye
(Alexa594). The control experiments included the post hoc ana-
tomical verification of the application site (Fig. 4C) and the
electrophysiological monitoring of the DCN-characteristic neu-
ronal activity through the dye application pipette (Figs. S6 and
S7) (see SI Materials and Methods for further details). Consistent
with the reduced efficacy of the 1nh1b1tory synapse between the
PN and the DCN neurons in BK™~ mice (2), we observed an
increase in firing frequency of DCN neurons in PN-BK ™~ mice in
vivo. The mean firing frequencies of DCN neurons were 10.5 + 2.3
Hz in WT mice (n = 16 cells) and 14.7 + 1.9 Hz in PN-BK™~ mice
(n = 14 cells; P < 0.05) (Fig. S7). We next applied gabazine to
the DCN in WT mice. We found that gabazine application re-
versibly blocked CS activity (Fig. 4D). Additionally, in the other
seven PNs tested, gabazine applied to the DCN markedly de-
creased the CS activity (mean frequency, 1.6 + 0.1 Hz for control
and 0.4 = 0.2 Hz for gabazine; n = 8 cells; P < 0.001; Fig. 4G,
Left and Table S1). This result is reminiscent of earlier findings
showing that various manipulations, including local disinhibition
in the PN layer, lesions of the DCN, or block of inhibition in the
10, produce an increased frequency of CS activity (32, 33). To-
gether, these results provide strong evidence in support of the
hypothesis that PN-mediated inhibition forms one part of the
olivo-cerebellar feedback circuit and that climbing fiber activity
can be tightly controlled by the inhibitory action from PNs to the
DCN. In contrast to gabazine, the GABA, receptor agonist
muscimol had no detectable effect in WT mice (mean frequency,
1.6 + 0.1 Hz for control and 1.6 + 0.2 Hz for muscimol; n = 11
cells; P > 0.05; Fig. 4G, Right and Table S1), indicating that
under our experimental conditions DCN neurons are nearly
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maximally inhibited by PN’s activity. A critical test of our hy-
pothesis resides in the ability to restore normal CS activity by
reestablishing the inhibitory action of PNs on DCN neurons. To
that end we applied muscimol to the DCN in PN-BK~~ mice.
Fig. 4F illustrates such an experiment, in which we recorded
a “silent” PN. Application of muscimol reversibly restored a part
of the CS activity. A similar rescue, or increase in CS activity, was
reliably detected in all PNs tested (n = 19; Fig. 4H and Table
S1). It should be noted that injecting muscimol to the DCN in
PN-BK ™'~ mice is insufficient to entirely restore CS frequency,
particularly in silent and quiet cells. The incomplete restoration
of the CS activity may be partially due to long-term adaptive
changes (e.g., some compensatory mechanisms) in the olivo-
cerebellar circuit of PN-BK™~ mice. Alternatively, the focal
application of muscimol to a fraction of DCN neurons may be
insufficient for a complete restoration of the CS activity. Nev-
ertheless, the rapid and reversible action of muscimol provides
direct evidence that the olivo-cerebellar circuit function is dy-
namically regulated by the level of inhibition within the DCN.
In conclusion, in this study we obtained two major results.
First, despite the widespread distribution of BK channels in the
brain and particularly in several types of cerebellar neurons (3),
we find that the BK channels of PNs are of outstanding impor-
tance for the control of motor coordination. In their absence,
mice exhibit an ataxic behavior that is reminiscent of that ob-
served in the total BK knockout mice. Second, and most im-
portantly, we demonstrate the functional disruption of the long-
range olivo-cerebellar feedback loop in this mouse model of
ataxia. Because the deletion of BK channels was restricted to
PNs, the malfunction must be the consequence of the altered
electrical properties of PNs. Indeed, we found that in PN-BK ™/~
mice the SS activity was significantly reduced. This relatively mild
effect on the SS firing stands in contrast to the robust reduction in

12326 | www.pnas.org/cgi/doi/10.1073/pnas.1001745107

Control

harmaline (20 mg/kg). (D) Summary of the mean CS fre-
quency from both genotypes in the absence (Left) or

presence (Right) of harmaline (Control: n = 7 cells in WT
F and 18 cells in PN-BK™~; Harmaline: n = 13 cells in WT and
10cellsin PN-BK™~; four WT and four PN-BK ™~ mice). Inthe
presence of harmaline, the CS frequency in PN-BK™~ mice
was similar to that found in WT mice. (E) Harmaline-
induced tremor in awake, freely moving WT (black) and
PN-BK ™~ (red) mice. Left: Representative tremor-induced
force changes recorded by a pressure sensor before and
after harmaline injection. Right: Normalized power spec-
tra of the force measurements. The major, single peak
around 10-15 Hz represents the frequency of harmaline-
induced tremor. (F) Comparison of the tremor frequency
shows nosignificant difference between WT (12.5+0.5 Hz;
n=7)and PN-BK™(12.7 + 0.5 Hz; n=7) mice. ***P < 0.001.
Error bars show SEM.

Harmaline

Harmaline

Tremor frequency (Hz)

CS activity. Moreover, the clear restoration of CS activity by em-
ulating the inhibitory effect of PNs on DCN neurons indicates that
the reduced PN-mediated inhibition in the DCN is one of the major
sources of the reduced CS activity. It has been reported (2) that in
BK ™~ mice the efficacy of the inhibitory synapse between the PN
and the DCN neurons is markedly reduced, particularly at fre-
quencies higher than 10 Hz. The effective filtering of synaptic
transmission at higher frequencies together with the reduced SS
activity would serve to strongly attenuate the amount of GABA
released from the PN terminals into the DCN. It should be men-
tioned that a fraction of PNs had a normal CS frequency in PN-
BK ™~ mice (31%). This indicates that in a subset of olivary neurons
the activity was normal, perhaps owing to a reduced efficacy of
DCN-mediated inhibition in these neurons. In addition, a minor
contribution is expected to arise from the residual expression of BK
channels in a small number of PNs (approximately 2-5%), as found
previously when using the L7 promotor for the PN-specific deletion
of proteins (20, 34). Finally, a hypothetical compensatory mechanism
might also contribute to the normal CF activity in a subset of PNs.
Our results provide clear evidence that the anatomical orga-
nization of the olivo-cerebellar circuit (17-19), which comprises
the cerebellar cortex, the DCN, and the 10, indeed operates as
a closed loop. This suggestion is in agreement with recent results
of Marshal and Lang (32), demonstrating that experimentally
increasing PN firing increases the firing rate and synchrony level
of CS. The functional significance of the olivo-cerebellar loop for
normal motricity is indicated by the severity of the motor deficits
found in our study. The ramification of these findings extends
beyond the functional significance of BK channels. It, in fact,
identifies a potentially important pathophysiological mechanism
for several other forms of cerebellar ataxia. Different types of
cerebellar ataxia are characterized by distinct molecular defects
that converge into a reduced probability of action potential firing
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into the DCN. (C) Fluorescence image
showing the site of local drug application
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in PNs. For example, mice lacking sodium channels Na,1.6 (35)
or Na,1.1 (36) channels exhibit ataxia that is associated with an
altered depolarizing drive and reduced action potential firing of
PNs. In the episodic ataxia type 2 (37) and in the ataxic fottering
mice (38), a P/Q calcium channel mutation not only leads to
a reduced depolarizing drive and a reduced probability of BK
channel activation but also to an irregular spike firing and a re-
duced synaptic transfer to the DCN. Mutation in potassium
channels K,3.3 also causes ataxia and results in a defective re-
polarization of action potentials accompanied by reduced firing
rates in PNs (39, 40). Thus, the reduced spike firing at the PN
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tests). (H) Summary of the effect of musci-
mol on three classes of CS activity in PN-
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cells), and normal (n = 5 cells) (paired t
tests). *P < 0.05; **P < 0.01; ***P < 0.001.
Error bars show SEM.
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output and the consequently reduced inhibition in the DCN
represent a common cellular defect in ataxia. This defect fits with
the observation that some forms of ataxia are associated with
a selective increase in neuronal firing rates in the DCN (Fig. S7)
(13). The present results suggest that in these forms of ataxia, the
relatively increased activity of the DCN would lead to an ex-
cessive inhibition of the IO. Because this mechanism is in-
dependent of the specific etiology, the resultant silencing of CS
activity is a likely common motif of these forms of ataxia and may
be an important factor in this impairment of cerebellar function.
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Materials and Methods

Animals. Adult mice (1-4 months old) were used in all of the experiments. All
experimental procedures were performed in accordance with institutional
animal welfare guidelines and were approved by the state government of
Bavaria, Germany. Details of generation of PN-specific B~ mice are given
in SI Materials and Methods.

Immunohistochemistry of Cerebellar Cortex. The procedure of immunohisto-
chemistry was described previously (3). Additional details are given in S/
Materials and Methods.

Motor Behavior Tests. \Walking behavior tests include footprint pattern test,
ladder walking test, and elevated bar balancing test. Additional details are
provided in S/ Materials and Methods.

In Vivo Electrophysiological Recordings. Surgery and in vivo electrophysio-
logical recordings were performed as described previously (41, 42). The
recordings were carried out under isoflurane anesthesia. SS and CS from ex-
tracellular recordings were sorted according to their amplitudes, shapes, and
time courses using Igor Pro (Wavemetrics). Additional details are provided in
SI Materials and Methods.

In Vitro Electrophysiological Recordings. Parasagittal cerebellar slice prepa-
rations and somatic whole-cell recordings were performed as described
elsewhere (43). Climbing fiber input was stimulated by placing a patch pi-
pette filled with Ringer solution in the granule layer (0.2 ms, 20-90-V square
pulses). The location of the stimulation pipette and the stimulation intensity
were adjusted until an all-or-none response was evoked.
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Tremor Behavior Measurement. Harmaline-induced tremor was measured using
a custom-made sensing device, which is a 13 x 10 x 14-cm plastic box with
a pressure sensor (Piezo Electric Pulse Transducer; AD Instruments) underneath
the center of the box. The sensor was connected to a PowerLab data acquisition
system (AD Instruments), and the signal was filtered by a band pass of 0-24 Hz.
Motion activity was recorded digitally and analyzed using Chart 5.0 software
(AD Instruments). Each mouse was tested in the box for 10 min before and at
least 30 min after i.p. injection of harmaline (20 mg/kg).

Intra-DCN Drug Application. A patch pipette filled with Alexa594 (50 pM) plus
muscimol (300 pM) (Sigma) or Alexa594 plus gabazine (200 pM) was lowered
from cortex (coordinates: —2.5 mm to Bregma and +0.36 mm lateral to midline)
into the DCN at an angle of 40° (Fig. 4B). The resistance of pipette (4-6 MQ) and
extracellular neuronal activity were monitored using an EPC9/2 amplifier with
Pulse software (HEKA) during the process of pipette insertion. The location of
the DCN was determined by the stereotaxic coordinates (SI Materials and
Methods) and verified post hoc histologically (Fig. 4C and Fig. S6). Drugs and
Alexa594 were coapplied locally by pressure injection using a Picospritzer puffer
system (Picospritzer lIl; General Valve) connected to the injection pipette via
polyethylene tubing. After completion of experiments, mice were deeply
anesthetized by increasing the concentration of isoflurane above 3%, and the
injection sites were marked by locally applying Alexa594. Brain slices (400 pm)
were then prepared and examined using a fluorescence microscope (Fig. 4C).
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